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Plant genomics aims to sequence, characterize, and study the genetic compositions, 
structures, organizations, functions, and interactions/networks of an entire plant 
genome. Its development and advances are tightly interconnected with proteomics, 
metabolomics, metagenomics, transgenomics, genomic selection, bioinformatics, 
epigenomics, phenomics, system biology, modern instrumentation, and robotics 

sciences. Plant genomics has significantly advanced over the past three decades in the 
land of inexpensive, high-throughput sequencing technologies and fully sequenced 
over 100 plant genomes. These advances have broad implications in every aspect of 

plant biology and breeding, powered with novel genomic selection and manipulation 
tools while generating many grand challenges and tasks ahead. This Plant genomics 

provides some updated discussions on current advances, challenges, and future 
perspectives of plant genome studies and applications.
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Preface

Plants are the backbones of food chain for all living matters on Earth, which supply the hu‐
mankind with food, feed products, and clothing and housing materials; balance agrobiose‐
nosis and earth ecology; provide a medicine and cure for many diseases; and produce
energy and biofuels. Plants are models to investigate and understand the life in our planet.
All of these have been the main driving factors to care about plants, domesticate wild spe‐
cies with important properties, select and breed the best genotypes, and grow them for
needs of humanity. This has consequently shaped plant sciences, genetics, and breeding.
Furthermore, the advances made in understanding the genetics of phenotypic variations,
equipped with optimized, targeted, and efficient selection, phenotyping, and statistical
methods as well as agrotechnologies in past centuries, have revolutionized plant sciences
and crop breeding.

The “Green Revolution” has significantly increased agricultural production for the past cen‐
turies because of success in conventional breeding and genetics and agro/chemical technolo‐
gies. Even further, plant researchers have attempted to decipher the molecular basis of
genetic diversities by cloning and sequencing the genes conditioning of the trait of interest
and utilizing them in plant breeding as tools in vertical (i.e., hybridization) or even via revo‐
lutionizing horizontal (i.e., genetic engineering) transfers. There is no doubt that these ef‐
forts have significantly contributed to increase agricultural productions worldwide and
enriched the diet of human well-beings. However, humanity still suffers with food deficien‐
cy that could be even more evident with a global human population increase, which is pro‐
jected to reach ~9 billion by 2050. Moreover, current global climate changes with increased
biosecurity threats could generate even worsened scenarios of more complex challenges for
sustained agriculture and food security in the era of the societal globalization and advances
of technologies in the twenty-first century and beyond.

There are needs to find better ways and solutions to mitigate the future challenges, which
require enrichment and change of methodologies, technologies, and scientific views of the
past. Here comes Plant genomics— a newly evolved discipline of plant sciences — targeting
to decode, characterize, and study the genetic compositions, structures, organizations, func‐
tions, and interactions/networks of all plant genes in a genome-wide scale. Being evolved
from plant molecular genetics, biology, and biotechnology, Plant genomics represent the key
sub-divisions of structural, functional, comparative, evolutionary, physiological, and geneti‐
cal genomics. Its development and advances, however, are tightly interconnected with plant
science sub-disciplines such as proteomics, metabolomics, epigenomics, phenomics, metage‐
nomics, transgenomics, breeding-assisted genomics, bioinformatics, and system biology as
well as modern instrumentation and robotics sciences.



Aiming to develop genome-wide scaled high-throughput technologies and methodologies
for plant science research and application, Plant genomics has significantly advanced over the
past three decades in the land of inexpensive, high-throughput, and automated new-genera‐
tion DNA sequencing methodologies and platforms. This resulted in decoding of more than
100 plant genomes of 64 megabases to 23 gigabases in lengths within past 10 years. These
advances made have broad implications for every aspects of plant biology while generating
many unexpected challenges and grand tasks ahead. The grand tasks ahead require more
extended collaborations and integrated approaches as well as better computing and data
storage/systematization capacity, ways to handle data with improved or novel analytical/
bioinformatics tools, extended training and education of well-qualified new-generation re‐
searchers, and larger investments and funding.

This book, Plant genomics, aiming to provide updated discussions on current advances, chal‐
lenges, and future perspectives of plant genomics research and application, has compiled 10
chapters from the plant researchers worldwide, including results of the first draft of full ge‐
nome sequencing and assembly of a leaf chicory plant. Chapters also have reviewed and
discussed strategies for plant genome sequencing, assembly, and its challenges, new-genera‐
tion sequencing platforms for comparative genomics of cereal crops and non-model cactus
plants, and the characterization of small RNA/micro-RNA world of plant genomes. Several
chapters have covered the advances toward plant resistance genomics and molecular breed‐
ing of bacterial diseases in ryegrasses, RNA interference technology in plants, and some as‐
pects of salinity tolerance genomics in agricultural crops. I trust that these chapter materials
will be additional reading sources for scientist, students, and readers interested with the
plant science development.

I greatly acknowledge the efforts of all authors of the book chapters for their timely re‐
sponse to our book project invitation, chapter proposal development, and writing and revi‐
sing full chapters per my editorial requests. I also thank the InTech book department for
giving me the opportunity to work on this book project, and Ms. Sandra Bakic and Ms. Iva
Simcic, InTech’s Publishing Process Managers, for their overwhelming efforts with publish‐
ing of this book.

Ibrokhim Y. Abdurakhmonov
Center of Genomics and Bioinformatics,

Academy of Sciences of Uzbekistan,
Tashkent,

Uzbekistan
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Chapter 1

Genomics Era for Plants and Crop Species – Advances
Made and Needed Tasks Ahead

Ibrokhim Y. Abdurakhmonov

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62083

Abstract

Historically, unintentional plant selection and subsequent crop domestication, coupled
with the need and desire to get more food and feed products, have resulted in the continu‐
ous development of plant breeding and genetics efforts. The progress made toward this
goal elucidated plant genome compositions and led to decoding the full DNA sequences of
plant genomes controlling the entire plant life.  Plant genomics aims to develop high-
throughput genome-wide-scale technologies, tools, and methodologies to elucidate the ba‐
sics  of  genetic  traits/characteristics,  genetic  diversities,  and by-product  production;  to
understand the phenotypic development throughout plant ontogenesis with genetic by en‐
vironmental interactions; to map important loci in the genome; and to accelerate crop im‐
provement. Plant genomics research efforts have continuously increased in the past 30
years due to the availability of cost-effective, high-throughput DNA sequencing platforms
that resulted in fully sequenced 100 plant genomes with broad implications for every as‐
pect of plant biology research and application. These technological advances, however, al‐
so have generated many unexpected challenges and grand tasks ahead. In this introductory
chapter, I aimed briefly to summarize some advances made in plant genomics studies in the
past three decades, plant genome sequencing efforts, current state-of-the-art technological
developments of genomics era, and some of current grand challenges and needed tasks
ahead in the genomics and post-genomics era. I also highlighted the related book chapters
contributed by different authors in this book.

Keywords: Plant genome sequencing, genetical genomics, genomic selection, 1KP, 1001
plant genomes, GEEN

1. Introduction

The Plant Kingdom is a key of the food chain in our planet. Plant domestication by humankind
occurred in early societal development, and subsequent agricultural practice and uninten‐

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



tional and intentional plant breeding led to developing productive crop species that provided
food and feed products for all living organisms, including humans [1, 2]. Plant species are very
diverse and there are about 300,000 plant species in the world [3]. Humankind presently grows
~2000 plant species [4] in the agriculturally suitable land of 15.5 million square kilometers to
fulfill the human diet. Crop domestication with subsequent breeding and farming has created
15 priority crop species, which provide more than 90% of food products [1, 5]. Besides feeding
properties, plants supply clothing and housing materials, balance agrobiosenosis and earth
ecology, provide medicines and treatment for many diseases, produce energy and biofuels,
and have many other key properties and usages to understand life in our planet [6–10].

Plant domestication, coupled with the need and desire to get more food and feed products, has
resulted in continuous development of breeding and genetics efforts [2, 4]. Early primitive
selection attempts have subsequently developed the methods of shuffling traits/characteris‐
tics between plant genotypes via controlled sexual crosses that discovered the genetics of key
characteristics of crops. Furthermore, the development of biological sciences and understand‐
ing of the Mendelian and quantitative genetics of phenotypic variations in plant genotypes,
equipped with optimized, targeted, and efficient selection, phenotyping, and statistical methods
as well as advanced agrochemical technologies of the past centuries, have revolutionized crop
breeding efforts. These advances have resulted in the development of superior crop geno‐
types that have helped to increase agricultural production [11]. Thanks to the “Green Revolu‐
tion” [11, 12], the efficient exploitation of plant genetic diversity and plant germplasm resources,
novel cultivar development, and better and suitable agrochemical technologies for the past 50
years, the world average cereal crop yield has increased 2.6 times (1.35–3.51), whereas there
was 5-fold increase in maize production [11]. There are many such examples of successful
conventional breeding efforts. Despite this, food deficiency and human starvation still exist
widely and will become even worse with an increase of global human population to ~9 billion
by 2050 [13], whereby ~1 billion people may suffer hunger [14]. There is a desire and need to
feed the increasing human population, sustain agricultural production, and overcome newly
emerging biosecurity issues in the era of global climate change with ever worsening environ‐
mental conditions on earth, and societal globalization and technological advances [15, 16].

These prompted the plant research community to enrich and power the conventional plant
breeding and genetics methods with precise tools beyond conventional hybridization,
selection, and cultivation/farming practices. This is also dictated by the long duration of
conventional breeding and crop improvement, impacted by the limitations in phenotypic
evaluations, masking the effect of the environment, polygenic nature of many key traits with
many unnoticed minor genetic components [11], negative genetic correlations between
important agronomic traits [15, 17, 18], linkage drags, and distorted segregation issues in
hybridization between diverse genotypes [15, 17–19].

To address all these, plant researchers have attempted to decipher the molecular basis of
genetic diversities by cloning and sequencing the genes encoding the trait of interest and utilize
them in plant breeding as tools in vertical or even via revolutionizing horizontal gene transfers
[11]. Progress made toward this goal has elucidated plant genome composition and led to
decoding the entire DNA sequences of plant genomes conditioning plant ontogenesis. Here
comes “genomics” that was derived from the use of the term “genome”—a haploid set of
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chromosomes—coined by Winkeler in 1920. First used in 1986, genomics defined “the
enterprise that aimed to map and sequence the entire human genome” [20]. Similarly, “plant
genomics” is a discipline of plant sciences targeting to decode, characterize, and study the
genetic (DNA/RNA) compositions, structures, organizations, and functions as well as molec‐
ular genetic interactions/networks of a plant genome [20–29]. Plant genomics aims to develop
large-scale high-throughput technologies and efficient tools and methodologies to elucidate
the basics of genetic traits/characteristics, genetic diversities, and by-product production; to
understand the phenotypic development throughout plant ontogenesis with genetic by
environmental interactions; to map important loci throughout the genome; and to accelerate
the crop breeding and selection in a genome-wide scale.

Plant genomics research efforts have continuously increased in the past 30 years. The numbers
of scientific publications on plant genomics research have drastically increased and reached
17,210 scientific publications in 2015, as indexed in the PubMed database [30], with its first
increase in 2000/2001, following a significant peak after 2010 (Figure 1). The first fully se‐
quenced plant genome was the model plant Arabidopsis, which was published in 2000. Since
then, almost 50 plant genomes were fully decoded by 2013 [31] and the plant sciences com‐
munity has finished more than 100 plant genomes by 2015 [32]. Furthermore, the plant sciences
community extendedly portrayed a sequencing vision of 1001 Arabidopsis accessions [33, 34]
and sequencing 1000 plant species [35] that “will have broad implications for areas as diverse
as evolutionary sciences, plant breeding and human genetics” while generating many
unexpected challenges and grand tasks ahead.

Figure 1. Dynamics of “plant genomics” keyword-retrieved scientific publications in the past three decades. Source:
PubMed [30].

Genomics Era for Plants and Crop Species – Advances Made and Needed Tasks Ahead
http://dx.doi.org/10.5772/62083
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2. Genome of plants and crop species

2.1. Challenges and advantages

Compared to other eukaryotic systems, plant genomes are more complex, which create
challenges to study its DNA compositions. First of all, the extraction of high-quality DNA from
plant tissues, abundantly enriched with phenolic and other metabolic compounds with high
affinity to DNA, is conventionally challenging. This interferes with efficient library prepara‐
tion for whole-genome sequencing [1], although researchers have optimized methodologies
to overcome existing issues [36].

Furthermore, plant genomes have widely different chromosome numbers, transposon/retro-
transposon transcript retention property, and highly varied ploidy levels with many super‐
genes, pseudogenes, and repetitive elements including low-, medium-, and high-copy number
DNA sequences such as transcribed genes, rRNA genes, and retro-elements or short repetitive
sequences, respectively. As a result, plant genomes can be 100 times larger in sizes when
compared to animal or other model eukaryotic genomes [1] and may contain many paralogous
DNA sequences that make sequencing and genome assemblies difficult, which often will
generate false-positive errors [37]. For instance, one of the largest examples of sequenced plant
genomes, sugarcane (12 Gbs) and hexaploid wheat genome with 17 Gbs in size, represents 80%
repetitive elements [1, 32].

Moreover, these massive repetitive “junk” DNA sequences, organized as a simple tandem
repeat, repeat single-copy interspersion, inverted repeats, and compound tandem array
arrangements, somewhat mask functionally vital single-copy genes, which create a challenge
to characterize and clone important individual genes [32, 37].

Open pollinated, self-pollinated, and clonally propagated plant species have a high level of
nucleotide diversity. This can be exemplified by the nucleotide diversity of maize, barley, and
grape genomes, where maize genome, for instance, has 10-fold (up to 13%) more polymorphic
sites between individual genotypes compared to humans with similar genome size [32, 37].
These polymorphism sites create a challenge in sequence assembly due to the higher rates of
nucleotide mismatches to the reference genome.

Lastly, plants tend to have abundant copies of chloroplast genome with two inverted repeat
organizations as well as large inversions in some plants with some exchanged regions between
nuclear genomes. This creates another challenge in the assembly of repetitive and exchanged
regions of chloroplast genomes [32]. The same issue exists in the case of mitochondrial
genomes, although it is common for animal genomes as well. All these challenges and
complications mentioned above may result in generating fragmented, isolated, and incorrect
assemblies in the background of high-copy repeats and paralogous sequences.

However, some specific methodologies and bioinformatics tools have been developed to
minimize these challenges. These include the optimized DNA isolation from difficult plant
materials [36], use of high-density linkage maps, identification and sorting out of paralogous
alleles using local patterns of linkage disequilibrium, and sequencing diploid relatives or

Plant Genomics6
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DNA sequences such as transcribed genes, rRNA genes, and retro-elements or short repetitive
sequences, respectively. As a result, plant genomes can be 100 times larger in sizes when
compared to animal or other model eukaryotic genomes [1] and may contain many paralogous
DNA sequences that make sequencing and genome assemblies difficult, which often will
generate false-positive errors [37]. For instance, one of the largest examples of sequenced plant
genomes, sugarcane (12 Gbs) and hexaploid wheat genome with 17 Gbs in size, represents 80%
repetitive elements [1, 32].

Moreover, these massive repetitive “junk” DNA sequences, organized as a simple tandem
repeat, repeat single-copy interspersion, inverted repeats, and compound tandem array
arrangements, somewhat mask functionally vital single-copy genes, which create a challenge
to characterize and clone important individual genes [32, 37].

Open pollinated, self-pollinated, and clonally propagated plant species have a high level of
nucleotide diversity. This can be exemplified by the nucleotide diversity of maize, barley, and
grape genomes, where maize genome, for instance, has 10-fold (up to 13%) more polymorphic
sites between individual genotypes compared to humans with similar genome size [32, 37].
These polymorphism sites create a challenge in sequence assembly due to the higher rates of
nucleotide mismatches to the reference genome.

Lastly, plants tend to have abundant copies of chloroplast genome with two inverted repeat
organizations as well as large inversions in some plants with some exchanged regions between
nuclear genomes. This creates another challenge in the assembly of repetitive and exchanged
regions of chloroplast genomes [32]. The same issue exists in the case of mitochondrial
genomes, although it is common for animal genomes as well. All these challenges and
complications mentioned above may result in generating fragmented, isolated, and incorrect
assemblies in the background of high-copy repeats and paralogous sequences.

However, some specific methodologies and bioinformatics tools have been developed to
minimize these challenges. These include the optimized DNA isolation from difficult plant
materials [36], use of high-density linkage maps, identification and sorting out of paralogous
alleles using local patterns of linkage disequilibrium, and sequencing diploid relatives or
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ancestor-like genomes of polyploid plants [37]. The use of laser capture microdissection
techniques can isolate individual cell types or chromosome or its arm that could minimize the
ploidy or paralogy complexities [27]. Moreover, the use of third-generation single-molecule
sequencing approaches [1] and novel assembly methods such as optical mapping and long-
range Hi-C interactions can also minimize some of challenging cases with the plant genomes
mentioned here, which have been well addressed and covered in detail in a chapter by
Deschamps and Llaca in this book.

At the same time, along with these challenges and complexities, plants also offer advantages
[37] in genome analyses over other eukaryotic systems. This is due to the clonal propagation
and indefinite seed storage properties, which create an opportunity for repeated collection of
the same DNA samples for sequencing and studying its phenotype multiple times in many
generations across replicated environments [37]. There are no ethical issues associated with
the multiple use of plant materials, as it is a sensitive issue for animal cases. The possibility of
self-pollination or forced crosses advantageously helps to create highly homozygous samples
to reduce existing heterozygosity. There is an opportunity of obtaining double haploid plant
genomes [37]. Plant genomes tend to have large chromosomal segments conserved across a
large number of taxa in closely related plant species. The collinearity and synteny of plant
genomes are very useful to use reference genomes of model species to study homologous and
orthologous genes from yet unsequenced genomes [20].

2.2. Sequenced plant genomes

The ability to sequence DNA molecules, which was made possible in the 1970s with the
introduction of the “plus and minus” sequencing technique of Sanger and Coulson [38] and
Maxam and Gilbert [39], is generally considered to be the starting point of genomics sciences.
Later, the simple, long-read chain-terminating dideoxynucleotide DNA sequencing method
[40] has become a method of choice to decode genetic sequences. Its eventual automation [41]
had extended the capacity and power of this chain-termination sequencing methods to decode
the entire genome sequences of living organisms. Because of technological advances and
automated sequencing instrumentations [27], a large-scale sequencing of cDNA libraries made
it possible to perform serial analysis of gene expression (SAGE) and expressed sequences tags
(ESTs). These were the first genomics technologies for all organisms, including plant genomes
[42]. Furthermore, these advances powered by microarray tools routinely used by many
individual laboratories worldwide have helped to identify the genome structures and
functional and regulatory elements across genomes [27] and have facilitated to develop high-
throughput reliable molecular markers for genome/trait mapping studies.

The development and generation of massively parallel sequencing technologies [44] provided
cost-effective, new-generation sequencing (NGS) platforms that have helped to completely
decode the entire genome of many different organisms within a short period. For instance, in
plants, the first sequenced genome was a model plant Arabidopsis thaliana with 125 Mbs in size,
25,489 individual genes, and 14% repetitive elements, which was published in 2000 [5]. Further,
more than 109 plant genomes have been fully sequenced by 2015 [32], including 21 monocots
and 83 eudicots, 10 model and 15 non-model plant genomes, five non-flowering plants, and
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69 crop species with 6 crop model genomes and 15 wild crop relatives [32]. Following the
Arabidopsis model, several rice (Oryza sativa) genomes in 2002 to 2005, black cottonwood
(Populus trichocarpa) genome in 2006, and grape (Vitis vinifera) genome in 2008 were fully
sequenced. Sequencing whole plant genomes has increased in subsequent years, and 10 plant
genomes had been sequenced in 2011. About 80% of sequenced genomes were accomplished
in the past 3 years (2012–2014; Figure 2).

Figure 2. A number of sequenced plant genomes from 2000 to 2014. Source: Ref. [32].

The smallest plant genomes sequenced so far [32] are the two eudicot plants:  corkscrew
(Genlisea aurea) with 64 Mbs genome size and 17,755 genes [45] and bladderwort (Utricular‐
ia gibba) with 77 Mbs genome size and 28,500 genes [46]. In contrast, the largest genomes
sequenced are from gymnosperm plants, including Norway spruce (19,600 Mbs) [47], white
spruce  (20,000  Mbs)  [48],  and  loblolly  pine  (23,200  Mbs)  [49].  The  largest  genome  se‐
quenced from crop species is the hexaploid wheat (Triticum aestivum) with a genome size of
17,000 Mbs [50]. An average size for all published plant genomes is 1850 Mbs. Per publish‐
ed plant genome data [32], the gene numbers of the smallest to largest genomes are within
the range of 17,755 (corkscrew) to 124,201 (hexaploid wheat) with an average of 40,738 genes
for  all  sequenced  genomes.  Repetitive  elements  are  highly  variable  among  published
genomes  that  varied  from 3% (bladderwort)  to  85% (maize,  Zea  mays)  with  an  average
estimate of 46% per genome. These sequenced plant genomes not only provided an updat‐
ed  knowledge  on  structural  compositions  and  complexities  of  plant  genomes  but  also
elucidated the evolution of gymnosperm and angiosperm plants and specific gene families
contributing to the radiation of flowering plants. We learned some direct correlation between
genome sizes and gene numbers/repetitive elements, although it does not strictly follow the
rules,  which  was  evidenced  by  several  exceptions.  For  example,  one  of  the  largest  ge‐
nomes, Norway spruce, has ~28,000 genes, which is similar to the smallest genome bladder‐
wort. Moreover, medium-sized maize genome (2300 Mbs) or wild tomato (1200 Mbs) contains
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more or approximately the same (<80%) contents of repetitive elements compared to the
largest sequenced genome of loblolly pine (23,200 Mbs) [32].

In this book, the chapter by Galla et al. (Section 2) presents the results of the first draft of the
full genome sequence and assembly of a fresh salad plant leaf chicory (Cichorium intybus subsp.
intybus var. foliosum L., 2n=2x=18, and 1.3 Gbs genome size), named as Radicchio in Italian. The
results of decoding the full genome of leaf chicory will “extend the current knowledge of the
genome organization and gene composition of leaf chicory, which is crucial for developing
new tools and diagnostic markers useful for our breeding strategies in Radicchio” and will be
an important addendum to the list of sequenced plant genomes.

2.3. Sequencing “1001 genotypes” and “1000 plant species”

The availability of a few whole reference genomes limits our full understanding of ecotypic
variations that affect the function and adaptive evolution of plant species in various climatic
conditions. It reduces the power of genome-wide tagging of biologically meaningful natural
variations. In other words, the general perceptions are that “a single reference genome is not
enough” for plant biology to explain and understand the existing natural variations in
particular plant species and its populations [33, 34]. It also limits the development of efficient
tools for genome analyses. To address this, as mentioned above, the Arabidopsis plant research
community has developed a vision of sequencing a larger number of Arabidopsis genotype
accessions, including various ecotypic and experimental population samples. As of today, the
“1001 genome sequencing project of Arabidopsis accessions” has completed the full genome
sequencing of 1100 Arabidopsis accessions [33, 34] “to record the genetic variation in the entire
genome of many strains of the reference plant Arabidopsis thaliana” and with the future objective
to develop efficient genome analysis tools and software [33].

To understand the tree of life of the Plant Kingdom and study its evolutionary aspects in
comparison to other life forms, the international multi-disciplinary consortium of “The 1000
Plants (oneKP or 1KP) Initiative” has generated a large-scale gene sequencing data for more
than 1000 various plant species [35]. Rather than concentrating on single species accessions as
in the 1001 Arabidopsis whole-genome sequencing project [33, 34], the “1KP” project targeted
1000 distinct plant species with the objective of generating only functionally expressed (i.e.,
transcriptome) gene sequences. The plant species selected for the project had no restriction,
and the samples were “chosen to represent every species known to science, across the Plant
Kingdom, at some phylogenetically or taxonomically defensible levels” [35]. The 1KP sample
list consists of 1328 entries [51] broadly grouped by phylogenetically (angiosperm, non-
flowering, and green algae species) and by application (agriculture, medicine, biochemistry,
and extremophytes). Most of these species have been sequenced for the first time (Table 1).

To date, an average of 2000 Mbs transcriptome sequence data have been generated for these
1KP plant species using 28 Illumina Genome Analyzer next-generation DNA sequencing
machines at the Beijing Genomics Institute (BGI-Shenzhen, China) [35]. Ultimately, the
obtained genomic sequence data will be used to analyze the phylogenetic, taxonomic, and
evolutionary relationships of plant species, to study plant speciation, and to determine the
timing of gene duplications during speciation events [35, 52]. However, the biggest limitation

Genomics Era for Plants and Crop Species – Advances Made and Needed Tasks Ahead
http://dx.doi.org/10.5772/62083

9



is associated with sequencing only transcriptomes rather targeting the whole genome, which
limits obtaining many non-coding and repetitive portions of genomes. The results of “1001”
and “1KP” sequencing efforts will undoubtedly open a new paradigm for plant genomics and
its above-mentioned sub-disciplines. The results should not only accelerate crop improvement
and boost the agricultural and medicine production worldwide but also help to understand
the basics of plant life, evolution, speciation, and plant adaptations to the extreme environ‐
ments in the era of global climate change and technological advancements.

Plant species *Number of samples

Phylogenetic groups

Angiosperms 830

Angiosperms: Onagraceae samples 50

Non-flowering plants 257

Green algae 241

Application groups

Medicinal samples 142

Medicine - Alkaloid samples 30

Medicine - Chemotherapeutic samples 12

Biochemistry - Lipid Biosynthesis samples 15

Agriculture - C3/C4 samples 93

Agriculture - Weeds 25

Extremophyte samples 31

Halophytes samples 18

*The number of samples overlaps among groups. Source: Ref. [51].

Table 1. Plant species samples chosen for the “1KP” plant genome sequencing project.

In this book, we have presented several chapters targeting to review and discuss the strategies
for sequencing and assembly challenges (by Deschamps and Llaca), new-generation sequenc‐
ing platforms for comparative genomics of cereal crops (by Sikhakhane et al.) and non-model
cactus plant Nopal (Opuntia spp.; by Alonso-Herrada et al.), and characterization of small RNA
world of plant genomes (Hernández-Salazar et al.). These chapters describe the current
advances and future needs on these topics.

3. Crop improvement in the genomics and post-genomics era

3.1. Genomics-assisted selection or genomic selection

At present, the reference genomes for many agricultural plants including specialty crops have
been sequenced, as reviewed by Michael and VanBuren [32], which created a new paradigm
for modern crop breeding. Crop breeding, which is powered and enriched by molecular

Plant Genomics10



is associated with sequencing only transcriptomes rather targeting the whole genome, which
limits obtaining many non-coding and repetitive portions of genomes. The results of “1001”
and “1KP” sequencing efforts will undoubtedly open a new paradigm for plant genomics and
its above-mentioned sub-disciplines. The results should not only accelerate crop improvement
and boost the agricultural and medicine production worldwide but also help to understand
the basics of plant life, evolution, speciation, and plant adaptations to the extreme environ‐
ments in the era of global climate change and technological advancements.

Plant species *Number of samples

Phylogenetic groups

Angiosperms 830

Angiosperms: Onagraceae samples 50

Non-flowering plants 257

Green algae 241

Application groups

Medicinal samples 142

Medicine - Alkaloid samples 30

Medicine - Chemotherapeutic samples 12

Biochemistry - Lipid Biosynthesis samples 15

Agriculture - C3/C4 samples 93

Agriculture - Weeds 25

Extremophyte samples 31

Halophytes samples 18

*The number of samples overlaps among groups. Source: Ref. [51].

Table 1. Plant species samples chosen for the “1KP” plant genome sequencing project.

In this book, we have presented several chapters targeting to review and discuss the strategies
for sequencing and assembly challenges (by Deschamps and Llaca), new-generation sequenc‐
ing platforms for comparative genomics of cereal crops (by Sikhakhane et al.) and non-model
cactus plant Nopal (Opuntia spp.; by Alonso-Herrada et al.), and characterization of small RNA
world of plant genomes (Hernández-Salazar et al.). These chapters describe the current
advances and future needs on these topics.

3. Crop improvement in the genomics and post-genomics era

3.1. Genomics-assisted selection or genomic selection

At present, the reference genomes for many agricultural plants including specialty crops have
been sequenced, as reviewed by Michael and VanBuren [32], which created a new paradigm
for modern crop breeding. Crop breeding, which is powered and enriched by molecular

Plant Genomics10

markers, genetic linkage maps, QTL mapping, association mapping, and marker-assisted
selection methods in the past century [37, 53], has now greatly accelerated and become ever
productive and efficient in the plant genomics era [26]. This is due to the (1) availability of
large-scale transcriptome and whole-genome reference sequences [32]; (2) high-throughput
SNP marker collection and cost-effective, automated, and high-throughput genotyping
platforms (HTP) and technologies (e.g., genotyping by sequencing or GBS), allowing breeders
to screen multiple genotypes within a short time [23, 26]; (3) identification and use of expression
QTLs (genetical genomics) in breeding [22]; and (4) opportunity to perform genome-wide
selection (i.e., genomic selection) [26].

The biggest driving force for genomics-assisted crop breeding in the plant genomics era has
been the inexpensive sequencing and re-sequencing opportunity for population individuals
of genetic crosses and breeding lines. This helps to precisely identify and link genetic variations
to the phenotypic expressions, taking into account the rare and private allelic variations that
are abundant in crop line population or germplasm resources [26, 53, 54]. Furthermore, the
availability of SNP marker collections and automated genotyping platforms provided a better
genome converge to perform genome-wide genotype-to-phenotype associations (GWAS) [11,
37]. Also, when whole-genome sequences are not available and SNP markers are present in a
limited number, the breeders using GBS and HTS platforms can readily genotype their
mapping population and can provide genomic selections for the targeted crops of interest [23,
26, 54]. Although it was first applied for animal breeding [55], recently genomic selection has
been successfully applied to a number of plant species [56–62], including studies using GBS
in the context of genomic selection [26]. Most importantly, the application of available
genomics tools and a large number of high-throughput DNA markers and new-generation
genotyping platforms have made the “breeding by design” [63] possible and have developed
“virtual breeding” approaches [64] for efficient crop improvement. Several chapters in this
book have covered the advances toward plant resistance genomics and molecular breeding
against bacterial diseases in ryegrasses (see the chapter by Dr. Takahashi) as well as biotic/
abiotic stress tolerance in agriculture crops (see the chapters by Onaga and Wydra, and Rao
et al.).

The availability of genome sequences and a large number of SNP marker collections also
provided the analysis of copy number variations (CNVs) in crop genomes, and their links to
the key traits have greatly enhanced the crop improvement programs [11, 22, 23, 26, 37].
Furthermore, although challenges are evident, the opportunity provided by post-genome
sequencing advances has help to integrate and enrich genomic selection with key proteome
and metabolome markers. This significantly fostered and powered up the breeding of complex
traits [22] of crops. Consequently, the knowledge gained through plant genomics coupled with
proteomic and metabolomic advances has facilitated the emergence of an innovative approach
of “personalized” agriculture through the utilization of chemical genomics [21]. This requires
the translation of knowledge and expertise of the pharmaceutical industry on the development
of “personalized medicine” to treat each person based on its reaction to the medical drugs into
the agriculture. Because of high-throughput genome analysis, it is possible to date that many
plant compounds, including herbicides, growth regulators and phytohormones, elicitors, low
molecular metabolites (e.g., salicylic acids), and/or synthetic hybrid chemicals, can be screened
for genetic response of individual crop genotypes and to study their mechanism of actions
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contributing to agricultural productivity. Once identified, highly genotype-specific chemical
compounds can be developed that impact better than traditionally applied “fit for all”
chemicals/growth stimulators and fertilizers. A combination of such chemical genomics
approach, proteomics and metabolomics with genetic engineering, and genomic selection will
further provide a way for “personalized” agriculture that sustains crop production (for
detailed discussions, see a review by Stokes and McCourt [21]).

3.2. Novel transgenomics tools and biotech crops

Crop improvement is also greatly impacted by novel transgenomics and genome editing
technologies developed as a result of plant genome characterization and understanding in the
era of plant genomics. In the past two decades, a variety of novel transgenomics technologies
have been developed to replace or enrich the traditional transgenesis-based genetic engineer‐
ing and plant molecular biotechnology [65]. These novel technologies include antisense, RNA
interference (RNAi), artificial microRNA expression (amiR), virus-induced gene silencing
(VGS), zinc-finger nuclease (ZFN), transcription activator-like effects nucleases (TALENs),
oligonucleotide-directed mutagenesis (ODM) of Cibus Rapid Trait Development System
(RTDS), and clustered regularly interspaced short palindromic repeats/Cas9 (CRISPR/Cas9)
technologies [65, 66]. These novel transgenomics technologies including genome-editing
tools,the latter also referred to as genome editing with engineered nucleases (GEEN), are
widely developed and utilized to investigate the gene function and apply to solve problems
in medicine and agriculture. They are become methods of choice for major functional genomics
and biotechnological studies [67]. RNA-mediated genome manipulation (RNAi) tools down-
regulate the target genes due to gene silencing effects at transcriptional (TGS) or post-
transcriptional (PTGS) levels, whereas GEEN systems help to insert, replace, or remove specific
regions of DNA from a genome using artificially engineered nucleases that are referred to as
“molecular scissors” [68–70]. For a detailed description of RNAi, readers are suggested to read
a chapter by Ricano-Rodriguez et al. in this book as well as to the recently published “RNA
Interference” book by InTech Open.

The potential application of RNA-mediated gene silencing methods for crop improvement,
including RNAi in plant biotechnology, is huge and the technology has already generated
many successful examples in a wide range of technical, food, and horticulture crops. For
example, RNAi was used to improve crop yield, food/fiber quality [18, 71–75], resistance to
pests, and biotic/abiotic stresses [76, 77], which are being considered for commercialization or
are already in commercial production [78]. Employing ODM-mediated single nucleotide
editing in Arabidopsis, targeting the BFP gene, has demonstrated a precise edition of CAC to
TAC, converting histidine (H66) to tyrosine (Y66) in GFP protein that offered a non-transgenic
breeding tool for crops [66]. Similarly, GEEN tools have also provided a new strategy for “trait
stacking,” whereby several desired traits are physically linked to ensure their co-segregation
during the breeding processes [79]. The examples include A. thaliana [80–82] and Z. mays [83],
where ZFN-assisted gene targeting has helped to heritably insert herbicide-resistant genes
(SuRA/SuRB and PAT) into the targeted sites in the genome [83]. Although other GEEN
technologies such as TALEN [84–92] and CRSPR/Cas9 [93] are just picking its application in
plants, their utilization in Arabidopsis [84], maize [85], rice [86–88], potato [89, 90], wheat [65],
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barley [91], and plum [92] holds a great promise and potential for non-transgenic crop genome
modification and improvement [65, 94].

4. Grand tasks ahead

The revolutionizing advances made in the past three decades in plant genomics and its sub-
disciplines provided a mass of novel opportunities with easy-solution applications and high-
throughput, cost-effective, and time-effective technologies. Plant genomics era increased our
understanding of the basis of complex life processes/traits in plants and crop species, and it
paved a way for effective improvement of plants to fulfill our diet and other needs. However,
it also piled up challenging grand tasks ahead for current genomics and post-genomics era.
Several chapters of this book have discussed some aspects of these challenges, and I tried to
briefly summarize some of them here.

As mentioned above, tremendous achievements have been made toward sequencing more
than hundreds of plant genomes including major crop species and specialty, model/non-
model, wild, vascular, flowering, and polypoid plants [31, 32]. There are ongoing and fasci‐
nating consortia projects of sequencing “1001 genotypes of Arabidopsis” and “1000 various
plant species” [33–35, 51, 52]. However, the first current and future task ahead is to extend
such large-scale, multiple accession genome sequencing initiatives for each priority agricul‐
tural and specialty crop species including their wild relatives and ancestor-like genome
representatives. Although it sounds largely ambitious, this task will be mandatory and
important for the next plant genome sequencing phase. This is to effectively use all variations
existing among plant/crop germplasm resources and its ecotypic populations and to design
efficient GWAS analysis and consequent genomic selections as well as tools/software pro‐
grams for better analyzing plant genomes and improving genome assembly issues [33–35].
This is especially needed for polyploidy crops [24, 32, 37] because the sequencing of many
polyploids and their subgenomes would increase our understanding of the complexity of
polypoidy, gene silencing, epigenetics, and biased retention and expression of genes after
polyploidization [24, 95–97]. Furthermore, it also helps to discover all natural variations and
lost genes during crop domestication that should be useful to restore the key agriculturally
important traits in the future.

Sequencing the entire genome of 1KP samples, rather concentrating on only transcriptome/
exome, is also the necessary task ahead that would elucidate many important noncoding
sequences from these plant species. Results would be useful for plant evolutionary, speciation
and taxonomy studies. There are ongoing planning and targets toward this goal, and it should
not cause much trouble in the land of experiences gained and inexpensive high-throughput
sequencing technologies [1, 27, 32].

Although high-throughput DNA sequencing instrumentation exists and keeps evolving to
better versions year-to-year, the consequent task is still to improve the sequence length that
would solve many incorrect sequence sites and genome assembly challenges that plant
genomics faces currently [1, 32]. Some of the currently ongoing efforts and possible solution
with the advent of third-generation sequencing platforms and genome assembly tools and
methodologies highlighted herein have been discussed by several book chapters in this book.
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A consequent grand task and challenge with the completion of the above-highlighted tasks is
the handling, organizing, systematizing, and visualizing a huge amount of plant genome
sequencing (“Big Data”) data that require urgent attention, effort, collaborative work, and
investment. There is an urgent need to develop more efficient bioinformatics platforms to
handle plant genome data due to challenges, specificities, complexities, and sizes of currently
available and future sequenced plant genomes mentioned herein [1, 98]. Funding this aspect
of plant genomics and bioinformatics research is a necessary key step [1] for future advances
on this task ahead.

Furthermore, the most important current and future post-genomics grand task ahead is to link
the sequence variation(s) with phenotype(s), trait expression, and epigenetic and adaptive
features of plants to their living environment and extreme conditions. The successful comple‐
tion of this task will require the combined approaches of genomics with bioinformatics,
proteomics, metabolomics, phenomics, genomic selections, genetical genomics, reverse
genomics, system biology, etc. [11, 21–29, 64, 65, 98]. In other words, there is a need to make
sequenced genomes “functional” [31] and biologically meaningful [29, 37]. This also requires
the integration of all available genomic and phenotypic data to identify key networks that also
require downstream effort of integration of specific networks to networks of other systems in
order to connect heterogeneous data [29]. There are suggested thoughts and tasks for plant
genomics that should target to develop plant genome-specific “Encyclopedia of DNA Elements
(ENCODE)” [31, 32], which will be an important achievement in the next phases of develop‐
ment. There is a need to use molecular phenotyping (i.e., using molecular process such as
protein-RNA interactions, translation rates, etc.) in QTL mapping [23] that would help to
precisely link the sequence variation(s) to its phenotype(s). There is a task for the development
and translation of the concept “personalized agriculture” [21] that requires an attention as an
unexplored area in crops with the availability of sequenced genomes and high-throughput
genotype, proteome, metabolome, and phenotype profiling platforms and rapid crop line
development tools such as genomic selection and new-generation genome-editing tools
mentioned above. All these will help to minimize the current challenges with improved crop
line development costs through efficient breeding [11, 22, 23, 26]. These particular grand tasks
further highlight a need for extended effort and work on the development of inexpensive high-
throughput plant phenotyping [25, 26] and plant proteome and metabolome profiling tools
and instrumentation [27, 28] by utilizing small amount single-cell-derived samples [27–29].

A parallel grand task to the above-outlined needs is to have concentrated efforts on the timely
application of novel transgenomics and genome-editing tools for all types of plants and to
optimize it for routine large- and short-scale biotechnology industry usage. There are grandest
tasks to (1) utilize the complex effects of plant developmental genes (e.g., core microRNA/
RNAi machinery) to simultaneously improve the key traits and overcome negative trait
correlations [15, 18] and (2) optimize and better design novel transgenomics and genome-
editing technologies for the key priority crops and plant by-product production. In addition,
there are needs to (3) identify the appropriate choice of plant tissues for genome editing, (4)
reduce or eliminate side effects and off-target toxicity and mutagenesis of application of novel
genome modification technologies, and (5) develop reliable screens for the detection of edited
genome samples [99]. The revolutionizing effects of these novel genome-editing/manipulation
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technologies and genome-edited organisms (GEOs) as well as their safer nature compared to
conventional transgenesis are evident. However, without objective or proper regulatory
policies, providing understanding and removing confusion of regulatory agencies and
stakeholders [94], “these technologies may not live up to their full potential” [64] if they are
regulated as genetically modified organisms bearing foreign genes [64, 94]. Therefore, this is
one of the most important grand tasks ahead in the front of plant sciences research community
in the era of plant genomics and post-genomics.

Finally, the grandest task is a preparation of well-qualified next-generation scientists capable
of continuing plant genomics tasks highlighted herein with the understanding of conventional
plant biology, ecology, plant breeding, evolution, taxonomy, modern “omics” disciplines, and
cross-related scientific disciplines (e.g., mathematics, computing, and modeling) [1, 98].
Importantly, they are required to have a capability to utilize modern computing and instru‐
mentation platforms and bioinformatics knowledge [29]. For instance, there is a huge need for
a new generation of molecular breeders [100] with full knowledge and appreciation of
conventional plant breeding aspects including the understanding of agrotechnology method‐
ologies, genetic diversity of crop germplasm, and randomized multi-environmental field trails.
These breeders also need to have abilities to handle, work, and utilize the sequenced genomes,
high-throughput genotyping, and phenotyping platforms. This is a bottleneck for plant
genomics at present, which requires urgent awareness, attention, and investment.

5. Conclusions

Thus, in the past three decades, 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 community to sequence and understand the genetic
compositions, structures, architectures, and functions of full plant genomes. The technological
and instrumentation advancements as well as the desire and need to feed the increasing human
population, overcome biosecurity issues, and sustain agricultural production in the era of
global climate change, the societal globalization, and technological advancements have been
the main driving forces for plant genomics development. These led to sequence and assemble
entire plant genomes including very complex polyploid plants, annotate gene functions, link
the sequence variation(s) to the phenotype(s), and exploit sequence variation(s) in plant/crop
improvement in genome-wide scale or through targeted native modification of plant genomes
in a highly sequence-specific manner.

To date, more than 100 plant genomes including a large number of crops as well as flowering,
non-flowering, crop wild relative, model and non-model, and specialty plants have been fully
sequenced. As a result, it expanded our knowledge and understanding of many aspects of
plant biology, genetics, breeding, and crop evolution and domestication, which contributed
to the development of analytical and breeding tools, resulting in accelerated crop improvement
programs. To look even deeper scales, more than 1100 Arabidopsis accessions from various
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eco-geographic origin and experimental populations have been fully sequenced, which will
equip plant researchers with better analysis tools and help in tagging and exploiting the
biologically meaningful variations. Furthermore, transcriptome profiling of 1000 distinct plant
species with agricultural, medicinal, biochemical, and evolutionary utilization has a great
value and will be “a gold mining” opportunity for plant biology to explain the evolution of
tree of life and Plant Kingdom speciation. All of these successes have significantly accelerated
crop improvement using novel genomic selections and new-generation genome-editing and
manipulation technologies.

These advances, briefly highlighted herein, also have generated a number of grand challenges
and mandatory tasks ahead in plant genomics and post-genomics era. There are many tasks
ahead for the plant genomics community, which require more collaborations, integrated
approaches, better computing capacity and analytical tools, accelerated training and education
of well-qualified researchers, and larger investments. In this book, the authors tried to
highlight some updates on current plant genomics efforts with future perspectives. We trust
that the next phase of plant genomics efforts and development will be more exciting and help
to solve current and future issues in front of humanity.
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Abstract

Cereals are the major sources of calories worldwide. Their production should be high to
achieve food security, despite the projected increase in global population. Genomics re‐
search may enhance cereal productivity. Genomics immensely benefits from robust next-
generation sequencing (NGS) techniques, which produce vast amounts of sequence data
in a time and cost-efficient way. Research has demonstrated that gene sequences among
closely related species that share common ancestry have remained well conserved over
millions of years of evolution. Comparative genomics allows for comparison of genome
sequences across different species, with the implication that genomes with large sizes can
be investigated using closely related species with smaller genomes. This offers prospects
of studying genes in a single species and, in turn, gaining information on their functions
in other related species. Comparative genomics is expected to provide invaluable infor‐
mation on the control of gene function in complex cereal genomes, and also in designing
molecular markers across related species. This chapter discusses advances in sequencing
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1. Introduction

Significant limitations to cereal crop production and productivity pose a threat to global food
security since these crops are the main sources of calories that support the ever-growing human
population. Despite the significant progress that has been made in the improvement of edible
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yield through classical breeding techniques, the current rates of increase in grain yield in
several major cereal crops are still too slow to catch up with the increasing demand of the
growing population [1, 2]. This is likely to get worse according to the projected climate change
scenarios [3], as it also affects biotic stresses such as pests, diseases and weeds, and abiotic
stresses including drought, extreme temperatures, salinity and nutrient deficiencies [4-6].
Although there are various strategies to cope with these constraints, Kole [7] suggested the
use of genomics-assisted breeding as an effective and economic strategy.

Despite the sustainability of breeding resilient crops, there are still several genomic constraints
to genome-based selection and stress resistance improvement, particularly for multigenic
traits. A poor understanding of the genetic basis and the regulatory mechanisms of various
stresses is among the major challenges for successful genetic manipulation through gene
introgression, gene pyramiding, gene stacking or gene silencing. Additionally, more diagnos‐
tic genetic markers are necessary to improve the current limited success in marker application
in both foreground and background selection. These challenges are related to the fact that
genomes of some cereal crops are not yet fully sequenced and annotated, either because the
crops have been under-researched or the genomes are huge and structurally complex. For
instance, the hexaploid wheat (Triticum aestivum) genome is the largest (about 17 billion
nucleotides) among cultivated cereals, and is multifaceted by repetitive DNA sequences [8].
Furthermore, dissection of the genetic and regulatory mechanisms of host plant resistance is
complicated because most traits of interest are multigenic and thus influenced by several genes
with additive and nonadditive gene effects. Hence, tools that detect the genetic variation at
the genome sequence level allow all genes controlling particular traits to be investigated for
various genetic applications to realize phenotypic gains from genetic manipulation.

Enhanced application of next-generation sequencing (NGS) techniques in cereal crops is
revolutionizing and speeding up plant breeding. The advances that have been made so far in
the use of NGS, particularly with the human genome in the field of medicine, and on various
model crops through plant biotechnology, envisions the following in cereals and other crops:
first, complete sequencing of small and less complex plant genomes is increasingly becoming
possible as costs have dropped significantly and more sequences are being generated in a
shorter time than before. Secondly, the genetic mechanisms of particular traits in huge and
complex plant genomes can now be investigated using small and less complex genomes of
related plants sharing conserved regions through comparative genomics. This will potentially
identify genes or quantitative trait loci (QTL) and putative single nucleotide polymorphism
(SNP) markers for genome-wide association mapping and annotation of genomes. This chapter
discusses the advances made in improving sequencing technologies and how these advances
can assist in generating complete sequences for the improvement of genome-aided selection.
This will also assist in identifying the unique sequences responsible for the major differences
existing among cereals.

2. The need for high-throughput genome and transcriptome sequencing

Since the discovery of the DNA molecule by Friedrich Miescher in 1869 [9], and the subsequent
exposition of its double-helical structure by Watson and Crick in 1953, significant knowledge
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has been gained on the flow of genetic information. Understanding how this genetic informa‐
tion influences the phenotype (trait) of interest has, however, remained a challenge. This is
mainly because the overall instruction contributing to the phenotype is not restricted to the
coding region but is also influenced by some posttranscriptional modifications controlled by
noncoding DNA [10-12]. Also, multigenic traits are influenced by complex interactions of
alleles at different loci, having major or minor influence [13]. These, together with differential
genotype-by-environment interactions, add to the structural and functional complexity of
most cereal genomes that are multifaceted by repetitive DNA sequences, transposable
elements and polyploid genomes, as in the case of wheat and finger millet (Eleusine coracana)
[8, 14]. Whole genome and transcriptome sequencing therefore become a necessity so that all
the genomic and transcriptomic variation can be detected. NGS and various ‘omic’ technolo‐
gies, including genomics, transcriptomics, proteomics, metabolomics and phenomics, offer
prospects towards whole-genome annotation; particularly in cereals that have small and less
complex genomes. This will simplify comparative genomics and evolutionary genetic re‐
search, which will enhance the manipulation and exploitation of important genes for cereal
improvement.

NGS technologies are one of the available tools that can produce complete sequences for
diverse research at the DNA and RNA level within and across species. Firstly, this will make
it easy to obtain the entire DNA, coding and noncoding regions. Secondly, this will simplify
studies on the whole transcriptome, including RNAs involved in protein synthesis such as the
messenger, ribosomal, signal recognition particle, transfer and transfer-messenger RNAs and
other RNAs involved in posttranscriptional modifications, such as small RNAs [15]. Quanti‐
fication of such transcripts through NGS under various stress conditions will precisely
determine the levels of gene expression within and across different species.

3. Advances in sequencing technologies

Since the pioneering of genome sequencing through technologies such as Sanger sequencing
[16], significant advances have been made to resolve the limitations of the early technologies.
This has seen the development of more sophisticated sequencing technologies that allow de
novo genome sequencing, generating vast amounts of data in a short period at low costs. Table
1 summarizes the advances made in sequencing technology development, from the advent of
the chain termination sequencing [16], to prominent NGS technologies including Roche/454
sequencing [17], Illumina (Solexa) sequencing [18], sequencing by oligonucleotide ligation and
detection (SOLiD) [19], the single molecule sequence pioneered by Helicos Biosciences [20]
and Ion Torrent sequencing [21]. These technological advances are instrumental in whole-
genome research and are expected to simplify comparative genomics within species and across
distantly related cereals and grasses. Several modifications are available for each of these
technologies and fine-tuned protocols are constantly being developed to address some of the
current limitations.

Although NGS technologies have enormous prospective benefits, they come with their own
limitations that need to be addressed to realize their full potential. Key among these drawbacks
are the bioinformatic and computational challenges related to storage, image analysis, base
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calling and integration of the large amounts of data that are generated in several terabytes per
day. Apparently, the large amount of sequence data that is being generated on a daily basis in
cereal genomics cannot be transformed into information that is useful for the detection of
important genomic variants within and among species or in identifying genes that are
differentially expressed under particular stress conditions. Hence, investment in computa‐
tional and high-throughput bioinformatic equipment and human resources and combining
the various NGS technologies will allow the data generated using different NGS techniques
by various laboratories to be related and used to build onto each other. Unlike traditional
marker technologies, NGS is currently dissociated from phenomics, yet it should be comple‐
mentary to high-throughput phenotyping in order to relate sequence variations to traits of
interest for progressive discoveries through genome-wide association mapping, particularly
for multigenic traits like adaptation to drought in complex cereal genomes [22]. Additionally,
NGS technologies are still associated with high error rates [23] and short read lengths that limit
data analysis accuracy. This further confuses detection and distinction of sequence variations
including large amounts of duplications, deletions, inversions and chromosomal rearrange‐
ments that characterize cereal genomes.

Technologies
(Developer)

Year Sequencing chemistry Throughput Read
length

References

Sanger
sequencing
(Frederick
Sanger and
team)

1977 Involves DNA polymerase based selective
amplicon-termination of in vitro DNA
replication by radioactively or fluorescently
labeled di-deoxynucleotide triphosphates,
followed by electrophoresis and UV or X-ray
spectra detection of DNA sequences.
Major limitations of the Sanger technique
Since the technique relies on cloning vectors,
there is potential for a mix up of the target
sequences with some DNA portions from the
clonal vector. Additionally, it requires a lot of
labor and space since multiplexing is not
possible.

Up to 84 Kb per
about 3 hr run

Up to
1000 bp

[16]

Roche/454 (Life
Sciences)

2004 First NGS technique
This is a sequencing by synthesis (SBS)
technique where DNA fragments attached to
adapters annealed to beads are PCR amplified
using adapter specific primers. Addition of
each dNTP is associated with the release of a
pyrophosphate, which is converted to ATP
energy used to produce an optical signal
(light). The light allows reading of the beads
to which the dNTP is added, hence deducing
the sequence (Pyrosequencing).

700 Mb of
sequence data
per
23 hr run

Up to
1,000 bp

[17]
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Technologies
(Developer)

Year Sequencing chemistry Throughput Read
length

References

Illumina/ Solexa
(Illumina
-Inc)

2006 This sequencing by synthesis technology uses
dNTPs with reversible dye-terminators
ensuring that DNA polymerase enzyme adds
only one base to a growing DNA strand. The
terminators are removed after the images of
the four dNTPs added to the growing
sequence are recorded, and the cycle is
repeated.

20 to 130 Gb in
15 to 30 hr run
time

Up to
3000 bp

[18]

ABI SOLiD (Life
Technologies)

2006 Clonal bead populations prepared from a
library of same species of DNA fragments
each with a universal P1 adapters are attached
on the surface of magnetic beads. On the
universal adapters, primers are hybridized,
on which a set of four dye-labeled di-base
probes compete for ligation. A series of
ligation cycles is followed by cleavage of the
extension product then the template is reset
for the next cycle of ligation by annealing a
primer complimentary to the next adapter.

At least 20 Gb in
about 3.5 days
run time

Up to
50 bp

[19]

Helicos (Helicos
Biosciences)

2009 This is a single molecule fluorescent
sequencing technique which achieves direct
DNA or RNA sequencing without
amplification through imaging light emitting
single molecules corresponding to each
nucleotide base. DNA sequencing is achieved
through an imaging system. The technology
identifies the exact sequence of a piece of
DNA and does not require PCR amplification,
thus have reduced amplification bias.

21 to 35 Gb per
8 days run

35 bp
average

[20]

Ion Torrent (Life
Technologies)

2010 This sequencing by synthesis technique
involves detection of a pH change caused by
hydrogen ions released when a dNTP
complementary to the leading unpaired
template nucleotide is added to the growing
strand. The electrical pulses transmitted to a
computer in this process are subsequently
translated into a DNA sequence

Up to 2 Gb per
2.3 to
7.3 hr run

35 to
400 bp
(average:
200 bp)

[21]

Table 1. Evolution of next-generation sequencing technologies.
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4. Application of next-generation sequencing in cereal biotechnology

Among the major cereals, the relatively small rice (Oryza sativa) genome (∼389 Mb) has long
been fully sequenced by the International Rice Genome Project [24]. Kawahara [25] recently
demonstrated, however, the robustness of NGS technologies by revising the rice genome using
the Illumina and Roche 454 pyrosequencing platforms. Their study noted some errors in the
initial assembly. This research provides sufficient evidence that high quality and validated
reference genomes can be produced among most cereals through resequencing using NGS
technologies. Also, a recent whole genome-wide study of the hexaploid wheat genome (∼17
Gb) using the Roche/454 pyrosequencing technology reviewed the capacity of NGS technolo‐
gies to resequence huge and complex genomes and to identify SNPs for dissection of quanti‐
tative traits [26]. Similarly, Illumina sequencing was recently used to quantify the transposable
element (TE) content in the complex maize (Zea mays) genome (∼2.3 Gb) [27] and to estimate
their potential contribution to the genome size differences between the cultivated species and
its close relative, Zea luxurians [28]. The latter also reported high proportions of conserved TE
families between the two species, revealing the potential of NGS technologies to enhance
evolutionary and comparative genomic studies. Other major cereals whose genomes have been
sequenced and are expected to further benefit from NGS technologies include barley (Hordeum
vulgare) (∼5.1 Gb) [29] and sorghum (Sorghum bicolor) (∼730 Mb) [30].

Minor and under-researched cereals such as the allotetraploid finger millet (Eleusine coracana)
—which has a genome size of about 1.76 Gb [31]—and the diploids, pearl millet (Pennisetum
glaucum)—with a genome size of about 4.6 Gb [32]—and tef (Eragrostis tef)—with a 714 to 733
Mb genome [33]—have not received much benefit from NGS technologies. However, these
crops are expected to benefit from the African Orphan Crops Consortium that has the mandate
to use the latest scientific equipment and techniques to sequence, assemble and annotate
genomes of under-researched crops [34]. These minor crops are renowned for their adaptation
to various biotic and abiotic stresses, particularly drought. Thus, sequencing or resequencing
their genomes will potentially expose huge amounts of relevant genetic information for cereal
improvement. NGS technologies will have great application in comparing genomic features
of cereal crops through comparative genomic research.

5. Comparative genomics in cereal crops

Core questions unanswered with traditional cereal biotechnology approaches include: (1)
What are the genetic foundations that underlie the similarities between different grass species
or individuals within a species? (2) What are the genetic variations responsible for the detected
phenotypic differences? Comparative genomics is the branch of biology in which DNA
sequence information from genomes of different life forms are compared in an effort to directly
answer these questions. It was founded mainly on various ideas. Firstly, comprehensive
analysis and comparison of whole genomes can uncover the essentially conserved and the
important variable components of any set of genomes [35]. Secondly, differences in genome
sequence (genotype) contribute to differences in genome function and therefore explain
differences between phenotypic traits [36]. The application of comparative genomic informa‐
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tion on various plants including cereals has, however, been a challenge previously because of
the large genome sizes of most species, which are complicated by high rates of structural
rearrangements mainly due to transposable elements, duplications and inversions [35], as
listed in Table 2.

Species Clade (Subfamily,
Tribe)

Ploidy level Genome size Repetitive DNA and
retrotransposon content

References

Rice (Oryza sativa) Ehrhartoideae, Oryzeae 2n=2x=24 420 to 460 Mb ~35% [41]

Sorghum (Sorghum
bicolor)

Panicoideae,
Andropogoneae

2n=2x=20 ~730 Mb ~61% [30]

Pearl millet
(Pennisetum glaucum)

Panicoideae, Paniceae 2n=2x=14 ~4.6 Gb [32]

Finger millet (Eleusine
coracana)

Chloridoideae,
Eragrostideae

2n=4x=40 3.3 to 3.8 Gb [31]

Maize (Zea mays) Panicoideae,
Andropogoneae

2n=2x=20 ~2.3 Gb ~78% [27]

Barley (Hordeum
vulgare)

Pooideae, Triticeae 2n=2x=14 ~5.1 Gb ~76% [29]

Rye (Secale cereale) Pooideae, Triticeae 2n=2x=14 ~7.9 Mb ~92% No reference
available

Bread wheat (Triticum
aestivum)

Pooideae, Triticeae 2n=6x=42 ~17 Gb ~80% [8]

Oat (Avena sativa) Pooideae, Triticeae 2n=6x=42 ~11.3 Gb No reference
available

Tef (Eragrostis tef) Chloridoideae, 2n=4x=40 ~672 Mb [33]

Table 2. Genome size, structure and genomic resources of major cereal species.

The application of comparative genomics for crop improvement has evolved over time. In the
grass family, significant research provided remarkable and comprehensive datasets demon‐
strating high degree of collinearity or synteny among genomes at chromosome (macro) and
gene (micro) levels [37, 38]. Synteny, from the Greek syn (together with) and taenia (ribbon),
refers to loci contained within the same chromosome. Collinearity, on the other hand, refers
to some degree of conservation of gene order between chromosomes of different species or
between nonhomologous chromosomes of a single species [39]. A large number of sequences
within the grass family has remained considerably conserved at the genome level over millions
of years of evolution, irrespective of the differences in ploidy level, chromosome number and
haploid DNA content [37]. This conservation of gene content and order at the megabase level
makes it easy to use species with small genome sizes such as Arabidopsis and rice as model
species for studying similar gene contents in other related species. Their applications include
allele discovery, positional cloning, and comparative studies in related species [40]. There is,
however, limited synteny and gene homology between Arabidopsis and rice, but an extensive
collinearity between the latter and other grasses, thereby suggesting that rice is an appropriate

Integration of Next-generation Sequencing Technologies with Comparative Genomics in Cereals
http://dx.doi.org/10.5772/61763

35



grass model species for cereal comparative genomics [41]. In this case, rice and purple false
brome (Brachypodium distachyon) (genome size ~355 Mb), both of which are from the grass
family, serve as functional model species for cereal comparative genomics owing to their small
and fully sequenced genomes. Moreover, Brachypodium showed conservation of gene content
and family structure with rice and sorghum [42]. A phylogenetic study carried out on seven
grass species also revealed a close evolutionary relationship of Brachypodium with maize,
barley and wheat based on 335 commonly shared sequences [43].

Microcollinearity has numerous interesting applications in cereal genome analysis including
the transfer of genetic markers between species and the identification of candidate genes across
species borders [44]. It is possible, due to such advances, to intensively study, decipher and
understand the genetic makeup of the cereal genomes including those of rice, maize, wheat,
barley and sorghum [30, 45-47]. Comparing the gene sequences of these cereal crops is the
initial step towards understanding their morphological and functional similarities and
differences. Comparative analysis research has been extended to the DNA sequence (micro)
level, to allow the investigation of conservation of coding and noncoding regions as well as
characterization of molecular mechanisms of genome evolution [38].

6. Several examples of macro- and microcollinearity in cereal crops

The advent of molecular markers and molecular mapping allowed researchers to conduct
comparative mapping research, comparing gene orders and content of genes and markers
along chromosomes of related species. The first research of large-scale restriction fragment
length polymorphism (RFLP) mapping in several economically important crop genomes
included the genomes of wheat, rice, maize, oat and barley. They are benchmarks for the
discovery of collinearity in the grass family [44]. Hence, in the past, exploiting RFLPs to
compare genomes was a valuable method as the markers made it possible to map, for the first
time, a huge number of randomly distributed polymorphic loci in a single population and
provided the foundation for efficient, whole-genome studies at the molecular level [48]. The
application of RFLP technology in comparative genome analysis studies revealed that an
extensive commonality in gene content and arrangement was a basic chromosomal property,
thus prompting the idea that the genetic map could be used to tie all grasses into a single model
system. This led to the construction of a consensus grass map based on 25 rice linkage blocks
[37, 38]. The resolution of the genetic maps, however, proved to be very low with an average
of one marker in every 5 to 10 centimorgans (cM), allowing the detection of only large
rearrangements. The RFLP markers used to construct the maps were also low-copy, therefore
limiting the detection of small deletions, inversions and whole or partial genome duplication
events [49]. The use of RFLP markers for comparative mapping also had difficulty to assess
orthologous (derived from a common ancestor by speciation) and paralogous (derived by
duplication within one genome) relationships in gene families. Having these challenges
associated with traditional genotyping, the NGS techniques discussed above are expected to
advance comparative genomics because they provide actual DNA sequences that allow
interspecies or intergeneric comparisons.
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associated with traditional genotyping, the NGS techniques discussed above are expected to
advance comparative genomics because they provide actual DNA sequences that allow
interspecies or intergeneric comparisons.
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Traditional genome analyses have provided sufficient evidence that cereal genomes share
conserved regions at either macro or micro levels. For example, a comparative genomics study
on rice and maize indicated high levels of collinearity between the two genomes with some
chromosomes or their arms—accounting for at least 67% of the two genomes—having almost
similar gene order and sequences [46]. Similarly, large proportions of conserved regions
between rice and wheat chromosomes were identified with major differences arising from
chromosomal rearrangements [40, 45]. Conservation of about 24% of grass-specific gene orders
have been reported in sorghum [30], including high collinearity with rice [50]. Thus, sorghum
can also serve as a model species for cereal genomic studies due to its relatively small genome
size and wide adaptability. High levels of microcollinearity have been demonstrated between
chromosome 6 of rice and the telomeric regions of barley chromosome 1P, which further
confirm the usefulness of mapping the small rice genome for map-based cloning of important
genes in complex genomes [47]. Figures 1 and 2 illustrate the conservation of synteny and
collinearity among different cereals by revealing the syntenic relationships between chromo‐
somes of cereal crops. Furthermore, Figure 2B reveals that the 10 maize progenitor chromo‐
somes and the 10 linkage groups of sorghum appear to be similar, thus exposing their
evolutionary divergence from rice that could be their common ancestor before speciation [51].
The study of such evolutionary relationships and changes that occurred after cereals diverged
from their progenitors will further be enhanced through comparative genomics integrated
with NGS and next-next or third-generation sequencing techniques, which can generate more
resolute physical maps. Availability of updated genome sequences will expose the multiple
breaks in collinearity occurring in the genome compositions due to structural rearrangements
caused by transposable elements, inversions, deletions and duplications. The macro- and
microcollinearities described in this section are exposed by the observed phenotypic similar‐
ities that exist among different cereal species.

Source: Bowers, et al. [50].

Figure 1. Microsynteny conservation between sorghum and rice.
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Source: Wei [51].

Figure 2. Conservation and changes in rice, maize, sorghum and wheat chromosomes during cereal speciation.

7. Phenotypic commonality in cereals

The conservation of synteny and collinearity of genes among cereals is highly attributed to the
common phenotypic features or characteristics that are evidence that they share common
ancestry, while their differences mainly stem from chromosomal rearrangements and poly‐
ploidization as shown in Figure 2. Their morphological similarity (Figure 3) also shows
evidence that they share common ancestry. Based on phenotype alone, most also share similar
rooting system, leaf venation, flowering habits, tillering, inflorescences, physiological behavior
such as vernalization requirements, and adaptation to biotic and abiotic stresses. For example,
some cereals are hosts of common diseases, as in the case of maize streak virus (MSV), wheat
streak mosaic virus (WSMV) and rusts [52, 53], while others are nonhosts, as in the case of rice
to rusts. The differences in phenotype and genome structure among all these species could be
due to mutations, breaks in collinearity and loss of synteny that occurred in their genomes
over millions of years. Such differences can be traced through comparative genomic analysis,
particularly with the aid of high-throughput sequencing techniques. Likewise, the similarity
in phenotype and genome structure could be due to sharing a common ancestry (Figures 2
and 3). This finding therefore reveals some phenotypes along with gene orders and sequences
that have been conserved over millions of years.
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Figure 3. Phenotypic commonality in cereals. Similar seedlings: (A1) rice seedlings, (B1) wheat seedlings, (C1) barley
seedlings, (D1) rye seedlings, (E1) oat seedlings, (F1) pearl millet seedlings, (G1) finger millet seedlings, (H1) sorghum
seedlings, (I1) tef seedlings, (J1) maize seedlings. Similar heads: (A2) rice heads, (B2) wheat heads, (C2) barley heads,
(D2) rye heads, (E2) oat heads, (F2) pearl millet heads, (G2) finger millet heads, (H2) sorghum heads, (I2) tef heads, (J2)
maize heads.

8. Outlook

Plant species have highly conserved regions at DNA sequence level, whereas the bulk of the
large genomes consist of repetitive DNA sequences, most of which are species-specific.
Comparative genomics have opened new avenues for map-based positional cloning of genes
encoding important traits on large and intricate genomes through investigating small and less
complex genomes. In grasses, rice and Brachypodium have been identified as model species for
such research since they have small and stable genomes. This, however, requires the integra‐
tion of NGS techniques so that all the conserved and nonconserved regions can be fully
sequenced and annotated with the aid of other “omic” technologies. Hence, the future of
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comparative genomics studies in cereals will largely rely on cost-effective sequencing tech‐
nologies along with computational systems that handle large numbers of sequences, thus
allowing effective sequence comparisons across species of interest. The substantial evidence
regarding a common ancestry of cereals—based on genome and morphological structures—
led to the successful use of the genome sequence of one species to share a light on the function
of that sequence in other related species. A wide adoption of this approach across different
cereals will speed up gains and generate useful databases and datasets for effective cereal
breeding. Furthermore, researchers will be able to use other widely adapted cereals like
sorghum and some of the under-researched cereals as models for sequencing genes and alleles
responsible for unique traits such as wide adaptation to stress-prone environments due to
increased sequencing throughput. There is, however, a need to invest in advanced computa‐
tional and bioinformatics tools to handle and analyze huge datasets that will be generated
through these technology advances.
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Abstract

The field of plant genome assembly has greatly benefited from the development and
widespread adoption of next-generation DNA sequencing platforms. Very high sequenc‐
ing throughputs and low costs per nucleotide have considerably reduced the technical
and budgetary constraints associated with early assembly projects done primarily with a
traditional Sanger-based approach. Those improvements led to a sharp increase in the
number of plant genomes being sequenced, including large and complex genomes of eco‐
nomically important crops. Although next-generation DNA sequencing has considerably
improved our understanding of the overall structure and dynamics of many plant ge‐
nomes, severe limitations still remain because next-generation DNA sequencing reads
typically are shorter than Sanger reads. In addition, the software tools used to de novo
assemble sequences are not necessarily designed to optimize the use of short reads. These
cause challenges, common to many plant species with large genome sizes, high repeat
contents, polyploidy and genome-wide duplications. This chapter provides an overview
of historical and current methods used to sequence and assemble plant genomes, along
with new solutions offered by the emergence of technologies such as single molecule se‐
quencing and optical mapping to address the limitations of current sequence assemblies.

Keywords: Sequencing, Plant, Genome, Assembly

1. Introduction

Genome sequencing, assembling and annotation have been major priorities in plant genetics
research during the past 20 years. The release of draft reference genomes have typically
constituted major milestones and have proven to be invaluable for the analysis and charac‐
terization of genome architecture, genes and their expression, diversity and evolution [1–5].
The expansion of sequence information in a growing number of taxa has contributed to
comparative studies and the implementation of molecular breeding and biotechnology
approaches for crop improvement [6, 7]. The construction of the first plant genomes was made

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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possible by applying considerable resources, coordination and effort to enabling automated
Sanger-based sequencing technologies and computational algorithms. Starting in 2005, a series
of technological revolutions in DNA sequencing, driven in large part by the goal of affordable
personalized genome sequencing, radically changed the sequencing model. First, new
technologies drastically increased throughput while reducing costs and times in data collec‐
tion. Additional technologies then enabled long single-molecule reads and algorithms that
were more suitable to resolve complex genomes [8, 9].

In addition to these advances, the genomics community has benefited from the development
and implementation of complementary mapping technologies and methods that have
facilitated the scaffolding of sequences and integration to genetic maps. This review provides
a historical and technical perspective of methods and technologies applied to genome reference
assembly in plants as well as current advances and future directions.

2. The development of Sanger sequencing for de novo assembly of plant
genomes

The construction of reference genomes was initially enabled by technological advances in
sequencing using the Sanger method [10]. During the 1980s and 1990s, the introduction of
thermal cycle sequencing, single-tube reactions and fluorescence-tagged terminator chemistry
[11] facilitated the development of high-capacity sequencing platforms. Additional improve‐
ments in parallelization, base quality assessment, read length and cost-effectiveness were
achieved by the development of automatic base-calling and capillary electrophoresis [12, 13].
With no major modifications made in the past years, automated high-throughput Sanger
sequencing is performed by parallel reactions that include a mixture of the DNA template,
primer, DNA polymerase, and deoxynucleotides (dNTPs). A proportion of dideoxynucleotide
terminators (ddNTP) are included in the reaction, each labelled with a different fluorescent
dye. DNA molecules are extended from templates using a thermal cycling reaction and
terminated by random incorporation of the labelled ddNTPs, which are detected by laser
excitation of the fluorescent labels after capillary-based electrophoresis. The differences in dye
excitation profiles are recorded and translated by a computer to generate the sequence. Primary
analysis software then calls nucleotides from the raw sequences, assigning a corresponding
quality score at each position [6, 14].

The complete sequencing of the first bacterial genomes [15,16] as well as the creation of
initiatives aimed at sequencing the genomes of Sacharomyces cerevisae, Caenorhabditis elegans,
Drosophila melanogaster and Homo sapiens provided the technical and technological framework
for the initial sequencing of genomes in plants [17–21]. These projects validated the idea of
applying a scaled-up form of shotgun sequencing [22]. Shotgun sequencing relied on computer
algorithms to enable in silico assembly of overlapping sequencing reads derived from ran‐
domly-generated subclones. The development of software suites such as Phred, Phrap and
Consed [23] allowed calling bases, setting individual base quality, assembling overlapping
reads, assigning assembly quality scores, viewing final assemblies and extracting consensus
sequences. Two major genomic shotgun sequencing strategies were defined at that time: (1)
whole-genome shotgun sequencing (WGS) and (2) clone-by-clone, also referred to as BAC-by-
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BAC sequencing. In WGS, genomic DNA is randomly sheared and the ends of the cloned
fragments are directly sequenced and assembled. This strategy is the simplest, and it was
initially used in small bacterial and yeast genomes. Later, it was also used in D. melanogaster
and one of two initiatives aimed at sequencing and assembling the reference human genome
[19, 21]. Major improvements to de novo WGS assembly came from using strategies that relied
on paired-end reads from multiple libraries with different average insert sizes and the
optimization of software with algorithms that use end-sequence distance information from
these libraries.

The second Sanger sequence assembly strategy, clone-by-clone, was successfully deployed in
projects aimed at complex eukaryotic genomes. In clone-by-clone genome assembly, shotgun
sequencing is performed in libraries derived from individual genomic large-insert clones,
selected in a minimum tile path according to physical and genetic map information [24, 25].
The most common type of large-insert clone is the bacterial artificial chromosome (BAC), which
can stably carry genomic inserts ranging from 100 to 300 kb and is relatively easy to maintain
and purify. Accordingly, this method is usually referred to as BAC-by-BAC, although
additional vector systems have been used in assembly projects, including yeast artificial
chromosomes (YACs), P1 artificial chromosomes (PAC), transformation-competent artificial
chromosomes (TACs), cosmids and fosmids. The two major genomic shotgun-sequencing
approaches, WGS and BAC-by-BAC, had advantages and disadvantages when applied to
Sanger-based sequencing platforms, depending on the genome of interest. The clone-by-clone
approach benefited from working in small units, effectively reducing complexity and compu‐
tational requirements. This approach minimized problems associated with the misassembly
of highly repetitive DNA and therefore provided a better, more complete assembly in plants
and other complex eukaryotic genomes. WGS projects were computationally intensive and
were less effective bridging repetitive regions in complex genomes but benefited from
considerably lower cost, time and logistics [14].

The first completed reference plant genome was from the model system Arabidopsis thaliana,
accession Columbia [26]. At that time, it was only the third multicellular eukaryotic genome
to be published, after C. elegans and D. melanogaster. The nuclear genome of Arabidopsis is
distributed in five chromosomes, and it is only approximately 4% the size of the human
genome. The A. thaliana genome initiative used multiple types of available large-insert libraries
including cosmids, BACs, PACs and TACs. Shotgun clones were constructed and then mapped
by restriction fragment fingerprinting as well as screening with hybridization or polymerase
chain reaction (PCR) markers. End sequences for 47,788 BAC clones were further used to
anchor clones, integrate contigs and help select a minimum tiling path. Each of 1,569 clones in
a minimum tiling path were selected, sequenced bidirectionally and assembled at estimated
error rates of less than 1 in 10,000 bases. Direct PCR products were used to close some gaps
and YACs allowed the characterization of telomere sequences. As initially published, the total
length of sequenced regions was 115.4 Mb, in addition to an estimated 10 Mb nonsequenced
centromeric and rDNA repeat regions. Since the original publication, the Arabidopsis genome
sequence reference has been subjected to several rounds of improvements, each time reducing
gaps and extending the sequence towards the centromeric regions [27].

The second published plant genome reference was rice (Oryza sativa). While the rice genome
is more than 2-fold the size of Arabidopsis, approximately 390 Mb, it is one of the smallest
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genomes of any major crop, less than 15% the size of the human genome. Like Arabidopsis,
the rice genome was completed using a Sanger-only clone-by-clone approach [28] that required
the initial construction, fingerprinting and physical mapping of a large number of random
BACs and PACs. In total, 3,401 mapped clones in a minimum tiling path were selected from
the physical map, randomly sheared and individually end-sequenced to approximately 10-
fold coverage. Clone sequences were assembled and low-quality regions were finished using
targeted sequencing. Gaps were closed and low-quality regions resolved by sequencing PCR
fragments, plasmids and fosmids.

The draft reference genome of Maize, one of the most important crops in the world, is
considered the last major published plant genome project based primarily on a Sanger BAC-
by-BAC strategy [29]. At 2.3 Gb and spanning 10 chromosomes, the nuclear genome of maize
is considerably larger than that of rice and Arabidopsis, approximately 3/4 the size of the
human genome. A set of 16,848 minimally overlapping BAC clones, derived from an integrated
physical and genetic map, were selected and end-sequenced. The assembly was performed
after adding additional data derived from cDNA sequences and sequences from subtractive
libraries with methyl-filtered DNA and high C0t techniques, resulting in a whole-genome
assembly (B73 RefGen_v1) made of 2,048 Mb in 125,325 sequence contigs and 61,161 scaffolds
[29]. Unlike the completed genomes of rice and Arabidopsis, most sequenced BACs in the first
version of the maize draft genome are unfinished. Gaps and low-quality regions in BACs were
not systematically closed by PCR sequencing or other target approaches. Therefore, while the
BACs used in the minimum tiling path were mapped, the order and orientation of individual
contigs within a single BAC could be incorrect. Subsequent versions of the genome have been
improved by targeting gaps and adding alternative sequencing strategies described later in
this review.

Finally, it is important to mention that a significant number of plant genome sequencing
initiatives have used WGS strategies, which provide a considerable reduction in time and cost
associated with cloning, construction, mapping and selection. Sanger WGS genome projects
included those of poplar tree, grape, and papaya [30–32]. Later refinements to the process
enabled the sequencing of Brachypodium distachyon [33] as well as the larger genomes of
Sorghum bicolor (~730 Mb) [34] and soybean, an ancestral tetraploid (1.1 Mb) [35]. It should be
noticed that, as demonstrated by the Maize genome project, the two Sanger shotgun assembly
approaches, as well as later sequence technologies, are not mutually exclusive and may be
complementary to increase quality and coverage.

The high cost and logistics of plant projects based on clone-by-clone Sanger sequencing
required extensive funding, the creation of large collaborative consortia and several years of
fingerprinting and sequencing work. The cost of the project by the Arabidopsis Genome
Initiative has been estimated at US$70 million [36]. The International Rice Genome Sequencing
Project (IRGSP), which included groups from 11 different nations, took over 5 years to
complete. During its early stages, IRGSP had estimated that the project would take 10 years
and cost a staggering US$200 million [37]. The Maize draft genome was accomplished by
multiple laboratories at an estimated cost of tens of millions in a joint NSF/DOE/USDA
program. It is worth noticing that, while the cost and time required to accomplish Sanger WGS
projects are in fact lower than those based on a clone-by-clone approach, they are still consid‐
erable for today’s standards. The sequencing of the 1.1-Gb soybean genome, the largest
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published plant genome based on a Sanger WGS approach, provides an example of such a
cost. It was completed in less than two years although it took a group of 18 institutions several
million dollars to generate and assemble more than 15 million Sanger reads from multiple
libraries with average sizes ranging from 3.3 kb to 135 kb [35].

Besides cost and time considerations, these early Sanger-only projects posed considerable
technical challenges. Despite the extensive resources deployed towards the sequencing of the
Arabidopsis and rice genomes, which are usually considered as finished, as well as other
projects mentioned in this review, they all have representation gaps. A considerable number
of gaps correspond to regions that are “unclonable” under the conditions used to prepare BAC
and other genomic libraries. Although many of these regions correspond to tandem repeats
such as telomeric sequences and other repetitive regions, it may also include gene space [29].
Moreover, the maximum length of quality Sanger reads, usually 800–900 bp, as well as
technical issues associated with the sequencing of DNA stretches with strong secondary
structures or extensive homopolymers, create conditions for additional sequencing gaps, even
in regions with physical coverage.

Finally, most plant genomes are characterized by elevated proportions of highly repetitive
DNA and by the presence of segmental duplications or full genome duplications due to
polyploidization events [38], which can be problematic during assembly. The 1C genome
content in Maize, for example, is smaller than in humans but it consists of higher proportions
and larger tracks of high-copy elements such as retrotransposable elements [29, 38]. At least
some of the differences between the assembled and estimated genomes of the Maize line B73
could be attributed to the assembly-based collapse of highly similar long terminal repeats
(LTRs) at the end of retrotransposons. It is important to note that all the Sanger-only initiatives
corresponded to plant species with genomes that were considerably smaller than the average
5.8-Gb plant genome. Plant genomes have a considerably wider size range than in mammals,
and in some important crops (e.g. wheat), nuclear genomes can be more than 15 Gb long, well
beyond the practical realm of Sanger sequencing. Although BAC-by-BAC approaches can
reduce complexity by more than 10,000 fold, Sanger-based assembly remains difficult and
prohibitively expensive in plant genomes of moderate or large size. The WGS approach is even
more sensitive to the complexity of plant genomes as it increases the potential for assembly
artefacts due to haplotype and homeolog collapse in regions with high identity. Reductions in
time and cost in WGS projects are achieved at the expense of assembly fidelity in repetitive
regions and expanded need for computational resources.

3. Next-generation sequencing technologies applied to de novo assembly
of plant genomes

3.1. Second-generation sequencing technologies

As indicated above, successful whole-genome sequencing projects have been achieved with
the use of Sanger technology. However, such projects require dealing with several complicat‐
ing factors, including high costs and relatively long turnaround times to completion. The
emergence of next-generation sequencing (NGS) technologies has changed this paradigm, both
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by reducing costs and increasing sequencing throughputs, while at the same time introducing
complexity related to the relative short reads of NGS reads. Several NGS technologies have
emerged in the past 7 to 8 years [for reviews, see refs. 39–41]. All follow a relatively uniform
approach to library construction and sequencing. To complete sequencing: (1) universal
adapters are ligated at the end of single DNA molecule templates; (2) adapter-ligated DNA
templates are amplified via PCR to create a cluster of identical isoforms and (3) clusters are
loaded on sequencers and nucleotide incorporations occur in parallel on millions of clusters.
These generate an amplified signal that is recognized by the platform and translated into a
base call.

The most widely used NGS technology nowadays is the one commercialized by Illumina [42],
whose high-throughput instrument, the HiSeq4000, can produce up to 1.5 Tb of sequencing
data in approximately 3.5 days.. In the Illumina sequencing platform, sequencing templates
generated during library construction are immobilized on a solid surface, and a “bridge PCR”
approach allows for the localized amplification of millions of single DNA molecules, thus
generating millions of clusters, each containing thousands of copies of the original DNA
molecules [43]. Sequencing then is performed using a sequencing-by-synthesis approach
where single-base extension allows the incorporation of a fluorescently labelled nucleotide (a
blocking chemical moiety at the 3’ hydroxyl end allows the incorporation of one base only).
Once incorporated, the label is detected and the resulting signal subsequently translated into
a base call. Finally, the fluorescent dye and the blocking 3’ agent are cleaved, allowing the next
single base incorporation event to occur. Through the use of alternating cycles of base
incorporation, image capture and dye cleavage, the Illumina sequencing technology can
produce reads that are up to 300 bp in length. The relatively high error rate (~0.1% or 10 times
higher than Sanger sequencing) [39] can be compensated by very high sequencing coverage,
thus allowing random errors at any given base position to be ignored below a certain frequency
threshold. The relative short read of Illumina sequencing reads can be explained by several
noise factors accumulating after each cycle, including phasing, where imperfect single-base
incorporation and imperfect cleavage of the dye and 3’ hydroxyl blocking moiety lead to the
accumulation of copies of various lengths within a cluster, and the subsequent increase of
signal-to-noise ratio after each cycle [44].

3.2. Third-generation sequencing technologies

De novo assemblies of plant genomes have been performed with NGS reads only, either with
reads generated on the Illumina platform alone or with reads generated with the Illumina
platform combined with reads generated on the Roche 454 second-generation sequencing
platform [45]. However, those assemblies generally are fragmented, resulting in low N50
values and a high number of contigs, mostly because of the overall short read length, the
complexity of the genome and the presence of conserved regions whose length exceeds the
length of NGS reads and thus cannot be extended during the de novo assembly process. The
emergence of third-generation sequencing technologies [46, 47] has started to address some of
the inherent limitations of sequencing and assembling large and complex plant genomes.
Those technologies are characterized by the parallel sequencing of single molecules of DNA
(rather than “clusters”), thus avoiding phasing issues, and the resulting sequences tend to be
in the kb range, offering the opportunity to assemble genomes and generating longer contigs
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by encompassing complex and conserved genomic regions and allowing relatively high-
confidence assemblies of overlapping reads. However, single sequencing reads tend to exhibit
relatively high error rates (~15%–25% on average). Deep sequencing coverage or repeated
sequencing of the same DNA fragments therefore are required to offset the presence of a high
number of sequencing errors [48, 49]. As of today, two companies have developed and
commercialized third-generation sequencing technologies, namely, Pacific Biosciences [e.g.,
50] (Menlo Park, CA) and Oxford Nanopore Technologies [e.g., 51] (Oxford, UK). Each
company uses vastly different approaches to sequencing. The Pacific Biosciences (PacBio) RS
II system uses a sequencing-by-synthesis approach to offer up to ~40-kb reads, where base
incorporation is monitored in a real-time fashion. Nanoscale holes, described as Zero Mode
Waveguides (“ZMW”) are located on a chip, where individual polymerases are covalently
attached to the surface of each ZMW. Individual nucleotides with a fluorescent label attached
to the phosphate chain are incorporated to the elongating strand and the excited dye emits a
signal that is captured before diffusion of the released pyrophosphate, and translated into a
specific base call. DNA fragments used as template are ligated to “bell-shaped” adapters at
both ends, thus facilitating the sequencing of DNA fragments through multiple passes and the
creation of a more accurate consensus sequence. The overall stability and activity of the
polymerase remain limited by photo damage and the progressive dissociation of the poly‐
merase/template complex from the surface of the ZMW. It is therefore expected that reads
generated from smaller DNA fragments will exhibit higher consensus accuracy than reads
from larger DNA fragments. Oxford Nanopore Technologies released the MinION sequencing
device in early access mode in 2014. Like the PacBio RS II system, the MinION delivers long
reads in a real-time fashion, from single molecules of DNA. In that particular case, however,
sequencing is performed by measuring the change in ionic current when a single DNA strand
translocates through a protein nanopore located in an insulated membrane. The resulting
signal is measured and translated into a base call. Because no enzyme is involved in the DNA
sequencing process, it is expected that read length will be driven mostly by the physical length
of the DNA strand being sequenced. Library construction involves the ligation of two types
of adapters to DNA fragment, one “Y-shaped” adapter with a bound protein that unwinds the
double-stranded DNA and facilitates the translocation of a single strand through the pore, and
one “bell-shaped” adapter at the other end that allows the translocation, and sequencing, of
both the sense and antisense strands. Sequencing reads then are generated by aligning base
calls from the two strands and producing a higher quality consensus sequence.

3.3. Challenges in assembling plant genomes

De novo assembly of genomes has closely mimicked the trends and improvements in sequenc‐
ing technologies and accompanying sequencing assembly software over the years [45]. The
emergence of next-generation sequencing technologies has allowed a much larger number of
plant genomes to be sequenced and assembled than what would have been deemed possible
with Sanger sequencing alone, mostly because of the costs and labor involved in such projects.
However, the complexity of the majority of those genomes still makes it a challenge to resolve
them with short reads alone [52, 53]. As a result, most plant genome assemblies are highly
fragmented, with large number of contigs and conserved regions of the genome in an unfin‐
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ished state [54]. The presence of highly conserved repeats often exceeding 10 kb in length
represents a major challenge in assembling plant genomes. The most common types of repeats
in plants are type II long-terminal repeat (LTR) retrotransposons and their proliferation within
a genome often explains most of the structural variations between strains [55]. Their movement
also results in genome expansion, where repeats represent, in some instances, more than 80–
90% of the structural content of a particular genome [29]. Repeat expansion also can lead to
very large genome sizes. While NGS technologies can generate enough raw data to cover an
entire genome in a relatively cost-effective manner, assembling such a large amount of data
often represents a major computational challenge. For example, the assembly of the loblolly
pine genome (~22 Gb), which represents the largest genome assembled to date, could be solved
only using condensed sets and read pooling prior to assembly [56]. Assembling large and
repeat-rich genomes can also be facilitated by using supplemental layers of information, such
as the physical distance between “paired” reads (end-sequences generated at both ends of a
particular DNA fragment) in mate-pair libraries. Another challenge for de novo assembly of
plant genome is the issue of polyploidy [57]. Polyploidy is an important force in plant genome
evolution and it is estimated that ~80% of all living plants are polyploids [58], while close to
100% of all plant lineages have a paleo-polyploidy event in their history. As a consequence,
some plants species, including economically important crop species like soybean [35], have
entire gene families consisting of highly similar paralogs. Those gene families are the direct
result of paleo-polyploidization events where the merger of genomes has been followed by
extensive structural rearrangements, including gene loss, and the modification of gene
expression for paralogs within a particular gene family. The diploid genomes of progenitor
species can be used to determine the origin and structure of contigs when assembling large
polyploid genomes [59]. Finally, heterozygosity may represent another important challenge
when assembling plant genomes. Outcrossing species like grape, for instance, exhibit up to
13% sequence divergence between alleles, and the existence of such variation will impact
contig assembly when both alleles are sequenced in a whole-genome assembly project [31].

3.4. Examples of plant genome assemblies

According to Michael and Van Buren [45], over 100 plants genomes have been sequenced since
2000, out of which 63% are genomes from various crop species. As indicated above, different
Sanger sequencing strategies have been applied with varying degrees of success on several
plant genomes. However, the most successful Sanger-based genome assemblies have been
obtained from relatively small genomes (Arabidopsis, rice), while de novo assemblies for larger
and complex genomes, such as maize, remains partial and unfinished (manual improvements
of the maize genome were limited to nonrepetitive regions only). In addition, due to the high
costs and labor associated with such approaches, and the need for (in most cases) an interna‐
tional consortium to complete such projects, a vast majority of the most recent genomes have
been sequenced using either a hybrid approach, complementing Sanger sequencing with NGS
data, or using NGS data alone, from various NGS platforms. Such platforms include Illumina,
454/Roche, and more recently, Pacific Biosciences.
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when assembling plant genomes. Outcrossing species like grape, for instance, exhibit up to
13% sequence divergence between alleles, and the existence of such variation will impact
contig assembly when both alleles are sequenced in a whole-genome assembly project [31].

3.4. Examples of plant genome assemblies

According to Michael and Van Buren [45], over 100 plants genomes have been sequenced since
2000, out of which 63% are genomes from various crop species. As indicated above, different
Sanger sequencing strategies have been applied with varying degrees of success on several
plant genomes. However, the most successful Sanger-based genome assemblies have been
obtained from relatively small genomes (Arabidopsis, rice), while de novo assemblies for larger
and complex genomes, such as maize, remains partial and unfinished (manual improvements
of the maize genome were limited to nonrepetitive regions only). In addition, due to the high
costs and labor associated with such approaches, and the need for (in most cases) an interna‐
tional consortium to complete such projects, a vast majority of the most recent genomes have
been sequenced using either a hybrid approach, complementing Sanger sequencing with NGS
data, or using NGS data alone, from various NGS platforms. Such platforms include Illumina,
454/Roche, and more recently, Pacific Biosciences.
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The domesticated tomato genome [60] represents an example of Sanger/NGS hybrid genome
assembly. A total of 30,800 BAC clones from three different BAC libraries were shotgun-
sequenced and end-sequenced, generating a total of 3.3 Gb of Sanger reads. In addition, 454/
Roche shotgun and mate-pair sequencing was performed, both on BAC pools and whole-
genome DNA preparation, using different insert sizes and generating a total of 21 Gb of NGS
data. The de novo assembly of Sanger and 454 data was performed using the Newbler assembly
software [61] and other sequence assembly and alignment tools. Further scaffolding and
polishing of the assembly were performed when integrating BAC end-sequence data and
additional high-coverage Illumina and ABI/SOLiD data. Taken together, the de novo assembly
resulted in 3,761 scaffolds totalling to 782 Mb, with 95% of the assembled scaffold sequences
present in 225 scaffolds. The predicted tomato genome size is approximately 900 Mb. The
correctness and integrity of the assembly were validated through different means including
the alignment of clone end-sequences, publicly available tomato EST sequences, and alignment
of BAC contigs from a sequence-based physical BAC map. Interestingly comparison of the
tomato, potato and grape genomes supported the existence of two successive whole-genome
triplication events in common ancestors that added new gene family members that mediate
important fruit functions, such as enzymes involved in ethylene biosynthesis (examples of
whole genome duplication or triplication events abound among plant genomes that have been
sequenced to date).

Because of the relatively cheap costs involved, a large number of plant genomes have been
sequenced and assembled using NGS technologies alone. This includes the assembly of the
complex tetraploid genome of cultivated cotton (Gossypium arboreum) [62]. The tetraploid
cultivated cotton genome has a genome size of approximately 1.7 Gb and is thought to have
appeared  1–2  million  years  ago  through  interspecific  hybridization  between  diploid  A
(Gossypium arboretum) and D (Gossypium raimondii) subgenome progenitors. A total of 371.5
Gb of shotgun Illumina data was generated with various insert sizes ranging from 180 bp to
40 kb and complemented with 33,454 BAC end sequences. The assembly was performed with
SOAPdenovo [63], which resulted in 40,381 contigs, anchored and oriented in 7,914 scaf‐
folds, ranging in length from 140 kb to 5.9 Mb with 90% of the contigs included in 3,740
scaffolds.

An example of a smaller, relatively less complex genome assembly is that of the crop species
Brassica rapa [64]. An estimated 72× sequencing coverage of the genome was generated,
corresponding to Illumina shotgun paired-end data from NGS libraries with insert sizes
ranging from 200 bp to 10 kb, and assembled using SOAPdenovo [63]. The resulting assembly
was made of 14,207 contigs larger than 2 kb, further assembled into 794 scaffolds, totalling
approximately 283.8 Mb and estimated to cover more than 98% of the gene space, based on
alignments of 214,425 B. rapa public EST sequences and 52,712 unigenes from the BrGP
database [65]. Further assessment of the integrity of the assembly was performed by aligning
BAC clone Sanger sequences reported in previous studies.

While a large number of genomes have been sequenced with NGS technologies alone, the
relatively short reads of the major NGS platforms that have been used in those assembly
projects, combined with the general complexity of most of those genomes, generally require
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the  use  of  alternative  methods  to  facilitate  the  assembly  or  confirm its  integrity.  These
methods rely on the use of various types of NGS libraries, such as mate-pair large inserts, or
the  use  of  Sanger-derived  sequencing  data  such  as  EST  or  BAC-based  shotgun  reads.
However, scaffolding of NGS contigs, based on using pairing information between NGS reads
originating  from the  same DNA fragment,  generally  leads  to  unresolved  gaps  between
contigs, often due to the presence of large repeat regions whose size exceed the length and
resolution of short NGS reads. As a result, significant portions of any given scaffold contain
large batches of unknown sequences, and of unknown length. To address these issues and
improve  plant  genome  assemblies,  researchers  have  developed  a  series  of  multifaceted
solutions, combining alignment to known public data, such as ESTs or BAC ends, or, when
available, reference genomes from related species, integration of physical and genetic map
data, or new technologies. Some of these approaches have been described in the next chapter.

4. Complementary approaches to de novo assembly of plant genomes

4.1. Long-read assembly

NGS assembly strategies based on the use of short reads cannot solve long and identical
transposable elements abundantly present in most plant genomes. The use of long reads is
expected to address some of those shortcomings and improve the overall quality of de novo
assembly by ordering contigs, closing gaps, and improving scaffolding. As a consequence,
researchers have started to adopt the single-molecule long-read sequencing technology from
Pacific Biosciences in plant genome assembling projects. Spinach is an example of such genome
assembly efforts. Spinach is a diploid species with a genome size estimated at 989 Mb. Van
Deynze et al. [66] sequenced and assembled the Spinach genome using large fragment libraries
of Pacific Biosciences sequence reads. They generated a 60× coverage of the genome, with 20%
of the reads larger than 20 kb. Data were assembled using PacBio’s Hierarchical Genome
Assembly Process (HGAP) [67], which showed that long-read assemblies exhibited a 63-fold
improvement in contig size over an Illumina-only assembly, derived from multiple Illumina
libraries.

A distinct strategy to long-read assembly, namely, the Illumina TruSeq Synthetic Long-Read
(SLR) strategy [68], is also expected to improve the quality of assemblies generated with short
reads only. In SLR libraries, genomic DNA is fragmented to ~10 kb and individual indexed
Illumina libraries are generated in parallel from highly diluted pools of sheared DNA frag‐
ments. After Illumina sequencing and data deconvolution, the original ~10 kb fragments can
be reassembled, effectively reducing the complexity level of the assembly and generating very-
high quality synthetic long reads that can subsequently be assembled together or used for
haplotype resolution.

The use of long reads in de novo assembly is bound to become more prevalent in the near future,
reducing the number of scaffolds while at the same time increasing their average length. The
use of PacBio in smaller genomes, such as microbial genomes, has already demonstrated that

Plant Genomics54



the  use  of  alternative  methods  to  facilitate  the  assembly  or  confirm its  integrity.  These
methods rely on the use of various types of NGS libraries, such as mate-pair large inserts, or
the  use  of  Sanger-derived  sequencing  data  such  as  EST  or  BAC-based  shotgun  reads.
However, scaffolding of NGS contigs, based on using pairing information between NGS reads
originating  from the  same DNA fragment,  generally  leads  to  unresolved  gaps  between
contigs, often due to the presence of large repeat regions whose size exceed the length and
resolution of short NGS reads. As a result, significant portions of any given scaffold contain
large batches of unknown sequences, and of unknown length. To address these issues and
improve  plant  genome  assemblies,  researchers  have  developed  a  series  of  multifaceted
solutions, combining alignment to known public data, such as ESTs or BAC ends, or, when
available, reference genomes from related species, integration of physical and genetic map
data, or new technologies. Some of these approaches have been described in the next chapter.

4. Complementary approaches to de novo assembly of plant genomes

4.1. Long-read assembly

NGS assembly strategies based on the use of short reads cannot solve long and identical
transposable elements abundantly present in most plant genomes. The use of long reads is
expected to address some of those shortcomings and improve the overall quality of de novo
assembly by ordering contigs, closing gaps, and improving scaffolding. As a consequence,
researchers have started to adopt the single-molecule long-read sequencing technology from
Pacific Biosciences in plant genome assembling projects. Spinach is an example of such genome
assembly efforts. Spinach is a diploid species with a genome size estimated at 989 Mb. Van
Deynze et al. [66] sequenced and assembled the Spinach genome using large fragment libraries
of Pacific Biosciences sequence reads. They generated a 60× coverage of the genome, with 20%
of the reads larger than 20 kb. Data were assembled using PacBio’s Hierarchical Genome
Assembly Process (HGAP) [67], which showed that long-read assemblies exhibited a 63-fold
improvement in contig size over an Illumina-only assembly, derived from multiple Illumina
libraries.

A distinct strategy to long-read assembly, namely, the Illumina TruSeq Synthetic Long-Read
(SLR) strategy [68], is also expected to improve the quality of assemblies generated with short
reads only. In SLR libraries, genomic DNA is fragmented to ~10 kb and individual indexed
Illumina libraries are generated in parallel from highly diluted pools of sheared DNA frag‐
ments. After Illumina sequencing and data deconvolution, the original ~10 kb fragments can
be reassembled, effectively reducing the complexity level of the assembly and generating very-
high quality synthetic long reads that can subsequently be assembled together or used for
haplotype resolution.

The use of long reads in de novo assembly is bound to become more prevalent in the near future,
reducing the number of scaffolds while at the same time increasing their average length. The
use of PacBio in smaller genomes, such as microbial genomes, has already demonstrated that

Plant Genomics54

the assemblies often result in contigs corresponding in most cases to individual chromosomes
or plasmids present in the microbial cells. Likewise, it is likely that future plant studies will
include such long reads, either alone or in combination with short-read NGS data to improve
assembly and coverage in questionable regions, and to confirm the integrity of the assembly
in a manner similar to Sanger data with current NGS assemblies.

4.2. Genetic anchoring

The emergence of NGS technologies has rapidly led researchers to develop methods and assays
for variant discovery in various plant genomes. Some studies have shown that Single nucleo‐
tide polymorphisms (SNPs) can be discovered in parental inbred lines using next-generation
sequencing [69]. Entire mapping populations also have been simultaneously sequenced and
genotyped, in a process known as “genotyping-by-sequencing” (GBS) [70, 71], discovering in
the process extensive lists of segregating markers within the mapped population [72, 73], that
can be completed by using known reference maps or sequences to impute missing marker data
from individual haplotypes. Various reduced-representation methods have been employed
for NGS-derived SNP discovery in plant species where whole-genome shotgun sequencing
still remains too expensive for sequencing more than a few individuals [71]. These methods
include the use of restriction enzyme digestion–based assays with methyl-sensitive restriction
endonucleases [74, 75], or methods based on sequence capture approaches [76], to sequence
and map gene-rich portions of a genome, and allowing the anchoring of SNPs in a relatively
unambiguous manner.

More recently, ultradense linkage maps have been created from genotyping by whole genome
sequencing of a genetic mapping population. It has been used to place whole-genome
sequencing contigs into a map, thus anchoring, and ordering, sequencing of contigs [77]. Such
an approach requires using a genetic linkage map as a framework, into which SNPs derived
from the whole genome sequencing assembly can be integrated into a genetic framework
derived from low coverage whole-genome sequencing data from a segregating population.
The genetic position of the sequence-derived SNPs can then be used to assign chromosomal
locations to the contigs harboring them. Such an approach has been used in the context of a
whole-genome assembly project in barley where genetic anchoring was applied to a whole-
genome assembly [78]. SNPs discovered by sequencing individuals from two mapping
populations at low coverage (~1×) were placed into genetic maps that had been previously
constructed through different means, including SNP array data and GBS, or made from the
whole-genome shotgun sequencing data of the population. Their genetic positions then were
used to assign chromosomal locations, and integrate into the combined physical and genetic
genome framework, approximately two-thirds of all whole-genome shotgun sequencing
contigs. While highly effective in plants, where mapping populations are often readily
available, it must be noted that such an approach is limited by the overall recombination
landscape, and the subsequent relationship between physical and genetic distance within a
particular region of the genome [76]. Recombination events in plants often occur in distal
regions of the chromosomes, and peri-centromeric regions may require very large mapping
populations to improve their resolution. In addition, recent studies have suggested that
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specific features of the genome, such as chromosomal inversion, translocation and duplication
varying between the two parents used to generate the mapping population, may lead to errors
and potentially confound genome assemblies.

4.3. BAC pool sequencing in gene-rich regions

A large number of genome assemblies have been generated with the help of physical maps
and the use of a BAC-by-BAC sequencing approach. While laborious and costly, this approach
still remains relevant as it offers multiple advantages over a whole-genome sequencing
approach, especially in terms of assembling sequencing reads conserved in the context of a
whole-genome assembly but mapping exclusively to a defined portion of a genome in the
context of an individual clone assembly. Lonardi et al. [80] proposed a modified version of
clone sequencing to take advantage of the massive sequencing capacity offered by NGS
platforms. In that study, subsets of overlapping genome-tiling BAC clones were selected and
pooled according to a multidimensional grid design. Each pool then was sequenced on an
Illumina HiSeq2000 instrument. The resulting paired-end reads were deconvoluted by
determining, for each read the intersection between the pool it originates from and the
individual BAC clone(s) within that same pool covering the portion of the genome the read
corresponds to, based on physical map information. Once deconvolution is achieved, reads
can be assembled using an NGS assembler (Velvet) [81], to recreate the sequence of the original
BAC clone. Such an approach was successfully tested in barley BAC clones selected based on
BAC-unigene associations described in that same study, thus suggesting that BAC pool
sequencing can be used in correlation with existing physical maps to complement or correct
whole-genome sequencing assemblies, offering in the process the likelihood of higher quality
contig sequence assemblies in gene-rich regions of complex plant genomes.

4.4. Optical mapping

Optical mapping is a single-molecule approach that produces fingerprints using ordered
restriction maps [82] or specific nick sites [83]. After enzymatic treatment and subsequent
incorporation of fluorescent labels, the DNA molecules are stretched on a glass surface or in
a nanochannel array and directly imaged to locate regions corresponding to the restriction
sites or nick sites within the molecule. Distances between those sites are then inferred to
produce an optical map of the DNA molecule. Two commercial platforms currently are
available, namely, the Opgen Argus [84] and the BioNano Genomics Irys [85] systems. Using
such techniques, very large DNA molecules, in the Mb range, can be interrogated for the
presence and location of short recognition sites (whose sequence will vary with the enzyme
being used to treat the DNA). Consensus optical maps then can be created by determining the
overlap, under highly redundant conditions, between optical maps of single DNA molecules.
Such consensus maps have to take into account the possibility of errors inherent to this type
of technology, including star activity and false enzyme cuts, or the possibility of chimeric maps
when joining, for example, optically mapped molecules containing paralogous genomic
regions.
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Optical maps can be used for multiple applications, including comparative genomics and
structural variation detection, as well as the development of optical map-guided genome
assemblies, where the optical map is aligned and compared to in silico digested contig
sequences. Optical map-guided genome assemblies can assist in building high-quality genome
assemblies by providing evidence of the ordering of adjacent contigs and scaffolds, or by
assessing the overall sequence accuracy of contigs and suggesting potential errors in an
assembly, such as inversions, translocations or chimeric contig or scaffold sequences. The
addition of optical maps to a genome assembly often results in a significant increase in the
scaffold N50 value. For example, Hastie et al. [86] used the mapping of tiling BAC clones in a
2.1 Mb highly repetitive region of Aegilops tauschii (the D-genome donor of hexaploid wheat)
to correct several misassemblies and improve the assembly from 75% to 95% complete. In
another study [87], a high-resolution optical map, spanning 91% of the maize genome, was
built, and used to characterize gaps within contigs, the maize genetic-physical (FPC) map and
the reference pseudomolecules. Results also suggested that the placement of 12 FPC contigs
on the maize genetic-physical map required re-evaluation.

4.5. Long-range Hi-C interactions

High-throughput Chromosome capture (Hi-C) is a method that uses cross-linking of DNA-
binding protein to DNA followed by restriction digestion and self-ligation of protein-bound
DNA fragments, to probe genome-wide three-dimensional chromatin interactions between
chromosomal regions bound to the same proteins (such as enhancer and promoter regions)
[88]. There is a statistically higher probability that those regions are located on the same
chromosome rather than on different chromosomes, as expected within the context of chro‐
mosomes located in distinct three-dimensional spaces within the nucleus. As a result, a vast
majority of Hi-C read pairs (where each paired reads correspond to reads that may be millions
of bases apart from each other on the same chromosome) can be used to determine what two
contigs can be linked together on the same chromosome, based on the Hi-C paired reads they
each contain.

Burton et al. [89] evaluated the use of Hi-C datasets for long-range scaffolding of de novo whole-
genome assemblies. This approach works, first, by aligning Hi-C reads to de novo assembly
contig sequences and indexing each contig to their respective chromosomes, ordering contigs
within each respective chromosome group by using higher Hi-C interaction densities expected
between closely located contigs, and orienting ordered contigs using the location and orien‐
tation of Hi-C reads within each contig. The approach tested on existing human and mouse
contig datasets generated from next-generation shotgun and mate-pair sequencing reads
showed that a vast majority of the contigs could be grouped (98.2% and 98% of all sequences,
in human and mouse, respectively) and ordered (94.4% and 86.7% of all grouped sequences,
in human and mouse, respectively) within individual chromosomes when combined with Hi-
C sequencing reads. Similar studies, where Hi-C datasets were used to complement de novo
assembly generated with next-generation sequencing reads have been performed in human
and mouse by Kaplan and Dekker [90] and Selvaraj et al. [91].
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4.6. Long-range scaffolding

Two companies, namely, 10X Genomics [92] (Pleasanton, CA) and Dovetail Genomics [93]
(Santa Cruz, CA), recently presented new ways to assemble short reads delivered by the
Illumina technology. The GemCode instrument from 10X Genomics is a microfluidic device
used to partition very long DNA molecules (typically 50 kb or more) into oil-based droplets
and to prepare Illumina-compatible libraries in combination with “gel beads”, each containing
a unique 14-bp indexing barcode. Once sequencing is performed, in-house software decon‐
volutes the barcodes and reconstructs the sequence of the original DNA subfragments as to
where they originate from on the original long DNA molecule. In contrast to 10X Genomics,
Dovetail Genomics approach does not necessarily require an instrument but requires larger
amount of starting material for preparing samples. Dovetail’s approach works essentially by
in vitro making a Hi-C library from chromatin-free purified DNA, thus recreating intramolec‐
ular interactions while reducing intermolecular ones. The resulting fragments can then be
selected for mate-pair sets capturing long-range intramolecular interactions for genome
scaffolding. While not yet applied on plant genome assemblies, it is presumed that the
strategies and technologies highlighted above could potentially assist in grouping and
ordering contigs and scaffolds from gene-rich regions of diploid plant genomes.

5. Conclusion

Reference genomes are now available for a significant number of plant species. The emergence
of NGS technologies has made it possible to sequence genomes not only from economically
important crop species but also from nonstandard model and special plants whose genomes
otherwise might not have been sequenced due to the requirements for large funds, instru‐
mentation and personnel that was witnessed in earlier pre-NGS days. While great progress
has been made, assembling such genomes still remains challenging due to their inherent
complexity and the relative absence of long-range connectivity, lost during DNA fragmenta‐
tion and short-read sequencing. As a result, plant genome assemblies tend to be highly
fragmented, and focused essentially on unique “gene-rich” regions, while large fractions of
the genomes, namely, complex repeat and conserved regions, remain unassembled. Research‐
ers have come up with creative ways to address those shortcomings, including the use of mate-
pair NGS libraries, the complementation of physical assemblies with genetic maps, or the use
of new technologies for sequencing, physical mapping or scaffolding. It is hoped that the
routine use of such novel approaches will help in elucidating the biological aspects of genomes
by allowing true comparative and structural analysis between species, strains, tissue or
environment.
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Abstract

Radicchio (Cichorium intybus subsp. intybus var. foliosum L.) is one of the most important
leaf chicories, used mainly as a component for fresh salads. Recently, we sequenced and
annotated the first draft of the leaf chicory genome, as we believe it will have an extraor‐
dinary impact from both scientific and economic points of view. Indeed, the availability
of the first genome sequence for this plant species will provide a powerful tool to be ex‐
ploited in the identification of markers associated with or genes responsible for relevant
agronomic traits, influencing crop productivity and product quality. The plant material
used for the sequencing of the leaf chicory genome belongs to the Radicchio of the Chiog‐
gia type. Genomic DNA was used for library preparation with the TruSeq DNA Sample
Preparation chemistry (Illumina). Sequencing reactions were performed with the Illumi‐
na platforms HiSeq and MySeq, and sequence reads were then assembled and annotated.
We are confident that our efforts will extend the current knowledge of the genome organ‐
ization and gene composition of leaf chicory, which is crucial for developing new tools
and diagnostic markers useful for our breeding strategies in Radicchio.

Keywords: Genome draft, marker-assisted breeding, gene prediction, SSR markers, SNP
calling

1. Introduction

The common Italian name of Radicchio was adopted in recent years by all the most interna‐
tionally used languages and indicates a highly differentiated group of chicories, with red or
variegated leaves. Radicchio (Cichorium intybus subsp. intybus var. foliosum L.) is currently one
of the most important leaf chicories, used mainly as a component for fresh salads but also very
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often cooked and prepared differently according to local traditions and alimentary habits [1].
This plant species belongs to the Asteraceae family and includes several cultivar groups whose
commercial food products are the leaves, namely Witloof, Pain de sucre, and Catalogne, as
well as several types of Radicchio.

From the reproductive point of view, Radicchio is prevalently allogamous, due to an efficient
sporophytic self-incompatibility system, proterandry and gametophytic competition favoring
allo-pollen grains and tubes [1]. Probably known by the Egyptians and used as food and/or
medicinal plants by the ancient Greeks and Romans, this species gradually underwent a
process of naturalization and domestication in Europe during the past few centuries. This plant
has become part of both natural and agricultural environments of Italy. Currently, among the
different biotypes of leaf chicories, the so-called Radicchio of Chioggia, native to and very
extensively grown in northeastern Italy, is the Radicchio cultivar acquiring more and more
commercial interest worldwide. In Italy, the Radicchio of Chioggia is cultivated on a total area
of approximately 16–18,000 ha, half of which is in the Veneto region, with a total production
of approximately 270,000 tons (more than 60% obtained using professional seeds), reaching
an overall turnover of approximately € 10,000,000 per year.

Grown plant materials are usually represented by landraces or their directly derived synthetics
that are known to possess a high variation and adaptation to the natural and anthropological
environment where they originated from and are still cultivated. These populations are
characterized by high-quality traits and have been maintained or even improved over the years
by local farmers through phenotypical selection according to their own criteria and more
recently by seed companies through genotypical selection following intercross or polycross
schemes combined with progeny tests to obtain populations showing superior DUS scores for
both agronomic and commercial traits. The breeding programs currently underway by local
firms and regional institutions exploit the best landraces and aim to isolate individuals
amenable for use as parents for the constitution of narrow genetic base synthetic varieties and/
or to select inbred lines suitable for the production of heterotic F1 hybrids [2]. In recent years,
phenotypic evaluation trials are increasingly assisted by genotypic selection procedures
through the use of molecular markers scattered throughout the genome. In fact, marker-
assisted breeding allows the identification of the parental individuals or the inbred lines
showing the best general or specific combining ability in order to breed synthetics and hybrids,
respectively.

Radicchio, like the other leaf chicories, is diploid (2n=2x=18) and is characterized by an
estimated haploid genome size of approximately 1.3 Gb. In recent years, three distinct
saturated molecular linkage maps were constructed for leaf chicories, covering approximately
1,200 cM [3-5]. Its linkage groups were mainly based on neutral SSR markers, but many EST-
derived SNP markers were also mapped. A method for genotyping elite breeding stocks of
Radicchio, both local and modern varieties, assaying mapped SSR marker loci possibly linked
to EST-rich regions and scoring PIC>0.5, was recently developed using multiplex PCRs [6].
Here, we are dealing with a research and development project aimed at sequencing and
annotating the first draft of the leaf chicory genome as we believe it will have an extraordinary
impact from both scientific and economic points of view. Indeed, the availability of the first
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genome sequence for this plant species will provide a powerful tool to be exploited in the
identification of markers associated with or genes responsible for relevant agronomic traits,
influencing crop productivity and product quality. As an example, data and knowhow
produced in this research project will be useful for detailed studies of the genetic control of
male-sterility and self-incompatibility in this species.

The plant material that we used for the sequencing of the leaf chicory genome belongs to the
Radicchio of Chioggia type, specifically to the male fertile inbred line named SEG111. This
type was chosen as the most suitable accession based on the following criteria: i) the commer‐
cial relevance of the variety of origin; ii) the availability of clonal materials; iii) robust pheno‐
typic and genotypic characterization; iv) a high degree of homozygosity (80%); and v) high
breeding value as pollen parent of F1 hybrids. Sequencing reactions of the genomic DNA
library were performed with Illumina HiSeq and MySeq platforms to combine the high number
of reads originated by the former with the longer sequences produced by the latter. Here, we
report original data from the bioinformatic assembly of the first genome draft of Radicchio,
along with the most relevant findings that emerged from an extensive de novo gene prediction
and in silico functional annotation of more than 18,000 unigenes. Analyses were performed
according to established computational biology protocols by taking advantage of the publi‐
cally available reference transcriptome data for Cichorium intybus [7]. The main preliminary
findings on the genome organization and gene composition of Radicchio are presented, and
the potentials of newly annotated expressed sequences and diagnostic microsatellite markers
in breeding programs are critically discussed.

2. Materials and methods

2.1. Plant materials

Plant materials used for the sequencing belong to a variety of commercial relevance of the
Radicchio of Chioggia type. The clone chosen derives from the inbred line SEG111 and shows
a degree of homozygosity equal to 80% [6]. In particular, this clone was obtained by several
cycles of selfing from plants yearly selected on the basis of a robust phenotypic and genotypic
characterization, being also characterized by high-quality agronomic traits on farm and the
ability to be easily cloned in vitro.

2.2. DNA isolation and sequencing

DNA was isolated from 150 mg of fresh leaf tissue using a CTAB-based protocol [8]. The
eventual  contamination  of  RNA  was  avoided  with  an  RNase  A  (Sigma-Aldrich)  treat‐
ment. DNA samples were eluted in 80–100 μL of 0.1× TE buffer (100 mM Tris-HCl 1, 0.1
mM EDTA, pH=8).  The integrity  of  the  extracted DNA samples  was estimated through
electrophoresis in 0.8% agarose/1× TAE gels containing 1× SYBR Safe DNA Gel Stain (Life
Technologies,  USA).  The purity and quantity of  the DNA extracts were assessed with a
NanoDrop spectrophotometer (Thermo Scientific, USA). Then, 1 μg of high-quality DNA
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was  used  for  library  preparation  with  the  TruSeq  DNA  Sample  Preparation  chemistry
(Illumina). Sequencing reactions were performed with the Illumina platforms: HiSeq (1 lane,
2 × 100 bp) and MySeq (1 lane, 2 × 300 bp).

2.3. De novo assembly and annotation

All high-quality reads generated from the two sequencing reactions were assembled in a single
reference genome. Assemblies were attempted with three pieces of software: i) Velvet [9]; ii)
SPAdes [10]; and iii) CLC Genomics Workbench 6.5 (Qiagen). The average coverage was
estimated for the run HiSeq by calculating the frequency distribution of 25-mers [11].

To annotate all assembled contigs, a BLASTX-based approach was used to compare the C.
intybus sequences to a subset of the NR protein collection that was made by focusing on the
clade pentapetalae [12]. Moreover, the GI identifiers of the best BLASTX hits, having E-value
≤1.0E-15 and similarity ≥70%, were mapped to the UniprotKB protein database [13] to extract
Gene Ontology annotations [14] and KEGG terms [15] for functional annotations. Further
enrichment of enzyme annotations was made with the BLAST2GO software v1.3.3 using the
function “direct GO to Enzyme annotation”. The BLAST2GO software v1.3.3 [16, 17] was used
to reduce the complexity of the data and perform basic statistics on ontological annotations,
as reported by Galla et al. [18].

SSRs were detected among the 522.301 contigs via MISA [19]. The parameters were adjusted
to identify perfect and complex mono-, di-, tri-, tetra-, penta-, and hexanucleotide motifs with
a minimum of 49, 13, 9, 8, 8, and 8 repeats, respectively. Repeated elements were detected with
a BLASTN-based approach using a PGSB Repeat Element Database in all blast searches [20].
The parameters set for the identification of Transposable Elements (TEs) were: reward 1,
penalty 1, gap_open 2, gap_extend 2, word_size 9, dust no. An E-value cutoff of 1.0E-9 was
adopted to filter the BLAST results.

Two public C. intybus transcriptomes CHI-2418 and CHI-Witloof originally developed from
plant seedlings [7] corresponding to a wild accession of leaf chicory and a cultivated variety
of witloof, respectively, were mapped to the reference genome using the CLC Genomics
Workbench V7.02 (Qiagen). Mappings were performed with default mapping parameters,
including mismatch cost: 2; insertion cost: 3; deletion cost: 3; length fraction: 0.5; and similarity
fraction: 0.8. Non-specific matches were ignored and not included in the annotation tracks. For
nucleotide variant analysis, the appropriate reference masking options were used to map
transcriptome reads selectively over the sequences annotated as CDS or TEs. The variant
detection analysis was done by using the Basic Variant Detection tool of the CLC Genomics
Workbench V7.02 (Qiagen) with default parameters. As general filters, positions with coverage
above 100,000 were not considered. Base quality filters were turned on and set to default
parameters. All variants included in homopolymer regions with minimum length of 3nt, and
with frequency below 0.8 were also removed from the dataset. As coverage and count filters,
all variants with a minimum count lower than 20 were discarded.
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3. Results

3.1. Genome assembly statistics

To obtain the first genome draft of leaf chicory, a single genomic library produced from the
inbred line SEG111 was sequenced using the Illumina MySeq and HiSeq platforms. Here, we
report the genome assembly results derived from the CLC Genomic Workbench assembly
output. Figure 1 describes the frequency distribution of 25-mers in the HiSeq data.

Figure 1. Frequency distribution of 25-mers in the HiSeq data (logarithmic scale for both axes)

The data shown suggest that the average coverage in the HiSeq run is approximately 21×.
Additionally, the curve indicates that a certain number of sequences are present with a
relatively high frequency within the genome. This might indicate that repeated elements are
relatively abundant within the genome. As a consequence, the estimated size of the assembled
genome draft is 760 Mb.

We obtained 58,392,530 and 389,385,400 raw reads through the MySeq and HiSeq platforms,
respectively. The de novo assembly of the two datasets in a unique reference genome draft
assembled 724,009,424 nucleotides into 522,301 contigs (Table 1). The maximum contig length
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was equal to 379,698 bp, whereas the minimum contig length was set to 200 bp, with an average
contig length of 1,386 bp. Overall statistics are summarized in Table 1.

Total number of contigs 522,301

Total No. of assembled nucleotides (nt) 724,009,424

GC percentage 34.8%

Average contig length (bp) 1,386

Minimum contig length (bp) 200

Maximum contig length (bp) 379,698

N75 1,051

N50 3,131

Table 1. Summary statistics of the sequence assembly generated from Cichorium intybus.

The length distribution of the contig size, expressed in base pairs, is reported in Figure 2.

Figure 2. Distribution of length of contigs for leaf chicory

As much as 68.9% of the recovered sequences are contained within a length spanning from
200 nt to 999 nt. The interval length ranging between 1,000 nt and 2,999 nt is represented by
19.7% of the assembled contigs, whereas the proportion of contigs whose length is higher or
equal to 3,000 nt corresponds to 11.5%.
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We searched the genome sequence assembly for TEs and estimated their abundance using a
BLASTN strategy. The proportion of base pairs annotated as TEs out of the total amount of
assembled nucleotides was equal to 6.3% (Table 2).

Key Classification Number Abundance (%) Length (bp) Percentage over the
assembled genome

02.01 Class I retroelement 273 0.19 85,241 0.012%

02.01.01 LTR Retrotransposon 82,260 56.55 19,658,874 2.715%

02.01.01.05 Ty1/copia 35,802 24.61 17,519,102 2.420%

02.01.01.10 Ty3/gypsy 23,651 16.26 7,121,605 0.984%

02.01.02 non-LTR Retrotransposon 354 0.24 106,259 0.015%

02.05 Class II: DNA Transposon 1,976 1.36 713,119 0.098%

02 Unclassified mobile element 861 0.59 199,301 0.028%

10 / 90 / 99 High Copy Number Genes
and additional attributes

283 0.19 51,577 0.007%

Total 145,462 100.0 45,455,078 6.278%

Table 2. Classification statistics of transposable elements (TEs) in Radicchio genome draft assembly.

The retroelements were the most abundant elements (>97% of the total). Within the major class
of retroelements, Long Terminal Repeat (LTR) retrotransposons proved to be the dominant
class (56.55%) in the leaf chicory genome. Moreover, the Copia-type (24.61%) and the Gypsy-
type (16.26%) appeared to be the most abundant LTR retrotransposons. A total of 273 (0.2%)
elements were annotated as retroelements, but they lacked the assignation to a specific class
based on sequence similarity and conservation. Non-LTR retrotransposons were detected to
a very low extent (0.24%). Less than 2% of the total repeat elements were annotated as DNA
transposons.

3.2. Discovery of SSR loci

Overall, we identified 66,785 SSR containing regions. As many as 52,186 and 11,501 sequences
proved to contain one or more microsatellites, respectively. These numbers included 1,226
mononucleotide SSR motifs (which were no longer taken into account for further computa‐
tions). We found a total number of di- or multinucleotide SSR motifs equaling 65,559.

The most common SSR elements were those showing a dinucleotide motif (89.0%), followed
by trinucleotide (7.1%) and tetranucleotide (3.0%) ones. Microsatellites revealing a pentanu‐
cleotide and hexanucleotide motif were less than 1.0% of the total. Overall data are summarized
in Table 3.

Toward a First High-quality Genome Draft for Marker-assisted Breeding in Leaf Chicory, Radicchio...
http://dx.doi.org/10.5772/61747

73



Type of motif Range of repeat numbers Total No. Percentage (%)

8-12 13-17 18-22 >22

Di-nucleotide 0 8,333 7,100 42,913 58,346 89.0

Tri-nucleotide 1,822 1,769 762 321 4,674 7.1

Tetra-nucleotide 1,114 475 205 202 1,996 3.0

Penta-nucleotide 69 23 0 2 94 0.1

Hexa-nucleotide 359 80 8 2 449 0.7

Total 3,364 10,680 8,075 43,440

Percentage (%) 5.1 16.3 12.3 66.3

Table 3. Number of SSRs detected in the Radicchio genome draft assembly. For each type of motif, the number of SSRs
identified in the range of repeated numbers is reported. Albeit present in the genome, mono-nucleotide SSRs were not
considered in this analysis.

3.3. Functional annotation of contig sequences

Functional annotation of the assembled contigs was performed with a BLASTX approach,
according to which all contig sequences were used to query different public protein databases
(Table 4).

Public database No. of Hits (gene models) No. of C. intybus contigs

NR 38,782 80,862

Arabidopsis 16,689 50,417

GO 14,073 45,381

KEGG 4,512 22,273

Table 4. Summary statistics of functional annotations for leaf chicory genome sequences in public protein databases.
As for the NR database, only the protein sequences from the clade pentapetalae of eudicots were considered. The
Arabidopsis proteome used in all BLAST analysis was TAIR10.

The database enclosing all public protein sequences belonging to the pentapetalae clade of the
eudicots, which includes the sub-clades of rosids and asterids to which leaf chicory belongs,
provided a total of 38,782 hits. The proteome of Arabidopsis thaliana alone scored 16,689 hits
when an E-value cutoff of 1.0E-15 was applied for the screening of the most reliable BLASTX
hits.

Two public C. intybus transcriptomes originally developed from plant seedlings and provided
by UC DAVIS, the Compositae Genome Project (CHI-2418 and CHI-Witloof) [7] were mapped
to the reference genome using the appropriate mapping function of the CLC Genomics
Workbench.
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By doing so, we were able to map 76.5% and 78.0% of the sequences, respectively. Data derived
from the mapping of two C. intybus transcriptomes were used to integrate the annotation of
the assembled contigs. BLAST and mapping data integration increased the BLAST-based
annotation with an additional set of 1,995 contigs.

Arabidopsis matches were used to retrieve both GO and KEGG annotations from public
databases. We could finally assign one or multiple GO terms to 45,381 leaf chicory genome
contigs. The analysis performed against the GO illustrate 14,073 genes annotated with terms
belonging to one or multiple vocabularies. Of these, 24,634 contigs were annotated for their
putative biological process, 39,118 contigs were related to a molecular function, and 37,561
contigs were associated to a specific cellular component. Figure 3 shows the fine distribution
of the 14,073 hits caught by our Radicchio contigs from the TAIR database according to the
aforementioned three GO categories.

Figure 3. Venn diagram showing the fine distribution according to GO terms of the 14,073 A. thaliana hits matching our
leaf chicory contigs

Among all the terms underlined by the GO vocabulary for the biological process, our investi‐
gations were focused on terms related to the response to biotic and abiotic stresses (Figure 4),
hormonal responses (Figure 5), and flower and seed development (Figure 6). Of the 15 most
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interesting processes for molecular breeding in leaf chicory, 7 and 8 were linked to biotic and
abiotic stresses, respectively (see Figure 4). The ontological terms were assigned to 2,388 and
3,844 genome contigs, respectively.

Figure 4. Number of C. intybus genomic contigs for response to biotic (the first 7) and abiotic (the last 8) stress

The computational analysis for the identification of SSR elements within these contigs unveiled
495 motifs linked to biotic stresses and 841 motifs associated with abiotic stresses. Among the
biotic stresses, the most abundant gene ontology (GO) term was GO:0042742, which corre‐
sponds to the “defense response to bacterium” and shows a match with 667 genome contigs
containing 135 microsatellites. Concerning the abiotic stresses, the GO term assigned with the
higher frequency was GO:0009651, which accounts for processes related to “response to salt
stress” and matches 1,028 genome contigs containing 249 microsatellites.

Data of hormonal responses and processes of flower and seed development are reported in
Figures 5 and 6. The analysis for hormonal responses noted nine different GO terms, for a total
of 3,344 genome contigs, and 833 SSR elements linked to these sequences and terms. In
particular, the term “response to jasmonic acid stimulus” (GO:0009753) was the most repre‐
sented, with 478 matches with different genome contigs, including 118 SSR motifs (Figure 5).

Results of the GO term annotation of genome contigs according to the flower and seed
developmental processes are reported in Figure 6.
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stress” and matches 1,028 genome contigs containing 249 microsatellites.

Data of hormonal responses and processes of flower and seed development are reported in
Figures 5 and 6. The analysis for hormonal responses noted nine different GO terms, for a total
of 3,344 genome contigs, and 833 SSR elements linked to these sequences and terms. In
particular, the term “response to jasmonic acid stimulus” (GO:0009753) was the most repre‐
sented, with 478 matches with different genome contigs, including 118 SSR motifs (Figure 5).

Results of the GO term annotation of genome contigs according to the flower and seed
developmental processes are reported in Figure 6.
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Figure 6. Number of C. intybus genomic contigs for flower and seed (only the last 3) development

The flower development process was embraced by selecting nine ontological terms, whereas
three terms were assigned to seed development and seed germination. A total of 2,162 contigs

Figure 5. Number of C. intybus genomic contigs for hormonal response
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were annotated with GO terms related to flower development; 496 of these were also annotated
for the presence of one or multiple SSRs. In particular, the term “pollen development” (GO:
0009555) was the most abundant, with 655 contigs containing 153 SSR motifs.

As far as the seed development process is concerned, we annotated 1,182 contigs linked to this
GO term, 273 of which co-localized with one or multiple SSRs. Among these, the most
abundant ontological term was “embryo development ending in seed dormancy” (GO:
0009793) as it is assigned to 771 contigs, co-localizing with 171 SSR elements.

Using the Kyoto Encyclopaedia of Genes and Genomes database (http://www.genome.jp/
kegg/), a total of 22,273 contigs enabled the mapping of 795 enzymes to 157 metabolic path‐
ways. Among the metabolic pathways with the highest number of mapped reads, we found
fructose and mannose metabolism (418 gene models matched), phenylpropanoid biosynthesis
(415 gene models matched) and tryptophan metabolism (380 gene models matched). The
biosynthetic pathway of flavonoid biosynthesis, described in map:00941, is relevant as the
biosynthesis of flavonoid is directly connected to the synthesis of anthocyanin (Figure 7),
whose accumulation contributes to the pigmentation of leaf chicories. This map includes 236
gene models that were assigned to 14 unique enzymes, including CHS (CHALCONE SYN‐
THASE), CHI (CHALCONE ISOMERASE), and ANS (ANTHOCYANIDIN SYNTHASE),
among others.

Figure 7. KEGG pathway for flavonoid biosynthesis (Map:00941)
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KEGG data related to a number of selected metabolic pathways were exploited to find SSR
regions potentially associated with highly valuable phenotypes in this plant species. The
number of SSRs putatively linked to the most interesting phenotypic traits with breeding
values in leaf chicory is displayed in Table 5.

KEGG map ID Metabolic pathway Characteristic No. of SSRs

map00909 Sesquiterpenoid and triterpenoid
biosynthesis

Bitter taste 107

map00053 Ascorbate and aldarate metabolism Vitamin C content 172

map00940 Phenylpropanoid biosynthesis Leaf color 281

map00941 Flavonoid biosynthesis Leaf color 173

map00942 Anthocyanin biosynthesis Leaf color 180

map00943 Isoflavonoid biosynthesis Leaf color 5

map00944 Flavone and flavonol biosynthesis Leaf color 128

map00040 Pentose and glucuronate interconversions Response to cold 96

map00051 Fructose and mannose metabolism Response to cold 259

map00052 Galactose metabolism Response to cold 31

map00061 Fatty acid biosynthesis Response to cold 39

map00260 Glycine, serine and threonine metabolism Response to cold 60

map00290 Valine, leucine and isoleucine biosynthesis Response to cold 13

map00330 Arginine and proline metabolism Response to cold 55

map00410 beta-Alanine metabolism Response to cold 16

map00480 Glutathione metabolism Response to cold 48

map00500 Starch and sucrosa metabolism Response to cold 164

map00561 Glycerolipid metabolism Response to cold 159

map00564 Glycerophospholipid metabolism Response to cold 124

map00592 alpha-Linolenic acid metabolism Response to cold 66

map00710 Calvin cycle Response to cold 28

map00780 Biotin metabolism Response to cold 18

map00960 Tropane, piperidine and pyridine alkaloid
biosynthesis

Response to cold 97

Table 5. Number of SSRs located in contig sequences annotated for the presence of proteins with known enzymatic
activity in relevant metabolic pathways for the breeding of leaf chicory.

Toward a First High-quality Genome Draft for Marker-assisted Breeding in Leaf Chicory, Radicchio...
http://dx.doi.org/10.5772/61747

79



Considering the overall grouping of selected metabolic pathways, we identified many
microsatellite sequences putatively linked to important traits, according to their potential effect
on plant characteristics. For instance, 107 SSRs were linked to bitter taste, 172 SSRs were
associated with vitamin C biosynthesis and metabolism, and 767 SSRs located in sequence
contigs encoding enzymes of the flavonoid and anthocyanin biosynthetic pathways, thus
potentially associated with the leaf color. The most represented characteristic is the response
to cold. For this trait, we analyzed 16 different metabolic pathways that altogether led to the
selection of 1,273 microsatellites potentially associated with one or multiple genes actively
involved in the plant response to cold eventually, but not exclusively, through the accumula‐
tion of sugar.

We also performed the calling of nucleotide variants. Stringent quality criteria were used for
discriminating sequence variations from sequencing errors and mutations introduced during
cDNA synthesis. Only sequence variations with mapping quality scores over the established
thresholds were annotated, leading to the identification of 123,943 and 121,086 variants that
were present only in the leaf chicory transcriptome CHI-2418 (wild type) or the Witloof
transcriptome CHI-Witloof (cultivated type), respectively. A total of 119,729 variants were
shared by both C. intybus transcriptomes. The average number of variants per contig ranged
from 9.5 to 10.5 in the two assemblies (Table 6), yielding one single variation per 100 bp in both
cases.

Radicchio CDS – 29,175 contigs Radicchio TEs – 122,745 contigs

CHI-2418 CHI-Witloof Shared CHI-2418 CHI-Witloof Shared

No. contigs 12,725 12,739 11,419 2,016 1,924 1,554

No. variants 123,843 121,086 119,729 10,662 10,651 10,246

No. variants/contigs 9.75 9.52 10.52 5.29 5.54 6.61

No. variants/100 bp 0.99 (1.14) 0.98 (1.14) 1.14 (2.05) 3.26 (3.64) 3.16 (3.50) 5.42 (8.88)

SNVs 115,678 113,049 107,255 9,532 9,605 9,006

MNVs 5,367 5,439 8,475 507 441 261

Insertions 2,044 2,036 2,166 556 552 714

Deletions 754 562 1,833 67 53 265

Table 6. Summary statistics of nucleotide variants restricted to gemonic regions of Radicchio annotated as CDS and
Transposable Elements. Nucleotide variants were detected by using the transcriptomes CHI-2418 (wild type leaf
chicory) and CHI-Witloof (cultivated Witloof type). For each transcriptome, the number of contigs displaying one or
multiple variants, the number of variants and the number of variants per contigs are indicated. The number of variants
per 100bp is also reported. Variants present in both transcriptomes are indicated as shared.

The vast majority of variants were Single Nucleotide Variants (SNVs), whereas Multi Nucleo‐
tide Variants (MNVs), Insertions, and Deletions were found to a considerably lower extent
(Table 6). On average, the proportion of SNVs and MNVs was comparable in the CDS and TE
contigs and equal to about 90% and 5%, respectively.
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Among all contigs annotated as TEs, those characterized by the presence of one or multiple
variants were 10,662 and 10,651 for the two transcriptomes (Table 6). The average number of
variants per contig was equal to 5.3 and 5.5. Despite the relatively low abundance of poly‐
morphic residues in these regions, the average number of variants per 100 bp was equal to 3.3
and 3.2. Single Nucleotide Polymorphisms (SNPs) were by far the most abundant type of
variants in TEs as well as in CDS regions (Table 6). In particular, transversions and transitions
were on average 37% (ranging from 35.6% and 37.8%) and 63% (ranging from 62.2% and 64.4%)
of the point mutations, respectively. The total number of nonsynonymous SNPs calculated
with the reference transcriptomes was equal to 13,559 (10.9%) and 11,197 (9.2%) for wild-type
leaf chicory and cultivated Witloof accessions, respectively.

4. Discussion

Here, we report the uncovering of the first draft of the Radicchio genome. This highly relevant
discovery was achieved by combining the recent advancement of next-generation sequencing
technologies on the public side with the significant investment of financial resources in
research and development on the private side.

Currently, conventional agronomic-based selection methods are supported by molecular
marker-assisted breeding schemes. In recent years, we have demonstrated that the constitution
of F1 hybrids is not only feasible in a small experimental scheme but also realizable and
profitable on a large commercial scale (e.g., registered CPVO varieties TT4070/F1, TT5010/F1,
TT5070/F1, and TT4010/F1 in progress). F1 hybrids are varieties manifesting heterosis, or
hybrid vigor, which refers to the phenomenon in which highly heterozygous progeny plants
obtained by crossing genetically divergent inbred or pure lines exhibit greater biomass, faster
speed of development, higher resistance to pests and better adaptation to environmental
stresses than the two homozygous parents. Critical steps of an applicative breeding program
are the production of parental inbreds. Two highly relevant factors in this context are the
selection of self-compatible genotypes, to be used as pollen donors, and the identification of
male-sterile genotypes, to be used as seed parents in large-scale crosses [21, 22].

It is worth mentioning that there are several reasons why the constitution of F1 hybrids is a
strategic choice for a seed company. First, the crop yield of modern F1 hybrid varieties is
usually much higher than that of traditional OP or synthetic varieties. Second, the uniformity
of F1 populations and the way to legally protect their parental lines allow a seed company to
adopt a plant breeder’s rights, promoting genetic research and development programs that
are very expensive and require many years. Finally, the need for breeding hybrid varieties also
promotes the preservation of local varieties because the selection of appropriate inbred or pure
lines as parents in pairwise cross-combinations requires the exploration and exploitation of
germplasm resources. Our expectation is that F1 hybrid varieties will be bred and adopted
with increasing frequency in Radicchio. Consequently, we invested in the sequencing and
annotation of the first draft of the leaf chicory genome as it will have an extraordinary impact
from both scientific and economic points of view. Indeed, the availability of the first genome
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sequence for this plant species will provide a powerful tool to be exploited in the identification
of markers associated with or genes responsible for relevant agronomic traits, influencing crop
productivity and product quality. As an example, data and knowhow produced in this
research project will be capitalized on in subsequent years to plan and develop basic studies
and applied research on male-sterility and self-incompatibility in this species.

The availability of high-quality sequencing platforms (i.e., Illumina) on the one hand, and
specific and high-performing software for genome data assembly and gene set analysis on the
other, made this project feasible. High-quality genomic DNA libraries were used for sequenc‐
ing reactions performed with the Illumina platforms HiSeq and MySeq, originating a total of
197 million (mln) short reads and 29 mln longer sequences passing quality filters, respectively,
which were then bioinformatically assembled to obtain the first genome draft. On the basis of
this strategy, the genome draft of leaf chicory is composed of approximately 500,000 contigs,
forming approximately 720 Mb. Based on the distribution of 25-mer frequencies, we estimated
that the genome coverage is close to 25X. The same distribution also indicates that a significant
part of the genome might be composed of highly repeated elements, as indicated by the number
of k-mers that appears to be present with high frequency.

Nucleotide variant calling for the Radicchio genome showed comparable number of poly‐
morphisms in the pairwise comparisons with the two publically available transcriptomes,
originally developed from seedlings of two leaf chicory accessions (i.e., wild and cultivated
types). The total number of variants discovered in the CDS regions was shown to be approx‐
imately 10 times higher than the ones found in the TEs. This result might be a consequence of
low expression, or silencing, of numerous transposable elements at the level of plant seedlings,
as indicated by the finding that the mapping of the two transcriptomes to the reference genome
failed to align sequences to about 98% of the contigs annotated as TEs. Noteworthy, the number
of variations per 100 base pairs was significantly higher in the TEs than in the CSD sequences.
This result might be explained by the accumulation of mutations in noncoding sequences, as
most of the TEs are.

Overall, Single Nucleotide Variants (SNVs) were the most common variants compared with
In/Del mutations. Since SNP mutations very often result in silent mutations, their high
proportion in the CDS regions was an expected result. In/Del mutations that usually occur in
silenced or functionally disrupted genes, along with noncoding regions, were found at a low
rate in CDS regions.

TEs were found to occur, at least in one copy, in the 23.50% of the 522,301 contigs that constitute
our chicory genome draft assembly. Retrotransposons proved to be the most abundant
elements in the Radicchio genome. This finding is in agreement with data from previous
studies [23-26]. It is worth mentioning that Copia-type elements were more abundant than
Gypsy-type elements, forming the predominant subclass of LTR retrotransposons.

Although the amount of TEs of the totally assembled sequences was much lower than that
reported for other species, the class ratio of the TE types corresponds to that found in previous
studies [23-26]. Our estimate of TEs in leaf chicory is equal to 6.28% of the contigs length, which
is much lower than amounts reported for soybean (59%), pigeonpea (52%), alfalfa (27%), trefoil
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(34%), and chickpea (40%) [25, 27-30]. One of the reasons could be that our BLAST strategy
chosen to find repeated elements in the genome was less efficient than specific software (e.g.,
RepeatScout and RepeatMasker [31, 32]). Another reason could be the lack of TEs in the
assembled portion of the Radicchio genome due to the low complexity of these repeated DNA
regions.

The BLAST strategy with the nonredundant (NR) pentapetalae protein database produced the
best output in terms of similarity with our contigs. This is undoubtedly due to the availability
of large collections of sequences from species taxonomically related to leaf chicory, such as
Beta vulgaris, Helianthus annuus, and Lactuca sativa, among others. Unfortunately, the depth of
annotation of these recently sequenced genomes is frequently not comparable to that of the
long-studied Arabidopsis thaliana. Although BLAST results obtained by querying the NR
database proved to be highly informative in terms of the number of hits producing alignments
with significant e-value, the annotation of the leaf chicory assembled contigs was more
successful when the A. thaliana database was used alone. Therefore, a possible alternative for
future enrichment of the current annotation state would imply the use of software (e.g.,
Blast2GO) that could extract the annotation codes from multiple BLAST hits, provide the
appropriate specificity cutoff, and assign the mapped GO terms to the original query.

Our choice to use the TAIR10 database to annotate our sequence contigs led to the annotation
of a large number of assembled sequences and provided precious information concerning the
putative process, or eventually, the metabolic pathways in which genes are putatively active.

The ability to annotate a certain number of sequences is not only exclusively dictated by the
length and quality of the query sequences but also by their match with orthologous sequences
that need to be annotated in depth.

This would be the case of annotations for metabolic pathways not actively studied or present
in A. thaliana and for processes whose study is hampered by biological or physical circum‐
stances. This might explain some discrepancies in annotations for male and female gameto‐
genesis (Figure 6). From the graph, it is easy to understand the large discrepancy between the
number of contigs presented for the term “Megagametogenesis” (GO:0009561), just 107, and
the term “Pollen development” (GO:0009555), cited in the results as the most prevalent (more
than six times that of megagametogenesis). We can suppose that this difference might not be
due to a real difference in the number of genes involved in these two reproductive processes
but rather to the lower number of genes known to be involved in female sporogenesis and
gametogenesis.

Similarly, enzymes involved in the biosynthesis of germacren-type sesquiterpenoids, such as
the germacrene-A synthase (EC:4.2.3.23), which are responsible for the biosynthesis of lactones
associated with bitter taste in leaf chicory, are not known or properly characterized in A.
thaliana.

Another fundamental finding of our study is the large number of SSR markers that were
found in  the  assembled contigs.  We can  affirm that  the  leaf  chicory  genome shows an
unexpected number and distribution of repeated sequences. Submitting our Radicchio draft
to MISA software, we were able to reveal such a number of potential SSR markers. It is
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therefore interesting that we were able to link a reasonably large number of microsatel‐
lites to each item here presented for both GO terms and KEGG maps. In the results, we
presented only a small selection of important characteristics that could be utilized in marker-
assisted selection and breeding programs in Radicchio. Together with SSRs, thousands of
sequences  that  could  be  used  in  Single  Nucleotide  Polymorphism  (SNP)  analysis  were
associated to fundamental biosynthetic pathways or metabolism enzymes. This is a crucial
starting point for modern breeding in leaf chicories.

It  is  noteworthy that further studies must be conducted to determine whether and how
these potential markers could be exploited in molecular breeding programs. As a final step,
gene prediction and annotation were also performed according to established computation‐
al  biology protocols  by  taking advantage  of  the  reference  transcriptome data  publically
available for Cichorium intybus L. These sequences allowed us to learn the number, sequence,
and  role  of  the  ~25.000  genes  of  the  Radicchio’s  genome.  This  finding  represents  an
important achievement for Italian agriculture genetics as a whole and opens new perspec‐
tives  in  both  basic  and  applied  research  programs  in  Radicchio.  It  will  have  great  im‐
pacts,  potentials,  and advantages in terms of breeding methods and tools useful  for the
constitution and protection of new varieties. Information obtained by the sequencing of the
genome will be exploitable to detect and dissect the chromosomal regions where the genetic
factors that control the expression of important agronomic and qualitative traits are located
in Radicchio.

Modern marker-assisted breeding (MAB) technology based on traditional methods using
molecular markers such as SSRs and SNPs, without relations to genetic modification (GM)
techniques, will now be planned and adopted for breeding of vigorous and uniform F1 hybrids
combining quality, uniformity, and productivity traits in the same genotypes.

In conclusion, our study will contribute to increase and reinforce the reliability of Italian seed
firms and local activities of the Veneto region associated with the cultivation and commerci‐
alization of Radicchio plant varieties and food products; the seed market of this species will
have the chance to become highly professional and more competitive at the national and
international levels. To uncover the sequence of a given genome means to gain a robust
scientific background and technological knowhow, which in short time can play a crucial role
in addressing and solving issues related to the cultivation and protection of modern Radicchio
varieties. In fact, we are confident that our efforts will extend the current knowledge of the
genome organization and gene composition of leaf chicories, which is crucial in the develop‐
ment of new tools and diagnostic markers useful for our breeding strategies, and allow
researchers for more focused studies on chromosome regions controlling relevant agronomic
traits of Radicchio. In addition, conducting novel research programs for the preservation and
valorization of the biodiversity, still present in the Radicchio germplasm of the Veneto region,
is very important and accomplished through the genetic characterization of the most locally
dominant and historically important landraces using sequenced genome information of
Radicchio presented in this work.
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Radicchio presented in this work.
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Abstract

From a genomic point of view, plants are complex organisms. Plants adapt to the envi‐
ronment, by developing different physiological and genetic properties, changing their ge‐
nomic and expression profiles of adaptive factors, as exemplified by polyploidy studies.
These characteristics along with the presence of duplicated genes/genomes make se‐
quencing with early low-throughput DNA sequencing technologies in plants a challeng‐
ing task. With the development of new technologies for molecular analysis, including
transcriptome, proteome or microarray profiling, a new perspective in the genomic anal‐
ysis was open, making possible to programs in species without genomic maps. The op‐
portunity to extend molecular studies from laboratory model scale toward naturally
occurring plant populations made it possible to precisely answer the longstanding impor‐
tant ecological and evolutionary questions. Some plant species have unique properties
that could help to understand their adaptability to environment, crop production, pest
protection or other biological processes. Molecular studies on non-model plants, includ‐
ing algae, mosses, ferns and plants with very specific characteristics are ongoing.

Keywords: Genome size, NGS, polyploidy, transcriptome, wild materials

1. Introduction

The first wave of plant genome sequencing has passed, and now new era has started in plant
genomics research with new-generation sequence (NGS) strategies, which require a mixture
of economic and scientific needs. Until now, several crops have been sequenced and some

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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others crop´s sequencing is underway, which will greatly help to elucidate unknown biological
processes and the phylogenetic relationship among crop plants. Furthermore, the genomic
data analysis and its integration of the biological systems will help to establish fundamental
models to understand the evolution, development, and adaptability of the plants.

A genomic sequence is an important information for the basic research and understanding of
plant evolution and development. It serves as a tool for engineering new genotypes [1].
Different plant species have different amounts of DNA [2]. The DNA of most plants includes
from 100 million to the largest example of 150 billion base pairs (designed as alphabets),
organized into 20,000 to 50,000 genes [1]. The most important contribution in the field of plant
genome analysis is the discovery that many higher plants share a blueprint gene content. As
distantly related plant taxa, monocots and dicots, which diverged from a common ancestor
about 200 million years ago, retain some common gene order along the genome [1].

The development of new strategies and technologies for genome sequencing, can lead to
development of programs to get a partial (transcriptome) or a complete DNA sequence (whole
genome sequencing (WGS)) for non-model plants. The costs for these projects are now
accessible. The first plant genome sequencing project, represented an effort of several years
and millions of dollars. Now, the costs for the sequencing are in the order of thousands of
dollars and there are new bioinformatics tools available for the analysis of generated sequence
data.

The world’s population depends on a few crops such as rice, wheat, maize, and potato for their
food. In the following decades the world will face the tremendous challenge of feeding the
global population [3]. The study of plant genomics in non-model plants will help to reveal the
genetic factors and biochemical pathways involved in many processes such as flowering,
nutrition, disease, and pest resistance, as well as tolerance of plants to abiotic stresses.

Model organisms are important for biological and agricultural approaches. The research in
model organisms has generated a huge amount of important information on different molec‐
ular factors that contribute to plant growth and development, however it has some limitations
[4]. The study of wild plants will help to overcome these limitations. Wild plants are well
adapted to extreme conditions, and resistant to plant pathogens.

Model organisms, have a limited number of uniform narrow-based genotypic samples or
variability limited to a number of specific plants. The study on how some plants survive in
extreme conditions may also provide some clues about the mechanisms of plant response to
biotic or abiotic stresses. Some non-model organisms are an extraordinary source of plant
secondary metabolites.

The wild plant genotypes sometimes does not look attractive for breeding programs because
of their morphology; however, they are the repository of ancestral genes and very important
sources for the rescue of specific traits.

In Mexico, there are a large number of wild plant populations fit for breeding or sequencing
programs are yet to be identified. Wild plant populations are genetically diverse and are source
of genes that encode proteins potentially used for health, industrial, or ecological purposes.

Plant Genomics90
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2. Non model plants as model for environmental adaptation

The cactus plants of Cactaceae family are an example for a plant that can adapt to several
environmental conditions. One of these plants is Nopal (Opuntia spp.), which belongs to the
genera Opuntia and Nopalea [5]. This is an endemic plant found in semiarid areas in Mexico,
but it grows along the American continent, from Canada to La Patagonia in Argentina, where
environmental conditions are different from each area. Recently, Nopal plants have become
the world´s interesting alternative fruit and forage crop. Only few varieties of nopal fruit
originated from the Mexican nopal germplasm, are available in the market.

The history of first Nopal use in Mexico dates back to the ancient Mesoamerican civilizations;
people used to collect cladodes and fruits from wild materials, for their nutritional qualities
and medicinal purposes. The Spanish conquerors spread Nopal in America and Europe; now
it is cultivated in Italy, Morocco, Tunisia, Greece, Israel, India, Philippines, China, Australia,
South Africa, Brazil, Argentina, Colombia and the United States [6-8].

Although nopal is propagated asexually for commercial purposes, seed propagation is
essential for breeding. Nopal apomixis makes the screening of individual crops obtained from
crosses difficult and complicates the genetic studies [5]. Although no genomic map exists for
this multipurpose plant, several efforts have been made to get some genomic approaches, and
it has been included in the 1000 genomes sequencing program. To date, extensive efforts on
cDNA microarrays, microRNAs (miRNAs) microarrays, mRNA deep sequencing and
molecular markers studies have been made.

To study the genes associated with crassulacean acid metabolism (CAM), an expressed
sequence tag (EST) database of different developmental stages of various tissues was created
[9]. Sequences were assembled and compared with the available plant and genetic databases;
genes involved in circadian regulation and CAM were identified in plants grown under a long
day regime. Three kinds of expression profiles were found: transcripts oscillated with a 24-h
periodicity; transcripts of the light-active genes adapted to cycles of 12-h periodicity; and

arrhythmic accumulation patterns. Some genes were scored best to a 12-h rhythm, suggesting
a difference with Arabidopsis at level of circadian clock gene interactions. The results indicate
that changes at the CAM metabolism are the result of modified circadian regulation at the
transcriptional and posttranscriptional levels [9].

In addition, the gene regulation trough miRNAs has been explored [10]. miRNAs are a class
of small non-coding RNAs that regulate gene expression. A combination of Northern blot and
tissue print hybridization was used, to identify conserved miRNAs expressed during nopal
(Opuntia ficus indica) fruit development. A comparative analysis detected 34 miRNAs ex‐
pressed differentially. These miRNA were clustered different groups and associated with the
different phases of fruit development. Gradual expression of several miRNAs was observed
during fruit development. The work provided the evidence of miRNA expression in the cactus
fruit and the basis for future research on miRNAs in Opuntia [10].

One transcendental work is related to the analysis of genomic content in 23 Opuntia species
by flow cytometry [11]. A main interest on Opuntia genomes was related to the DNA content
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because; almost all the genotypes have a ploidy level of 4x, 8x or 12x; of their genetic com‐
plexity. In four different ploidy levels having 2C-DNA amounts, DNA content ranged from
3.75 Giga base pairs (Gb) (Opuntia incarnadilla Griffiths) to 5.87 Giga base pairs (Gb) (Opuntia
heliabravoana Scheinvar) among the samples analyzed.

The 2C DNA content when compared with other species; such as maize, shows that genome
of Opuntia is less complex than that of maize (Table 1), which makes Opuntia suitable for a
genomic sequencing program.

Common name Scientific name Family Ploidy level
2C genome size

(pg)

2C
genome size

(Gb)

Arabidopsis Arabidopsis thaliana Brassicaceae 2x 0.30 0.29

Soy bean Glycine max Leguminosae 2x 2.31 2.25

Maíze Zea mays Gramineae 2x 13.49 13.19

Tuna charola Opuntia streptacantha Cactaceae 8x 4.64 4.53

Tuna Opuntia megacantha Cactaceae 8x 5.01 4.89

Tuna blanca Opuntia ficus indica Cactaceae 8x 4.90 4.79

Tuna robusta Opuntia robusta Cactaceae 8x 4.98 4.87

Xoconoxtle Opuntia joconostle Cactaceae 8x 4.7 4.59

Table 1. Opuntia DNA content and other plant species

The nopal and its products need a more deeply analysis to maximize the real value of this crop.
It is a multipurpose plant that is very important in the life of the people because it impact on
the economy, nutrition, medicinal practices, and fuel production. Two main aspects are now
in the focus for increasing its crop value:

1. Some crops have been sequenced and some others are in progress, however the nopal is
waiting to be sequenced. Once sequenced, it would help to understand several mechanisms
of plant adaptation to different environments, and will give us clues about controlling the
process for adaptation to extreme conditions in other plants [12].

2. A new important aspect involves miRNAs, which are thought to be fine-tuning mechanisms
in gene regulation [10]. Wrong expression of miRNAs can produce pleiotropic effects on
development. It would be no surprise to discover that several events related to plant adaptation
were under the control of miRNA expression. In the future, the expression of miRNA and
siRNA will serve as tools for the generation of new Opuntia phenotypes. In these experiments
the role of different molecules or pathways involved in seed formation, ripening delay or fruit
development could be revealed.
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3. Non model plants as source of industrial solutions

Development of modern society has led to an increased emission of pollutants into the
environment, from industrial and domestic activities, as well as from mining, agriculture and
crafting [13]. These compounds are a threat to all the organisms; therefore, numerous methods
have been developed to reduce the impact caused by pollution. Conventional methods for the
removal of pollutants in soil and water are often costly and can irreversibly affect the properties
of the soil, as well as the organisms that inhabit those places [14].

Bioremediation is a tool used to clean pollutants in soil and water, and it is referred to the
chemical transformation of pollutants through the use of microorganisms and plants [15]. The
genomic content of plants for remediation has been calculated by different methods, and the
sizes are included in Table 2. As shown in Table 2, there are no genomic complex organisms
and some have been sequenced already.

It is important to consider that there is a great diversity of plants grow under different climates,
which belong to different families. This allows researchers to have a wide variety of candidate
plants that fits the scientific needs. Some plants of the Asteraceae, Brassicaceae and Solanaceae
families have been found as tolerant to different pollutants. According to Lopez et al. [15],
plants use a mechanism to alleviate the environmental stresses, by the following three phases:

(1) Absorption, excretion and detoxification of pollutants; (2) the distribution of pollutants
throughout the plant and their excretion via volatilization; and (3) detoxification of pollutants
by phytoremediation, by any one of the following processes: phytoextraction, rhizofiltration,
phytoestimulation, phytostabilization, phytovolatilization or phytodegradation [15,16].

Phytostabilization allow to reduce the bioavailability and mobility of contaminants, avoiding
underground transport layers or the atmosphere [15,16]. This process is less expensive than
other methods, is easy to apply and aesthetically pleasing.

Phytodegradation is the transformation of organic pollutants in simpler molecules. In certain
instances, degradation products will serve to accelerate plant growth, and other cases the
contaminants are biotransformed. The phytodegradation has been employed for the removal
of explosives, such as TNT, halogenated hydrocarbons, Bis-phenol, PAHs and organochlorine
and organophosphorus pesticides [14].

In phytovolatilization, plants absorb water along with the soluble organic and inorganic
pollutants (As, Se and Hg). Some of the contaminants can reach the leaves and get evaporated
or volatilized into the atmosphere. Plants such as Bigelovii Salicornia, Brassica juncea, Astragalus
bisulcatus and Chara canescens have been used for bioremediation of Se pollution and Arabidopsis
thaliana has been used for bioremediation of Hg [14].

Rhizofiltration uses plants to remove contaminants from water environment through the root.
In rhizofiltration, these plants are grown in hydroponic way. When the root system is well
developed, the plants are introduced into polluted water with metals, where the roots absorb
and accumulate. Numerous aquatic plants have the ability to accumulate pollutants, and some
examples of these are as follows: Scirpus lacustris, Lemna gibba, Azolla caroliniana, Elatine
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trianda, Wolffia papulifera, Polygonum punctatum, Myriophylhum aquaticum, and Mentha palust‐
ris (for Al, As, Au, Cd, Cr, Cu, Cr, Fe, Hg, Mg, Mn, Ni, Pb, Se, Sr, Zn,) [14,15].

Function Species Family
1C

(Gb)
1C

(pg)
Sequencing

year
Reference

Phytoestabilization
Pb, Zn, Cd, As, Cu, Mn

Hordeum vulgare Gramineae 5.1 5.5 2012
International. Barley

Genome
Consortium [17]

Mercury
Phytovolatilization

Arabidopsis
thaliana

Cruciferae 0.125 0.16 2000
Arabidopsis

Genome Initiative
[18]

Phytoextraction
Cd, Zn, Pb, Ni, Ag, Cr, Cu,

Hg,
Brassica juncea Cruciferae 1.49 1.092 -- Johnston et al. [19].

Helianthus
annuus

Compositae 3.5 2.43 2012 Staton et al. [20]

Brassica napus Cruciferae 1.12 1.15 2014 Boulos et al. [21]

Petroleum Contaminants
Degradation

Sorghum bicolor Gramineae 1.68 0.835 2009 Paterson et al. [22]

Medicago sativa Leguminosae 1.75 0.86 2011 Young et al. [23]

Elimination
Cd, Pd, Zn, Cu, Ni, Cr

Brassica nigra Cruciferae 0.632 0.647 -- Johnston et al. [19]

Helianthus
annuus

Compositae 3.5 2.43 2012 Staton et al. [20]

Insecticide
Accumulation

Cucumis sp Cucurbitaceae 0.68 0.66 2009 Huang et al [24]

Cucurbita sp Cucurbitaceae 0.34 0.33 -- Šisko et al. [25]

Phytoextraction
Zn, HgNO3

Helianthus
annuus

Compositae 3.5 2.43 2012 Staton et al. [20]

Table 2. DNA content in Plants used for bioremediation

Phytoextraction or absorption is carried out by the plant roots and accumulation of polluting
metals in the stems and leaves. Some plants used for this approach are: Thlaspi caerulescens;
Sedum alfredii, Viola and Vertiveria baoshanensis; Alyssum murale, Trifolium nigriscens, Psychotria
douarrei, Pruinosa geissois, Homalium guillainii, Hybanthus floribundus, Sebertia acuminata,
Stackhousia tryonii, Pimelea leptospermoides, Aeollanthus biformifolius; Haumaniastrum robertii;
Brassica juncea, Helianthus annuus, Sesbania drummondii and Brassica napus (for Ag; Cd, Cr, Cu,
Hg, Ni, Pb, and Zn) [14,15].
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Phytodegradation in plants and microorganisms is associated with, degradation of organic
pollutants into harmless products and, mineralization into CO2 and H2O. Plants such as
Populus spp. are introduced to absorb the contaminants in soil pores and prevent leaking to
other soil layers [15,26].

4. Perspectives for genome sequencing and genome information from non-
model plants to plant breeding

Next-generation sequencing (NGS), include several and different technologies which has its
own set of characteristics. NGS generates huge amounts of sequence data in a very cost-
effective way [27].

The increased number of WGS projects means that more organisms, are becoming important
genetic models [28]. At the same time, many molecular studies are focusing on natural
variation and adaptation in classical genetic model species, or close relatives of these, such as
Arabidopsis, thus closing the gap between model and non-model organisms.

For example, the assembled genomes could be used as a reference sequence for further
transcriptome analysis or re-sequencing and surveys of genetic variation. They may also be
used to develop other genomic tools, such as proteomics and microarrays hybridization [29].

After the novel transcriptome has been annotated using a genomic reference species, it can be
used as a starting point for more detailed functional characterizations of desired organisms,
using gene ontology databases.

With RNA-seq protocols, or longer sequence reads will also improve applications because
large haplotype blocks including several linked polymorphisms will become available.
Wherein hundreds of genes are analyzed simultaneously. Some of these may be involved in
important phenotypic variation, and this is relevant from the conservation point of view
because such variation may be important to maintain within the population.

In the future, the bottleneck is more likely to be at the bioinformatics rather than in producing
the sequences [30] because a huge number of biologists are trying to order

the genomic data with biological sense. New approaches for data storage and processing will
be needed, because currently available databases might be unable to cope up with the rapid
generation of new sequencing data [31].

5. Conclusions and prospects

Plants provide food for all living organisms, and just 15 crop plants provide 90% of the world’s
food intake [32]. Plant species are responsible for maintaining the balance of the carbon cycle,
for developing and maintaining soil from erosion, and plant products are used as human
medicines [33, 34]. For these reasons, there is great interest in sequencing plant genomes, but
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so far relatively few plant species have been sequenced compared with the hundreds of
thousands of species around the world.

Non-model plants are becoming very attractive sources for different purposes, for their ability
to adaptation to extreme environments and to produce specific metabolites that can be used
for food and medicinal purposes. The materials must be characterized at molecular level to
develop any strategy for the generation of genetic data, that is molecular markers, cDNA
sequencing, and cDNA microarrays, to have reference data to compare with model organisms.

Large complex plant genomes remain a particularly difficult challenge for de novo assembly
for various biological, bioinformatics, and biomolecular reasons. Plant genomes can be nearly
100 times larger than the sequenced mammalian genomes [35]. The next frontier for plant
genomics is to characterize the diversity of genomic variations across large populations, deeply
annotate their functional elements, and develop predictive quantitative models relating
genotype to phenotype.
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Abstract

MicroRNAs (miRNAs) are endogenous non-coding RNAs that play important
regulatory roles in animals and plants by targeting mRNAs for cleavage or transla‐
tional repression. Small RNAs are classified into different types by their biogenesis
and mode of action, such as miRNAs, siRNAs, piRNAs, and snoRNAs. In the case of
miRNAs, this specific type regulates gene expression in plants and animals by
targeting mRNAs for cleavage and translational repression, respectively. Diverse
miRNAs regulate plant development, metabolism, and responses to biotic and abiotic
stresses. The identification of miRNAs has been accomplished in diverse species,
organs and developmental or diverse biotic and abiotic stress conditions. Novel
massive sequencing techniques and further bioinformatics analysis have allowed the
identification of hundreds of miRNAs in Arabidopsis thaliana, Oryza sativa, Malus
domestica, Zea mays, Solanum lycopersicum, and other plants. Functional characteriza‐
tion of a given miRNA in a specific biological context has shown their role in the fine-
tuning mechanisms of posttranscriptional gene regulation. In this chapter, besides
making a summary of genome-wide miRNA profiling in plants, we describe how gain
and loss of function approaches influence plant phenotypes that affect development,
physiology or stress responses, pointing to miRNAs as effective tools for the
generation of new plant phenotypes that improve plant productivity and conserva‐
tion.

Keywords: Gene expression, Plant development, mRNA targeting, miRNA,
sRNAs
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1. Introduction

MicroRNAs (miRNAs) are a class of non-coding endogenous small RNAs (sRNAs) that have
attracted a huge interest from scientists. Experimental and computational approaches have
demostrated that miRNAs play crucial roles during plant growth and development. Expres‐
sion of miRNAs is highly regulated at both the transcriptional and postranscriptional level.

The development of new sequencing technologies has been crucial for the identify of novel
miRNAs and to understand their function in specific process including the adaptation of plants
to extreme environments. Plant development and of course, in the improvement of plants for
human consumption. This book chapter highlights research progress on plant miRNAs and
their various functions on plant growth, development, and stress responses.

2. Plant sRNAs´classification

Regulatory sRNAs are ubiquitous components of endogenous plant transcriptomes, as well as
common  responses  to  exogenous  viral  infections  and  introduced  double-stranded  RNA
molecules (dsRNA). They range from 20 to 24 nucleotides in length. Endogenous sRNAs are
processed from dsRNA precursors sRNAs can be classified based on their origin and func‐
tion. In plants, those derived from single stranded precursors capable of adquiring an imper‐
fect extensive nearly perfect dsRNA precursors hairpin are called hairpin small RNAs (hpRNAS)
and those derived from dsRNA are referred to as small interfering RNAs (siRNAs). Frequent‐
ly, siRNAs fall into one of three additional groups: heterochromatic siRNAs, secondary siRNAs,
and natural antisense transcript siRNAS (NAT-siRNAs; Figure 1) [1].

2.1. Micro-RNAs (miRNAs)

miRNAs are a well-studied subset of hpRNAs defined by the highly precise excision of one or
sometimes a few functional products, which correspond to the mature miRNAs (Figure 1) [1,
2]. miRNAs have a defined set of miRNA targets [1, 3], and individual miRNA families can be
evolutionary conserved [1, 4]. Most plant miRNAs require a member of the DCL1-clade for
their biogenesis, and a member of the AGO1-clade to exert their function, although some
exceptions have been described [1, 5].

Several miRNA families are conserved in plant species, and some are conserved from mosses
to flowering plants [1, 6]. Conserved miRNAs have homologous target mRNAs in several
species, showing that miRNA/target relationships are very stable during plant evolution [1,
3]. However, some relationships between plant miRNAs and their targets can be novel; for
example, miR159 is a highly conserved miRNA that targets MYB transcription factors in
several plant species. Buxdorf et al. [7]; found that miR159 in tomato, also targets SGN-U567133,
a non-MYB mRNA. Expression of SGN-U567133 causes developmental defects, suggesting
that regulation of gene expression trough miR159 of this non-canonical target has a functional
consequence [1].

However, not all plant miRNAs are conserved; some of the miRNAs present in any given plant
species seem to be unique to that species, and some other miRNAs are conserved only be‐
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tween closely related species [1]. The lineage-specific miRNAs are different in some ways from
the more conserved miRNAs. These miRNA have more heterogeneous processing from their
hairpin precursors, and have low abundance, and they are generally encoded by single genes
instead of multiple paralogs [1, 8]. These differences suggest that some lineage-specific miRNAs
could be transient, nonfunctional entities, and categorize them as a distinct subset of miRNAs
(Figure 1) [1].

Figure 1. Hierarchical classification system for endogenous plant small RNAs. Thick black lines indicate hierarchical
relationships. Abbreviations: double-stranded RNA (dsRNA); hairpin RNA (hpRNA); microRNA (miRNA); natural
antisense transcript small interfering RNA (NAT-siRNA); small interfering RNA (siRNA) [1].
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3. Plant miRNAs´ biogenesis

The mode of action of miRNAs between plant and animal kingdoms is different [9]. The
miRNA biogenesis in plants has been documented using Arabidopsis thaliana as a model plant
[10]. Primary miRNAs (pri-miRNAs) are transcribed by the RNA polymerase II (Figure 2),
from regions in between coding genes [11]. The pri-miRNA adquires a hairpin secondary
structure, and its length ranges from approximately 70 to many hundreds of bases [10]. The
protein Dawdle (DDL) is an RNA-binding protein that stabilizes a subset of pri-miRNAs for
the subsequent export to D-bodies [12]. D-bodies are compartments where miRNAs are
processed by the joint action of Serrate (SE) and Hyponastic leaves 1 (HYL1) that together with
Dicer-like 1 (process the pri-miRNA into a precursor-miRNA (pre-miRNA). Susequently,
DCL1 releases the miRNA duplex containing the mature miRNA and the passenger miRNA*
(Figure 2) [13].

Figure 2. miRNA biosynthesis in plants. miRNA biosynthesis complex in nucleus and cytoplasm Dawdle protein
(DDL), binding complex (CDC), Serrate protein (SE), Hyponastic leaves 1 (HYL1), Dicer-like 1 (DCL1), exportin-5 or‐
tholog (HASTY), methylation protein (HEN1), and Argonaute (AGO)
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The miRNA released by DCL1 is exported out of the nucleus through the exportin - 5´ortholog
(HASTY). The pre-miRNA is converted into a mature miRNA, but the double strand persist,
so one of the two strands is the guide strand and the other is the passenger (that gets degraded),
the mature guide miRNA is methylated by HEN1 to prevent the degradation by sRNA
degrading nuclease [14].

The next step is the recruiting of the miRNA by an Argonaute (AGO) protein. In Arabidopsis
thaliana 10 different AGO proteins were are present [15]. the AGO/mature miRNA complex its
finds target mRNA based on the complementarity between the guide sequence and the mRNA,
then it cleaves its target the target thanks to AGO's slicer activity (Figure 2).

4. Plant miRNAs´ function and plant development

A miRNA is a 21–24 nucleotide RNA product of a non-protein-coding gene. Plants, like
animals, have a large number of miRNA-encoding genes in their genomes. Plant miRNAs have
been predicted or confirmed to regulate a variety of processes, such as development, metab‐
olism, and stress responses (Table 1). Plant miRNAs have been predicted or confirmed to
regulate genes encoding various types of proteins. A major category of miRNA target genes
consists of transcription factors or other regulatory proteins that function in plant development
or signal transduction [16]. The first evidence that sRNAs play roles in plant development,
came from mutants with impaired sRNA biogenesis or function [17].

4.1. Auxin signaling

Auxins are critical for plant development and their interaction with the environment. Local
concentration of auxins, as established by polar auxin transport, provides the growth pattern
on the axis of the embryo from root stem cells, and controls primordia outgrowth from
meristems, as well as initiate, lateral root formation, and gravitropic responses.

A number of genes in auxin signaling are confirmed or predicted targets of miRNAs. The TIR1
auxin receptor is a predicted target of miR393 [17] (Table 1). Several auxin response factors,
such as ARF10, ARF16, and ARF17, contain potential binding sites for miR160 [18] and ARF6;
ARF8 have sites for miR167 [19]. In in vivo assays, miR160 can guide the cleavage of ARF10
and ARF16, and miR167 guide the cleavage of ARF8 mRNA [20]. The expression of a miR160-
resistant version of ARF17 (5mARF17) leads to developmental defects with abnormalities, such
as leaf serration, leaf curling, early flowering, altered floral morphology, and reduced fertility
[20]. This indicates that regulation of ARF17 mediated by miR160 is crucial for different aspects
of plant development (Table 1).

4.2. Plant organ boundary formation

Three members of the NAC gene family, CUP-SHAPED COTYLEDON (CUC) 1, 2, and 3, have
overlapping functions on organ boundary formation and in the initiation of shoot apical
meristem (SAM). These three genes are expressed first in the boundaries of embryo cotyledons
and later in the boundaries of floral organs [21].
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miR164 targets CUC1 and CUC2 but not CUC3 [17]. Assays of miR164 overexpression in wild-
type plants (under the control of CaMV35S promoter) lead to floral organ fusion [20] and
cotyledon fusion, in a lower frequency [22]. Expressing a CUC2 resistan version to miR164 can
restore sepal separation in miR164 overexpressing lines [22]. A wild-type plant expression of
CUC1 resistant to miR164 results in changes in sepal (reduced) and petal number (increased)
and broadened leaves [20].

Expression of the CUC2 mir164-resistan version also increased the width of the boundary
domain between sepals [22]. A similar effect was observed in miRNA mutants such as dcl1,
hen1, and hyl1 [22]. The sepal boundary expansion could explain the phenotypes related to
narrow sepals in dcl, hen1, and hyl1 mutants and reduced sepal number in CUC genes. miR164
is potentially encoded by a gene family of three members (MIR164 family), where MIR164c
was identified as a regulator of petal number in flowers [23].

4.3. Polarity at the leaves and floral organs

Leaves and floral organs, are initiated as primordia on the SAM or floral meristems. These
lateral organs have polar structures that develop in the adaxial side in the primordium, and

miRNA TARGET FAMILY TARGETS FUNCTION IN PLANTS

mir156 SBP SPL2, SPL3, SPL4, SPL10 Apical dominance

mir159 MYB
TCP

MYB33, MYB65,
TCP2, TCP3, TCP4,
TCP10, TCP24

Male sterility

mir160 ARF ARF10,ARF16, ARF17 Root development

mir164 NAC CUC1, CUC2, NAC1,
At5g07680, At5g61430

Aging induced cell
death. Senescence

mir166 HD-ZIPIII PHB, PHV, REV, ATHB-8,
ATHB-15

Female sterility
Organ polarity

mir167 ARF ARF6, ARF8 Auxin signaling

mir169 HAP2 At1g17590, At1g72830,
At1g54160, At3g05690

Root architecture
Stress response

mir171 SCL SCL6-III, SCL6-IV Developmental
patterning

mir172 AP2 AP2, TOE1, TOE2, TOE3 Flower development

mir393 bZIP At1g27340
arf10, arf16 and arf17

Auxin signaling
Root development

mir396 GRF GRL1, GRL2, GRL3, GRL7,
GRL8, GRL9

Cell proliferation
Leaf development

mir444 MADS Os02g49840 Defense response

Table 1. miRNA targets and their associated function

Plant Genomics108



miR164 targets CUC1 and CUC2 but not CUC3 [17]. Assays of miR164 overexpression in wild-
type plants (under the control of CaMV35S promoter) lead to floral organ fusion [20] and
cotyledon fusion, in a lower frequency [22]. Expressing a CUC2 resistan version to miR164 can
restore sepal separation in miR164 overexpressing lines [22]. A wild-type plant expression of
CUC1 resistant to miR164 results in changes in sepal (reduced) and petal number (increased)
and broadened leaves [20].

Expression of the CUC2 mir164-resistan version also increased the width of the boundary
domain between sepals [22]. A similar effect was observed in miRNA mutants such as dcl1,
hen1, and hyl1 [22]. The sepal boundary expansion could explain the phenotypes related to
narrow sepals in dcl, hen1, and hyl1 mutants and reduced sepal number in CUC genes. miR164
is potentially encoded by a gene family of three members (MIR164 family), where MIR164c
was identified as a regulator of petal number in flowers [23].

4.3. Polarity at the leaves and floral organs

Leaves and floral organs, are initiated as primordia on the SAM or floral meristems. These
lateral organs have polar structures that develop in the adaxial side in the primordium, and

miRNA TARGET FAMILY TARGETS FUNCTION IN PLANTS

mir156 SBP SPL2, SPL3, SPL4, SPL10 Apical dominance

mir159 MYB
TCP

MYB33, MYB65,
TCP2, TCP3, TCP4,
TCP10, TCP24

Male sterility

mir160 ARF ARF10,ARF16, ARF17 Root development

mir164 NAC CUC1, CUC2, NAC1,
At5g07680, At5g61430

Aging induced cell
death. Senescence

mir166 HD-ZIPIII PHB, PHV, REV, ATHB-8,
ATHB-15

Female sterility
Organ polarity

mir167 ARF ARF6, ARF8 Auxin signaling

mir169 HAP2 At1g17590, At1g72830,
At1g54160, At3g05690

Root architecture
Stress response

mir171 SCL SCL6-III, SCL6-IV Developmental
patterning

mir172 AP2 AP2, TOE1, TOE2, TOE3 Flower development

mir393 bZIP At1g27340
arf10, arf16 and arf17

Auxin signaling
Root development

mir396 GRF GRL1, GRL2, GRL3, GRL7,
GRL8, GRL9

Cell proliferation
Leaf development

mir444 MADS Os02g49840 Defense response

Table 1. miRNA targets and their associated function

Plant Genomics108

they differ from the side that faces away from the meristem (called the abaxial side) [16]. The
polarity of lateral organs is established through antagonistic interactions between two groups
of genes: the class III homeodomain leucine zipper (HD-zip) including PHABULOSA (PHB),
PHAVOLUTA (PHV), and REVOLUTA (REV); the other group includes the KANADI family
(KAN1, 2, and 3) [16, 24]. The HD-zip genes are expressed in the adaxial domain, and the KAN
genes are expressed in the abaxial domain in a differential way. Mutations in PHB, PHV, and
REV genes result in adaxialized leaves and floral organs, and also contribute to the polarity of
the vasculature [16].

Analysis of a particular set of mutants in PHB, PHV and REV revealed their regulation by
miR165/miR166 the wild types, and shown that mutations in the binding sites of miR‐
NA165/166 affecting the regulation of these genes at the miRNA level rather than the activity
of the proteins [16, 18]. In a gain-of-function assays with the phb-d allele, the expression domain
of the gene expands into the abaxial region [16, 25]. It shows that a regulation mediated by
miRNA inhibited the PHB expression in the adaxial domain. The mechanism would be that
degradation of the HD-zip mRNAs by miR165/166 in the abaxial domain clears the mRNAs
from this domain. Also, it was found that miR165/166 causes DNA methylation of the PHB
and PHV genes [26]. The miR165/166-mediated regulation of HD-zip genes is highly con‐
served, and the miR165/166-binding site is very similar among angiosperms, gymnosperms,
ferns, and mosses [27].

4.4. Organ identity in flowers

Floral organs are organized in whorls at the floral meristem. The identities of the floral
primordia are directed by the activities of floral homeotic genes known as the A, B, and C
genes, and the regulation is known as the ABC model [16]. The A and C genes specify the
identities of the perianth and reproductive organs, respectively. Mutations in AGAMOUS
(class C gene) replace the reproductive organs by perianth organs, and mutations in APETA‐
LA2 (class A gene) lead to the loss of perianth. It suggests that A and C genes are antagonists
to their activity within the floral meristem [16].

AP2 contains a binding site for miR172 and is regulated by miR172 in vivo (Table 1). Overex‐
pression of miR172 under the control of CaMV35S promoter causes a reduction in the levels
of AP2 protein, and the phenotypes at the floral structure are similar to those in ap2 mutants
[28]. The overexpression of a miR172 resistant form of AP2 cDNA replaces the reproductive
organs by perianth organs [28]. The expression assays using the AP2 promoter result in severe
floral patterning defects [16, 28]. These results indicate the importance of miR172 in repressing
AP2 in the inner two whorls in floral initiation. As in the HD-zip/KAN/miR165/166 system,
miRNA serves as a negative regulator of one of the two antagonist functions.

Another miRNA, miR159 plays a role in reproductive development (Table 1) by regulating
two MYB-domain transcription factor genes, MYB33 and MYB65. These two genes act
redundantly to prevent the hypertrophy of the tapetum during anther development [29].
miR159 reduces the MYB33 and MYB65 expression to anthers. Transformed plants with
MYB33 (a miR159-resistant version) under its own promoter arrested plant growth at various
stages, suggesting that MYB33 expression by miR159 is critical for plant development [29].
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4.5. Developmental transitions

The SAM generates leaves during the vegetative phase and flowers during the reproductive
phase. The types of leaves produced at vegetative stage that are put out earlier (juvenile leaves)
differ from the ones produced later (adult leaves). These changes between the developmental
states are regulated by sRNAs[16].

miR172 regulates some other AP2-like genes, such as TOE1, TOE2, TOE3, SMZ, and SNZ, in
addition to AP2. The toe1-1 mutation results in an early flowering phenotype. The toe2-1 mutant
does not show a phenotype in flowering time, although the toe1-1 and toe2-1 double mutant
flowers much earlier than the wild type, this indicates that TOE1 and TOE2 are redundant
repressors of the transition from vegetative to reproductive stages [28]. The overexpression of
TOE1 (toe1-1D) provokes a delayed flowering time phenotype. A similar late flowering
phenotype is caused by SMZ and SNZ overexpression [30]. When miR172 is overexpressed in
TOE overexpressed lines, it results in early flowering phenotype, changing the late flowering
phenotype of toe1-1D [28]. Hence, miR172 regulates the transition from vegetative to repro‐
ductive stage through the TOE genes regulation, via translational inhibition. However,
overexpression of miR172 does not lead to a decrease of TOE1 mRNA level, suggesting that
this miRNA regulates different targets with different mechanisms [30].

miR156 overexpression also affects flowering time. 35S::MIR156 plants show a late flowering
phenotype [31]. miR156 targets Squamosa promoter binding protein-like (SPL) transcription
factor genes [18]; the role of spl genes in floral transition needs to be studied. Overexpression
of miR319/Jaw results also in delayed flowering. miR319/Jaw targets to TCP transcription
factors, and the participation of these factors in flowering is unknown [32]. miR159 overex‐
pression leads to delayed flowering under short day conditions [33].

A pronounced vegetative phase change is observed in maize; an AP2-like gene glossy15
promotes juvenile leaf identity and its RNA is only found in juvenile leaves [34]. glossy15
contains a miR172-binding site suggesting that glossy15 is a target of miR172 as demonstrate
in vivo. miR172 expression is correlated with the specification of adult leaf characteristics. It
seems that miR172 clears glossy15 mRNA in adult leaves to promote the vegetative phase
change [35].

4.6. Leaf development

The CINCINNATA (CIN) gene from snapdragon is required for differential regulation of cell
division in leaf morphogenesis, where the resultant phenotype is a flat leaf [36]. CIN is a
member of the TCP family of transcription factors. The overexpression of miR319/Jaw in
Arabidopsis results in the reduction of the mRNA levels in five TCP genes containing miR319/
Jaw-binding sites [32]. Overexpression of a resistant version of TCP2 to miR319/Jaw restores
phenotype of miR319/Jaw overexpression [32].

4.7. sRNA metabolism

DCL1 contains a binding site for miR162 and miR162-guided cleavage products of DCL1
mRNA are detected in vivo [37]. DCL1 mRNA abundance is augmented in mutants defective
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states are regulated by sRNAs[16].
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addition to AP2. The toe1-1 mutation results in an early flowering phenotype. The toe2-1 mutant
does not show a phenotype in flowering time, although the toe1-1 and toe2-1 double mutant
flowers much earlier than the wild type, this indicates that TOE1 and TOE2 are redundant
repressors of the transition from vegetative to reproductive stages [28]. The overexpression of
TOE1 (toe1-1D) provokes a delayed flowering time phenotype. A similar late flowering
phenotype is caused by SMZ and SNZ overexpression [30]. When miR172 is overexpressed in
TOE overexpressed lines, it results in early flowering phenotype, changing the late flowering
phenotype of toe1-1D [28]. Hence, miR172 regulates the transition from vegetative to repro‐
ductive stage through the TOE genes regulation, via translational inhibition. However,
overexpression of miR172 does not lead to a decrease of TOE1 mRNA level, suggesting that
this miRNA regulates different targets with different mechanisms [30].

miR156 overexpression also affects flowering time. 35S::MIR156 plants show a late flowering
phenotype [31]. miR156 targets Squamosa promoter binding protein-like (SPL) transcription
factor genes [18]; the role of spl genes in floral transition needs to be studied. Overexpression
of miR319/Jaw results also in delayed flowering. miR319/Jaw targets to TCP transcription
factors, and the participation of these factors in flowering is unknown [32]. miR159 overex‐
pression leads to delayed flowering under short day conditions [33].

A pronounced vegetative phase change is observed in maize; an AP2-like gene glossy15
promotes juvenile leaf identity and its RNA is only found in juvenile leaves [34]. glossy15
contains a miR172-binding site suggesting that glossy15 is a target of miR172 as demonstrate
in vivo. miR172 expression is correlated with the specification of adult leaf characteristics. It
seems that miR172 clears glossy15 mRNA in adult leaves to promote the vegetative phase
change [35].

4.6. Leaf development

The CINCINNATA (CIN) gene from snapdragon is required for differential regulation of cell
division in leaf morphogenesis, where the resultant phenotype is a flat leaf [36]. CIN is a
member of the TCP family of transcription factors. The overexpression of miR319/Jaw in
Arabidopsis results in the reduction of the mRNA levels in five TCP genes containing miR319/
Jaw-binding sites [32]. Overexpression of a resistant version of TCP2 to miR319/Jaw restores
phenotype of miR319/Jaw overexpression [32].

4.7. sRNA metabolism

DCL1 contains a binding site for miR162 and miR162-guided cleavage products of DCL1
mRNA are detected in vivo [37]. DCL1 mRNA abundance is augmented in mutants defective
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in miRNA biogenesis (such as dcl1 or hen1) [37]. The AGO1 gene is targeted by miR168.
Overexpression of miR168-resistant version of AGO1 affects miRNA function, the phenotype
is a miRNA that targets overaccumulation, and the plants show phenotypes similar to miRNA
biogenesis mutants, such as dcl1, hen1, and hyl1 [38]. AGO2, an argonaute gene, contains a
binding site for miR403 in its 3´-UTR [39]. The regulation of genes involved in sRNA metab‐
olism or function by miRNAs involves a feedback mechanism to ensure an adequate level of
activity for the different the sRNA pathways.

5. miRNAs sequencing and prediction

Since the early beginning of noncoding RNA findings in developmental patterning, research‐
ers have emphasized the bioinformatic challenges [40-42], not only in the miRNA discovery
but also in the target prediction in order to better understand the expression, processing, and
mechanism of regulation through base pairing recognition [12, 43, 44].

Genetic screening and direct cloning approaches work for simple miRNA candidate per event;
therefore, these technologies have been replaced with Northern blotting, qRT-PCR and
miRNA array assays. However, since the availability of next generation sequencing, this kind
of technologies has been more frequently used as an efficient strategy for detailed research on
plant miRNA of a wide variety of species because of the generation of millions of sequences
per run. It can not only identify miRNA but also generate expression profiles. Moreover, big
data analyses require a support of computational tools in order to extract relevant and refined
information [45, 46].

Parallel to the development of deep sequencing strategies, sophisticated computational tools,
and refined databases have played a major role in the effort to obtain a genome-wide profiling
of miRNAs. Because of such effort, MiRBase, TargetScan, Plant Non-coding RNA Database
(PNRD), miRNEST 2.0, and miRDeepFinder have been developed as free-access tools available
for the study of miRNAs [46, 47].

miRBase Database [48] is a public repository first established in 2002. Nowadays, it is managed
by Griffiths-Jones lab at the University of Manchester. In one of its latest version (released v.
21, June 2014) there are a total of 28,645 hairpin precursors and 35,828 mature products all over
across 223 species. Besides, the miRBase includes a functional miRNA information connected
with Wikipedia resource [48].

Tha Plant miRNA Database (PMRD, http://bioinformatics.cau.edu.cn/PMRD/) was created in
2009 by Prof. Zhen Su´s lab to integrate only plant miRNA data from public databases to keep
together sequence information, secondary structure, target genes, and expression profiles [49].
New findings for ncRNA were identified, such as epigenetic regulators. The central focus of
miRNA on the PMRD became limited for regulatory repository of data. PNRD (http://
structuralbiology.cau.edu.cn/PNRD/index.php) is the updated version on PMRD released
with improvements in functional analysis and service [50].

miRNESt was developed in 2012 by the Laboratory of Functional Genomics as a comprehen‐
sive repository for plant, animal and virus miRNAs. In consulted version (miRNEST2.0, http://
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rhesus.amu.edu.pl/mirnest/copy/home.php) are included 522 miRNA from animal and plant
with prediction data cross to 15 external databases, predicted targets for plant candidates
supported by experimental validation, miRNA gene structure, and degradome data [51].

miRDeepFinder is a software developed in order to identify miRNA cross their target from
deep sequencing. This package also provides to analyze miRNA functionality and it is a
specific tool for plant species. From biogenesis, gene regulation as well as target recognition,
abundance miRNA/miRNA* analysis, miRDeepFinder is capable to analyze RNA deep
sequencing.

There are some computational approaches available for miRNA expression as well as miRNA
target determination. Moreover, the false positive data are estimated for around 24-70%,there‐
fore the experimental validation is required to characterize miRNA function [52].

There are methodologies for miRNA function validation at different levels: protein level by
Western blot and mRNA level by qRT-PCR [52]. qRT-PCR is one of the most used techniques
for detection of miRNA expression due for its high sensitivity to miRNA detection, the
capability to identify single nucleotide changes [53]. miR-RACE (PCR-based) is an effective
method to determine the precise sequence of miRNA at their 5´ and 3´ ends, which can
distinguish between members of a miRNA family, and they can determine expression patterns
at different family member levels [53, 54].

Parallel analysis of RNA ends (PARE) is a modification of miR-RACE, deep sequencing, and
bioinformatic analysis for high-throughput sequencing. PARE is also known as degradome or
genome-wide mapping of uncapped transcripts. PARE is used to plant systems manly to
identify large subsets of miRNA targets to direct cleavage [55].

6. Conclusions and perspectives

Genetic, biochemical, and genomic studies have revealed a diverse array of endogenous
sRNAs in plants, and resulted in the identification of several distinct classes of sRNAs. The
study of these sRNAs has increased our knowledge regarding the function of these gene
regulatory molecules.

Traditional computational approaches have made great progress in predicting new miRNAs
in combination with molecular analysis. Most of the miRNAs are likely to be non conserved
and/or species specific; this makes it hard to adapt the current approaches to predict non-
conserved miRNA genes, and how to identify non-conserved miRNAs in non-model species
where a reference genome is not available is an area of intense research.

Studies on miRNA target identification represents a big challenge beyond the identification of
miRNA genes; total number of miRNA targets per miRNA family is still unknown and a large
number of predicted miRNAs have not been validated experimentally. The identification of
miRNA targets will improve our understanding of miRNA-mediated regulation of plant
growth and development. miRNAs regulate gene expression by cleaving mRNA or by
repressing mRNA translation; thus, now it is possible to design artificial miRNAs to suppress
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the expression of a target gene in order to study gene function, similar to the use of alternative
molecular tools (i.e. antisense mRNA) used for studying gene functions.

The use of miRNA to improve plant yields, quality, or resistance to various environmental
stresses including insect and pathogen infection will come with the understanding of miRNA
regulation over specific processes. Future study of miRNAs will provide us with tools for
improving crop growth and quality.
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Abstract

Gene silencing (also known as ribonucleic acid [RNA] interference [RNAi] or interfering
RNA) was first recognized in plants and is considered one of the most significant discov‐
eries in molecular biology in the last several years. These short-chain ribonucleic acid
molecules regulate eukaryotic gene expression. The phenomenon involves a process that
promotes RNA transcripts degradation through complementarity between RNA mole‐
cules and RNAi transcripts, resulting in the reduction of their translation levels. There are
two principal classes of regulatory RNA molecules: small interfering RNAs (siRNA) and
microRNAs (miRNA). Both are generated from the cleavage of double-stranded self-com‐
plementary RNA hairpins by a DICER enzyme that belongs to the RNase III family. Small
RNAs (of about 21–24 nucleotides in size) guide specific effector Argonaute protein to a
target nucleotide sequence by complementary base pairing. Thereby, the effector protein
complex downregulates the expression of RNA or DNA targets. In plants, cis-regulatory
RNAi sequences are involved in defense mechanisms against antagonistic organisms and
transposition events, while trans-regulatory sequences participate in growth-related gene
expression. siRNA also performs neutral antiviral defense mechanisms and adaptive
stress responses. This document is an attempt to scrutinize the RNAi nature in under‐
standing gene downregulation mechanism in plants and some technical applications.

Keywords: Plant gene silencing, RNAi biosafety, RNA-directed DNA methylation, RNA
interference, small interfering RNA

1. Introduction

The discovery of ribonucleic acid (RNA) interference is undoubtedly one of the most important
scientific events of the last decades. The beginning of this fascinating story takes place for the
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first time in the early 1990s, when a few scientists attempted to increase the color in petunia
flowers (Petunia sp.), through the addition of target gene copies involved in pigment biosyn‐
thesis pathways that were joined to very strong promoters and inserted into the petunia
genome. Although respective results showed a decrease in floral color, those expected should
be just the opposite. This meant that some transgenic plant lines used in the experiments
exhibited suppression or co-suppression (gene silencing) that may be coordinated of both the
transgene and the homologous endogenous plant gene. Therefore, it was concluded that plant
tissues exhibiting gene suppression (co-suppression) had showed strong evidence of reduced
steady-state levels of transgene and homologous messenger RNA (mRNA) [1–2].

Plant RNA silencing is divided into transcriptional gene silencing (TGS) and posttranscrip‐
tional gene silencing (PTGS) based on its action target. Although the molecular mechanism
behind this phenomenon was unrecognized, shortly before, the results of co-suppression
assays related to the production of tobacco etch virus (TEV)-resistant plants using transgenic
lines that express the TEV coat protein were published [3–5].

Gene silencing was also referred to gene quelling in plants and fungi and later RNAi in animals.
It is considered a conserved regulatory mechanism of gene expression and has been mostly
characterized in eukaryotic cells. As far as we know, RNA silencing leads to a specific
nucleotide sequencing process in plants that induces mRNA degradation or translation
inhibition at the posttranscriptional level. On the other hand, in plants, it sometimes can cause
epigenetic modifications at the transcriptional level, which depend on a process called RNA-
directed DNA methylation (RdDM) [6–7]. In addition, siRNA-mediated RNA silencing also
serves as natural antiviral defense mechanism (e.g., virus-induced gene silencing [VIGS]) [8].

Since miRNA-mediated gene silencing pathway has emerged as a key regulatory mechanism
for controlling gene expression, recent discoveries have shown that this pathway is composed
of a series of different important components. Among others, it starts with a double-stranded
RNA (dsRNA) trigger, followed by an intermediary processor called DICER (Argonaute
protein) or a DICER-like protein (DCL). This peptide is a member of the endoribonucleases
RNase III family that specifically cleaves dsRNA. The processor product, which consists of
small RNAs (siRNAs or miRNAs) of about 21–24 nucleotides (nt) in size, activates an effector
complex called RISC (RNA-induced silencing complex), where the Argonaute protein (AGO)
(i.e., essential catalytic component) works as a key player to initiate gene expression regulation.
Posteriorly, RNA-dependent RNA polymerase (RDR) amplifies the dsRNA target (siRNAs-
guided AGO) and cleaves the target RNA. These molecular interactions stabilize the dsRNA
substrate to produce secondary siRNAs and maximize the silencing process. The entire
complex is considered a gene silencing suppressor (GSS) [7].

Due to its effectiveness and relative ease of use, gene silencing technique has become a potential
tool in both basic and applied research. Given the fact that phytopathogenic microorganisms
are a major cause of plant diseases, RNA silencing-based resistance proves to be an effective
biotechnological alternative to engineer resistant crops, among other applications. In either
case, it is necessary to generate dsRNA trigger molecules before using RNAi to silence target
genes that help to metabolic engineering of transgenic plants and generation of pest-resistant
crops by inserting into plants a transgene that will produce homologous miRNA sequences.
Finally, the recent discovery of dsRNA in unicellular eukaryotes implies that miRNAs have a
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deep evolutionary history. The last indicates dsRNAs have evolved independently within
eukaryotes through exaptation of their shared and inherited RNAi machinery [9].

2. RNAi machinery: Brief overview of its biogenesis

It is noteworthy that some authors believe that RNAi was first discovered in plants as “co-
suppression” [1–2], but not in worms as PTGS [10]. For creating transgenic plants, several
attempts have been made to engineer more desirable characteristics [11]. This is how the “co-
suppression” concept was coined to explain the ability of exogenous elements to modify gene
expression. Currently, the general comprehension that we have about RNAi emerges from an
evolutionarily conserved gene regulatory mechanism in higher organisms.

It is known that some other molecules related to siRNA (i.e., trans-acting siRNA and repeat-
associated small interfering RNA commonly abbreviated “TAS,” “ta-siRNA” or “tasiRNA”
and “rasiRNA”) repress gene expression through PTGS in plants. All of these molecules are a
class of small RNAs involved in the RNAi pathway [11]. Many times, RNAi is considered a
quelling process because it is the result of overexpression or suppression of specific transgenes.

According to some authors [12–13], dsRNA was characterized in detail after injecting anti‐
sense-stranded RNA into an organism that was an effective way to inhibit gene function. This
was the first attempt to use an antisense RNA approach to inactivate a Caenorhabditis elegans
gene [14]. Due to the above results and thanks to further investigations, it was concluded that
the active molecules that triggered this phenomenon could be considerable amounts of dsRNA
that interfered in vitro RNA transcripts. dsRNA injection into the nematode acted systemati‐
cally to cause posttranscriptional depletion of homologous RNA. This methodology offers a
way of specific and potent inactivation of gene function. It is also known that RNAi acts
systemically when injected into the animal´s tissue, inhibiting gene function.

Through a variety of experiments, it has been suggested that RNAi destabilizes cleaved RNA
after its processing. The nature of RNAi inspired Timmons and Fire [15] to perform a simple
but efficient experiment that produced an astonishing result. Several nematodes were fed with
bacteria that had been engineered to express dsRNA corresponding to C. elegans unc-22 gene.
The organisms showed a similar phenotype (dependent on their food source) to that of unc-22
mutants. The ability to expose a vast number of samples with dsRNA established the basis for
the development of a versatile tool to select RNAi-defective C. elegans mutants as well as target
genes [16]. Small RNA molecules have been described according to their origin and function
(i.e., siRNAs, rasiRNAs, and miRNAs). RNA polymerization may produce dsRNA in nature
(e.g., viruses).

Although it is very common to observe transcript overlapping from repetitive sequences such
as transposons and transgene arrays, dsRNA is rapidly processed into short RNA duplexes of
about 21–28 nucleotides in length. A clear example of the natural function of these molecules
is mRNAs or viral genomic/antigenomic RNAs that are recognized and split to several particles
(translationally repressed). In addition, short RNAs are implicated in guiding chromatin
modification [7]. RNA silencing mechanisms have been also recognized as antiviral defense
against exogenous RNA viruses and random integration of transposable element transcripts.
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The general role of gene silencing only became clear when it was realized that specific genes
in plants and animals encode short forms of fold-back dsRNA5 (precursor molecules of
miRNAs) [17]. There are three different metabolic pathways that induce RNAi and share a
common molecular mechanism. These are currently known as miRNA, siRNA, and Piwi-
associated RNA (RNAi that prevents transposons mobility through the genome), although the
last one has been only found in animals [18]. Gene silencing is part of an miRNA or siRNA
complex that works as splicing pattern to identify nucleotide sequences ready for degradation
via RISC machinery.

The RISC complex is the result of several enzyme couplings involved in RNAi mechanism,
that mediate target mRNA silencing through degradation or translational inhibition. miRNA
production starts from a pre-miRNA (primary miRNA) transcript whose length sequence is
about of 1000 nucleotides and create complementary loops, either single or double, as well as
complementary sequences (5′–3′) [19]. Since this mechanism involves both endogenous and
exogenous microsequences, their precursors produce dsRNA molecules of appropriate size in
order to be linked to an effector protein. This phenomenon is mediated by an endoribonuclease
enzyme (class III; DICER) with different structural domains, although the most important are
those called PAZ (Piwi, Argonaute, and Zwelli) and helicase (i.e., specific amino acid sequence
responsible for unpacking genes). After an intensive search for the enzymatic mechanisms of
gene silencing, DICER enzymes were first recognized as responsible for processing dsRNA to
siRNA in Drosophila [20]. These enzymes contain a helicase and a couple of dimerized RNase
and PAZ domains, although variability among organisms can be observed.

Helicase domains are RNAi precursors, which are perfectly aligned with dsRNA. Moreover,
helicase metabolizes ATP (adenosine triphosphate) to translocate enzymes in order to generate
a large number of sequences [21]. In plant genera such as Arabidopsis, DICER DCL1 (DICER-
like1) proteins converge sequentially with pre-miRNAs for synthesizing loops and posteriorly
with dsRNA of about 21 nucleotides in length. Through partial sequence alterations of RNA
helicase domains caused by point mutations, it has been observed a reduction phenomenon
of the amount of mature miRNA sequences. It is now known that plant DLC1 proteins are
essential for a proper embryonic development [22].

In DICER proteins, PAZ domains have been extensively studied. Structurally, they have
similarities to oligonucleotide–oligosaccharide structures, and theoretically, PAZ domains
recognize the 3′ end of RNA substrates. On the other hand, recent studies have shown that
they link not only the 3′- but also their 5′-phosphorylated substrates, where cleavage positions
are recognized at a distance of 22 nucleotides [23–24]. In the conventional RNAi model, DICER
enzymes interact in the cytoplasm to degrade their substrates prior to the RISC complex
linkage.

DICER enzymes are important siRNA and miRNA intermediary pathways and generate
dsRNA molecules as imperative substrates for Argonaute proteins. DICER are also considered
common effectors of ribonucleoproteinic complexes linked to a single RNA sequence of 20–30
nucleotides complemented to target genes and conduct, at the same time, mRNA degradation
[25]. Argonaute proteins contain four domains: terminally-N, PAZ, middle (MID), and Piwi
terminally-C. The latter is typical of such complexes [26].
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Many organisms express multiple members of this superfamily of proteins. For example, Homo
sapiens, Drosophila melanogaster, and Arabidopsis thaliana express up to 8, 5, and 10 peptides,
respectively. Individual members of each family are highly specialized in carrying out gene
silencing process [23]. One of the most prominent roles of this class is its relationship with pre-
ribosomal RNA synthesis (pre-rRNA) [27]. During the miRNA formation, HASTY proteins
(exporter miRNA proteins) translocate their precursor into the cytoplasm. Subsequently,
double-stranded precursor is dissociated and miRNA guide sequence is incorporated into a
containing AUG protein complex, usually to form a specific RISC complex (miRISC) [28].
AGO1 PAZ domain complex links to miRNA and helps to incorporate miRISC. miRISC–
miRNA complex prevents target gene expression, by either mRNA cleavage or translation
inhibition [29]. In miRNA processing, introns among pre-miRNA sequences are removed
through RNA splicing (posttranscriptional RNA maturation).

Figure 1. Pathway of siRNA-guided posttranscriptional regulation of gene expression. RNA polymerase II is media‐
ting miRNA genes (miR) transcription that generates primary miRNA. DICER (DCL1) processing takes place in the
nucleus through cap-binding complexes (CBC), DAWDLE (DDL), dsRNA-binding RNA protein hypnotastic leaves 1
(HYL1), and Hua enhancer 1 (Hen1) protein interactions. The HASTY (HST1; nucleocytoplasmic transporter activity)
ortholog transports methylated miRNA to the cytoplasm and miRNA is coupled to RISC complex. miRNA guides
miR–RISC complex in order to silence target mRNA by either excision or translational inhibition [99].
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It has been recently discovered that there are ribonucleotide structures at the intermediate
stage of the metabolic complex that allow the synthesis of specific molecules known as
noncoding RNAs (ncRNAs), which are also considered regulatory RNA molecules (of 200
nucleotides) that are not translated into proteins [30]. They are intermediaries of target mRNA
degradation that is finally identified by RISC complex, whose function is defined by different
protein interactions [25]. Endoribonuclease RNase III DICER enzyme is the majorly involved
key in RNAi and miRNA pathways. It plays an important role in assembling the RISC complex
in addition to its catalytic function over microsequences [31].

RNase III DICER family enzymes are important intermediaries for siRNA and miRNA
pathways. These peptides generate dsRNAs that will be linked to an Argonaute protein.
Bacterial RNase III class I enzymes form DICER’s active site, and it comprises a terminally-C
RNase III domain [18]. In addition, prokaryotic enzymes are capable to dimerize and achieve
a cleavage of both strands of dsRNA. DICER enzymes use RNase III pseudodimer domains of
a single polypeptide with a single double-stranded RNA-binding domain (dsDRBD) to
accomplish a similar dsRNA cleavage [32]. PAZ domain of these paired active sites has a
terminal-N domain, and it recognizes the dsRNA end that is characteristic of RNAi interme‐
diaries.

DICER proteins complexity can be attributed to multiple domain levels, ranging from several
combinations of catalytic RNase III as well as the number of differently expressed proteins in
single organism. In a generic RNAi model, DICER enzymes function in the cytoplasm, where
they cleave their substrates before loading into RISC complex [23]. In recent years, DICER
enzymes have been receiving much attention because they are capable of playing an important
role in transcriptional gene silencing. Limited evidence suggests that DICER may also be found
and functional in mammal cells. Among all DICER non-catalytic domains, PAZ has been one
of the most intensively studied domains because of its presence in AGO proteins recognizing
3′-nucleotides of siRNAs [33].

3. Role of miRNAs in plant immunity

Eukaryotic cells are capable of modulating the stability of their miRNAs in response to
environmental and endogenous stimuli and/or to regulate mRNA transcription levels
(regulating mRNA transcript level). Such alterations in reducing mRNA levels are mediated
by RNAi cis regulator and by RNA-binding proteins [34–35].

miRNA sequences are often related to the regulation of various biological processes such as
stress mitigation [36]. Arabidopsis has two miR393a and miR393b genes that are processed
almost identically when they mature and subsequently become miR393 sequences. This
miRNA has been considered a nonfunctional sequence [37]. However, later studies showed
the involvement of these molecules in plant immunity because of their interaction with AGO
proteins during bacterial infections [38]. The sequence has a target gene called MEMB12, which
encodes a structural protein of Golgi apparatus involved in vesicular secretion processes.
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Plants respond to either biotic or abiotic environmental stresses by differential gene expression
and miRNA sequences regulation. In several plant species, increased expression of miR160,
miR167, and miR393 have been observed during drought conditions. It is known that miR393
blocks the expression of a gene encoding auxin receptors, while miR167 and miR160 interfere
with the expression of some genes related to stress responses [39]. In addition, plant miR-
sequences play important regulatory roles in many other processes (refer to Table 1 for some
detailed examples).

Description Annotation Mature sequence Reference

Arabidopsis thaliana
miR156a stem-loop

Regulatory roles through
complementary to mRNA

ath-miR156a-5´ (21-40 nt)
ath-miR156a-3´ (83-104 nt)

[79]

Arabidopsis thaliana
miR167a stem-loop

Target of mRNAs coding for auxin
response factors, DNA binding
proteins related to control
transcription in response to the
phytohormone auxin

ath-miR167a-5´ (19-39 nt)
ath-miR167a-3´ (101-121 nt)

[80]

Arabidopsis thaliana
miR168a stem-loop

Target of mRNAs coding for
Argonaute (AGO1) proteins

ath-miR168a-5´ (18-38 nt)
ath-miR168a-3´ (103-123 nt)

[79]

Arabidopsis thaliana
miR169a stem-loop

Target of mRNA coding for CCAAT
binding factor (CBF)-HAP2-like
proteins

ath-miR169a-5´ (18-38 nt)
ath-miR169a-3´ (190-209 nt)

[81]

Arabidopsis thaliana
miR170a stem-loop

Target of mRNAs coding for GRAS
domain (family of transcription
factors whose members have been
implicated in radial patterning in
roots, signaling by gibberellin and
light signaling

ath-miR170a-5´ (18-38 nt)
ath-miR170a-3´ (190-209 nt)

[82]

Arabidopsis thaliana
miR172a stem-loop

Target of mRNAs coding for
APETALA2-like transcription
factors

ath-miR172a (78-98 nt) [81]

Nicotiana tabacum
miR6020b stem-loop

Regulatory roles through
complementary to mRNA

nta-miR6020b (21-41 nt) [83]

Oryza sativa miR156a stem-
loop

Regulatory roles through
complementary to mRNA

osa-miR172a (7-26 nt) [80]

Physcomitrella patens
miR1049 stem-loop

Regulatory roles through
complementary to mRNA

ppt-miR1049 (89-109 nt) [84]

Populus trichocarpa
miR156d stem-loop

Family of plant non-coding RNA ptc-miR156d (11-30 nt) [85]

Ricinus communis miR156a
stem-loop

Target of mRNAs coding for
Argonaute (AGO1) proteins

rco-miR156a (6-26 nt) [86]
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Description Annotation Mature sequence Reference

Saccharum officinarum
miR408c stem-loop

Regulatory roles through
complementary to mRNA

sof-miR408c (247-267nt) [87]

Selaginella moellendorffii
miR156 stem-loop

Regulatory roles through
complementary to mRNA

smo-miR156c (11-31 nt) [84]

Solanum tuberosum
miR6022-stem-loop

Regulatory roles through
complementary to mRNA

stu-miR6022 (197-217 nt) [83]

Zea mays miR156b stem-
loop

Regulatory roles through
complementary to mRNA

zma-miR156b-5´ (21-40 nt)
zma-miR156b-3´ (86-106 nt)

[88]

Table 1. Examples of representative microsequences and their role in plant physiology

Plants require at least 14 essential minerals coming from the soil for proper development;
therefore, RNAi is involved in both regulation and homeostasis of nutrients [40]. It is worth
mentioning that constructions of genomic libraries have proved to be very valuable for studies
of miRNAs associated with these metabolic processes [41]. Thereby, biotechnological appli‐
cations of miRNAs might require microarray studies helping to discover important miRNA-
associated metabolic responses to water, heat, salt, biotic stress, and UV radiation, as well as
stress-mediated hormonal regulation and nutrient homeostasis, and resulting in future
creations of “biotech” lines resistant to adverse environmental conditions.

Figure 2. Summary of representative plant miRNAs involved in response to stresses. Modified from Kruszka et al.,
2012 [40].
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4. RNAi in crop protection against pest insects

As mentioned above, one of the first researches showing that RNAi could degrade specific
mRNA  sequences,  resulting  in  blocking  of  the  expression  of  certain  insect  genes,  was
conducted in C. elegans, a rhabditoid nematode [14]. The responsible researchers behind the
project shared the Nobel Prize for Medicine in 2006 for what they called “a fundamental
mechanism for controlling the flow of genetic information.” To date, functional genomics
using RNAi technology has been studied in several insect species, including orders such
as Diptera, Coleoptera, Lepidoptera, Isoptera, Orthoptera, Hymenoptera, and Hemiptera,
among others [42].

The functional approach of this tool has been successful in characterizing genes related to
different physiological processes, including development, reproduction, behavior, and
immune systems [43–44]. A viable biological control strategy based on RNAi application
should target a gene that is vital for a proper physiological process as well as require an efficient
delivery method for RNAi triggers. Recent research in insects has shown the in vitro micro‐
injection effect of synthetic double-stranded sequences in embryos [45]. However, although
this delivery method provides a tool for understanding gene function, dsRNA microinjection
may not be feasible for pest control due to its high cost. RNAi potential as biotechnological
tool for controlling insect populations was first demonstrated after oral introduction of dsRNA
into insect body [46]. The study was conducted using Rhodnius prolixus larvae, which were fed
with a dsRNA developed from the genes sequence coding protein called nitrophorin 2
(anticoagulant encoding transcripts), after which a significant decrease of anticoagulant
activity levels on insect´s salivary glands was observed.

In the same year, a research that involved Epiphyas postvittana, a lepidopteran that is capable
of attacking up to 123 different species of dicotyledonous, was conducted [47]. Oral introduc‐
tion of dsRNA target encoding intestinal proteins as well as intermediary pheromone-like
protein synthesis in adult antennas decreased mRNA transcript levels in both tissues. In
addition, assays related to Aedes aegypti showed that RNAi may be induced in insects through
topical application [48]. In this study, dsRNA diluted in acetone caused AaeIAP1 gene
transcription that encodes an inhibitor protein of programmed cell death (apoptosis) in adult
females, remained blocked. Thus, a significant increase in insect’s mortality was observed.

Posteriorly, topical application of such molecules in borer moth larvae Ostrinia furnacalis
showed similar effect. It was observed when RNAi inducer was introduced into larvae by
direct spray of an aqueous solution containing double-stranded ribonucleotides, after which
insects showed stunted growth as well as early death. Moreover, a significant reduction in egg
hatchability compared to controls was observed. Besides, fluorescently labeled dsRNA
molecules persisted in larval stages once they reached the intestine and hemocytes [49].

As mentioned above, artificial in vitro RNAi is expensive. Alternatively, a construction of a
target gene-specific dsRNA vectors, its insertion into insect genomes and subsequent in vivo
expression could be economically beneficial approach. Several recent investigations have
allowed obtaining silencing vectors in bacteria host plants and plant viruses, which have been
successfully implemented to study the expression of specific insect genes [50–53].
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In addition, one way to generate genetically modified nematode-resistant plants is to produce
copies (repeated and inverted) of target gene sequences in the plant tissue so that worms eating
dsRNA-bearing plant material suffer from rapidly induced and triggered RNAi of important
insect gene (s) under target. Although the results of RNAi potential to control insect pests as
well as beneficial insects from parasites and diseases are encouraging, more research is
necessary to understand the barriers and an efficient application. In the last several years,
technical problems were uncovered, although a lot of concerns still remain. Future scientific
efforts will help to solve current obstacles, which should allow this technology to be applied
for integrated pest management (IPM) strategies as a novel way of action [54–57].

5. Gene silencing and viral immunity

Although there is little scientific background related to RNAi potential against various types
of viruses capable of infecting animal cells (e.g., dengue virus and Drosophila) [58–59], some
studies suggest RNAi involvement in plant pathogenicity. Silencing viral suppressors affect
the accumulation and function of siRNAs, including transRNAi-mediated posttranscriptional
gene silencing process that was recently discovered (tasiRNA; trans-acting siRNA). As a result,
abnormal development of host organisms is often triggered [60–61]. As mentioned above, it
can be considered that the effectiveness of RNAi technology was first demonstrated in 1998
[14]. In past decades, RNAi application was a successful tool for controlling various “difficult-
to-eradicate” viral strains causing different pathologies in the wide range of economically
important crops [62].

Plant gene silencing induced by viral agents (i.e., VIGS; virus-induced gene silencing in plants)
is one of the most common techniques that involves RNAi as immune mediator [63]. This
technology allows implementing a system that releases dsRNA sequences in order to identify
target viral genes, which generate multiple resistance mechanisms. In stable transgenic plants,
this manipulation may require sequential processing or cross-linking among dsRNA sequen‐
ces for considerable periods of time [64].

In addition, using RNAi has resulted in increasing immune resistance against viruses in
different plant species, for example, (1) bean golden mosaic geminivirus (BGMV) [65], (2) rice
dwarf virus (RDV) [66], (3) white leaf disease of rice (RHBV) [67], (4) rice tungro baciliform
virus (RTBV) [68], (5) African cassava mosaic virus (ACMV) [69], (6) tobacco rattle virus (TRV)
[70], and (7) citrus tristeza virus (CTV) [71], among others.

Functional approach of VIGS tool proves to be successful in characterizations of various
physiological processes, including gene expression, development, reproduction, behavior,
and immune system [43]. Presence of gene expression inhibitors in development of such
diseases has to be consistent with the fact that inhibitors usually determine pathogenicity
[72–73].  However,  RNAi interaction in host metabolic pathways may not be the leading
cause of infection symptoms because most of viral suppressors show no affection to plant
metabolism [74].
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In the conventional RNAi-mediated pathogenicity models, short ribonucleotide sequences are
derived from infectious viruses, and host subviral RNA-induced gene silencing is carried out
through random sequence complementarities. For example, transcribed gene expression
related to self-complementary RNA hairpins (self-complementary hairpin RNA) encoding
potato spindle tuber viroid sequences (PSTVd) is also capable of inducing viral symptoms in
tomato (Solanum lycopersicon) [75]. Furthermore, RNAi-mediated pathogenicity models have
shown that a darkening effect of tobacco plant, associated to the tobacco mosaic virus (TMV),
is caused by a satellite RNA (i.e., pathogenic RNA molecule). It is strongly inhibited by a
silencing suppressor called P1/HC-Pro. Such wilt symptoms are due to a silencing effect on
the chlorophyll biosynthetic-encoding (CHLI) gene [76–77].

RNAi-mediated gene silencing could be considered a general mechanism for pathogenicity of
subviral RNA because such infective molecules may conduct gene silencing in various ways.
siRNAs have high sequence identity degree with host´s promoter regions, and it may induce
cytosine methylation by RNA-directed DNA methylation (RdDm), leading to transcriptional
inactivation [78–82] as well as gene downregulation [83–87].

Figure 3. Zigzag model for evolution of innate immunity and silencing-based plant defense against viral and non-viral
pathogens. Modified from Jones and Dangl, 2006 [88]. Susceptibility is proportional to PTI + silencing + ETS + ETI.
Plants detect pathogen-associated molecular patterns (PAMPs) as well as host danger-associated molecular patterns
(DAMPs) via pattern recognition receptors (PRRs) to induce pattern-triggered immunity (PTI). Plants additionally de‐
tect viral dsRNA to trigger RNA silencing. Effector-triggered susceptibility (ETS) results from the recognition of NB–
LRR protein activating effector-triggered immunity (ETI; amplified version of PTI that passes a threshold for induction
of hypersensitive response (HR) and programmed death cell (PDC). Pathogens that have lost the specifically recog‐
nized effector/suppressor are selected to help isolates to suppress ETI. NB–LRR plan alleles have evolved and selected
to recognize newly acquired effectors resulting in ETI.

The zigzag model proposed by Jones and Dangl [88] shows the initial perception of pathogen-
associated molecular patterns (PAMPs) as triggered immunity (TI)-based defense response
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(i.e., PAMP-TI) that regulates pathogenic growth and subsequent host infection. However,
successful pathogens promote effector/virulence factors through PTI suppression. As a specific
counteract action for pathogenic effectors, plants have evolved effector-triggered immunity
(ETI), which is considered multiple rounds of effector-triggered susceptibility (ETS) followed
by ETI.

On the basis of the above background, Zvereva and Pooggin [89] considered to extend this
model to plant–virus interactions. On the other hand, because RNA silencing is an evolutionary
conserved mechanism that defends organisms against transgenes and viruses, zigzag model
may be related to specific miR-gene expression linked at the same time to plant innate
immunity.

6. Human health approaches in gene silencing: biosafety and final
considerations

The convention of biological diversity is intended to protect species from potential risks of
genetic modified organisms (GMO), which are the result of applying modern biotechnological
tools. On January 2000, Cartagena Protocol on Biosafety was signed by most of the developed
countries. According to the Article 1 of this document, primary aim is to ensure a proper
protection level in the field of safe transfer and handling of living modified organisms that
may show adverse effects on conservation and sustainable use of biological diversity, consid‐
ering also risks to human health, and specifically focusing on migration of species.

It is known that plant small RNAs help regulate several physiological processes such as growth
and stress responses by attaching target mRNAs to modify their translation. Most people in
the earth live on plant-based diets, and their food contains small RNAs from 19–24 nucleotides
in size, among other bioactive molecules. Due to this fact, it is common that scientific com‐
munity may ask the following: are plant small RNAs capable of regulating gene expression
into the consumer´s genome? [90–91]. Before giving our opinion, some cases of small RNAs/
miRNAs application for customized human gene therapy as well as RNAi relationship to food
security and environmental biosafety will be discussed.

Over 800 human miRNAs have been discovered to date, and exploiting new platforms for
controlling their expression are of urgent need. For example, nanotechnology and biomaterial
synthesis have developed solid knowledge of sensing treatments using miRNAs against
cancer. It is important to understand that human systemic administration using optimized
delivery systems of interfering molecules is critical for proper functioning of miRs. Thereby,
liposome-based nano-vehicles are capable of efficient transporting of miRNAs and antisense
RNA helping to accumulate them easier in the liver, spleen, and kidney [92–94].

If plant-implemented glyco-engineering techniques based on RNAi silencing could reduce
target glycosyltransferases transcripts, virus-like particles (VLPs) production in transgenic
plants may be a reliable path to develop CHIKV (chikungunya) vaccines, for example [95].
Transgenic rice seeds as bioreactor for molecular pharming systems show great promise for
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producing and processing recombinant proteins. Some of the advantages over conventional
plant host or animal bioreactors are the following: (1) high capacity to obtain considerable
expression levels, (2) production cost is lower than that of conventional fermentation, and (3)
high capacity of seed reproduction [96–97].

About two years passed since it was demonstrated the ability of dietary miRNAs to regulate
an animal gene in the liver [98]; however, while a few opinions suggested this was a possible
way of cross-kingdom gene regulation, majority of data suggest gastrointestinal uptake of
dietary plant miRNAs is not possible due to fast acid digestion [99]. On the other hand,
measured tissue and blood dietary miRNA levels reported are so few that their dietary impact
is insignificant.

Since plants can be modified by engineering RNAi pathways to alternatively generate small
RNA molecules, RNAi could generate new crop lines for providing protection against pest
insects (including nematodes), without cross-linking new protein varieties into food. Due to
this fact, credible ecological risk assessments (ERAs) that are primordial tasks for stakeholders
should be constructed. ERAs will allow the characterization of exposure pathways and
potential hazards for RNAi crops (e.g., off- and nontarget effects, genetic mutations, and
polymorphism) [100]. Risks are also associated with genome direct changes in plants for
human consumption, commonly related to newly expressed proteins that eventually show
toxicity and allergenicity. However, when aversely a target gene decreased its expression,
safety implications in particular cases such as when a silenced enzyme substrate accumulates
to toxic levels may be observed [101]. Currently, optimal threshold doses for most food
allergens remain unknown, thereby oral challenges test capable of evaluating the effects of
RNAi consumption should be carried out in the future [102].

Another major concern about using RNAi-transformed plants for improving crops selection
is the use of antibiotic resistance markers because antibiotic resistance genes could raise
environmental risks as these genes may trigger horizontal transfer. In that sense, gene
horizontal transfer will lead to generating antibiotic resistant microorganisms [103]. On the
other hand, transgenic lines such as siRNA-mediated virus-resistant plants may provide a
solution to reduce the indiscriminate use of toxic pesticides [97]. It is worth mentioning that
during an international scientific workshop (June 2014) organized by the European Food Safety
Authority (EFSA), some of the selected key outcomes suggested that bioinformatic analyses
will play an imperative role in the identification of possible human and environmental risk
assessments of RNAi-based plants [104].

According to Yang and colleagues [90], summary of evidence regarding dietary miRNAs
uptake and functionality in mammalian consumers may be divided into two parts: (1)
evidences against: inconsistent exogenous levels in serum typically low, various feeding
studies failed to show absorption of dietary microRNAs, target suppression is shown only in
the initial study, in silico analyses suggest that crossed contamination may be the main cause
of plant microRNA reads in animal tissue; (2) evidences for: oral uptake of miRNAs is well
characterized in nematodes and insects (indirect evidence), detection of RNAi from different
kingdoms (including mammalian organisms), detection of miR-sequences in mice fed with
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cabbages, microRNAs absorbed by humans and mice fed milk, tumor suppression observed
when miRNAs were orally delivered into mice.

7. Conclusions

The general understanding about RNAi nature is an evolutionary conserved gene regulatory
mechanism on superior organisms with several interspecific variations, which allows the
survival of species through the reduction of the number of homologous RNA silencing
proteins.

RNAi molecular bases that are implemented for fighting several diseases caused by biological
agents or extreme abiotic conditions are vital for sustainable agriculture. It has been found that
the existence of several virulence factors caused by phytopathogens related to blocking
recognition patterns and signaling in immune responses. However, despite knowing the
outcome of these physiological processes, it was not entirely clear which could be the molecular
mechanisms that trigger such phenomena. Just a few years ago, the principal pathway was
discovered and now we know that gene silencing is caused by RNAi, whereby it may regulate
gene expression in eukaryote organisms.

It is true that plant metabolic pathways regulate their gene expression through a silencing
phenomenon that emerges from siRNA, miRNA, and tasiRNA; however, all these interfering
molecules share common elements in their biogenesis and structural characteristics, as well as
in action mechanisms involved in common cellular components. Although miRNAs discovery
has delved into the role that RNAi plays in plant gene regulation, more questions arise about
its nature; for example, how exactly trans-acting elements repress gene expression and how
RNA interference is completely involved in the model for evolution of innate immunity and
silencing-based plant defense against viral and nonviral pathogens proposed by Jones and
Dangl? [88]. Likewise, it would be highly interesting to understand why some similar nature
microsequences block the expression of genes encoding auxin receptors while others interfere
stress responses (e.g., miR393, miR167, and miR160, respectively) [39].

Small RNAi-directed gene regulation mechanism was independently discovered in plants,
fungi, worms, and mammalian cells, and scientific attention has been focused mainly on the
regulation of development, biotic and abiotic stress responses, as well as genome stability
through controlling plant gene expression. In addition, the siRNA-mediated RNA silencing
also functions as a neutral antiviral defense mechanism.

Some authors consider the future possibility of having a better approach on the exact location
of target genes from agricultural interest organisms (i.e., crops and insects) by means of
artificial microRNAs generation (amiRNA) [105]. Such projections could improve research in
crop plants and metabolic engineering through developing better predictable and artificial
manipulable microsequences. miRNAs are also being exploited recently as new platforms for
developing solid knowledge in different science fields such as medicine, nanotechnology, and
integrated pest management. Thus, synthesis of RNAi in plant-based biofactories could be
effective in several disciplines involved in forthcoming experiments.
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Recent advances have shown the potential of RNAi for its future role in transgenic plants
against pest insects in the environment [100]. Perhaps the most relevant application will be in
modifying crop–pest interactions so that transgenic lines are capable of producing secondary
metabolites against nematodes and some other pathogens. In fact, some researchers have
proposed to extend this approach for controlling mammalian diseases.

The recent discovery of some of the most important RNAi molecular mechanisms is useful to
discuss future applications in agricultural biotechnology, and attending the resulting food
security concerns emerged from the in situ application of such tool must be imperative. As a
result of a couple of studies on human effects of the consumption of plant foods with high
levels of interfering microsequences, considerable uncertainties become noticeable, for
example, the effect of these microarrays on the metabolism of those who directly consume
engineered plant foods [90].

So far, limited reports related to food security as well as environmental risks involving RNAi
are available, since RNAi biotechnological approaches are very difficult to scrutinize and,
consequently, proofs of concept are difficult to obtain. In the future, potential and limitations
of engineered plants, including alternative strategies for generating low allergic supplies like
low weight proteins, should be studied by using bioinformatic tools followed by the respective
studies (i.e., physiological characterization of transgenic plants, toxicity and allergenicity of
expressed proteins, as well as metabolites production and nutritional characteristics) [102].
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Abstract

Ryegrass grey leaf spot (GLS), which is also called ryegrass blast, is caused by Magna‐
porthe oryzae (anamorph Pyricularia oryzae). It is a serious disease in ryegrasses including
perennial ryegrass (Lolium perenne L.) and Italian ryegrass (L. multiflorum Lam.). Heavily
infected young seedlings die within days, and grass stands can be seriously damaged by
the disease. Thus, the development of GLS-resistant cultivars has become one of the most
important objectives in ryegrass breeding. This chapter provides an overview of the cur‐
rent information regarding molecular marker development in the breeding of GLS-resist‐
ant ryegrass cultivars. It focuses on the pathology of GLS, heritability and breeding of
GLS resistance, and development of molecular markers linked to a major ryegrass GLS
resistance gene.

Keywords: Comparative genomics, Forage grasses, Lolium, Molecular breeding, Resist‐
ance gene

1. Introduction

Perennial ryegrass (Lolium perenne L.) and Italian ryegrass (L. multiflorum Lam.) are taxonom‐
ically related cool-season grasses and are the most cultivated species in the genus Lolium in
temperate regions. Perennial ryegrass is mainly used as turf and for grazing, whereas Italian
ryegrass is primarily grown for hay and silage.

Ryegrass grey leaf spot (GLS), also called ryegrass blast, is a major disease of perennial ryegrass
in the United States [1] and Italian ryegrass in Japan [2-4]. Rice blast and ryegrass GLS are
caused by a common pathogenic fungal species, Magnaporthe oryzae (anamorph Pyricularia
oryzae) [5]. Severely infected young seedlings die within days, and infected ryegrass stands
can cause widespread damage and losses.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Effective GLS management strategies in ryegrass turf include the use of chemical fungicides.
However, the high cost of fungicide application is an important limitation for growers
managing large turf areas [1]. Additionally, overreliance on fungicides may lead to the
development of fungicide-resistant fungal strains [6] and adversely affect nontarget organisms
[7], ultimately resulting in adverse ecological consequences. Furthermore, the bioaccumula‐
tion of fungicides in domesticated animals (e.g., cattle) and its possible effects on the safety of
dairy products are potential problems associated with fungicide use. There are currently no
labeled fungicides effective against GLS in the United States [8] and Japan [3]. Therefore, there
are a limited number of disease management options.

In this context, cultural management practices such as minimizing drought stress, reducing
leaf wetness, avoiding excessive applications of nitrogen, and soil compaction may help to
reduce disease severity [9]. However, these practices often do not work efficiently because the
disease develops rapidly in susceptible ryegrass cultivars [1]. Thus, integrated management
including the use of GLS-resistant cultivars is necessary to establish productive ryegrass
cultural systems.

This chapter focuses on ryegrass breeding for the development of GLS-resistant cultivars. The
main topics covered herein include pathology of ryegrass GLS, diversity and conventional
breeding of GLS-resistant ryegrasses, and development of molecular markers linked to GLS
resistance loci.

2. Pathology of ryegrass GLS

2.1. Taxonomy

In 2002, the causal pathogen of GLS of grass species including ryegrasses (Lolium species) and
rice blast was identified as a new species, M. oryzae (anamorph P. oryzae). This new species was
considered distinct from Magnaporthe grisea (anamorph P. grisea), which is associated with the
grass genus Digitaria. The distinction was based on phylogenetic analyses and laboratory
mating experiments that showed the two species were not interfertile, although there were no
morphological differences between them [5].

In this chapter, the term “M. oryzae” is used. However, it is important to note that a formal
change from M. grisea to M. oryzae has not yet occurred. A proposal for changing the name
based on the results of [5] is allowed under the International Code of Nomenclature for algae,
fungi, and plants (Melbourne Code). A proposal will be submitted to and discussed by the
Nomenclature Committee for Fungi of the International Association for Plant Taxonomy [10].
A final decision on a name change will be made during the Nomenclature Session of the
International Botanical Congress in 2017 [10].

2.2. Population structure and host specificity

Analysis of genomic DNA using molecular markers is the most powerful method for deter‐
mining the population structures of the Magnaporthe species. Repetitive DNA elements such
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as transposons and retrotransposons are often used to generate probes for Southern blotting
experiments during DNA fingerprinting [11-15]. This is because of the diversity in copy
numbers of elements and the richness of polymorphisms around, within, or among the
elements, which might be caused by base substitutions or insertions and deletions. The use of
internal transcribed spacer regions between ribosomal DNAs as probes for DNA fingerprint‐
ing is also common [12, 13]. Similarly, the internal transcribed spacer regions have been
sequenced for population structure analyses [14]. Table 1 lists the repetitive sequences that
have been used to analyze the population structure of Magnaporthe species associated with
grass weeds, turf grasses, and/or forage grasses in addition to major crops such as rice and
wheat (Triticum aestivum) [11-15].

Target Feature Reference

Sequence Result of application

MAGGY Retrotransposon [16] [11, 12]

MGLR-3 Retrotransposon [17] [13]

MGR583 Retrotransposon [18, 19] [12, 14]

MGR586 Transposon [18, 20] [11-14]

Pot2 Transposon [21] [11-15]

rDNA Ribosomal DNA [22, 23] [12-14]

RETRO5 Retroelement [24] [12]

Table 1. Repetitive DNA sequences for DNA fingerprinting of Magnaporthe species associated with grass weeds, turf
grasses, and/or forage grasses

In some cases, probes derived from these repetitive DNA sequences cannot clearly distinguish
between isolates from different hosts. Restriction fragment length polymorphisms (RFLPs)
with single-copy probes derived from long insert-cosmid clones (35–40 kb) are appropriate for
the initial comparison of poorly characterized isolates from different hosts [12]. In addition to
the repetitive DNA sequences, amplified fragment length polymorphisms (AFLPs) can
produce many markers and provide a higher resolution for population structure analyses even
within the same Magnaporthe lineage [25, 26].

Population structures can be determined in dendrograms constructed by analyzing genetic
distances among isolates, which are reflected by differences in the banding patterns obtained
during molecular marker analyses. Dendrograms of ryegrass isolates have often revealed
genetic similarities between ryegrass isolates and isolates from wheat [12-14, 25] and tall fescue
(Schedonorus arundinaceus) [12, 25].

In artificial inoculation conditions, isolates from ryegrasses, wheat, and tall fescue can cause
serious infections in all hosts. Table 2 summarizes the data from six studies on the pathoge‐
nicity of Magnaporthe isolates from ryegrasses, tall fescue, wheat, rice, and/or crabgrass [13-15,
25, 27, 28]. The isolates from ryegrasses are generally avirulent, but can be virulent to rice [13,
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14]. Conversely, although the rice isolates are thought to be unable to cause serious infections
in ryegrasses [13, 14], they are occasionally highly virulent to the plant species [27]. The wheat
isolates are avirulent to rice [14, 27], although the rice isolates are virulent to wheat [13, 27].
Some isolates from crabgrass (Digitariasanguinalis) are virulent to tall fescue [25] and ryegrasses
[25, 28], highly virulent to Italian ryegrass [25] but are avirulent to wheat [14, 25]. Additionally,
isolates from perennial ryegrass, wheat, and rice can infect crabgrass, but these are generally
not highly virulent to crabgrass [14]. Many isolates from tall fescue are avirulent to crabgrass
[25].

Original hosta Inoculated hostb Reference

PR IR TF W R CG

Perennial ryegrass (PR) ++ ++ ++ - [13]

++ ++ +- +- +- [14]

[15]

[25]

[27]

[28]

Italian ryegrass (IR) [13]

[14]

++ ++ ++ [15]

[25]

[27]

++ [28]

Tall fescue (TF) [13]

[14]

[15]

++ ++ ++ ++- - [25]

[27]

[28]

Wheat (W) [13]

++ ++ ++ - + [14]

[15]

++ ++ ++ ++- - [25]

++ ++ ++ ++ - - [27]

[28]

Rice (R) - - + ++ [13]
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Original hosta Inoculated hostb Reference

PR IR TF W R CG

- + - ++ +- [14]

[15]

[25]

++- ++ ++ +- ++ - [27]

[28]

Crabgrass (CG) [13]

- - - - ++ [14]

[15]

+- ++- +- - ++ [25]

[27]

+- [28]

aAccording to [5], the crabgrass isolate might be M. grisea and the others might be M. oryzae.

b+: virulent; ++: highly virulent; -: avirulent; +-: virulent but sometimes fails to infect; ++-: highly virulent but sometimes
fails to infect.

Table 2. Pathogenicity and host specificity of Magnaporthe species during artificial inoculations

In addition to the isolates listed in Table 2, during artificial inoculations, ryegrasses are highly
susceptible to isolates from weeping lovegrass (Eragrostis curvula) [25], and susceptible to
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molecular marker analyses have revealed that although there are genetic differences even in
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wheat blast caused by the cross-infection of ryegrass isolates and vice versa, have been reported
[12]. This may also be the case for weeping lovegrass, in which there are genetic similarities
and cross-pathogenicity among hosts [25]. Therefore, isolates from wheat and/or weeping
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lovegrass may be progenitors of isolates of ryegrasses and tall fescue rather than being directly
responsible for GLS in ryegrasses or tall fescue [12, 25].

3. Diversity and conventional breeding of GLS-resistant ryegrasses

3.1. Heritability and genetic effects of GLS resistance

To breed for GLS-resistant ryegrasses, genetic material conferring resistance to GLS must be
identified. For this purpose, researchers have investigated the diversity among resistant
phenotypes [32-37]. Although most commercial cultivars and experimental lines are suscep‐
tible to GLS, some resistant genotypes have been identified in cultivars and experimental lines
of Italian ryegrass [32-34] and perennial ryegrass [32, 35, 36]. Perennial ryegrass might be the
more GLS-resistant species as resistant phenotypes are more common than in Italian ryegrass
[32]. Additionally, in Italian ryegrass, tetraploid lines were slightly more resistant than diploid
lines [33]. This is also the case in perennial ryegrass.

The diversity in GLS resistance has encouraged breeders to continue to attempt to generate
GLS-resistant cultivars. In outcrossing plants like ryegrasses, a phenotypic recurrent selection
is often used to improve important agronomic traits mainly controlled by genes with an
additive effect. The effects of recurrent selection have been observed in Italian ryegrass and
GLS-resistant experimental lines have been selected [33, 34], indicating that GLS resistance can
be conferred using recurrent selection and is possibly controlled by additive gene effects.

Recurrent selection has also been effective in perennial ryegrass [35, 37]. The broad-sense
heritability estimates were very high at 0.92 [35] and 0.95 [37] without any interaction between
cultivar and environment. These results suggest that GLS resistance is controlled by strong
genetic effects [35, 37]. Further, the phenotypic means of populations composed of selected
individuals were dramatically shifted toward the selected GLS resistance. Therefore, GLS
resistance was thought to be controlled by a few genes and the frequency of the genes in the
selected population rapidly increased during selection cycles [35, 37]. However, much of the
additive gene effects cannot be obtained with only one cycle of selection. The genetic gain
during the second selection cycle was higher than that of the first cycle in the GLS-resistant
phenotype [37].

Narrow-sense heritability and the number of genes having additive effects in GLS resistance
are among the most important considerations for breeders because the additive gene effects
actually reflect the effect of selection. However, these have not been estimated by the studies
mentioned above. Diallel cross analysis is a way to determine narrow-sense heritability,
number of genes having additive effects, general combining ability (GCA), and specific
combining ability (SCA) of parent plants [38-40]. In perennial ryegrass, diallel crosses involv‐
ing six and eight parents have been analyzed to investigate the GCA, SCA, narrow-sense
heritability, and the number of genes involved in GLS resistance [36]. The GCA and SCA were
highly significant and accounted for 80–86% and 7–17% of the total genotypic variance,
respectively [36]. The significant SCA values suggest that dominant genes or those that interact
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with related genes must have been involved in the parents. The considerably higher GCA
values also suggest that GLS resistance is mainly controlled by additive gene effects as
previously concluded [35, 37]. The narrow-sense heritability and number of genes having
additive effects were estimated to range from 0.57 to 0.76 and 2.1 to 4.4, respectively [36].
Results of the diallel cross analysis were consistent with those of the abovementioned studies
[35, 37]. Thus, phenotypic recurrent selection was very effective in improving GLS resistance
in ryegrasses. Because of the quantitative additive gene effects, resistant phenotypes in the
selected lines would be durable although the possibility that some genes with additive effects
might be more important for GLS resistance cannot be ruled out. The gene most responsible
for GLS resistance may be inherited by the next generation and act as a quasi-qualitative major
partial resistance gene.

3.2. Available GLS-resistant ryegrass cultivars

Although almost all of the commercially available cultivars released before 2004 were very
susceptible to GLS [9], many GLS-resistant perennial ryegrass cultivars are currently available
in the United States [41]. In contrast, GLS-resistant Italian ryegrass cultivars are very rare, but
the diploid cultivar “Sachiaoba” [2] in Japan and the tetraploid cultivar “Jumbo” [42] in the
United States have been registered as GLS-resistant in 1998 and 2000, respectively. However,
an article published in 2010 reported a lack of annual ryegrass cultivars resistant to P. grisea in
the United States, which led to the belief that GLS resistance in Italian ryegrass was insufficient
[8]. All of these resistant cultivars have partial resistance, and no completely resistant perennial
ryegrass or Italian ryegrass cultivars have been released. Therefore, continued breeding for
GLS resistance is necessary.

4. Development of molecular markers linked to GLS resistance loci

In addition to conventional breeding, researchers have used molecular breeding techniques
involving molecular markers to develop disease-resistant cultivars of major crops. Developing
resistance to rice blast is a major focus among plant pathologists, and many molecular markers
relevant for the breeding of rice blast-resistant cultivars have been reported [43, 44]. Regarding
ryegrasses, research groups in the United States and Japan have found genetic loci for GLS
resistance and have identified molecular markers linked to the resistance loci in an Italian ×
perennial ryegrass hybrid [45-47] and Italian ryegrass [4, 48, 49].

4.1. Molecular marker development for GLS resistance in an Italian × perennial ryegrass
hybrid

4.1.1. Mapping population derived from Italian × perennial ryegrass hybrid parents

A research group in the United States developed a mapping population consisting of progeny
individuals derived from a cross between Italian × perennial ryegrass hybrid heterozygous
parental clones MFA and MFB [45, 46]. The parental clones were obtained in separate crosses
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between two different grandparental clones of the perennial ryegrass cultivar “Manhattan”
and two different grandparental clones of the Italian ryegrass cultivar “Floregon” (Figure 1).
A second-generation mapping population [47] was then developed. The GLS-resistant MF-8
was selected from the first mapping population and crossed with the GLS-susceptible L4B-5
obtained in a cross between a clonal individual of the forage-type perennial ryegrass cultivar
“Linn” and a clonal individual of the turf-type perennial ryegrass cultivar “SR4400” (Figure 1).

The  grandparental  clones  and  parents  of  the  mapping  populations  could  be  asexually
maintained  and  propagated.  However,  the  grandparental  clones  of  the  Italian  ryegrass
cultivar “Floregon” could not be maintained because of the annuality of this species [46].
Similarly,  the  two  mapping  populations  exhibited  perenniality,  with  each  individual
capable  of  being  clonally  maintained  and  propagated  to  produce  clonal  replicates  for
multiple experiments [45-47].

Modified and combined from [45, 47].

Figure 1. Diagram of crosses for the development of mapping populations over two generations.

4.1.2. Phenotyping of GLS resistance/susceptibility in an Italian × perennial ryegrass hybrid

In two previous studies, seven perennial ryegrass isolates obtained from diseased perennial
ryegrass fairways and one rice lab strain capable of infecting rice and ryegrass were used in
inoculation tests of the parents and grandparents of the first-generation mapping population
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4.1.2. Phenotyping of GLS resistance/susceptibility in an Italian × perennial ryegrass hybrid

In two previous studies, seven perennial ryegrass isolates obtained from diseased perennial
ryegrass fairways and one rice lab strain capable of infecting rice and ryegrass were used in
inoculation tests of the parents and grandparents of the first-generation mapping population
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[45, 46]. Of these, one of the perennial ryegrass isolates, GG9 [45, 46], and the rice lab strain
6082 [46] were chosen and used for quantitative trait locus (QTL) analyses because of their
high sporulation capacity in culture and high virulence [46].

Because the mapping population could be asexually propagated, two inoculation experiments
were independently conducted with three or four replicates in one study [45] and four
inoculation experiments were completed with four replicates in another [46]. The inoculation
experiments were conducted in growth chambers or mist chambers. The GLS resistance/
susceptibility phenotypes of the mapping population were scored based on the rating scale
provided in Table 3. In one study, lesion numbers and proportions of resistant lesions were
recorded because inoculated individuals often had both resistant and susceptible lesions [45].
In another study, the youngest leaves of each plant were used because symptoms were most
severe in these leaves when mixed lesion types occurred on the same plant [46].

Phenotype Score Symptoms

Resistant 0 No visible symptoms

1 Dark brown, non-sporulating 2–3 mm lesions

2 Dark brown, non-sporulating lesions with a small central necrotic area

Susceptible 3 Circular or small diamond-shaped lesions with prominent dark brown borders
and grey or white central sporulating areas

4 Large, expanding, completely unbordered sporulating lesions, often with
chlorotic halos

From [45, 46]

Table 3. Rating scale for grey leaf spot severity in an Italian × perennial ryegrass hybrid

Similar disease reactions and phenotypic segregation patterns were observed in the mapping
population inoculated with the perennial ryegrass isolate GG9, but the results were different
from those of experiments involving the rice lab strain 6082 [45, 46]. In another study, where
the second-generation mapping population was developed, two perennial ryegrass isolates,
including GG9, were used. Each isolate was included in two experiments involving four clonal
replicates of the mapping population [47]. Similar disease reactions and phenotype segregation
patterns were reported for the second-generation mapping population [47]. No symptom-free
individuals were observed throughout these studies [45-47]. The results from these three
independent studies indicate the existence of different factors regulating the host–pathogen
interactions involving perennial ryegrass isolates and a rice lab strain. This is relevant for
determining the Magnaporthe species population structure based on the host specificities
mentioned in Section 2.2.

Similar to the studies mentioned in Section 3.1, the broad-sense heritability for GLS-resistant/
susceptible phenotypes was high in the experiments with the perennial ryegrass isolates with

Genomic Approaches to Developing Molecular Markers Linked to Grey Leaf Spot Resistance Loci in Ryegrasses
http://dx.doi.org/10.5772/61966

153



values of 0.895–0.932 [46] and 0.88 [47]. These results indicate that the GLS resistance of the
mapping populations was mainly controlled by genetic effects.

4.1.3. Detection and mapping of GLS resistance loci in an Italian × perennial ryegrass hybrid

Phenotypic data related to GLS resistance/susceptibility have been analyzed to identify GLS
resistance loci in mapping populations [45-47]. A genetic linkage map was constructed using
RFLP, AFLP, simple sequence repeat (SSR), and random amplified polymorphic DNA markers
[45-47]. Isozyme and morphological markers have also been used [47]. The genetic linkage
map from [46] was described in detail in another study [50]. Probes for RFLP markers were
derived from other well-studied crops such as barley, oat, and rice so that synteny-based
comparative studies among different plant species could be conducted with the constructed
map [51]. In these studies, two sets of genetic linkage maps composed of seven linkage groups
(LGs) derived from both parents were constructed using a two-way pseudo-testcross mapping
strategy [52].

In one study, although results were not shown in detail, QTL analysis detected two genomic
regions for GLS resistance against the perennial ryegrass isolate GG9 [45]. The identified QTLs
were on LG 2 (for proportions of resistant lesions) and LG 4 (for lesion numbers) [45]. The
logarithm of odds (LOD) obtained by interval mapping [53] ranged from about 2.0 to 6.0,
although the LOD scores were not always significant [45]. In addition to these QTL regions,
some regions were noted on LGs 1, 3, and 5, but these were not consistently detected [45].

Isolate GG9 and rice lab strain 6082 were used to inoculate the same population used in [46].
Significant QTLs were detected on LGs 3 and 6 and LGs 2 and 4 for GG9 and 6082, respectively,
indicating that GLS resistance against the different isolates was controlled by different genetic
effects [46]. Percentages of phenotypic variance explained by the QTLs at the highest LOD
scores were 20.1–37.9% for LG 3 and 9.2–10.7% for LG 6 for resistance against GG9, and 8.9–
10.0% for LG 2, and 9.9% for LG 4 for resistance against 6082 [46]. The QTL differences between
the two isolates were expected because the disease reaction and phenotype segregation of the
mapping population were different between the isolates [46] (see Section 4.1.2). Nevertheless,
significant QTLs were detected on LGs 2 and 4 for GLS resistance against GG9 and 6082 [45,
46]. However, the QTL relationships between the two studies cannot be confirmed by their
location on genetic linkage maps because no marker information linked to the QTLs was
provided in [45]. Additionally, the locations of the QTLs for GLS resistance against GG9
differed between the two studies even though the same mapping population was used. This
inconsistency was not explained [46], but differences in the phenotype segregation of the
mapping population during the GG9 inoculation experiments may have been a factor. That is,
in one study, the phenotypic distribution of the mapping population seemed skewed toward
resistance in the first experiment, but there was a trend toward susceptibility in the second
experiment [45]. In the other study, the patterns of phenotype segregation in the mapping
population were consistent and showed a trend toward susceptibility over three experiments
[46]. These differences in the same mapping population may have been caused by unknown
environmental factors that affected the expression of certain genes in the plant hosts and/or
pathogens. Irrespective of the high broad-sense heritability, the values for the phenotypic

Plant Genomics154



values of 0.895–0.932 [46] and 0.88 [47]. These results indicate that the GLS resistance of the
mapping populations was mainly controlled by genetic effects.

4.1.3. Detection and mapping of GLS resistance loci in an Italian × perennial ryegrass hybrid

Phenotypic data related to GLS resistance/susceptibility have been analyzed to identify GLS
resistance loci in mapping populations [45-47]. A genetic linkage map was constructed using
RFLP, AFLP, simple sequence repeat (SSR), and random amplified polymorphic DNA markers
[45-47]. Isozyme and morphological markers have also been used [47]. The genetic linkage
map from [46] was described in detail in another study [50]. Probes for RFLP markers were
derived from other well-studied crops such as barley, oat, and rice so that synteny-based
comparative studies among different plant species could be conducted with the constructed
map [51]. In these studies, two sets of genetic linkage maps composed of seven linkage groups
(LGs) derived from both parents were constructed using a two-way pseudo-testcross mapping
strategy [52].

In one study, although results were not shown in detail, QTL analysis detected two genomic
regions for GLS resistance against the perennial ryegrass isolate GG9 [45]. The identified QTLs
were on LG 2 (for proportions of resistant lesions) and LG 4 (for lesion numbers) [45]. The
logarithm of odds (LOD) obtained by interval mapping [53] ranged from about 2.0 to 6.0,
although the LOD scores were not always significant [45]. In addition to these QTL regions,
some regions were noted on LGs 1, 3, and 5, but these were not consistently detected [45].

Isolate GG9 and rice lab strain 6082 were used to inoculate the same population used in [46].
Significant QTLs were detected on LGs 3 and 6 and LGs 2 and 4 for GG9 and 6082, respectively,
indicating that GLS resistance against the different isolates was controlled by different genetic
effects [46]. Percentages of phenotypic variance explained by the QTLs at the highest LOD
scores were 20.1–37.9% for LG 3 and 9.2–10.7% for LG 6 for resistance against GG9, and 8.9–
10.0% for LG 2, and 9.9% for LG 4 for resistance against 6082 [46]. The QTL differences between
the two isolates were expected because the disease reaction and phenotype segregation of the
mapping population were different between the isolates [46] (see Section 4.1.2). Nevertheless,
significant QTLs were detected on LGs 2 and 4 for GLS resistance against GG9 and 6082 [45,
46]. However, the QTL relationships between the two studies cannot be confirmed by their
location on genetic linkage maps because no marker information linked to the QTLs was
provided in [45]. Additionally, the locations of the QTLs for GLS resistance against GG9
differed between the two studies even though the same mapping population was used. This
inconsistency was not explained [46], but differences in the phenotype segregation of the
mapping population during the GG9 inoculation experiments may have been a factor. That is,
in one study, the phenotypic distribution of the mapping population seemed skewed toward
resistance in the first experiment, but there was a trend toward susceptibility in the second
experiment [45]. In the other study, the patterns of phenotype segregation in the mapping
population were consistent and showed a trend toward susceptibility over three experiments
[46]. These differences in the same mapping population may have been caused by unknown
environmental factors that affected the expression of certain genes in the plant hosts and/or
pathogens. Irrespective of the high broad-sense heritability, the values for the phenotypic

Plant Genomics154

variance explained by the QTLs are considered quite low, indicating there might be undetected
genetic factors with minor effects on GLS resistance/susceptibility [46].

Although the QTLs for GLS resistance may be unstable and sometimes adversely influenced
by environmental factors, the most significant QTL detected on LG 3 [46] might be detectable
in the second generation mapping population developed in [47] (Figure 1). The percentage of
phenotypic variance explained by the QTL on LG 3 at the highest LOD scores was 9.3–10.8%.
Although this is lower than the values reported in [46], it suggests that the QTL is functional
in a population with a different genetic background, which is promising for breeding programs
focused on developing GLS-resistant ryegrass. However, the nearest RFLP marker (CDO460)
closely linked to the major QTL on LG 3 [46] was not mapped in [47]. Therefore, it is necessary
to confirm whether the QTL detected in [47] really corresponds to the QTL detected in [46].

4.2. Molecular marker development for GLS resistance in Italian ryegrass

4.2.1. Mapping population derived from a single cross in Italian ryegrass

Marker development studies involving Italian ryegrass have been completed with F1 mapping
populations obtained from a single cross between resistant and susceptible genotypes [4, 49].
Annuality is a more common characteristic among grass species than the perenniality of the
previously mentioned Italian × perennial ryegrass hybrid (see Section 4.1). Therefore, it might
be difficult to maintain and asexually propagate the Italian ryegrass population to produce
clonal replicates like those used in the studies of hybrid populations [45-47]. Regardless, GLS-
resistant genotypes, which can involve a resistant parent of the mapping population, are very
rare because most Italian ryegrass commercial cultivars are susceptible to GLS, similar to
perennial ryegrass. Thus, it would be ideal if the resistant genotypes could at least be main‐
tained. An in vitro preservation method [54] can be used to maintain and clonally propagate
rare genotypes [55].

4.2.2. Detection of a GLS resistance locus by bulked segregant analysis in Italian ryegrass

A major genetic locus in Italian ryegrass for crown rust resistance has been detected using
bulked segregant analysis (BSA) [56], and AFLP markers tightly linked to the locus have been
developed [57]. Researchers have attempted to detect a GLS resistance locus in Italian ryegrass
[4]. An F1 mapping population was generated from a single cross between a resistant individual
from cultivar “Sachiaoba” [2] as the female parent and a susceptible individual from cultivar
“Minamiaoba” as the male parent. The rating scale used for phenotyping the F1 mapping
population is provided in Table 4.

The inoculation test used during phenotyping was completed only once because of the
annuality of the plant material. Nevertheless, disease severity in the mapping population
segregated in a 1:1 ratio (resistant:susceptible) [4]. This result suggests that resistance is
controlled by one genetic locus. Therefore, the resistance locus was considered a suitable target
detectable by BSA. As predicted, AFLP markers specific for resistant phenotypes were
screened by BSA, and a single genetic linkage map composed of 25 of the screened AFLP
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markers was constructed [4]. Additionally, the cleaved amplified polymorphic sequence
(CAPS) markers derived from Italian ryegrass expressed sequence tags (ESTs) [58] were
mapped. The LG associated with the constructed map could be identified because the CAPS
markers had already been assigned to seven Italian ryegrass LGs [59]. As a result, the p56 CAPS
marker located on LG 5 was mapped, indicating that the resistance locus was on LG 5.
Additionally, a significant QTL was detected by interval mapping. The gene at the identified
resistance locus was designated LmPi1 [4]. Although the results of the QTL analysis, including
LOD score and phenotypic variance, were not described in the study, the raw data were
analyzed for this chapter. The highest LOD score obtained by interval mapping was 7.36, and
the percentage of the phenotypic variance explained by the QTL at the highest LOD score was
19.0%. Although broad-sense heritability of the resistance is unknown, the percentage of the
phenotypic variance was unexpectedly low because the strong effect of a major gene was
expected based on phenotype segregation data. Similar to the results of the Italian × perennial
ryegrass hybrid, the low proportion of the phenotypic variance indicates there might be
undetected genetic factors in other genomic regions that have a minor effect on GLS resistance/
susceptibility (see Section 4.1.3).

4.2.3. Targeted mapping of rice ESTs to the LmPi1 locus

The sequenced rice genome [60] and expanded EST datasets in various plant species enable
comparative genomics studies of model and nonmodel plants, in which collinearity of
molecular markers and genes in syntenic regions can be elucidated. Based on syntenic regions,
high-resolution mapping of genetic loci associated with agronomic traits is possible. This is
true even for nonmodel crops where EST-derived markers can be used to map landmarks and
demonstrate synteny among different species [61-63]. Conserved intron-scanning primers
(CISPs) can be easily developed and used to study nonmodel species [64]. For CISP develop‐
ment, polymerase chain reaction (PCR) primers are designed within relatively conserved
exons nearby boundaries between an exon and a variation-rich intron. Target segments are
generated by PCR where the introns are scanned during the extension step. Polymorphisms
in the PCR products are detected as variations in the introns including base substitutions or
insertions and deletions.

Phenotype Score Symptoms

Resistant 0 Plants with no leaf symptoms

1 Plants with brown spotted or brown spindle-shaped leaf lesions

Susceptible 2 Plants with a few white or grey leaf lesions

3 Plants with leaves covered in lesions

From [4]

Table 4. Rating scale for grey leaf spot severity in Italian ryegrass
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Synteny among ryegrasses, rice, and other grasses such as oat and Triticeae species has been
revealed. Ryegrass LG 5, where the previously mentioned LmPi1 is located, has been shown
to be syntenic to rice chromosome (Chr) 9 [51, 65]. Thus, to enhance the single genetic linkage
map of LmPi1, targeted mapping of rice ESTs to the LmPi1 locus has been attempted using the
F1 mapping population DNA used to detect the LmPi1 locus [48]. The CISPs were designed by
aligning the rice genome sequence and ESTs on rice Chr 9. Polymorphic PCR products were
detected by single-strand conformation polymorphism analysis [48]. Consequently, a single
genetic linkage map spanning 66.3 cM composed of 17 CISP markers and the p56 marker tightly
linked to LmPi1 (see Section 4.2.2) was constructed. There was significant collinearity of marker
orders between rice Chr 9 and the newly constructed map corresponding to ryegrass LG 5 [48].

Recently, the primer design method involving CISPs has been improved for temperate forage
grasses including ryegrasses [66]. Primers were called Conserved Three-prime-End Region
(COTER) primers. They were developed from EST sequences of tall fescue and wheat, and
eight bases at the 3′ end of each primer were identical to rice orthologues, which provided
high transferability in six temperate grasses [66]. The COTER primers have been used for
targeted mapping of a locus for brittleness to a single genetic linkage map in a mutant Italian
ryegrass line (unpublished data), thereby providing further evidence of the high transferability
of these primers.

4.2.4. Detection of a novel major locus for GLS resistance in Italian ryegrass

There has been an attempt to identify a resistance locus using a similar approach to that used
to identify LmPi1 [49]. An F1 mapping population was generated from a single cross between
a resistant individual from the commercial cultivar “Surrey” [67] as the female parent and a
susceptible individual from the cultivar “Minamiaoba” as the male parent. As described in
Section 3.2, the tetraploid cultivar “Jumbo” [42] has been registered as a GLS-resistant cultivar
in the United States. The cultivar was developed by doubling the chromosomes of the diploid
“Surrey.” Thus, it was reasonable to expect that resistance genotypes existed in “Surrey.”
However, different genetic factors were expected from the resistant parent because the source
material was different from that used in the study of LmPi1, which explains why “Surrey” was
chosen as the resistant female parent.

4.2.4.1. Artificial inoculation method using detached leaves

A high heritability of target traits enables very precise QTL analyses. However, the severity of
GLS symptoms in ryegrasses is influenced by environmental factors such as temperature and
humidity [1, 68, 69]. Fluctuations in these factors may prevent accurate phenotyping of GLS
resistance/susceptibility of the mapping population, thereby decreasing the heritability of the
disease reaction. Accordingly, phenotyping in stable environmental conditions may lead to
increased heritability. Additionally, repeated phenotyping in stable environmental conditions
can further moderate environmental effects and increase the accuracy of the phenotype
evaluation.
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Multiple phenotypic evaluations of the Italian ryegrass F1 mapping population infected with
GLS has not been conducted because of the annuality of Italian ryegrass and the fact that GLS
is highly lethal to infected plants. Thus, a novel inoculation method, the filter-paper method,
has been employed for the phenotypic evaluation of F1 mapping populations [70]. This method
can overcome the difficulties of working with Italian ryegrass because it only requires detached
leaves from young seedlings. The rating scale for this method is provided in Figure 2. The scale
is similar to those of other studies [45, 46] (Table 3) but differs because the score is based on
lesion type and not size. More recently, the filter-paper method has been shown to be applicable
to the evaluation of resistance to rice blast [71].

Modified from [70]

Figure 2. Rating scale for grey leaf spot severity used in the filter-paper method.

4.2.4.2. Detection of the LmPi2 locus

Based on the filter-paper method, GLS severity was evaluated twice in young, expanding
leaves and fully expanded leaves under controlled inoculation conditions [49].  A signifi‐
cant correlation was observed for all GLS severity scores at different leaf ages, but higher
correlation coefficients were found between results from the same leaf stage. Additional‐
ly,  results  of  repeated-measures  analysis  of  variance  (ANOVA)  indicated  there  were
significant differences in GLS severity scores among genotypes for all inoculations, whereas
the differences were not significant for inoculated leaves of the same age. This indicated
that the results of the filter-paper method were highly reproducible [49]. Because of this
method,  high broad-sense  heritability  was  determined from the  results  of  the  repeated-
measures ANOVA, with values of 0.701, 0.779, and 0.665 for young leaves, expanded leaves,
and all inoculations, respectively [49].
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The ratios for phenotype segregation of the mapping population were 1:1 for young leaves
and 3:1 for expanded leaves. Therefore, it was concluded that one or two genes controlled GLS
resistance in the mapping population [49]. These results and the high broad-sense heritability
mentioned earlier encouraged the use of BSA to identify the most important genes. Preliminary
analysis with AFLP markers demonstrated that two markers specific to the resistant parent
and resistant bulk were genetically linked. Thus, the two markers along with SSR markers
from a reference map of Italian ryegrass [72] were further analyzed. Because the two SSR
markers were located on LG 3 in the reference map, the resistance locus was predicted to be
located on LG 3. A single genetic linkage map was constructed with the AFLP and SSR markers.
Further, ESTs from rice Chr 1 were converted to CISP markers because LG 3 was syntenic to
rice Chr 1. Grass anchor RFLP probes located on LG 3 [51, 65] were also converted to CISP
markers. The enhanced single genetic linkage map covering 133.6 cM showed significant
collinearity with rice Chr 1 in their marker orders [49]. A significant QTL was also detected by
interval mapping. The highest LOD scores from interval mapping were 13.8, 15.2, and 17.9 for
young leaves, expanded leaves, and total data from four inoculation experiments, respectively
[49]. Percentages of phenotypic variance explained by the QTL at the highest LOD scores were
61.0, 68.1, and 69.5% for young leaves, expanded leaves, and total data from four inoculation
experiments, respectively [49]. The most important point of this study was that, unlike for
LmPi1, the broad-sense heritability score (0.665) and percentage of phenotypic variance
explained by the QTL at the highest LOD score (69.5%) were very similar. In other words,
although only a single genetic linkage map of LG 3 was constructed, most of the genetic factors
for the GLS resistance phenotype in the mapping population can be explained by the functions
of a single gene.

The detected locus is clearly distinguishable from LmPi1 because it is located on a different
LG. Conversely, the QTL detected in [46] with the highest percentages of phenotypic variance
explained was located on the same LG as the detected locus. The two resistance loci could not
be distinguished because there was no common marker around the locus that could be used
as a landmark. However, there were markers close to both loci on LG 3 of the Italian ryegrass
reference genetic linkage map [72]. The genetic distance between the two loci was estimated
to be over 25 cM, suggesting the detected locus is probably not the QTL detected in [46]. The
detected locus was designated LmPi2 [49], which is the second identified GLS resistance locus
in Italian ryegrass.

5. Conclusion

This chapter summarized the advances that have been made in the molecular breeding of GLS
resistance in ryegrasses. Rice blast and GLS are caused by M. oryzae, but rice blast has been
studied more extensively because of the importance of this staple food crop. Nevertheless,
there are still incidences of rice blast leading to considerable yield losses, and numerous issues
regarding this disease require further research. The breeding history of rice-blast-resistant
cultivars is a major consideration during breeding of GLS-resistant ryegrasses. The breakdown
of resistance regulated by a few genes is one of the most important factors related to the
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development of rice-blast-resistant cultivars [44]. Similar concerns would apply to the
breeding of GLS-resistant ryegrass cultivars if a small number of genes mediated the resistance.
Although some genomic regions associated with GLS resistance have been identified, further
studies are required in ryegrasses because our knowledge of GLS resistance is more limited
than our understanding of rice blast resistance. To establish highly productive cultural system
for ryegrasses, synchronized approaches between cultural disease management practices and
breeding for GLS resistance, promoted by advances in plant genomics, are necessary.
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Abstract

During the last 50 years, it has been shown that abiotic stresses influence plant growth
and crop production greatly, and crop yields have evidently stagnated or decreased in
economically important crops, where only high inputs assure high yields. The recent
manifesting effects of climate change are considered to have aggravated the negative ef‐
fects of abiotic stresses on plant productivity. On the other hand, the complexity of plant
mechanisms controlling important traits and the limited availability of germplasm for tol‐
erance to certain stresses have restricted genetic advances in major crops for increased
yields or for improved other traits. However, some level of success has been achieved in
understanding crop tolerance to abiotic stresses; for instance, identification of abscisic
acid (ABA) receptors (e.g., ABA-responsive element (ABRE) binding protein/ABRE bind‐
ing factor (AREB/ABF) transcription factors), and other regulons (e.g., WRKYs, MYB/
MYCs, NACs, HSFs, bZIPs and nuclear factor-Y (NF-Y)), has shown potential promise to
improve plant tolerance to abiotic stresses. Apart from these major regulons, studies on
the post-transcriptional regulation of stress-responsive genes have provided additional
opportunities for addressing the molecular basis of cellular stress responses in plants.
This chapter focuses on the progress in the study of plant tolerance to abiotic stresses,
and describes the major tolerance pathways and implicated signaling factors that have
been identified, so far. To link basic and applied research, genes and proteins that play
functional roles in mitigating abiotic stress damage are summarized and discussed.

Keywords: abiotic stress, climate change, crop improvement, transcription, regulatory
proteins

1. Introduction

Abiotic stress is defined as the negative impact of non-living factors on living organisms in a
specific environment. Abiotic stresses, such as drought, salinity, low or high temperatures and
other environmental extremes are the major cause of poor plant growth and reduced crop
yields in the world [1]. Drought alone affects 45% of the world’s agricultural land, whereas
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variation exhibited by most crops due to domestication bottlenecks. The recent reports that
the cultivated gene pool of major cereal crops, e.g., rice, maize and wheat, has reduced in
genetic variation compared to wild relatives [10–12],  raises concern,  and could probably
undermine the current efforts to identify genetic sources of resistance within the cultivated
genepools. It is important, therefore, to consider exploring alternative sources of resistance
by incorporating modern techniques into traditional breeding strategies to develop stress-
tolerant crops (Figure 2).

Recently, with the support of genomics, targeted genetic studies involving QTL mapping and
validation, identification of key regulatory genes, e.g., genes encoding for ABA receptors,
developments in transcriptional and post-transcriptional regulation of stress-responsive genes
and studies on hormonal interactions during plant response to stress, have provided oppor‐
tunities for understanding cellular stress responses in plants. Moreover, the emergence of deep
sequencing technologies, proteomics, metabolomics and epigenetics, has remarkably provid‐
ed novel possibilities to understand the biology of plants and consequently to precisely
develop stress-tolerant crop varieties. Amongst the techniques that are currently being

Figure 1. Abiotic stress response in plants. Primary stresses, including drought, salinity, cold, heat, and submergence,
are often interconnected and cause cellular damage and secondary stresses, such as osmotic and oxidative stresses. The
initial stress signals (e.g., osmotic and ionic effects or membrane fluidity changes) are perceived by membrane recep‐
tors that transmit the signals downstream to trigger transcription, which is regulated by hormones, transcription factor
binding proteins (TFBPs), miRNAs, and transcription factors (TFs) to precisely activate stress responsive mechanisms
to re-establish homeostasis and protect and repair damaged proteins and membranes. Inadequate response at one or
several steps in the signaling and gene activation levels may ultimately result in irreversible changes of cellular ho‐
meostasis and in the destruction of functional and structural proteins and membranes, leading to cell death.
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19.5% of irrigated agricultural lands are considered saline [2, 3]. Moreover, 16% of the
agricultural rice land of the world suffers from flash flooding [4]. A combination of two or
more abiotic stresses, e.g., drought and heat stress also occurs in field situations and causes
more severe crop yield reductions than a single stress [5]. With increasing challenges posed
by climate change, it is predicted that warming, drought, floods and storm events will become
even more frequent and severe, and will further reduce crop yields, especially in the tropics
and subtropics.

Abiotic stresses commonly induce overproduction of reactive oxygen species (ROS) causing
extensive cellular damage and inhibition of physiological processes in plants. Although anti-
oxidative mechanisms would be an immediate endogenic choice of the plants to counter ROS
production, this mechanism can be impaired by abiotic stresses causing a rise in ROS intra‐
cellular concentration and an increase in the damage. To survive under such conditions, plants
have evolved intricate mechanisms, allowing optimal responses that enable adaptation or
avoidance of the stress. These plant responses are regulated at all levels of organization. At
the cellular level, responses include adjustments of the membrane system, modifications of
cell wall architecture, changes in cell cycle and cell division, and synthesis of specific endog‐
enous and low-molecular-weight molecules, such as salicylic acid, jasmonic acid, ethylene and
abscisic acid [6]. An overview of changes that may occur under different abiotic stress
conditions is presented in Figure 1.

At the genomic level, plant responses include the expression of stress-inducible genes involved
in direct plant protection against stresses [3, 7, 8]. A broad range of abiotic stress induced genes
are divided into two functional categories: and regulatory proteins. The first group consists of
genes encoding for membrane proteins, enzymes for osmolyte biosynthesis, detoxification
(glutathione S-transferases, superoxide dismutases, dehydrins, dehydroascorbate reductases,
quinine reductases and ascorbate peroxidases) and proteins for macromolecular protection
(such as LEA protein, anti-freezing proteins, chaperons and mRNA binding protein) [2]. The
second group comprises genes encoding for transcription factors (e.g., DREBPs), protein
kinases (e.g., SRK2E), receptor protein kinases, ribosomal-protein kinases and signal trans‐
duction proteinases (such as phosphoesterases and phospholipase C). Alterations in the
phenylpropanoid pathway in which lignin biosynthesis intermediates are produced also occur
under abiotic stress conditions. Moreover, increased accumulation of wall-linked phenolic
compounds, for instance, in maize root elongation zone and the polyphenol content in cotton
have been linked to stress response [9]. The same authors have shown the role of flavonoids,
isoflavonoids, terpenoid and nitrogen-containing secondary metabolites such as glucosino‐
lates alkaloids in abiotic stress response.

Thus, abiotic stress tolerance in plants is a complex trait, involving many different metabolic
pathways and cellular and molecular components.

In the past 100 years,  conventional breeding (Figure 2;  based on observed variation and
controlled mating) approaches have randomly exploited these plant tolerance mechanisms
with limited success. Moreover, in vitro induced variations have also shown little progress
in  the  improvement  of  plants  against  abiotic  stresses.  These  conventional  breeding  ap‐
proaches are limited by the complexity of stress tolerance traits coupled with less genetic

Plant Genomics168



variation exhibited by most crops due to domestication bottlenecks. The recent reports that
the cultivated gene pool of major cereal crops, e.g., rice, maize and wheat, has reduced in
genetic variation compared to wild relatives [10–12],  raises concern,  and could probably
undermine the current efforts to identify genetic sources of resistance within the cultivated
genepools. It is important, therefore, to consider exploring alternative sources of resistance
by incorporating modern techniques into traditional breeding strategies to develop stress-
tolerant crops (Figure 2).

Recently, with the support of genomics, targeted genetic studies involving QTL mapping and
validation, identification of key regulatory genes, e.g., genes encoding for ABA receptors,
developments in transcriptional and post-transcriptional regulation of stress-responsive genes
and studies on hormonal interactions during plant response to stress, have provided oppor‐
tunities for understanding cellular stress responses in plants. Moreover, the emergence of deep
sequencing technologies, proteomics, metabolomics and epigenetics, has remarkably provid‐
ed novel possibilities to understand the biology of plants and consequently to precisely
develop stress-tolerant crop varieties. Amongst the techniques that are currently being

Figure 1. Abiotic stress response in plants. Primary stresses, including drought, salinity, cold, heat, and submergence,
are often interconnected and cause cellular damage and secondary stresses, such as osmotic and oxidative stresses. The
initial stress signals (e.g., osmotic and ionic effects or membrane fluidity changes) are perceived by membrane recep‐
tors that transmit the signals downstream to trigger transcription, which is regulated by hormones, transcription factor
binding proteins (TFBPs), miRNAs, and transcription factors (TFs) to precisely activate stress responsive mechanisms
to re-establish homeostasis and protect and repair damaged proteins and membranes. Inadequate response at one or
several steps in the signaling and gene activation levels may ultimately result in irreversible changes of cellular ho‐
meostasis and in the destruction of functional and structural proteins and membranes, leading to cell death.

Advances in Plant Tolerance to Abiotic Stresses
http://dx.doi.org/10.5772/64350

169

variation exhibited by most crops due to domestication bottlenecks. The recent reports that
the cultivated gene pool of major cereal crops, e.g., rice, maize and wheat, has reduced in
genetic variation compared to wild relatives [10–12],  raises concern,  and could probably
undermine the current efforts to identify genetic sources of resistance within the cultivated
genepools. It is important, therefore, to consider exploring alternative sources of resistance
by incorporating modern techniques into traditional breeding strategies to develop stress-
tolerant crops (Figure 2).

Recently, with the support of genomics, targeted genetic studies involving QTL mapping and
validation, identification of key regulatory genes, e.g., genes encoding for ABA receptors,
developments in transcriptional and post-transcriptional regulation of stress-responsive genes
and studies on hormonal interactions during plant response to stress, have provided oppor‐
tunities for understanding cellular stress responses in plants. Moreover, the emergence of deep
sequencing technologies, proteomics, metabolomics and epigenetics, has remarkably provid‐
ed novel possibilities to understand the biology of plants and consequently to precisely
develop stress-tolerant crop varieties. Amongst the techniques that are currently being

Figure 1. Abiotic stress response in plants. Primary stresses, including drought, salinity, cold, heat, and submergence,
are often interconnected and cause cellular damage and secondary stresses, such as osmotic and oxidative stresses. The
initial stress signals (e.g., osmotic and ionic effects or membrane fluidity changes) are perceived by membrane recep‐
tors that transmit the signals downstream to trigger transcription, which is regulated by hormones, transcription factor
binding proteins (TFBPs), miRNAs, and transcription factors (TFs) to precisely activate stress responsive mechanisms
to re-establish homeostasis and protect and repair damaged proteins and membranes. Inadequate response at one or
several steps in the signaling and gene activation levels may ultimately result in irreversible changes of cellular ho‐
meostasis and in the destruction of functional and structural proteins and membranes, leading to cell death.

Advances in Plant Tolerance to Abiotic Stresses
http://dx.doi.org/10.5772/64350

169

19.5% of irrigated agricultural lands are considered saline [2, 3]. Moreover, 16% of the
agricultural rice land of the world suffers from flash flooding [4]. A combination of two or
more abiotic stresses, e.g., drought and heat stress also occurs in field situations and causes
more severe crop yield reductions than a single stress [5]. With increasing challenges posed
by climate change, it is predicted that warming, drought, floods and storm events will become
even more frequent and severe, and will further reduce crop yields, especially in the tropics
and subtropics.

Abiotic stresses commonly induce overproduction of reactive oxygen species (ROS) causing
extensive cellular damage and inhibition of physiological processes in plants. Although anti-
oxidative mechanisms would be an immediate endogenic choice of the plants to counter ROS
production, this mechanism can be impaired by abiotic stresses causing a rise in ROS intra‐
cellular concentration and an increase in the damage. To survive under such conditions, plants
have evolved intricate mechanisms, allowing optimal responses that enable adaptation or
avoidance of the stress. These plant responses are regulated at all levels of organization. At
the cellular level, responses include adjustments of the membrane system, modifications of
cell wall architecture, changes in cell cycle and cell division, and synthesis of specific endog‐
enous and low-molecular-weight molecules, such as salicylic acid, jasmonic acid, ethylene and
abscisic acid [6]. An overview of changes that may occur under different abiotic stress
conditions is presented in Figure 1.

At the genomic level, plant responses include the expression of stress-inducible genes involved
in direct plant protection against stresses [3, 7, 8]. A broad range of abiotic stress induced genes
are divided into two functional categories: and regulatory proteins. The first group consists of
genes encoding for membrane proteins, enzymes for osmolyte biosynthesis, detoxification
(glutathione S-transferases, superoxide dismutases, dehydrins, dehydroascorbate reductases,
quinine reductases and ascorbate peroxidases) and proteins for macromolecular protection
(such as LEA protein, anti-freezing proteins, chaperons and mRNA binding protein) [2]. The
second group comprises genes encoding for transcription factors (e.g., DREBPs), protein
kinases (e.g., SRK2E), receptor protein kinases, ribosomal-protein kinases and signal trans‐
duction proteinases (such as phosphoesterases and phospholipase C). Alterations in the
phenylpropanoid pathway in which lignin biosynthesis intermediates are produced also occur
under abiotic stress conditions. Moreover, increased accumulation of wall-linked phenolic
compounds, for instance, in maize root elongation zone and the polyphenol content in cotton
have been linked to stress response [9]. The same authors have shown the role of flavonoids,
isoflavonoids, terpenoid and nitrogen-containing secondary metabolites such as glucosino‐
lates alkaloids in abiotic stress response.

Thus, abiotic stress tolerance in plants is a complex trait, involving many different metabolic
pathways and cellular and molecular components.

In the past 100 years,  conventional breeding (Figure 2;  based on observed variation and
controlled mating) approaches have randomly exploited these plant tolerance mechanisms
with limited success. Moreover, in vitro induced variations have also shown little progress
in  the  improvement  of  plants  against  abiotic  stresses.  These  conventional  breeding  ap‐
proaches are limited by the complexity of stress tolerance traits coupled with less genetic

Plant Genomics168



exploited to develop stress-tolerant plants, alongside basic molecular biology, there are
molecular breeding methods, including development of functional molecular markers to aid
in marker-assisted selection, horizontal gene transfer and genome editing tools such as
CRISPR/Cas9, to develop genetically modified plants with new or improved characteristics.

In this chapter, we reviewed the plant responses to various abiotic stresses, and focus on
genetic and molecular components that function to confer stress tolerance in plants.

2. Advances in plant tolerance to drought

Drought tolerance in plants is the ability to survive and produce stable yields under water
scarcity during various stages of crop growth. Principally, drought stress occurs when the soil
water potential falls between −0.5 and −1.5 MPa. This affects plants by decreasing the photo‐
synthetic rate through photo-oxidation and enzyme damage, thereby decreasing the amount
of assimilates available for export to the sink organs [13]. Besides this, carbohydrate metabo‐
lism in plants is severely altered, ultimately affecting both biological and economical yield [14].

Figure 2. Overview of the traditional and modern approaches in plant breeding. In conjunction with the technological
advancements, marker-assisted backcrossing (MABC) and marker-assisted recurrent selection (MARS) schemes, which
target an individual marker or set of markers showing significant association with QTLs, are progressively evolving
into a modification of MAS, permitting the selection of the desirable genotypes on the basis of genome-wide marker
information or genomic selection (GS).
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Evidence from several studies has shown that plants respond to drought, like many other
abiotic stresses, by inducing cellular damage and secondary stresses, such as osmotic and
oxidative stresses. These secondary stresses induce initial stress signals (e.g., osmotic and ionic
effects and membrane fluidity changes) that are perceived by membrane receptors (sensors).
The perceived signals are transmitted downstream to trigger transcription, which is regulated
by phytohormones, transcription factor binding proteins (TFBPs), cis-acting elements and
miRNAs. Based on the biological functions, the role of these transcriptional regulators and the
regulated genes that encode functional proteins or other products to protect plant cells directly
from damage is well described [15].

The phytohormone—abscisic acid—acts as a central regulator in the response and adaptation
of plants to drought conditions. The various physiological reactions regulated by ABA,
including stomatal closure, accumulation of osmoprotectants, changes in gene expression, and
other phytohormones have been characterized at the molecular level [16]. The molecular
mechanisms of ABA synthesis, transport and signaling in relation to the plant’s response to
stress are also reasonably well described [17]. ABA signals are perceived by different cellular
receptors. The nucleocytoplasmic receptors PYR/PYL/RCARs (pyrabactin resistance/pyrabac‐
tin resistance-like/regulatory component of ABA receptors) have been suggested to be the
primary sensors that bind ABA and inhibit type 2C protein phosphatases (PP2Cs) [18].
Inactivation of PP2Cs leads to accumulation of active sucrose non-fermenting-1 (SNF1)-related
protein kinases (SnRK2s), which interacts with ABA-responsive TFs, ABA-responsive promoter
elements (ABREs) and ABRE-binding protein/ABRE-binding factors (AREB/ABF) to regulate
transcription of downstream target genes and related physiological processes [19]. Drought
also induces changes in calcium ion levels, which activates calcium-dependent protein kinases
(CDPKs) via calmodulin-like domain. The activated CDPKs regulate downstream components
of calcium signaling. For instance, OsCPK4 overexpressing rice plants exhibit increased water-
holding capacity under drought or salt stress [20]. Genetic manipulation of RLK genes,
including OsSIK1 that acts as a positive regulator of drought stress responses, is also well
reported [21]. Other secondary signaling molecules, including phosphatases (serine/threonine
phosphatases) and phospholipids such as phosphoinositides, nitric oxide, cAMP and sugars,
play an important role in signal transduction [22]. Examples of phosphatases include the wheat
phosphatase TaPP2Ac-1 that exhibited less wilting under water-deficit conditions than non-
transformed controls [23].

Numerous TF families such as myeloblastosis oncogene (MYB), dehydration-responsive
element binding proteins (DREB), basic leucine zipper domain (bZIP), WRKYs and the NAC
(NAM, ATAF and CUC) are directly or indirectly regulated by endogenous ABA signaling
during drought stress [24]. Many MYB genes involved in plant response to drought stress are
functionally characterized, including AtMYB15, which was shown to enhance drought
tolerance, and sensitivity to ABA [25]. WRKY proteins, including ABA-inducible OsWRKY45,
OsWRKY11 and OsWRKY08, are upregulated by drought stress [26]. AP2/ERF family is another
large group of plant-specific TFs that have been demonstrated to be effective in enhancing
drought tolerance in plants. For instance, overexpression of AP2/ERF genes, e.g., GmERF3 in
soybeans, has been reported to enhance tolerance to drought [27]. In addition, DREB2s, e.g.,
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lism in plants is severely altered, ultimately affecting both biological and economical yield [14].

Figure 2. Overview of the traditional and modern approaches in plant breeding. In conjunction with the technological
advancements, marker-assisted backcrossing (MABC) and marker-assisted recurrent selection (MARS) schemes, which
target an individual marker or set of markers showing significant association with QTLs, are progressively evolving
into a modification of MAS, permitting the selection of the desirable genotypes on the basis of genome-wide marker
information or genomic selection (GS).

Plant Genomics170



ZmDREB2.7, are candidates for drought stress tolerance in maize [28]. The bZIP TFs have also
been reported to enhance plant tolerance to stress and hormone signal transduction, e.g.,
OsbZIP23 in rice [29] and ZmbZIP72 in maize [30]. Within the NAC family, RD26 (responsive to
dehydration 26) was the first NAC gene identified as a regulator in mediating crosstalk between
abscisic acid and jasmonic acid (JA) signaling during drought stress responses in Arabidopsis
[31]. Overexpression of other NAC genes, including ANAC019, ANAC055 and ANAC072, has
been shown to confer drought tolerance in transgenic Arabidopsis [32]. Similarly, overexpres‐
sion of SNAC1, OsNAC10 and OsNAC5 driven by a root-specific promoter RCc3 confers
increased drought resistance under field conditions [33, 34]. The nuclear factor Y (NF-Y) TFs
are emerging as important regulators of drought-stress response, particularly with respect to
ABA biosynthesis. For instance, ectopic expression of Amaranthus hypochondriacus NF-YC gene
(AhNF-YC) in Arabidopsis and overexpression of Bermuda grass Cdt-NF-YC1 in rice has shown
that these genes confer drought tolerance [35, 36]. Cdt-NF-YC1 induces expression of both
ABA-responsive genes (e.g., OsRAB16A, OsLEA3, OsP5CS1 and OsLIP9) and signaling genes
(e.g., OsABI2 and OsNCED3), as well as, ABA independent genes (e.g., OsDREB1A, Os‐
DREB2B and OsDREB1B). In fact there is an increasing evidence that some NAC genes, e.g.,
SNAC3, contribute to drought resistance and osmotic adjustment independent of ABA [37].
SNAC3 interacts with phosphoglycerate mutase, cytochrome P450 72A1, PP2C, WD domain-
containing protein and oxidoreductase to modulate ROS in rice. These findings suggest a
complex regulatory mechanisns of drought response and tolerance in plants, involving both
ABA and other signaling pathways.

Recent work on inhibitors of phosphoinositide-dependent phospholipases C (PI-PLCs) in
Arabidopsis has also provided considerable insight into the drought-stress-related lipid
signaling by identifying links of phosphoinositides to the DREB2 pathway [38]. Moreover,
overexpression of phosphatidylinositol synthase gene (ZmPIS) in tobacco plants changed
membrane lipids’ composition and improved drought stress tolerance [39]. The best charac‐
terized lipid derivative, so far, is inositol 1,4,5-trisphosphate (IP3). IP3 levels have been shown
to increase in response to exogenous ABA in Vicia faba guard cell protoplasts and in Arabidop‐
sis seedlings, for review see [40]. IP3 acts as a second messenger involved in releasing Ca2+ from
internal stores such as vacuoles. This pathway has been reported to induce osmotic-stress-
responsive genes, as well as ABA stress-responsive genes [40]. Another lipid derivative,
phospholipase D (PLD), has been reported by the same authors to be functionally associated
with ABA; and the application of phosphatidic acid (PA), a PLD derivative, has been shown
to mimic the effect of ABA in inducing stomatal closure [41]. This could probably suggest that
lipid signaling is linked to ABA in drought stress response, and it is worthwhile to study how
the different lipid derivatives enter in action, either simultaneously or timely synchronized
with ABA.

Downstream of the TFs are numerous responsive genes that function either in a constitutive
manner (i.e., also expressed under well-watered conditions) or a drought-responsive manner
(i.e., expressed only under pronounced water shortage). Amongst them, genes encoding for
receptor-like kinases (RLKs) with Ser/Thr kinase domain could play an important role in
optimizing plant responses to drought stress [18]. Other genes that have been shown to be up-
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or downregulated by drought stress to enable dehydration avoidance or tolerance in various
plant species are documented in several studies [18, 42]. Another process, downstream of
transcriptional regulatory networks, is the induction of a large range of genes encoding for
enzymes involved in osmotic adjustments, osmoprotection, wax biosynthesis and changes in
fatty acid composition (Figure 3). Adjustment of osmotic pressure allows the plant to take up
more soil water and maintain turgor and cell function for a longer time under drought.

Figure 3. Physiological, biochemical, and molecular basis of drought stress tolerance in plants. Both major and minor
changes that occur downstream of the transcriptional regulatory network are shown, although some of them, e.g. pro‐
line, glycine betaine and other amino acids, were previously shown not to be important in plant resistance to drought
stress.

Water-channel proteins, e.g. aquaporins (AQPs), and sugar transporters are believed to
facilitate the adjustment of osmotic pressure under stress by transporting water and sugars to
the cytosol [42]. More recently, AQPs encoding genes (e.g., MaPIP1;1) were shown to be
strongly induced in banana plants exposed to drought [43]. The same authors indicate that
overexpression of MaPIP1;1 in Arabidopsis exhibited better growth, reduced water loss and
higher survival rates. Li et al. [44] also showed that AQPs were elevated under drought stress
in Tibetan Sophora moorcroftiana, which is consistent with the previous reports [45]. However,
the same authors indicate conflicting functions of plasma membrane intrinsic proteins (PIPs).
For instance, overexpression of GoPIP1, cloned from Galega orientalis, showed increased
sensitivity to drought in transgenic Arabidopsis plants. This indicates that AQPs are able to
facilitate both tolerance and sensitivity, which warrants further research to delineate AQPs
that are potentially helpful in improving drought tolerance in plants.
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DREB2B and OsDREB1B). In fact there is an increasing evidence that some NAC genes, e.g.,
SNAC3, contribute to drought resistance and osmotic adjustment independent of ABA [37].
SNAC3 interacts with phosphoglycerate mutase, cytochrome P450 72A1, PP2C, WD domain-
containing protein and oxidoreductase to modulate ROS in rice. These findings suggest a
complex regulatory mechanisns of drought response and tolerance in plants, involving both
ABA and other signaling pathways.

Recent work on inhibitors of phosphoinositide-dependent phospholipases C (PI-PLCs) in
Arabidopsis has also provided considerable insight into the drought-stress-related lipid
signaling by identifying links of phosphoinositides to the DREB2 pathway [38]. Moreover,
overexpression of phosphatidylinositol synthase gene (ZmPIS) in tobacco plants changed
membrane lipids’ composition and improved drought stress tolerance [39]. The best charac‐
terized lipid derivative, so far, is inositol 1,4,5-trisphosphate (IP3). IP3 levels have been shown
to increase in response to exogenous ABA in Vicia faba guard cell protoplasts and in Arabidop‐
sis seedlings, for review see [40]. IP3 acts as a second messenger involved in releasing Ca2+ from
internal stores such as vacuoles. This pathway has been reported to induce osmotic-stress-
responsive genes, as well as ABA stress-responsive genes [40]. Another lipid derivative,
phospholipase D (PLD), has been reported by the same authors to be functionally associated
with ABA; and the application of phosphatidic acid (PA), a PLD derivative, has been shown
to mimic the effect of ABA in inducing stomatal closure [41]. This could probably suggest that
lipid signaling is linked to ABA in drought stress response, and it is worthwhile to study how
the different lipid derivatives enter in action, either simultaneously or timely synchronized
with ABA.

Downstream of the TFs are numerous responsive genes that function either in a constitutive
manner (i.e., also expressed under well-watered conditions) or a drought-responsive manner
(i.e., expressed only under pronounced water shortage). Amongst them, genes encoding for
receptor-like kinases (RLKs) with Ser/Thr kinase domain could play an important role in
optimizing plant responses to drought stress [18]. Other genes that have been shown to be up-
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Studies have also shown that the K + uptake transporter 6 (KUP6) subfamily of transporters act
as key factors in osmotic adjustment by balancing potassium homeostasis in cell growth and
drought stress responses [46].  KUP6  is apparently under the control of abscisic acid and
interacts with ABA-activated SnRK2-type protein kinase, SnRK2E, resulting in phosphoryla‐
tion of the KUP6 C-terminal domain. This indicates that KUP6 is a downstream target for
SnRK2E in the control of water stress responses. However, other interacting proteins, and
probably hormones, e.g. auxins, could regulate the activity of KUP6 in the maintenance of
water status during drought stress. Indeed, it was reported previously that a variant of KUP6,
KUP4/TRH1, facilitates root-specific auxin distribution [47]. This was substantiated by the
findings that triple mutants of the KUP genes (i.e., kup2 kup6 kup8andkup6 kup8 gork) showed
enhanced cell expansion and auxin responses in lateral root formation [54]. Moreover, auxin-
responsive TFs, LBD18 and LBD29, were highly expressed in the triple mutants in the presence
of IAA, indicating that auxin could be modulating K+ and proton fluxes during drought stress.

The biosynthesis of osmoprotectants such as amino acid, amines and carbohydrates is another
indispensable strategy for plant resistance to drought stress. The most common osmoprotec‐
tants are proline (Pro), γ-aminobutyric acid (GABA), glycine betaine (GB), fructans, starch,
mono- and disaccharides, trehalose (Tre) and raffinose family oligosaccharides (RFO). The
biosynthesis and transport of trehalose and raffinose is particularly relevant in drought stress
response.  More  recently,  genes  encoding  for  trehalose  and  raffinose  biosynthesis  were
significantly  upregulated  in  the  roots  and  leaves  of  Jatropha  curcas  under  drought  [48],
suggesting that these compounds may have major impacts on osmotic adjustment and ROS
scavenging during drought  stress.  The same authors  indicated that  dozens  of  genes  in‐
volved in wax biosynthesis, including KCS and WSD, and their regulators (e.g., MYB96, CER)
were upregulated more than four-fold in leaves under drought conditions. Overexpression
of genes encoding for MYB96, CER KCS and WSD could probably strengthen the hydropho‐
bic barrier that prevents non-stomatal water loss and increase plant tolerance to drought.

Genes encoding for proteins involved in cellular structure stabilization have also been reported
to be induced in plant tolerance to drought. For instance, dehydrins (DHNs) function to protect
cells from damage caused by drought stress-induced dehydration [49]. Proteins related to
lignin biosynthesis, such as caffeoyl-CoA 3-O-methyl-transferases and class III plant peroxi‐
dases, were also found to be induced by drought in wild watermelon [50] and in maize roots
[51]. In winter triticale, water-deficit-induced leaf rolling was correlated with a higher level of
cell wall-bound phenolics in the leaves [52]. These adaptive mechanism could probably limit
water loss by restricting the leaf transpiration surface. In addition, carbon/nitrogen-metabo‐
lism-related proteins have been reported to be more abundant in roots of soybean [53], wild
watermelon [50] and rapeseed [54] after drought treatment, suggesting an increased energy
demand as well as enhanced cellular activities in the root tissues during drought stress. The
same authors reported a relative increase in the root growth rate and abundance of root-
growth-related small G-protein family members such as Ran GTPases, which suggests in‐
creased membrane trafficking activity in an effort by the plant roots to absorb water from deep
soil layers.
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Taken together, the vast amount of data from ‘omic’ tools provide a basis for identification of
more functional genes, which could contribute directly to cellular drought stress tolerance. In
addition, understanding expression networks of genes encoding for the aforementioned
proteins, especially genes involved in cellular structure stabilization, molecular chaperones,
enzymes for detoxification of reactive oxygen species, and those for the biosynthesis of sugars,
wax and dehydrins, which are important as protectants [55], may allow for the realization of
significant genetic gains in breeding for plant tolerance to drought. Further genomic scale
investigations will enable understanding of transcriptional regulators behind co-expressed
genes and their association with particular genomic regions (QTLs). Although QTL identifi‐
cation for tracing drought tolerance remains a challenge due to the large number of genes
influencing drought tolerance traits, continued investigation into the basis of tolerance in crops
like Jatropha curcas will probably provide a clearer understanding of drought tolerance. Besides
this, the mechanism by which drought tolerance associated protein networks effectively
protect PSII and granal stability, as well as maintain photosynthetic competence will need
further elucidation.

3. Advances in plant tolerance to heat stress

Temperatures above the normal optimum cause heat stress (HS) at different levels in all living
organisms. Heat stress disturbs cellular homeostasis, and causes denaturation and dysfunction
in many proteins, leading to severe retardation in growth, development and even death. In
plants, the major sites of heat stress injury are the oxygen-evolving complex (OEC) along with
associated biochemical reactions in photosystem II (PSII). Ultimately, efficiency of electron
transport is reduced or altered affecting electron flow from OEC towards the acceptor side of
PSII. These alterations affect the generation of ATP and the regeneration of Rubisco for carbon
fixation [56]. Starch synthesis is also negatively affected by heat stress because of the reduced
activity of enzymes such as invertase, sucrose phosphate synthase and ADP glucose pyro‐
phosphorylase. Usually, ROS induction and accumulation in the chloroplasts precedes these
changes. Accumulated ROS can severely damage DNA and cause autocatalytic peroxidation
of membrane lipids and pigments, altering membrane functions and cell semi-permeability.
Physiological changes associated with biochemical damage may include a decrease in
chlorophyll a:b ratio, inhibitions of stomatal conductance and net photosynthesis, and low
plant water potential. These changes ultimately reduce the partitioning of photosynthates,
which morphologically manifest as retarded growth, reduced economic yield and harvest
index. Scorching and sunburns of leaves and twigs, branches and stems, leaf senescence and
abscission, and fruit discoloration and damage are other morphological damages associated
with heat stress [57].

Perception of heat stress by plants usually triggers sensors at the plasma membrane and causes
a transient opening of Ca2+ channels, possibly via modulation of membrane fluidity (Figure
4) [58]. Upon entry of Ca2+, putatively through channels possessing cytosolic C-terminus with
a calmodulin-binding domain, multiple kinases are activated.
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Studies have also shown that the K + uptake transporter 6 (KUP6) subfamily of transporters act
as key factors in osmotic adjustment by balancing potassium homeostasis in cell growth and
drought stress responses [46].  KUP6  is apparently under the control of abscisic acid and
interacts with ABA-activated SnRK2-type protein kinase, SnRK2E, resulting in phosphoryla‐
tion of the KUP6 C-terminal domain. This indicates that KUP6 is a downstream target for
SnRK2E in the control of water stress responses. However, other interacting proteins, and
probably hormones, e.g. auxins, could regulate the activity of KUP6 in the maintenance of
water status during drought stress. Indeed, it was reported previously that a variant of KUP6,
KUP4/TRH1, facilitates root-specific auxin distribution [47]. This was substantiated by the
findings that triple mutants of the KUP genes (i.e., kup2 kup6 kup8andkup6 kup8 gork) showed
enhanced cell expansion and auxin responses in lateral root formation [54]. Moreover, auxin-
responsive TFs, LBD18 and LBD29, were highly expressed in the triple mutants in the presence
of IAA, indicating that auxin could be modulating K+ and proton fluxes during drought stress.

The biosynthesis of osmoprotectants such as amino acid, amines and carbohydrates is another
indispensable strategy for plant resistance to drought stress. The most common osmoprotec‐
tants are proline (Pro), γ-aminobutyric acid (GABA), glycine betaine (GB), fructans, starch,
mono- and disaccharides, trehalose (Tre) and raffinose family oligosaccharides (RFO). The
biosynthesis and transport of trehalose and raffinose is particularly relevant in drought stress
response.  More  recently,  genes  encoding  for  trehalose  and  raffinose  biosynthesis  were
significantly  upregulated  in  the  roots  and  leaves  of  Jatropha  curcas  under  drought  [48],
suggesting that these compounds may have major impacts on osmotic adjustment and ROS
scavenging during drought  stress.  The same authors  indicated that  dozens  of  genes  in‐
volved in wax biosynthesis, including KCS and WSD, and their regulators (e.g., MYB96, CER)
were upregulated more than four-fold in leaves under drought conditions. Overexpression
of genes encoding for MYB96, CER KCS and WSD could probably strengthen the hydropho‐
bic barrier that prevents non-stomatal water loss and increase plant tolerance to drought.

Genes encoding for proteins involved in cellular structure stabilization have also been reported
to be induced in plant tolerance to drought. For instance, dehydrins (DHNs) function to protect
cells from damage caused by drought stress-induced dehydration [49]. Proteins related to
lignin biosynthesis, such as caffeoyl-CoA 3-O-methyl-transferases and class III plant peroxi‐
dases, were also found to be induced by drought in wild watermelon [50] and in maize roots
[51]. In winter triticale, water-deficit-induced leaf rolling was correlated with a higher level of
cell wall-bound phenolics in the leaves [52]. These adaptive mechanism could probably limit
water loss by restricting the leaf transpiration surface. In addition, carbon/nitrogen-metabo‐
lism-related proteins have been reported to be more abundant in roots of soybean [53], wild
watermelon [50] and rapeseed [54] after drought treatment, suggesting an increased energy
demand as well as enhanced cellular activities in the root tissues during drought stress. The
same authors reported a relative increase in the root growth rate and abundance of root-
growth-related small G-protein family members such as Ran GTPases, which suggests in‐
creased membrane trafficking activity in an effort by the plant roots to absorb water from deep
soil layers.
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Figure 4. Hypothetical model for high-temperature signal sensing and induction of molecular pathways leading to
plant defence response. Prolonged high-temperature stress causes membrane depolarization leading to Ca2+ influx or
directly activates apoplastic enzymes including GLPs. Increased levels of cytosolic calcium activate the ROS-producing
enzyme, RBOHD, which catalyses ROS production. Effect of temperature on R genes through an unknown pathway is
likely to further enhance ROS production. ROS/ Ca2+ signaling causes activation of plasma membrane ATPase, which
extrude H+. Alternatively, heat-stress-induced protein damage and protease activity decreases cytosolic pH. Low cyto‐
solic pH and H2O2 accumulation reduces CO2 assimilation, thereby increasing endogenous carbohydrate metabolism.
Cytosolic acidification and ATPase activity may also increase accumulation of expansins and methylesterases that
eventually affect the cell wall integrity. Activating plasma membrane ATPase is probably reverse phosphorylated by
FKBP65 leading to H+ extrusion and K+ intrusion. A part from its targeted role in the nucleus, FKBP65 could be target‐
ed to the chloroplast through the tat pathway to activate photosystem II 10 kDa polypeptides or for directing chaper‐
one functions. Activated HSPs probably cause chromatin remodelling and histone displacement. In addition to
activating PM ion channels, heat-induced changes in membrane fluidity triggers lipid signaling. Plants deploy phos‐
pholipids, including phospholipase D (PLD), PIPK (phosphatidylinositol 4,5-bisphosphate kinase), phosphatidic acid
(PA), PIP2 (phosphatidylinositol phosphate kinase) and IP3 (D-myo-inositol-1,4,5-trisphosphate) to specific intracellu‐
lar locations. The accumulation of lipid signaling molecules also triggers Ca2+ influx, which initiates downstream sig‐
naling, including activation of CDPKs, hormonal changes, transcription factor activation and secondary metabolism.
Question marks indicate the unknown players.

The MPK6 activity has been particularly shown to increase under heat stress. MPK6 activates
a vacuolar processing enzyme (VPE), which has been suggested to play a role in HS-induced
programmed cell death [59]. Transcriptional regulators, such as HSFs, WRKY, Zat and
MBF1c, a transcriptional regulator of DREB genes [60], are activated to regulate expression of
HSPs and other heat stress response genes.

Heat-induced accumulation of Ca2+ in the cytoplasm also activates the ROS-producing
enzymes RBOHD and NADPH oxidase, by direct interaction or through activation of calcium-
dependent protein kinases (CDPK) that phosphorylate RBOHD [61]. When activated, RBOHD
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catalyzes the production of ROS, causing membrane depolarization and/or initiation of ROS/
redox signaling network, which interacts with the above-mentioned MBF1c, HSFs, MAPKs and
SnRKs to trigger downstream signaling networks [61].

Calcium/calmodulin-binding protein kinases (CBK), which also regulate the expression of
HSPs, are activated via CaM3. A well-known example is the activation of CBK3, which
enhances thermotolerance in A. thaliana seedlings by phosphorylating HsfA1a and a CaM
protein phosphatase (PP7) [62]. PP7 interacts with both AtCaM3 and AtHsfA1a. AtCaM3
increases thermotolerance by activating WRKY39 and HSFs, indicating that CBK3 plays a key
role in heat stress signaling. The TF Zat is necessary for the activation of WRKYs and ascorbate
peroxidase [63]. MBF1c modulates the induction of SA and trehalose, which are regulators of
plant stress response [64]. SA has been shown to alleviate heat stress by increasing proline
production and restricting the formation of ethylene in heat-stressed plants [65].

Another HS-response-associated signaling pathway was shown in the Hsp90–ROF1 interaction
in the cytoplasm and their subsequent translocation to the nucleus. The Hsp90–ROF1 complex
localizes in the nucleus only in the presence of HsfA2 [66]. The interaction of these three proteins
modulates HSP gene expression under HS. Although, ROF1 has been reported to induce
expression of small HSPs, which increases plant survival rate under HS, to date the upstream
signal that regulates the subcellular localization of Hsp90–ROF1 remains elusive. Interestingly,
just like MBF1c, ROF1 is involved in calcium-dependent phosphorylation of HSFs, which
suggests that Ca2+-dependent activation of RBOHD or CDPKs could be the upstream signal for
ROF1.

Heat stress also triggers lipid signaling. Activation of phospholipase D (PLD) and a phosphati‐
dylinositol 4, 5-bisphosphate kinase (PIPK) increases the accumulation of phosphatidic acid (PA),
phosphatidylinositol phosphate kinase and D-myo-inositol-1,4,5-trisphosphate (IP3); and an
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signaling molecules could in turn cause the opening of channels and the triggering of Ca2+

influx [67].

Downstream effects of heat stress signals have been reported to activate a signaling pathway
called unfolded protein response (UPR) in the endoplasmic reticulum, which requires specific
calcium signals from the plasma membrane [58]. Within the endoplasmic reticulum, the
activity of UPRs involves two signaling pathways: one involving proteolytic processing of
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enzyme-1 (IRE1) and its mRNA target [68]. IRE1 is a dual functional enzyme possessing both
serine/threonine protein kinase and endoribonuclease activity. In Arabidopsis, heat signals
activate IRE1 to splice bZIP60 mRNA in the cytosol, causing a frameshift, which triggers the
synthesis of a tissue factor without a transmembrane domain, but having a nuclear targeting
signal [69]. The bZIP60 (bZIP60(s)) spliced forms activate UPR target genes in the nucleus. A
cytosolic form of UPR, which is triggered by the presence of unfolded proteins in the cytosol,
was also previously reported [70]. Together, these UPRs are associated with the heat shock
promoter elements and the involvement of specific HSFs, notably HSFA2, regulated by
alternative splicing and non-sense-mediated decay. Under severe HS (42–45ºC), a novel post-
transcriptional regulatory mechanism governing HSFA2 expression has also been shown to
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Figure 4. Hypothetical model for high-temperature signal sensing and induction of molecular pathways leading to
plant defence response. Prolonged high-temperature stress causes membrane depolarization leading to Ca2+ influx or
directly activates apoplastic enzymes including GLPs. Increased levels of cytosolic calcium activate the ROS-producing
enzyme, RBOHD, which catalyses ROS production. Effect of temperature on R genes through an unknown pathway is
likely to further enhance ROS production. ROS/ Ca2+ signaling causes activation of plasma membrane ATPase, which
extrude H+. Alternatively, heat-stress-induced protein damage and protease activity decreases cytosolic pH. Low cyto‐
solic pH and H2O2 accumulation reduces CO2 assimilation, thereby increasing endogenous carbohydrate metabolism.
Cytosolic acidification and ATPase activity may also increase accumulation of expansins and methylesterases that
eventually affect the cell wall integrity. Activating plasma membrane ATPase is probably reverse phosphorylated by
FKBP65 leading to H+ extrusion and K+ intrusion. A part from its targeted role in the nucleus, FKBP65 could be target‐
ed to the chloroplast through the tat pathway to activate photosystem II 10 kDa polypeptides or for directing chaper‐
one functions. Activated HSPs probably cause chromatin remodelling and histone displacement. In addition to
activating PM ion channels, heat-induced changes in membrane fluidity triggers lipid signaling. Plants deploy phos‐
pholipids, including phospholipase D (PLD), PIPK (phosphatidylinositol 4,5-bisphosphate kinase), phosphatidic acid
(PA), PIP2 (phosphatidylinositol phosphate kinase) and IP3 (D-myo-inositol-1,4,5-trisphosphate) to specific intracellu‐
lar locations. The accumulation of lipid signaling molecules also triggers Ca2+ influx, which initiates downstream sig‐
naling, including activation of CDPKs, hormonal changes, transcription factor activation and secondary metabolism.
Question marks indicate the unknown players.

The MPK6 activity has been particularly shown to increase under heat stress. MPK6 activates
a vacuolar processing enzyme (VPE), which has been suggested to play a role in HS-induced
programmed cell death [59]. Transcriptional regulators, such as HSFs, WRKY, Zat and
MBF1c, a transcriptional regulator of DREB genes [60], are activated to regulate expression of
HSPs and other heat stress response genes.

Heat-induced accumulation of Ca2+ in the cytoplasm also activates the ROS-producing
enzymes RBOHD and NADPH oxidase, by direct interaction or through activation of calcium-
dependent protein kinases (CDPK) that phosphorylate RBOHD [61]. When activated, RBOHD
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occur. Moreover, a new splice variant of HSFA2-III is reported to be generated through the use
of acryptic 5′ splice site in the intron. HSFA2-III can be translated into the small HSFA2 (S-
HsfA2), which binds to the TATA box proximal clusters of HS elements (HSE) in the HSFA2
promoter to activate its own gene expression, thus constituting a positive auto-regulatory loop
[71]. Although the TFs interacting with S-HsfA2 are yet to be validated, this finding suggests
that severe HS may alter the splicing pattern of Hsf genes, generating isoforms that may auto-
activate self-expression and consequently rapidly induce the expression of HSPs required for
enhanced response to HS.

Apart from HSFs, overexpression of DPB3-1, which regulates expression of DREB2A and
DREB2B, increases thermotolerance [72]. Other studies have also shown the role of bZIP28 [73]
and WRKY proteins in plants thermotolerance [74, 75]. Furthermore, the basic helix-loop-helix
(bHLH) TF, phytochrome interacting factor 4 (PIF4), was reported to control acclimation to
changes in ambient temperature by regulating important hormonal and developmental
pathways modulating the acclimation mechanisms [76]. PIF4 alleles control floral timing by
modulating FLOWERING LOCUS T (FT). PIF4 also controls early inflorescence internode
elongation and high-temperature-induced hypocotyl elongation by modulating levels of free
indole-3-acetic acid (IAA) through the triggering of YUC8 (YUCCA8) or TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS (TAA1) gene expression [57, 77]. Thus, PIF4 is a
potential regulator of plant responses to high temperature. However, its physical interaction
with cryptochrome 1 (CRY1) on nuclear DNA suggests that these two proteins co-regulate
temperature responses in plants. Another regulator, E3 ubiquitin ligase CONSTITUTIVE
PHOTOMORPHOGENIC1 (COP1), was shown to be essential for plant responses to HS [77].
However, it is not known whether COP1 signaling is independent of PIF4. Orthologs of PIF4
have been identified in several crop species. Thus, if the interaction with other associated
proteins is resolved, PIF4 has a potential promise to improve plant tolerance to HS in several
crops through genetic engineering.

Other components of heat sensing that could be linked to these signaling pathways include
the transcriptional modulator, the nuclear actin-related protein 6 (ARP6), which is part of the
Snf-2-related CREB-binding activator protein (SRCAP) encoding a subunit of the SWR1
chromatin remodelling complex is necessary for inserting the alternative histone, H2A.Z, into
nucleosomes, while replacing the core histone H2A [78]. Heat stress induces a decrease in
H2A.Z occupancy in nucleosomes located at the transcription start site of heat response genes,
a process that probably allows nucleosome opening and enhanced transcription of these genes.

Plant adaptation to thermotolerance also involves the activity of superoxide reductase (SOR),
S-nitrosoglutathione reductase (GSNOR) and rubisco activase (RCA). The functions of these
proteins are reasonably well described in a review by [67]. Other commonly reported anti-
oxidant enzymes produced by plants under HS include superoxide dismutase (SOD), catalase
(CAT), guaiacol peroxidase (GPX), ascorbate peroxidase (APX), dehydroascorbate reductase
(DHAR), glutathione reductase (GR), glutathione S-transferase (GST) and non-enzymatic anti-
oxidants such as flavanoids, anthocyanin, carotenoids and ascorbic acid (AA) [60]. The
accumulation of other osmolytes such as glycine betaine and trehalose is another well-known
adaptive mechanism in plants against HS. Generally, most of these compounds are involved
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in ROS removal (anti-oxidants), osmotic adjustment, saturation of membrane-associated
lipids, protection of photosynthetic reactions, production of polyamines and protein biosyn‐
thesis [94], which enable plants to exhibit basal or acquired thermotolerance. Proline and
glycine betaine application considerably reduce the H2O2 production, improve the accumula‐
tion of soluble sugars and protect the developing tissues from HS [79]. Tocopherol is another
important lipid-soluble redox buffer and an important scavenger of singlet oxygen species and
other ROS. Moreover α-tocopherol has the highest anti-oxidant activity of all the tocopherol
types reported in plants [80].

A number of studies have demonstrated the presence of QTLs associated with most HS-related
traits and promise to the use of molecular markers in breeding for heat stress tolerance. More
than 50 QTLs have been identified in various crops so far, including maize, wheat, rice, cowpea,
lettuce, Medicago truncatula and Brassica napus. Recent studies in transcriptomics [81, 82],
proteomics [83, 84], metabolomics [85, 86] and microRNAs [87] have also provided additional
information on the mechanisms controlling plant responses to HS. Understanding the
relationship between these mechanisms and the genomic regions mapped and delineated as
QTLs would validate the genes controlling plant responses to HS, and subsequently improve
genetic gains in plant improvement programmes. Besides, the possibility of developing
transgenic plants with enhanced tolerance to HS would also gain significance. This approach
has already been demonstrated in cotton [88], Arabidopsis [89], tobacco [90] and rice [91], but
needs further validation, especially in economically important crops where it has not been
applied before. Taken together, heat stress responses discussed here demonstrate that heat
stress is a quantitative trait, which requires a combination of several disciplines to improve
plant tolerance.

4. Advances in plant tolerance to cold stress

Cold stress occurs at temperatures less than 20ºC and varies with the degree of temperature
duration and plant type. Chilling (<20ºC) or freezing (<0ºC) temperatures can trigger the
formation of ice in plant tissues, which causes cellular dehydration [92]. Ultimately, cold stress
reduces plasma membrane (PM) integrity, causing leakage of intracellular solutes. Cold stress
severely affects plant growth and survival, and leads to substantial crop losses in temperate
climatic regions and hilly areas of the tropics and subtropics [93]. In rice, for instance, losses
due to cold stress can range from 0.5 to 2.5 t/ha and grain yields can drop by up to 26%,
especially when low temperatures occur during the reproductive stage [94].

To cope with this adverse condition, plants adapt several strategies such as producing more
energy by activation of primary metabolisms, raising the level of anti-oxidants and chaperones,
and maintaining osmotic balance by altering cell membrane structure [95]. These mechanisms
of plant response to cold stress are closely similar to that of heat stress. However, the difference
lies in the fact that membrane rigidification occurs in cold stress as opposed to heat stress.
Thus, membrane rigidification is the upstream trigger for the induction cytosolic Ca2+

signatures leading to a transient increase in cytosolic Ca2+levels [96]. It is assumed that dimethyl
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HsfA2), which binds to the TATA box proximal clusters of HS elements (HSE) in the HSFA2
promoter to activate its own gene expression, thus constituting a positive auto-regulatory loop
[71]. Although the TFs interacting with S-HsfA2 are yet to be validated, this finding suggests
that severe HS may alter the splicing pattern of Hsf genes, generating isoforms that may auto-
activate self-expression and consequently rapidly induce the expression of HSPs required for
enhanced response to HS.

Apart from HSFs, overexpression of DPB3-1, which regulates expression of DREB2A and
DREB2B, increases thermotolerance [72]. Other studies have also shown the role of bZIP28 [73]
and WRKY proteins in plants thermotolerance [74, 75]. Furthermore, the basic helix-loop-helix
(bHLH) TF, phytochrome interacting factor 4 (PIF4), was reported to control acclimation to
changes in ambient temperature by regulating important hormonal and developmental
pathways modulating the acclimation mechanisms [76]. PIF4 alleles control floral timing by
modulating FLOWERING LOCUS T (FT). PIF4 also controls early inflorescence internode
elongation and high-temperature-induced hypocotyl elongation by modulating levels of free
indole-3-acetic acid (IAA) through the triggering of YUC8 (YUCCA8) or TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS (TAA1) gene expression [57, 77]. Thus, PIF4 is a
potential regulator of plant responses to high temperature. However, its physical interaction
with cryptochrome 1 (CRY1) on nuclear DNA suggests that these two proteins co-regulate
temperature responses in plants. Another regulator, E3 ubiquitin ligase CONSTITUTIVE
PHOTOMORPHOGENIC1 (COP1), was shown to be essential for plant responses to HS [77].
However, it is not known whether COP1 signaling is independent of PIF4. Orthologs of PIF4
have been identified in several crop species. Thus, if the interaction with other associated
proteins is resolved, PIF4 has a potential promise to improve plant tolerance to HS in several
crops through genetic engineering.

Other components of heat sensing that could be linked to these signaling pathways include
the transcriptional modulator, the nuclear actin-related protein 6 (ARP6), which is part of the
Snf-2-related CREB-binding activator protein (SRCAP) encoding a subunit of the SWR1
chromatin remodelling complex is necessary for inserting the alternative histone, H2A.Z, into
nucleosomes, while replacing the core histone H2A [78]. Heat stress induces a decrease in
H2A.Z occupancy in nucleosomes located at the transcription start site of heat response genes,
a process that probably allows nucleosome opening and enhanced transcription of these genes.

Plant adaptation to thermotolerance also involves the activity of superoxide reductase (SOR),
S-nitrosoglutathione reductase (GSNOR) and rubisco activase (RCA). The functions of these
proteins are reasonably well described in a review by [67]. Other commonly reported anti-
oxidant enzymes produced by plants under HS include superoxide dismutase (SOD), catalase
(CAT), guaiacol peroxidase (GPX), ascorbate peroxidase (APX), dehydroascorbate reductase
(DHAR), glutathione reductase (GR), glutathione S-transferase (GST) and non-enzymatic anti-
oxidants such as flavanoids, anthocyanin, carotenoids and ascorbic acid (AA) [60]. The
accumulation of other osmolytes such as glycine betaine and trehalose is another well-known
adaptive mechanism in plants against HS. Generally, most of these compounds are involved
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sulfoxide (DMSO) mediates the perception of membrane rigidification by mechanosensitive
Ca2+channels [97]. Other upstream factors such as changes in the metabolic reactions and
metabolite concentrations, protein and nucleic acid conformation could contribute to enhance
perception of cold stress. These factors as well, either directly or indirectly, induce an increase
in cytosolic Ca2+, which is a well-known upstream second messenger, regulating cold regulated
(COR) gene expression.

Cold-stress-induced cytosolic Ca2+ signals can be decoded by different pathways. More
recently, Ca2+ signal was reported to be transduced directly into the nucleus. The concentration
of nuclear Ca2+ is monitored by a chimera protein formed by the fusion of aequorin to nucle‐
aoplasmin, which is also transiently increased after cold shock [95]. Aequorin possesses several
EF-hand-type binding sites for Ca2+ ions. The binding of Ca2+ to these sites causes a conforma‐
tional change in aequorin which enables the monitoring of Ca2+ concentration. It has been
reported that nuclear Ca2+ concentration peaks at about 5–10s later than the cytosolic Ca2+ [95].
The same authors have reported that nuclear Ca2+ signal may be initiated from the nuclear
envelope and is assumed to be propagated by cytosolic Ca2+ transients in plants.

In the cytoplasm, a range of Ca2+ sensors have been reported, including calmodulin (CaM),
CaM-like (CMLs), Ca2+-dependent protein kinases (CDPKs), Ca2+-and Ca2+/CaM-dependent
protein kinase (CCaMK), CaM-binding transcription activator (CAMTA), calcineurin B-like
proteins (CBLs) and CBL-interacting protein kinases (CIPKs) [98]. Some of the sensors work as
negative regulators of cold tolerance in plants, e.g., calmodulin3, a SOS3-like or a CBL calcium-
binding protein and a protein phosphatase 2C (AtPP2CA). The positive regulators, e.g., CDPKs
and probably some CBLs, relay the Ca2+ signal by interacting with and regulating the family
of CIPKs. For instance, CBL1 has been shown to regulate cold response by interacting with
CIPK7 [99], whereas CAMTA3 has been identified as a positive regulator of CBF2/DREB1C
through binding to a regulatory element (CG-1, vCGCGb) in its promoter [100]. Although CBF2/
DREB1C was previously reported to negatively regulate CBF1/DREB1B and CBF3/DREB1A,
its expression appears to be necessary for integrating cold-inducible calcium signaling with
gene expression, but under transient and tight control to avoid repression of freezing tolerance.
Both CBF1/DREB1B and CBF3/DREB1A are required for constitutive expression of cold-
inducible genes in Arabidopsis, and play an important role in cold acclimation (see discussion
below).

Ca2+ influx into the cytoplasm also apparently activates phospholipase C (PLC) and D (PLD),
which are precursors for IP3 and PA, respectively. IP3 activates IP3-gated Ca2+ channels that can
amplify Ca2+ signatures in the cytoplasm, leading to higher induction of COR genes and CBFs,
for review see [101].

There are some reports that the chloroplast may also play a role in sensing low temperature
[98]. Cold stress is considered to cause excess photosystem II (PSII) excitation pressure, as a
result of the imbalance between the capacity for harvesting light energy and the capacity to
consume this energy on metabolic activity in the leaves, which probably leads to ROS gener‐
ation. The damaging effect of ROS on the photosynthetic apparatus presumably leads to photo-
inhibition, which occurs even under relatively low irradiance [102] and is apparently a
mechanism of cold acclimation or freezing tolerance. ROS also acts as the second messenger
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and may reprogramme transcriptome changes through induction of Ca2+ signatures and
activation of MAPKs and redox-responsive TFs. The MAPK cascades in Arabidopsis , including
AtMEKK1/ANP1 (MAPKKK)–AtMKK2 (MAPKK)–AtMPK4/6 (MAPK), positively regulate
cold acclimation in plants [103].

The downstream signals that promote the production of COR proteins and cold response to
metabolites are reasonably discussed in references [95, 104]. Specific examples include the
upregulation of the TFs, CBF/DREB1s (CRT (C-repeat)/DRE binding proteins) [103], which
initiate the transcription process. The CBF/DREB1 (mainly CBF3/DREB1A) pathway is
controlled by a myelocytomatosis oncogene (MYC)-type TF, inducer of CBF expression1
(ICE1), which binds to the MYC recognition cis-elements (CANNTG) in the promoter of CBF3/
DREB1A, and induces the expression of CBF3/DREB1A and its regulons during cold acclima‐
tion [105]. The function of ICE1 in cold response is conserved; and overexpression of Arabi‐
dopsis ICE1 improves chilling tolerance and enhances the accumulation of soluble sugars and
proline concentration in cucumber [106]. In rice, OsICE1 and OsICE2 are induced by cold stress
and sequentially upregulate OsDREB1B, rice heat shock factor A3 (OsHsfA3) and rice trehalose
6-phosphate phosphatase (OsTPP1). The CBF/DREB1s can bind to CRT/DRE cis-elements, A/
GCCGAC, in the promoter of COR genes to regulate expression of COR genes [107]. Moreover,
CBF/DREB1 genes are organized in tandem (CBF1/DREB1B-CBF3/DREB1A-CBF2/DREB1C) on
Arabidopsis chromosome IV and have been reported to be induced at the same time, suggesting
that combining these TFs in one genotype could probably improve cold tolerance. However,
the inconsistent target specificity amongst the three CBF factors in CBF/DREB1-overexpressing
transgenic plants reveals variability in their roles [108]. Indeed, CBF2/DREB1C has been shown
to be a negative regulator of both CBF1/DREB1B and CBF3/DREB1A [109], while CBF1/
DREB1B and CBF3/DREB1A act as positive regulators of cold acclimation by activating the
same subset of CBF/DREB1-target genes [110]. CBF1/DREB1B and CBF3/DREB1A are therefore
concertedly required to induce the whole CBF/DREB1-regulon to complete the development
of cold acclimation, while the expression of CBF2/DREB1C is tightly controlled to avoid its
negative modulation of CBF1/DREB1B and CBF3/DREB1A. The exact mechanism by which
this happens is unknown.

Downstream of these TFs are COR genes, which are mainly linked to the onset of tolerance
mechanisms and ultimately lead to acclimation. Genes encoding for annexin; hyper-sensitive-
induced response (HIR) protein families (e.g., prohibitins and stomatins); dehydrins (e.g., 25
kDa dehydrin-like protein, ERD14, and cold acclimation-specific protein 15 (CAS15)); anti-
oxidants (e.g., superoxide dismutase, catalase and ascorbate peroxidase); HSPs (e.g., HSP70
family being the most abundant); defence-related proteins such as protein disulfide isomerase;
disease resistance response proteins, peptidylprolyl isomerase Cyp2 and cysteine proteinase;
amino acids, polyamines and polyols; and cellulose synthesis, such as UDP-glucose pyro‐
phosphorylase, are commonly reported in expression studies [111]. Several metabolism-
associated proteins, including carbohydrate metabolism enzymes, such as phosphogluconate
dehydrogenase, NADP-specific isocitrate dehydrogenase, fructokinase, cytoplasmic malate
dehydrogenase, pyruvate orthophosphate dikinase precursors (PPDK), aconitate hydratase,
glycine dehydrogenase and enolase, have also been reported to be activated during cold stress
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[112]. Thus, several genes and the corresponding proteins are associated with the regulation
of the metabolic pathways operating under cold stress.

However, identification of functional polymorphism in these genes remains a daunting task.
A similar challenge is observed in the QTLs identified, so far, in various crops, including maize,
barley, rice, wheat, sorghum and many other economically important crops. Identification of
effective cold sensors also remains elusive, as multiple primary sensors are thought to be
involved in sensing low temperatures. Thus, a comprehensive understanding of the defence
mechanism from sensors, cold signaling, to the defence response will require further research
on both upstream and downstream regulations of ICE1-CBF/DREB1-dependent pathway, as
well as proteins that may be functioning independent of this pathway.

5. Advances in plant tolerance to salinity

Salinity is increasingly becoming a major threat to crop production, particularly due to
inappropriate irrigation regimes and increasing use of brackish water for irrigation. As much
as 6% of the total world land is subjected to salinity [113], and more than 20% of irrigated land
is affected by salinity [114]. Moreover, major reductions in cultivated land area, crop produc‐
tivity and quality that have been reported in the recent past are due to salt-induced stress [115].
Climate-change-associated rise in sea levels and coastal floods are expected to further con‐
tribute to this phenomenon in the future.

Salt stress in plants occurs when electrical conductivity of saturated soil paste extract (ECe)
reaches 4.0 deci-Siemens per meter (dS/m; approximately 40 mM NaCl). The minimum level
may, however, vary from crop to crop. For instance, the salinity threshold for rice is 3.0 dS/m
[163]. Beyond this threshold, a yield reduction of 12% per dS/m has been reported to occur.
When plants gradually accumulate salts, osmotic stress, nutrient imbalance and oxidative
stress occur [116]. These salt effects disrupt intracellular ion homeostasis, membrane function
and metabolic activity [117]. As secondary effects, salt-induced osmotic stress decreases root
epidermal cell division and elongation rates, reducing primary root growth, eventually
resulting in inhibition of growth and reduction of crop yields [118].

Alkalinity stress is a heightened version of salinity stress which has been reported to be much
harsher than equimolar salinity, especially at neutral pH [119]. Although it is fairly understood
that alkalinity causes osmotic challenge and ionic stress, and precipitates nutrients such as
metallic micronutrients and phosphates, and disrupts the integrity of root cellular structure,
the molecular signals and adaptive mechanisms are not well understood. Because many saline
soils are also alkaline due to the presence of sodium (Na) carbonates, in this section we will
exclusively focus on salinity, which is wide spread, and has been extensively researched and
discussed in several studies.

To cope with saline soils, plants deploy a range of mechanisms that range from exclusion of
Na+ from the cells to tolerance within the cells. When plants are subjected to salinity, a series
of responses ranging from genetic molecular expression through biochemical metabolism to
physiological processes occur (Figure 5).
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Figure 5. Adaptive mechanisms of salt tolerance. Cellular functions that would apply to all cells within the plant are
the first adaptation mechanisms, followed by the functions of specific tissues or organs. Most of these functions are
explained in the text (modified from [140].
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The salt overly sensitive (SOS) Ca2+ sensor regulatory mechanism is believed to be conserved
in higher plants including monocots and dicots [131]. SOS consists of three functionally
interlinked proteins, SOS3/SCaBP8–SOS2–SOS1. SOS3 mainly functions in the roots, while
CBL10/SCaBP8, an alternative regulator of SOS2 that has been described as SOS3-like,
primarily functions in the shoots. At high Na+ concentrations, increased influx of Ca2+ is
perceived by SOS3 that encodes a myristoylated EF hand (a domain of five serially repeated
helix–loop–helix calcium-binding motifs). Upon Ca2+ binding, a conformational change occurs
and SOS3 activates the downstream serine/threonine protein kinase, SOS2, and recruits it to
the plasma membrane. Subsequently, the SOS3–SOS2 complex stimulates the plasma mem‐
brane-localized Na+/H+ anti-porter (SOS1), leading to the extrusion of the excess Na+ out of the
cells [132]. Different from SOS3, SOS3-like proteins (CBL10/SCaBP8) are phosphorylated by
their interacting protein kinases apparently regulating CBL/SCaBP–CIPK/PKS modules [133].

Besides extruding Na+, the adaptive SOS module also links cytosolic Na+ with Ca2+ binding
proteins. The PM-localized NHX7/SOS1 and the intracellular localized cation:proton antiport‐
er family1 (CPA1) of Na+/H+ anti-porters (NHX1-NHX4; tonoplast-localized) are a ubiquitous
family of transporters that mediate the exchange of K+ or Na+ for H+ while regulating cytoplas‐
mic salt overloads [134]. In the cytosol, increased influx of Ca2+ associated with excess Na+ levels
is perceived by Ca2+-binding calmodulins/calmodulin-like proteins, which interact with NHX1
transporters to sequester excess Na+ in the vacuole. In Arabidopsis, a calmodulin-like protein,
AtCaM15, regulates the tonoplast localized AtNHX1 [135]. The interaction of AtCaM15 with
AtNHX1 occurs in the vacuolar lumen and is dependent on Ca2+ and pH. The C-terminus of
AtNHX1 has been shown to localize in the cytosol, which might suggest that this strategic
placement is targeted for phosphorylation by protein kinases or for sensing changes in cytosolic
pH. However, the protein kinase targeting AtNHX1 is unknown, and further studies on the
interaction of this transporter with other proteins, especially protein kinases, will be necessary.

Interestingly, at moderate salt levels, the role of these transporters is less clear. Indeed, the
nhx1/nhx2 double mutants are not sensitive to moderate external Na+ concentrations, yet they
are sensitive to moderate external K+ concentrations, for review see [134]. Conversely, the trans-
Golgi network-localized NHX double knockouts, nhx5/nhx6, highly respond to moderate
salinity and interfere with vesicle trafficking to the vacuole. This suggests that the endosomal
NHXs are more sensitive to Na+ accumulation than vacuolar NHXs. This difference has
implications on Na+ tolerance in plants. Recently, another CPA family member, a cation/H+

exchanger (CHX), GmSALT3, was shown to improve shoot Na+ exclusion and salt tolerance in
soybean [136]. Fluorescent protein fusions suggested that GmSALT3 and other CHX proteins
are localized to the endoplasmic reticulum, further indicating that endosomal NHXs could be
more reliable in sensing abnormal Na+ levels in the cell and has a positive implication on salt
tolerance in plants.

Other genes encoding for Mannose-1-phosphate guanyl transferase (OsMPG1) and the rice
homologue of Shaker family K+ channel KAT1 (OsKAT1) have also been reported to confer
salinity tolerance [137, 138]. OsMPG1 is an important enzyme for the biosynthesis of ascorbic
acid in plants, whereas OsKAT1 reduces the cellular Na+ to K+ ratio by increasing the cellular
K+ content. Another rice potassium transporter (OsHAK5) was shown to accumulate more K+
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and less Na+ when constitutively expressed in Nicotiana tabacum cv. Bright Yellow 2 under
salinity stress [198]. Several other genes were recently identified by Chen et al. [139] while
studying the halophyte seashore Paspalum (Paspalum vaginatum).

Another process, downstream of transcriptional regulatory networks, involves accumulation
of sufficient solutes (e.g., proline and glycine betaine) to balance extra osmotic pressure in the
soil solution to maintain turgor [140]. Moreover, plants can also accumulate sufficient Na+ and
Cl− to balance those in the soil solution, but this is tightly controlled through strict ionic
regulation in various cell compartments (‘tissue tolerance’). These tolerance strategies are
achieved through a series of ion transporters and their localization in key cell types. Na+/H+

anti-porter proteins are the key regulators of these tolerance strategies. Examples include
TaHKT1;5-D protein, which maintains high cytosolic K+/Na+ ratios in bread wheat shoots by
restricting Na+ loads in the root xylem before entering the shoot [141]. Recently, the introgres‐
sion of the Triticum monococcum HKT1;5-A into durum wheat improved shoot Na+ exclusion
and improved grain yield in the field by 25% [142], indicating the significance and functional
stability of these transporters even in interspecific hybrids. Additionally, Eswaran et al. [143]
used the yeast Full-length cDNA Over-eXpressor (FOX) gene hunting to identify several salt-
responsive genes in Jatropha curcas. The late embryogenesis-abundant protein (LEA-5),
aquaporins and a cytosolic ascorbate peroxidase-1 (Apx1) were amongst the identified genes
involved in salinity tolerance. LEA5 are group 5 LEA genes that have been shown to play roles
in the combining of concentrated ions and dehydration [143]. This group of LEA proteins have
attracted fewer investigations and will require further studies at salt stress conditions.
Aquaporin proteins are members of a large multigenic family that regulates a large proportion
of water transport across membranes. Aquaporins are rapidly influenced both transcription‐
ally and post-translationally, and enhance salt stress tolerance in plants. For instance, a plasma
membrane intrinsic protein (GmPIP1;6, which belongs to a subfamily of aquaporin specifically
located in the PM) in soybean increases shoot Na+ exclusion and improves the seed yield from
a saline field [144]. Orthologous PIP proteins are found in Arabidopsis , tobacco, barley, rice
and wheat. For instance, GmPIP1;6 is the ortholog of AtPIP1;2, NtAQP1, HvPIP1;6/1;1 and
TaAQP8. Overexpression of NtAQP1 in tobacco increases photosynthetic rate, water use
efficiency and yield under salt stress [145]. Overexpression of TaAQP8, TaNIP and TaAQP7
genes in Arabidopsis or tobacco also increases salt tolerance of transgenic plants [146–148].
Root stellar cells also confer control over shoot Cl− accumulation [149]. The expression of
GmPIP1;6 in roots was recently shown to be correlated with rapid and longer term changes in
root hydraulic conductance (L o) in response to shoot treatments and appeared to be more
concentrated in stellar tissue [150]. These results indicated that GmPIP1;6 could be the protein
responsible for the control of root water transport, particularly in response to shoot signals.
More recently, overexpression of GmPIP1;6 was shown to significantly increase salt tolerance
of soybean by improving root L o and Na+ exclusion, which provided additional evidence that
GmPIP1;6’s activity is in the stellar tissue. However, as there is no conclusive interactive or
independent role of AQPs in salt tolerance, AQPs could instead be playing an indirect role
through their impact on osmotically driven water and solute flow in roots and leaves. Further
research will probably provide clear insight as to whether GmPIP1;6 is responsible for salt
regulation in the stellar cells, and whether there are other co-factors involved.
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interlinked proteins, SOS3/SCaBP8–SOS2–SOS1. SOS3 mainly functions in the roots, while
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Golgi network-localized NHX double knockouts, nhx5/nhx6, highly respond to moderate
salinity and interfere with vesicle trafficking to the vacuole. This suggests that the endosomal
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Wheat tonoplast intrinsic protein (TIP2; 2) is also reported to enhance salt tolerance [151].
However, the functional role of this protein is regulated by methylation following salt
treatment as is HKT1 in Arabidopsis [152]. This suggests that aquaporin methylation could also
play a role in regulating salt tolerance in plants and is worth further exploration.

Accumulation of ROS scavenging enzymes has also been reported to lower cellular damage,
maintain photosynthetic energy capture, and improve shoot and root growth under saline
conditions. For instance, salt-stress-induced accumulation of SOD has been reported to play a
protective role in Canola, S. europaea, S. chilense and K. candel [153–155]. Furthermore, expression
levels of anti-oxidant enzymes APX (e.g.,Apx1) , Trx, Prx, GPX and GST were observed to be
enhanced in Tangut nitraria [156] under salinity conditions. Moreover, the same authors have
reported that a photosynthetic enzyme, Ferredoxin—NADP (+) reductase (FNR), activity also
increased in T. nitraria. Pea plants grown under saline stress also showed an enhancement of
both APX activity and S-nitrosylated APX, which suggests that APX plays a significant role in
plant tolerance to salt stress. However, apart from ascorbic acid biosynthesis, which has been
shown to be modulated by OsMPG1, the molecular regulation of most anti-oxidants in
response to salinity remains to be explored.

The recent discovery that salt-tolerant plant growth promoting rhizobacteria (PGPR) popula‐
tions reduce Na+ concentration in the plant shoots [157] provides further insights into plant
tolerance to saline conditions. The PGPRs increase the expression of stress-responsive TFs,
induce greater proline synthesis, enhance ROS scavenging and improve plant biomass under
salinity stress. Therefore, treatment with rhizospheric organisms, and understanding the
mechanisms associated with these PGPRs leading to salt tolerance, is an attractive option to
improve crop yields under saline conditions.

Fundamental insights into genetic control of salt tolerance mechanisms have also led to
identification of more than 100 QTLs in various crops including Arabidopsis , barley, rice and
wheat, amongst others. The earlier mentioned salt overly sensitive (SOS) pathway genes and
AtCIPK16 are amongst the salt tolerance factors spanning several QTLs identified [158]. CIPK16
is an SNF1-related kinase/CBL-interacting protein kinase, underlying a quantitative trait locus
for Na+ exclusion in the Arabidopsis Bay-0×Shahadara mapping population. CIPK16 was also
recently shown to be expressed in barley and improves Na+ exclusion and biomass in a saline
field.

Taken together, several genes and proteins have been shown to enhance salt tolerance in plants.
However, the limited number of genes with functional polymorphism for salt tolerance makes
it difficult to employ marker-assisted breeding for salt tolerance traits. In addition, the complex
molecular mechanisms underlying the difference between seedling and reproductive stage
salt tolerance in plants, e.g. rice [159], suggest the need for further research. The importance
of the apoplastic bypass flow in delivering Na+ to the xylem, thus reducing leaf Na+ concen‐
tration and improving tolerance as suggested by [160], is also worth exploring further.
Moreover, more insights into the molecular regulation of salt response will provide avenues
for combining tolerance mechanisms to develop varieties that are widely adapted to salt stress.
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6. Advances in plant tolerance to submergence/flooding

Over the past 25 years, yield losses caused by flooding have been increasing in various parts
of the world, including the United States, China, Europe, Pakistan and Australia [161, 162].
Flooding is expected to increase as a result of erratic weather patterns, including frequent and
lengthy storms associated with climate change, and could severely affect food production if
mitigation measures are not sought.

Generally, submergence/flooding stress results from reduced oxygen levels in the plant root
zone due to the low diffusion rate of oxygen in water. Submergence inhibits electron flows
that underpin photosynthesis and aerobic respiration from the air causing energy shortfalls
that can prove injurious to the plant [162]. Flooding also leads to accumulation of gases such
as ethylene and carbondioxide by preventing their diffusive escape and oxidative breakdown
[163]. A high concentration of ethylene limits root extension, while carbon dioxide can severely
damage plant roots. Trapped carbondioxide may also form bicarbonate ions that can accen‐
tuate the effect of high lime content, leading to iron unavailability and chlorosis. The hypoxic
environment also leads to restricted production of ATP, forcing cells to rely on glycolysis and
fermentation to generate ATP and regenerate NAD+ to cope with the energy crisis [164].
Moreover, survival through prolonged inundation hypoxia involves the use of inorganic
pyrophosphate (PPi) as an alternative energy source and induction of enzymes that reduce
reactive oxygen species (ROS) or cytoplasmic acidosis, which are equally energy consuming
processes. Because translation is a tremendously energy-intensive process, protein synthesis
is affected in such oxygen-deprived conditions. Subsequently, essential metabolic processes
slow down affecting the overall growth of the plant. In rice, soybean and wheat, various
deleterious effects have been observed, such as suppression or reduction of hypocotyl and root
elongation, and suppression of lateral root development [162, 164, 165].

Plant tolerance to submergence/flooding is generally a metabolic adaptation in response to
anaerobiosis that enables cells to maintain their integrity so that the plant survives hypoxia
without major damages. Several defence-related changes occur in submergence tolerant
plants, including anatomical (e.g. formation of higher aerenchyma tissue in the nodal region
in rice), physiological (more shoot elongation) and biochemical (inhibition of chlorophyll
degradation, less utilization of storage carbohydrates and increased activity of anti-oxidative
enzymes). At the molecular level, plants need to adapt these several changes in their gene
expression profiles as well as cellular protein profiles. We will focus more on molecular
adaptation, with a preference for adaptive QTLs, genes and proteins of significance to crop
tolerance to flooding.

One of the early responses to submergence involves the differential regulation of a suite of TFs
belonging to the ethylene response factor (ERFs) gene family. In rice, a major QTL locus
belonging to ERF family, which is responsible for submergence tolerance, was mapped to
chromosome 9, designated as Submergence1 (Sub1) [166]. This QTL was reported to account
for about 70% of the phenotypic variation under submergence [167]. One of the genes adhered
to Sub1 locus is Sub1A, which limits shoot elongation during submergence by repressing
gibberellic acid (GA) levels and modulating GA signaling. In the process, the consumption of
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Wheat tonoplast intrinsic protein (TIP2; 2) is also reported to enhance salt tolerance [151].
However, the functional role of this protein is regulated by methylation following salt
treatment as is HKT1 in Arabidopsis [152]. This suggests that aquaporin methylation could also
play a role in regulating salt tolerance in plants and is worth further exploration.

Accumulation of ROS scavenging enzymes has also been reported to lower cellular damage,
maintain photosynthetic energy capture, and improve shoot and root growth under saline
conditions. For instance, salt-stress-induced accumulation of SOD has been reported to play a
protective role in Canola, S. europaea, S. chilense and K. candel [153–155]. Furthermore, expression
levels of anti-oxidant enzymes APX (e.g.,Apx1) , Trx, Prx, GPX and GST were observed to be
enhanced in Tangut nitraria [156] under salinity conditions. Moreover, the same authors have
reported that a photosynthetic enzyme, Ferredoxin—NADP (+) reductase (FNR), activity also
increased in T. nitraria. Pea plants grown under saline stress also showed an enhancement of
both APX activity and S-nitrosylated APX, which suggests that APX plays a significant role in
plant tolerance to salt stress. However, apart from ascorbic acid biosynthesis, which has been
shown to be modulated by OsMPG1, the molecular regulation of most anti-oxidants in
response to salinity remains to be explored.

The recent discovery that salt-tolerant plant growth promoting rhizobacteria (PGPR) popula‐
tions reduce Na+ concentration in the plant shoots [157] provides further insights into plant
tolerance to saline conditions. The PGPRs increase the expression of stress-responsive TFs,
induce greater proline synthesis, enhance ROS scavenging and improve plant biomass under
salinity stress. Therefore, treatment with rhizospheric organisms, and understanding the
mechanisms associated with these PGPRs leading to salt tolerance, is an attractive option to
improve crop yields under saline conditions.

Fundamental insights into genetic control of salt tolerance mechanisms have also led to
identification of more than 100 QTLs in various crops including Arabidopsis , barley, rice and
wheat, amongst others. The earlier mentioned salt overly sensitive (SOS) pathway genes and
AtCIPK16 are amongst the salt tolerance factors spanning several QTLs identified [158]. CIPK16
is an SNF1-related kinase/CBL-interacting protein kinase, underlying a quantitative trait locus
for Na+ exclusion in the Arabidopsis Bay-0×Shahadara mapping population. CIPK16 was also
recently shown to be expressed in barley and improves Na+ exclusion and biomass in a saline
field.

Taken together, several genes and proteins have been shown to enhance salt tolerance in plants.
However, the limited number of genes with functional polymorphism for salt tolerance makes
it difficult to employ marker-assisted breeding for salt tolerance traits. In addition, the complex
molecular mechanisms underlying the difference between seedling and reproductive stage
salt tolerance in plants, e.g. rice [159], suggest the need for further research. The importance
of the apoplastic bypass flow in delivering Na+ to the xylem, thus reducing leaf Na+ concen‐
tration and improving tolerance as suggested by [160], is also worth exploring further.
Moreover, more insights into the molecular regulation of salt response will provide avenues
for combining tolerance mechanisms to develop varieties that are widely adapted to salt stress.

Plant Genomics186

Wheat tonoplast intrinsic protein (TIP2; 2) is also reported to enhance salt tolerance [151].
However, the functional role of this protein is regulated by methylation following salt
treatment as is HKT1 in Arabidopsis [152]. This suggests that aquaporin methylation could also
play a role in regulating salt tolerance in plants and is worth further exploration.

Accumulation of ROS scavenging enzymes has also been reported to lower cellular damage,
maintain photosynthetic energy capture, and improve shoot and root growth under saline
conditions. For instance, salt-stress-induced accumulation of SOD has been reported to play a
protective role in Canola, S. europaea, S. chilense and K. candel [153–155]. Furthermore, expression
levels of anti-oxidant enzymes APX (e.g.,Apx1) , Trx, Prx, GPX and GST were observed to be
enhanced in Tangut nitraria [156] under salinity conditions. Moreover, the same authors have
reported that a photosynthetic enzyme, Ferredoxin—NADP (+) reductase (FNR), activity also
increased in T. nitraria. Pea plants grown under saline stress also showed an enhancement of
both APX activity and S-nitrosylated APX, which suggests that APX plays a significant role in
plant tolerance to salt stress. However, apart from ascorbic acid biosynthesis, which has been
shown to be modulated by OsMPG1, the molecular regulation of most anti-oxidants in
response to salinity remains to be explored.

The recent discovery that salt-tolerant plant growth promoting rhizobacteria (PGPR) popula‐
tions reduce Na+ concentration in the plant shoots [157] provides further insights into plant
tolerance to saline conditions. The PGPRs increase the expression of stress-responsive TFs,
induce greater proline synthesis, enhance ROS scavenging and improve plant biomass under
salinity stress. Therefore, treatment with rhizospheric organisms, and understanding the
mechanisms associated with these PGPRs leading to salt tolerance, is an attractive option to
improve crop yields under saline conditions.

Fundamental insights into genetic control of salt tolerance mechanisms have also led to
identification of more than 100 QTLs in various crops including Arabidopsis , barley, rice and
wheat, amongst others. The earlier mentioned salt overly sensitive (SOS) pathway genes and
AtCIPK16 are amongst the salt tolerance factors spanning several QTLs identified [158]. CIPK16
is an SNF1-related kinase/CBL-interacting protein kinase, underlying a quantitative trait locus
for Na+ exclusion in the Arabidopsis Bay-0×Shahadara mapping population. CIPK16 was also
recently shown to be expressed in barley and improves Na+ exclusion and biomass in a saline
field.

Taken together, several genes and proteins have been shown to enhance salt tolerance in plants.
However, the limited number of genes with functional polymorphism for salt tolerance makes
it difficult to employ marker-assisted breeding for salt tolerance traits. In addition, the complex
molecular mechanisms underlying the difference between seedling and reproductive stage
salt tolerance in plants, e.g. rice [159], suggest the need for further research. The importance
of the apoplastic bypass flow in delivering Na+ to the xylem, thus reducing leaf Na+ concen‐
tration and improving tolerance as suggested by [160], is also worth exploring further.
Moreover, more insights into the molecular regulation of salt response will provide avenues
for combining tolerance mechanisms to develop varieties that are widely adapted to salt stress.

Plant Genomics186



energy reserves is reduced, and upon de-submergence, genotypes with SUB1A are able to
resume development when flood water subsides.

Two ERFs, SNORKEL1 (SK1) and SNORKEL2 (SK2) from Thai deep water accession C9285,
also confer submergence adaptation in deep water rice by inducing rapid internode elongation
[168]. SKs have also been found in the genomes of accessions of wild O. rufipogon from Asia
and O. glumaepatula from South America but missing in most cultivated rice varieties, which
suggests that an ancient genomic region of Oryza was lost during the establishment of rice
grown in shallow paddies, but was safeguarded in deep water ecosystems. More recently, two
QTLs on chromosome 3 and 12, including O. sativa-GROWTH-REGULATING FACTOR7
(OsGRF7), were reported to be involved in GA-dependent stem elongation and meristem
maintenance in deep water rice [169]. OsGRF7 on chromosome 12 could probably be a regulator
of GA responsiveness for internode elongation, whereas a QTL on chromosome 3 and other
QTLs may regulate the DELLA function or act downstream of GA signaling. The DELLA
proteins are the key regulators of GA signaling and suppress plant growth in the absence of
GA.

In maize, a major QTL, Subtol6, was also recently shown to be associated with submergence
tolerance [170]. Based on the expression differences between the parent inbreds, subtol6 is
associated with HEMOGLOBIN2 (HB2), a gene which was previously reported to be associated
with plant survival in low oxygen or low ATP conditions [171]. The same authors indicate that
haemoglobin proteins in maize repress ROS levels and maintain the energy status of maize
cells during hypoxia. Other notable candidate genes, including genes related to ABA-INSEN‐
SITIVE3 (ABI3)/VIVIPAROUS1 (RAV1), genes related to accumulation and metabolism of
carbohydrates, e.g., alpha subunit of PYROPHOSPHATE-DEPENDENT FRUCTOSE-6-
PHOSPHATE 1-PHOSPHOTRANSFERASE (PFP) and ALCOHOL DEHYDROGENASE1
(ADH1), have been reported to be highly upregulated in response to submergence [170].

In association with these tolerance genes, a number of other QTLs have also been identified in
various crops, including barley, wheat, Brassica napus, maize and Lolium perenne, amongst
others.

In addition to these QTLs studies, several proteins have been reported to enhance submergence
tolerance in plants. Enzymes involved in primary metabolism are differentially regulated in
response to flooding. For instance, UDP-glucose dehydrogenase, UDP-glucose pyrophos‐
phorylase, β-glucosidase G4 and rhamnose synthase, aspartate aminotransferase and lipoxy‐
genase have been reported as early flood-responsive proteins in rice and soybeans [164, 172].
The same authors indicate that phenlypropanoid pathway and cell wall synthesis enzymes
decrease in abundance during flooding, which could be an energy-conserving adaptive
strategy towards enhanced flooding tolerance.

Together these findings suggest that during flooding several processes are inhibited to reduce
energy consumption. It is crucial for the plant to preserve some carbohydrates for release of
energy to support further growth when the water level recedes. The regulatory genes in this
category may also serve some ABA-mediated water stress recovery and inhibition of GA-
induced internodal elongation as quiescence strategies adopted by plants [173]. On the other
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hand, avoidance mechanisms employed under deep water conditions involve rapid internode
elongation. In R. palustris, there are populations that show either the quiescence response or
the avoidance response to submergence. This divergence shows that quiescence and avoidance
are two strategies that can be employed by plants depending on the duration of flooding.
Quiescence can be the optimal strategy for short-duration ‘flash’ floods, whereas avoidance
via growth could be more reliable in prolonged deep flooding. Notwithstanding the above-
mentioned tolerance genes and proteins, a deeper insight into the molecular regulation of
quiescence and avoidance, and the associated regulatory networks, is still needed to provide
sustainable avenues for improving plants specific to either flooding condition or able to grow
in both.

7. Advances in plant tolerance to nutrient imbalances

7.1. Tolerance to nutrient deficiency

A total of 21 mineral nutrients are essential for crop growth and development. Most nutrients
in the soil are primarily generated from the weathering of the parent material in the Earth's
crust. Moreover, nutrient levels can vary widely across locations because of initial influence
of the composition of the parent material. In most cases, inadequate replenishment from the
parent material and from the adsorbed and complexed fractions causes nutrient deficiencies
in the soil. In addition, natural factors, including acidity, alkalinity and human activities such
as inadequate fertilization also cause nutrient deficiencies. In countries such as India and
China, mineral deficiencies have significantly stagnated or limited crop yields. More than 30%
of agricultural soils are boron deficient, not only in China and India, but in the whole world.
Moreover, zinc deficiency is even more widespread, affecting approximately 50% of the soils.
Significant zinc deficiencies occur in sub-Saharan Africa, Turkey, Iran and Pakistan [174].

Several studies have been conducted on understanding plant nutrition; the most noteworthy
being the work of the German scientist Justus von Liebig, who stipulated that plant growth is
controlled not only by the total resources (nutrients) available, but also by the scarcest resource
(the limiting factor). This submission has stimulated a series of studies on nutrient manage‐
ment, including plant breeding for tolerance to nutrient deficiencies. Tolerance to nutrient
deficiency is associated with the genotype’s nutrient use efficiency. Genotypic variation in
nutrient use efficiency is closely related to root nutrient acquisition capacity and utilization.
In this section, we will focus on nitrogen and phosphorus, the two most limiting nutrients that
are essential for several biological processes in plants.

7.1.1. Plant tolerance to nitrogen deficiency

Nitrogen is the most limiting nutrient to plant growth in most ecosystems despite its abun‐
dance in the atmosphere. This problem occurs because most plants can only take up nitrogen
in two solid forms: ammonium ion (NH4 +) and nitrate ion (NO3 −). Ammonium is used less by
plants because it is extremely toxic if taken up in large concentrations, so inorganic nitrate is
the most usable form obtained by plants from the soil solution. Nitrogen-deficiency effect on
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[168]. SKs have also been found in the genomes of accessions of wild O. rufipogon from Asia
and O. glumaepatula from South America but missing in most cultivated rice varieties, which
suggests that an ancient genomic region of Oryza was lost during the establishment of rice
grown in shallow paddies, but was safeguarded in deep water ecosystems. More recently, two
QTLs on chromosome 3 and 12, including O. sativa-GROWTH-REGULATING FACTOR7
(OsGRF7), were reported to be involved in GA-dependent stem elongation and meristem
maintenance in deep water rice [169]. OsGRF7 on chromosome 12 could probably be a regulator
of GA responsiveness for internode elongation, whereas a QTL on chromosome 3 and other
QTLs may regulate the DELLA function or act downstream of GA signaling. The DELLA
proteins are the key regulators of GA signaling and suppress plant growth in the absence of
GA.

In maize, a major QTL, Subtol6, was also recently shown to be associated with submergence
tolerance [170]. Based on the expression differences between the parent inbreds, subtol6 is
associated with HEMOGLOBIN2 (HB2), a gene which was previously reported to be associated
with plant survival in low oxygen or low ATP conditions [171]. The same authors indicate that
haemoglobin proteins in maize repress ROS levels and maintain the energy status of maize
cells during hypoxia. Other notable candidate genes, including genes related to ABA-INSEN‐
SITIVE3 (ABI3)/VIVIPAROUS1 (RAV1), genes related to accumulation and metabolism of
carbohydrates, e.g., alpha subunit of PYROPHOSPHATE-DEPENDENT FRUCTOSE-6-
PHOSPHATE 1-PHOSPHOTRANSFERASE (PFP) and ALCOHOL DEHYDROGENASE1
(ADH1), have been reported to be highly upregulated in response to submergence [170].

In association with these tolerance genes, a number of other QTLs have also been identified in
various crops, including barley, wheat, Brassica napus, maize and Lolium perenne, amongst
others.

In addition to these QTLs studies, several proteins have been reported to enhance submergence
tolerance in plants. Enzymes involved in primary metabolism are differentially regulated in
response to flooding. For instance, UDP-glucose dehydrogenase, UDP-glucose pyrophos‐
phorylase, β-glucosidase G4 and rhamnose synthase, aspartate aminotransferase and lipoxy‐
genase have been reported as early flood-responsive proteins in rice and soybeans [164, 172].
The same authors indicate that phenlypropanoid pathway and cell wall synthesis enzymes
decrease in abundance during flooding, which could be an energy-conserving adaptive
strategy towards enhanced flooding tolerance.

Together these findings suggest that during flooding several processes are inhibited to reduce
energy consumption. It is crucial for the plant to preserve some carbohydrates for release of
energy to support further growth when the water level recedes. The regulatory genes in this
category may also serve some ABA-mediated water stress recovery and inhibition of GA-
induced internodal elongation as quiescence strategies adopted by plants [173]. On the other
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crop yields depends on the growth stage at which it occurs, as well as on its duration and extent
[175]. However, reduced radiation interception, low radiation use efficiency, poor dry matter
partitioning to reproductive organs, reduced leaf area index and decreased protein content of
the plant and seed are the common effects of nitrogen deficiency.

Plants react in many different ways to changes in N provision; and physiological and molecular
components governing N uptake, assimilation and remobilization during the plant life cycle
have been studied extensively in the past decades, for review see [176, 177]. Three types of
responses have been recently unraveled: (i) regulation of root N uptake systems, (ii) plasticity
of root system architecture and (iii) fast modulation of shoot growth [178]. The first two
responses generally improve efficiency of root N uptake under deficient conditions. The
upregulation of specific high-affinity membrane transporters and enhanced foraging by the
root system are implicated in these responses. When soil conditions for N uptake are seemingly
unfavourable, e.g. limited water availability, plants will quickly slow down the overall N
demand, as a nutrient conserving adaptive strategy, to prevent N starvation until conditions
for N uptake become favourable.

In various plant species, nitrate transporters play a dominant role in N uptake. In Arabidopsis,
three major families of nitrate transporters have been identified: Chlorate resistant 1 (CHL1/
NRT1), NRT2 and chloride channel (CLC) [177]. NRT2 belongs to the high-affinity nitrate
transporter group while most of the NRT1 family members belong to low-affinity nitrate
transporters. The only exception, so far, in the latter group is NRT1.1 that is a dual affinity
nitrate transporter. Thus, the high-affinity transporters that have been identified and primarily
associated with nitrate uptake from the external environment include NRT1.2, NRT2.1, NRT2.2
and the dual affinity transporter, NRT1.1.

NRT1.1 is functionally regulated by phosphorylation of a threonine residue, Thr101, which
facilitates the switching of its activity from a low- to a high-affinity state. AtNRT1.1, which
is also induced by auxin and is itself an auxin influx facilitator, is a dimer in the asymmet‐
ric unit cell despite being monomeric in solution. At low nitrate levels, AtNRT1.1 is phos‐
phorylated  at  the  dimer  interface,  dissociates  the  NRT1.1  dimer,  changes  into  a  high-
affinity transporter and represses lateral root (LR) development by promoting basipetal auxin
transport out of LR primordia (LRP) [179]. At high nitrate levels, NRT1 1 is dephosphorylat‐
ed, adopts a dimeric structure and adapts a low-affinity transporter configuration. In this
state, trafficking of auxin out of the LR is blocked, and auxin accumulates in the LR initials
promoting  LR  development.  NRT1.1  is  also  shown  to  act  upstream  of  the  MADS  box
ARABIDOPSIS NITRATE REGULATED1 (ANR1) when modulating LR growth [179]. ANR1
mediates localized N response and modulates the proliferation of LRs in N-dense patches.
Moreover, NRT1.1 has been shown to regulate genes encoding for other nitrate transport‐
ers,  including NRT2.1  and NRT3.1  [180].  However,  NRT1.1  and NRT2.1  are  localized in
different cell layers in the roots, and their adaptive/complementary strategy in nitrate uptake
is not well elucidated. The NRT1.1-auxin modulation and nitrate signaling has also been a
topic of interest and requires elucidation [181].

Amongst the CLC family members, CLCa and CLCb function as proton-nitrate exchanges, and
have high selectivity for nitrates over chlorides [182]. Both transporters are known to mediate
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nitrate accumulation in the plant vacuoles. Besides the above-mentioned transporters, the
acquisition of nitrate is also regulated by slow anion channel (SLAC1) and SLAC1  homo‐
logue (SLAH) and nitrate excretion transporter (NAXT-1). Five SLAC genes were previous‐
ly reported in Arabidopsis . Amongst these genes, SLAC1 and SLAH3 show nitrate transport
activity, but their channel activity is co-regulated by kinases (e.g., CPK21) [183]. An efflux
component operated by NAXT-1, associated with the nitrate transporter 1/peptide transport‐
er (NRT1/PTR) family of proteins, mediates nitrate efflux under acid load in the cytosol [184].
Similarly, NRT1.5, which loads nitrates into the xylem for root-to-shoot translocation, also
mediates nitrate efflux. However, the proton-coupling mechanism of NAXT1 remains to be
elucidated. Two other transporters, NRT1.8 and NRT1.9, have been reported to regulate root-
to-shoot nitrate translocation [185, 186]. Both transporters are apparently negative regula‐
tors of root-to-shoot nitrate transport. The subsequent nitrate allocation into the vegetative
tissues, reproductive tissues and osmotic regulation of guard cells is reasonably described
elsewhere [187].

Further studies on signaling, transcriptional and post-translational regulation have revealed
evidence that a CBL-interacting protein kinase, CIPK8, regulates the activity of nitrate
transporters and the expression of nitrate assimilation genes [188]. Like CIPK8, CIPK23 is also
suggested to be activated by a CBL protein, CBL9, but the exact mechanism is elusive. CIPK23
directly interacts with NRT1.1 in the plasma membrane and phosphorylates NRT1.1 at Thr101
to adopt a monomeric structure when the nitrate concentration is low. This process helps plants
to adapt to low nitrogen levels.

Several TFs have been implicated in regulating NRT1.1 activity. For instance, the activity of
two bZIP TFs in Arabidopsis, ELONGATED HYPOCOTYL5 (HY5) and HY5-HOMOLOG (HYH),
was suggested to positively modulate NITRATE REDUCTASE2 (NIA2) and negatively
modulate NRT1.1 [189]. The NODULE INCEPTION (NIN)-like TFs have also been shown to
play a central role in the regulation of nitrate-inducible genes [190]. Nitrate signaling activates
NIN-like transcription factors through their N-terminal regions. The activated factors promote
the expression of nitrogen assimilation-related genes and genes encoding regulatory proteins.
NLP7 is the most reported in this family of TFs. NLP7 is strongly induced in vascular tissues
and root hairs, and is required for the induction of several nitrate uptake and assimilatory
genes. Thus, NLP7 is is probably a key regulator of nitrogen utilization mechanisms. More
recently, the presence of nitrate in the external solution induced the expression of NRT
accessory proteins (NAR), nitrate reductase, nitrite reductase and genes involved in the GS-
GOGAT cycle, in Arabidopsis, as well as in maize and other plants [191]. These proteins likely
play a role in nitrate sensing.

Strigolactones (SLs), a new class of plant hormones and rhizosphere signaling molecules, also
appear to be upregulated in plants under low N conditions [192]; however, the impact of SL
levels on root growth is yet to be determined. Changes in root system architecture (RSA) may
also be induced depending on the prevailing available organic form of nitrogen, for review
see [118]. The most commonly reported organic forms are l-glutamate or carnitine. In
Arabidopsis seedlings, l-glutamate inhibits cell division in the root apical meristem (PRM) of
the primary root (PR) tip and promotes LR formation and outgrowth. However, several
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demand, as a nutrient conserving adaptive strategy, to prevent N starvation until conditions
for N uptake become favourable.

In various plant species, nitrate transporters play a dominant role in N uptake. In Arabidopsis,
three major families of nitrate transporters have been identified: Chlorate resistant 1 (CHL1/
NRT1), NRT2 and chloride channel (CLC) [177]. NRT2 belongs to the high-affinity nitrate
transporter group while most of the NRT1 family members belong to low-affinity nitrate
transporters. The only exception, so far, in the latter group is NRT1.1 that is a dual affinity
nitrate transporter. Thus, the high-affinity transporters that have been identified and primarily
associated with nitrate uptake from the external environment include NRT1.2, NRT2.1, NRT2.2
and the dual affinity transporter, NRT1.1.

NRT1.1 is functionally regulated by phosphorylation of a threonine residue, Thr101, which
facilitates the switching of its activity from a low- to a high-affinity state. AtNRT1.1, which
is also induced by auxin and is itself an auxin influx facilitator, is a dimer in the asymmet‐
ric unit cell despite being monomeric in solution. At low nitrate levels, AtNRT1.1 is phos‐
phorylated  at  the  dimer  interface,  dissociates  the  NRT1.1  dimer,  changes  into  a  high-
affinity transporter and represses lateral root (LR) development by promoting basipetal auxin
transport out of LR primordia (LRP) [179]. At high nitrate levels, NRT1 1 is dephosphorylat‐
ed, adopts a dimeric structure and adapts a low-affinity transporter configuration. In this
state, trafficking of auxin out of the LR is blocked, and auxin accumulates in the LR initials
promoting  LR  development.  NRT1.1  is  also  shown  to  act  upstream  of  the  MADS  box
ARABIDOPSIS NITRATE REGULATED1 (ANR1) when modulating LR growth [179]. ANR1
mediates localized N response and modulates the proliferation of LRs in N-dense patches.
Moreover, NRT1.1 has been shown to regulate genes encoding for other nitrate transport‐
ers,  including NRT2.1  and NRT3.1  [180].  However,  NRT1.1  and NRT2.1  are  localized in
different cell layers in the roots, and their adaptive/complementary strategy in nitrate uptake
is not well elucidated. The NRT1.1-auxin modulation and nitrate signaling has also been a
topic of interest and requires elucidation [181].

Amongst the CLC family members, CLCa and CLCb function as proton-nitrate exchanges, and
have high selectivity for nitrates over chlorides [182]. Both transporters are known to mediate
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Arabidopsis auxin-signaling mutants display different levels of sensitivity to l-glutamate,
suggesting that l-glutamate is rather a signaling molecule as opposed to a nitrogen source
[193]. In addition, the rice glutamate receptor mutants display a host of RSA changes, including
short PR and LR, reduced cell division and the cell death of root apical meristem [194], further
suggesting that l-glutamate is a signaling molecule. l-Glutamate could be a major anchor in
the signaling process leading to nitrate uptake and assimilation. This is supported by previous
studies that have shown that glutamine synthetase (GS1) from alfalfa causes an increase in
photosynthesis and growth under low N fertilization regime [195]. Glutamine synthetase also
mediates ammonium assimilation into glutamine. Ammonium form of nitrogen is rapidly
assimilated into organic nitrogen forms to avoid tissue toxicity, for review see [196]. Several
other reviews have documented the genes and proteins regulating nitrogen use efficiency
(NUE) in plants. The reader is referred to excellent reviews by [177, 196]. In addition, more
than 50 QTLs for nitrogen use efficiency have been reported in plants, though few of them
have been validated. Amongst the identified QTLs are nitrogen deficiency response QTLs in
rice, nitrogen supply responses and yield in wheat and nitrogen use efficiency in barley.

Collectively, nitrogen use efficiency in plants is controlled by a complex array of physiological,
developmental and environmental interactions that are specific to the genotype of a given
species. Notwithstanding the aforementioned N uptake and utilization genes and QTLs, an
extensive molecular survey of a wide range of genotypes covering the genetic diversity of a
crop could provide further evidence on the genetic control of these trait. This can be achieved
using the various available ‘omics’ techniques, combined with agronomic and physiological
approaches in order to identify more elements controlling NUE in plants, both universal and
specific, for use in crop improvement.

7.1.2. Plant tolerance to phosphorus deficiency

Phosphorus (P) is the second most limiting mineral nutrient in almost all soils, and >30% of
the world’s arable land has low P [197]. Phosphorus availability is particularly limiting on
highly weathered acid soils of the tropics and subtropics due to its fixation by Al and Fe oxides
on the surface of clay minerals. Plants take up phosphorus as phosphate (Pi), either directly
by the root system or transferred through the fungal symbiont in arbuscular mycorrhizae host
plants. Plants have elaborate sensing and signaling mechanisms in response to Pi deficiency,
and both local and systemic signaling in response to Pi deficiency have been reported [197].
Key responses in the plant include changes in the root system architecture (RSA), a reduction
in photosynthetic rate; increased activity of high-affinity Pi transporter activities; secretion of
APases, ribonucleases and organic acids; membrane phospholipid replacement with glycoli‐
pids and sulfolipids; and increased availability of anthocyanin and starch [198]. Putative
signaling molecules in response to Pi deficiency include sugars, hormones and microRNAs.

Under limiting Pi conditions, plants can monitor Pi deficiency both locally and systemically,
and root foraging strategy to explore top soil layers for Pi is employed. The Pi foraging strategy
is accomplished through one of the several different RSA and physiological changes [118]. The
local external Pi rather than the systemic Pi status of the whole plant regulates the remodelling
of RSA [199]. In maize and some species in the Proteaceae and Casuarinaceae families, the
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remodelling of RSA involves production of adventitious roots and cluster roots [200, 201],
which increases root surface area for Pi absorption. While a plant Pi receptor is yet to be
identified, recent reports have suggested that ethylene biosynthesis and signaling are involved
in the Pi-deficiency-triggered remodelling of RSA, for review see [118, 195]. The evidence is
supported by previous finding that inhibition of ethylene biosynthesis with 2-aminoethoxyvinyl
glycine (AVG) or ethylene perception with Ag+ restricted the low Pi-induced meristem exhaus‐
tion of the primary root [202]. Correspondingly, application of Ag+ was found to reduce the
inhibition of primary root growth triggered by Pi deficiency. Moreover, Pi deficiency induced
the formation of aerenchyma in adventitious roots, which is similarly induced by ethylene
perception.

At the transcriptional level, Lei et al. [203], using an Arabidopsis transgenic line that carries a
LUC gene fused to the promoter of the high-affinity Pi transporter, AtPT2, showed that the
transcription of AtPT2 is induced by Pi starvation. Using this marker line, the authors identified
the Arabidopsis mutant etr1/hps2 (constitutive triple response 1/hyper-sensitive to Pi starvation2),
which showed hyper-induction of the AtPT2::LUC gene by Pi deficiency. Interestingly, the
expression of AtPT2 was partially blocked in ethylene insensitive 2 (ein2) mutants, but was
enhanced in ethylene over producer1 (eto1) mutants. A similar expression pattern was observed
for several other Pi starvation-induced (PSI) genes in the hps2 (negative regulator of ethylene
response) and ein2 mutants, including high-affinity phosphate transporter, AtPT1 (Pht1;1); a
non-coding transcript, At4; an APase, ACP5; a ribonuclease, Rxlink; and miR399d [204].
Enhanced transcription of PSI genes was also observed in the mutant hps3 and hps4, which are
ETO1 alleles [205, 206]. ETO1 protein is a member of the broad complex/tramtrack/bric-a-brac
(BTB) protein superfamily that participates in substrate recognition during ubiquitin-mediated
protein degradation [204, 207]. ETO1 directly binds to the C-terminal of ACS5 and mediates
its degradation. When ETO1 is mutated, it causes an overproduction of ethylene in young
seedlings [208]. Application of 25 μM ACC to young Arabidopsis seedlings under high Pi
conditions barely induces the expression of AtPT2. Under Pi deficiency, however, 0.5 μM ACC
dramatically increases AtPT2 expression and induces ectopic root-hair development [203].
Thus, these results provide evidence that ethylene production and signaling is involved in the
transcriptional responses of plants to Pi deficiency and primarily integrates with other Pi-
deficiency-induced signaling pathways.

The other signaling component involving increased transcription of purple acid phosphatase
10 (AtPAP10) by Pi starvation in the whole seedlings of hps3 and hps4 has been reported [205,
206]. AtPAP10 is a Pi starvation-induced APase (enzymes that scavenge Pi from organophos‐
phate compounds) associated with the root surface. Functional analyses of atpap10 mutants
suggest that AtPAP10 is important for plant tolerance to Pi starvation. However, the tran‐
scription of AtPAP10 does not significantly increase in ACC-treated seedlings or the constitutive
triple response I (ctr1) mutant under Pi deficiency, nor does the accumulation of AtPAP10
proteins, which could suggest that ethylene has no effect on AtPAP10 transcription. More
recently, Zhang et al. [209] have shown that positive regulation of AtPAP10 depends on sucrose
and not ethylene. Moreover, they have also shown that ethylene does not affect AtPAP10
activity without sucrose, but the opposite is true. This suggests that ethylene could be a local
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(NUE) in plants. The reader is referred to excellent reviews by [177, 196]. In addition, more
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the world’s arable land has low P [197]. Phosphorus availability is particularly limiting on
highly weathered acid soils of the tropics and subtropics due to its fixation by Al and Fe oxides
on the surface of clay minerals. Plants take up phosphorus as phosphate (Pi), either directly
by the root system or transferred through the fungal symbiont in arbuscular mycorrhizae host
plants. Plants have elaborate sensing and signaling mechanisms in response to Pi deficiency,
and both local and systemic signaling in response to Pi deficiency have been reported [197].
Key responses in the plant include changes in the root system architecture (RSA), a reduction
in photosynthetic rate; increased activity of high-affinity Pi transporter activities; secretion of
APases, ribonucleases and organic acids; membrane phospholipid replacement with glycoli‐
pids and sulfolipids; and increased availability of anthocyanin and starch [198]. Putative
signaling molecules in response to Pi deficiency include sugars, hormones and microRNAs.

Under limiting Pi conditions, plants can monitor Pi deficiency both locally and systemically,
and root foraging strategy to explore top soil layers for Pi is employed. The Pi foraging strategy
is accomplished through one of the several different RSA and physiological changes [118]. The
local external Pi rather than the systemic Pi status of the whole plant regulates the remodelling
of RSA [199]. In maize and some species in the Proteaceae and Casuarinaceae families, the
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but indirect signal for AtPAP10 activity. However, as discussed before, ethylene could be
regulating other components of Pi starvation response at the transcriptional level. Song and
Liu [204] have demonstrated that accumulation of anthocyanin is lower in hps2, hps3 and hps4
mutants under low Pi but increases in Pi-starved ein2 mutants. As mentioned before, accu‐
mulation of anthocyanins is an indicator of Pi-deficiency response in plants, thus ethylene
could be a negative regulator of Pi-deficiency-induced anthocyanin accumulation probably
through the regulation of genes involved in anthocyanin synthesis. Thus, ethylene likely
participates at both the transcriptional and post-transcriptional levels, and this has implica‐
tions on Pi starvation response in plants.

The systemic response to P starvation is also carried out through a complex signaling network
that involves other plant hormones [210, 211], sugars [212] and nitric oxide [213], collectively
resulting in the alteration of carbohydrate distribution between roots and shoots. Amongst the
plant hormones, other than ethylene, auxin likely plays a role in response to Pi starvation.
However, ethylene likely exerts its influence through regulating auxin activity, as it has been
associated with RSA remodelling [198]. Indeed, ethylene has been reported to interact with
auxin and sugars, and changes in auxin transport and localization appear to be at least partially
responsible for Pi stress-induced LR development [214]. Decreased sensitivity to CK and GA
also appears to be at least partially responsible for Pi-stress-induced LR development [215].
Under low Pi, GA has been shown to repress Pi-induced root architecture changes [216].
Moreover, Pi-deficient plants were shown to accumulate DELLA proteins, the negative
regulators of GA-induced root growth, which are modulated by auxin.

As discussed before, amongst sugars, sucrose is key to Pi-deficiency response and appears to
regulate ethylene activity. Amongst the TFs, phosphate starvation response proteins (e.g.,
OsPHR1, OsPHR2, PvPHR1, ZmPHR1 and TaPHR1), which bind the promoter sequences of
low Pi-induced genes, and their regulator SMALL UBIQUITIN-LIKE MODIFIER1 [AtSIZ1;
217], a small ubiquitin-modified E3 ligase, and the downstream PHOSPHATE2 (PHO2), an E2
conjugase, are involved in Pi-deficiency-related transcriptional changes. Other TFs, including
the bHLH, PTF1 (e.g., OsPTF1 and ZmPTF1) and MYB2P-1 (e.g., OsMYB2P1), MYB62, WRKY
(e.g., WRKY75, WRKY6), bHLH32 and ZAT6 are also involved in the signaling network to
regulate plant adaptation to P stress, for review see [218].

Based on genetic analysis, two proteins, the P5 type ATPase encoded by PHOSPHATE
DEFICIENCY RESPONSE2 (PDR2), and multicopper oxidase LOW PHOSPHATE ROOT1
(LPR1), were also previously shown to modulate Pi signaling in an endoplasmic-reticulum-
localized pathway [219]. PDR2 is required for maintaining the levels of the root patterning
gene, SCARECROW (SCR), and SHORT-ROOT protein (SHR) trafficking from stele into
endodermis. PDR2 was proposed to act upstream of LPR1/LPR2 to adjust meristem activity.
A recent study has shown that LPR1 is a ferroxidase [220]. Mutation of LPR1 reduces Fe3+ levels
in the meristemic tissues of Pi-deficient plants. In contrast, increased levels of Fe3+ have been
reported in pdr2 mutants leading to high production levels of reactive oxygen species (ROS).
ROS signaling increases deposition of callose, which has been suggested to impair the
trafficking of SHR, thus restricting root tip growth. Thus, PDR2 appears to modulate Pi-
deficiency response by limiting Fe3+ accumulation in root tips.
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More recently, molecular mechanisms defining the phosphate signaling pathway showed that
phosphate uptake 1 (Pup1)-specific protein kinase gene, named phosphorus-starvation tolerance 1
(PSTOL1), was confirmed to be involved in regulating root growth and architecture during
early stages of rice growth [221]. Allele-specific markers for this gene have been reported
recently [222]. Interestingly, OsPSTOL1 is located within the Kasalath-specific INDEL region
and is absent from the rice variety Nipponbare reference genome. Thus, the configuration of
the functional mechanism of PSTOL1 is still elusive. We speculate that PSTOL1 could be a local
sensor of Pi starvation which transduces signals for sucrose or ethylene biosynthesis or both.
The interplay of sucrose accumulation and ethylene biosynthesis is apparently the hallmark
of Pi starvation response in plants.

The post-transcriptional regulation as well as long-distance signaling is carried out by
microRNAs. As mentioned before, miR399, which is regulated by PHR1, a conserved MYB TF,
maintains P homeostasis by regulating P transporter PHO2 [223]. In tomato, overexpression
of Arabidopsis miR399 increases both the Pi accumulation and secretion of acid phosphatase
and protons in the roots [223]. Thus, miR399 is important for Pi acquisition, and could be acting
downstream of sucrose and probably ethylene. Overexpression of miR399 in Arabidopsis also
increases P uptake and allocation to the shoot. Moreover, P remobilization from older leaves
to young leaves is defective in Arabidopsis miR399 transgenic lines [224]. This suggests that
miR399 is important for allocation and remobilization of P. The targets of miR399 include a
ubiquitin-conjugating E2 enzyme (UBC24) encoded by PHO2, which is upregulated under P-
sufficient conditions and downregulated in P-starved plant roots. Homologues of PHO2/
UBC24 have a conserved structure in many species, and their 5′ UTR regions possess multiple
miR399-complementary sequences. Thus, the regulatory mechanism of miR399-PHO2 complex
is evolutionarily conserved in angiosperms, making it a potential target for improving P
nutrition efficiency in plants.

Strigolactones (SL) have also been shown to be induced by low Pi in many species, including
tomato, Arabidopsis, pea and rice [225–229]. Strigolactones are terpenoid lactones that function
as either endogenous hormones that control plant development or as components of root
exudates that promote symbiotic interactions between plants and soil microbes. The produc‐
tion and exudation of SLs may depend on whether the plant is arbuscular mycorrhizal fungi
(AMF)-compatible host or an arbuscular mycorrhizal symbiosis (AMS) for Pi and N uptake.
A well-known synthetic SL, GR24, apparently increases LR formation under low Pi or
decreases LR formation under sufficient Pi. In addition, SL biosynthesis (more axillary growth;
max4-1) and signaling (max2-1) mutants have reduced number of root hairs under low Pi
condition at the early stages of seedling development. This suggests that SLs mediate plant
responses to low Pi; however, the mechanism by which SL exudation affects root growth is
not fully understood.

In conclusion, although the molecular components of P stress signaling in plants have been
fairly documented, the overall pathway is still less understood and requires further investi‐
gation. Nonetheless, the recent developments in whole genome sequencing technologies
provide hope for more studies on plants with better P acquisition and utilization. Successes in
QTL analysis have also set a stage for subsequent studies. Besides the success story of PSTOL1
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but indirect signal for AtPAP10 activity. However, as discussed before, ethylene could be
regulating other components of Pi starvation response at the transcriptional level. Song and
Liu [204] have demonstrated that accumulation of anthocyanin is lower in hps2, hps3 and hps4
mutants under low Pi but increases in Pi-starved ein2 mutants. As mentioned before, accu‐
mulation of anthocyanins is an indicator of Pi-deficiency response in plants, thus ethylene
could be a negative regulator of Pi-deficiency-induced anthocyanin accumulation probably
through the regulation of genes involved in anthocyanin synthesis. Thus, ethylene likely
participates at both the transcriptional and post-transcriptional levels, and this has implica‐
tions on Pi starvation response in plants.
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that involves other plant hormones [210, 211], sugars [212] and nitric oxide [213], collectively
resulting in the alteration of carbohydrate distribution between roots and shoots. Amongst the
plant hormones, other than ethylene, auxin likely plays a role in response to Pi starvation.
However, ethylene likely exerts its influence through regulating auxin activity, as it has been
associated with RSA remodelling [198]. Indeed, ethylene has been reported to interact with
auxin and sugars, and changes in auxin transport and localization appear to be at least partially
responsible for Pi stress-induced LR development [214]. Decreased sensitivity to CK and GA
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low Pi-induced genes, and their regulator SMALL UBIQUITIN-LIKE MODIFIER1 [AtSIZ1;
217], a small ubiquitin-modified E3 ligase, and the downstream PHOSPHATE2 (PHO2), an E2
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the bHLH, PTF1 (e.g., OsPTF1 and ZmPTF1) and MYB2P-1 (e.g., OsMYB2P1), MYB62, WRKY
(e.g., WRKY75, WRKY6), bHLH32 and ZAT6 are also involved in the signaling network to
regulate plant adaptation to P stress, for review see [218].

Based on genetic analysis, two proteins, the P5 type ATPase encoded by PHOSPHATE
DEFICIENCY RESPONSE2 (PDR2), and multicopper oxidase LOW PHOSPHATE ROOT1
(LPR1), were also previously shown to modulate Pi signaling in an endoplasmic-reticulum-
localized pathway [219]. PDR2 is required for maintaining the levels of the root patterning
gene, SCARECROW (SCR), and SHORT-ROOT protein (SHR) trafficking from stele into
endodermis. PDR2 was proposed to act upstream of LPR1/LPR2 to adjust meristem activity.
A recent study has shown that LPR1 is a ferroxidase [220]. Mutation of LPR1 reduces Fe3+ levels
in the meristemic tissues of Pi-deficient plants. In contrast, increased levels of Fe3+ have been
reported in pdr2 mutants leading to high production levels of reactive oxygen species (ROS).
ROS signaling increases deposition of callose, which has been suggested to impair the
trafficking of SHR, thus restricting root tip growth. Thus, PDR2 appears to modulate Pi-
deficiency response by limiting Fe3+ accumulation in root tips.
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regulators of GA-induced root growth, which are modulated by auxin.

As discussed before, amongst sugars, sucrose is key to Pi-deficiency response and appears to
regulate ethylene activity. Amongst the TFs, phosphate starvation response proteins (e.g.,
OsPHR1, OsPHR2, PvPHR1, ZmPHR1 and TaPHR1), which bind the promoter sequences of
low Pi-induced genes, and their regulator SMALL UBIQUITIN-LIKE MODIFIER1 [AtSIZ1;
217], a small ubiquitin-modified E3 ligase, and the downstream PHOSPHATE2 (PHO2), an E2
conjugase, are involved in Pi-deficiency-related transcriptional changes. Other TFs, including
the bHLH, PTF1 (e.g., OsPTF1 and ZmPTF1) and MYB2P-1 (e.g., OsMYB2P1), MYB62, WRKY
(e.g., WRKY75, WRKY6), bHLH32 and ZAT6 are also involved in the signaling network to
regulate plant adaptation to P stress, for review see [218].

Based on genetic analysis, two proteins, the P5 type ATPase encoded by PHOSPHATE
DEFICIENCY RESPONSE2 (PDR2), and multicopper oxidase LOW PHOSPHATE ROOT1
(LPR1), were also previously shown to modulate Pi signaling in an endoplasmic-reticulum-
localized pathway [219]. PDR2 is required for maintaining the levels of the root patterning
gene, SCARECROW (SCR), and SHORT-ROOT protein (SHR) trafficking from stele into
endodermis. PDR2 was proposed to act upstream of LPR1/LPR2 to adjust meristem activity.
A recent study has shown that LPR1 is a ferroxidase [220]. Mutation of LPR1 reduces Fe3+ levels
in the meristemic tissues of Pi-deficient plants. In contrast, increased levels of Fe3+ have been
reported in pdr2 mutants leading to high production levels of reactive oxygen species (ROS).
ROS signaling increases deposition of callose, which has been suggested to impair the
trafficking of SHR, thus restricting root tip growth. Thus, PDR2 appears to modulate Pi-
deficiency response by limiting Fe3+ accumulation in root tips.
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in rice, QTL analysis in common bean has shown the importance of basal roots and adventi‐
tious roots for P acquisition [230–232]. Another study by Yan et al. [233] identified a large
number of QTLs for Hþ exudation, root-hair density and length, associated with P efficiency.
Additionally, QTLs for root traits related to P efficiency have also been identified in soybean
[234, 235]. Moreover, QTLs controlling P deficiency tolerance were mapped by Zhang et al.
[344] using 152 RILs derived from a cross between P-stress-tolerant and P-stress-sensitive
parents. Thus, future studies will build on these present discoveries to facilitate genetic
improvement for Pi-deficiency tolerance.

7.2. Advances in plant tolerance to nutrient toxicities

Metal toxicity is an important factor limiting the growth of plants in many environments. Some
metals, such as copper and zinc, are micronutrients at low concentrations and become toxic at
higher levels, whereas others (e.g., aluminium, iron, cadmium, chromium and lead) are well
known for their toxicity [236]. These elements can be highly phytotoxic and seriously impair
plant root growth. However, some crops are able to tolerate toxic environments, without
significant display of toxicity symptoms. Three main strategies are employed by such plants
to manage toxic soil compounds: (1) Producing root exudates that bind and neutralize the toxin
in the rhizosphere, (2) actively transport the compound into the root, but neutralizing and
sequestering it in vacuoles for safe accumulation or eliminating it through exudation and (3)
excluding the toxic elements by preventing entry into the plant tissues. For the purpose of this
chapter, we will focus on aluminium and iron toxicities as these elements have been frequently
reported as major constraints in the production of economically important crops.

7.2.1. Plant tolerance to aluminium toxicity

Aluminium (Al) is a light metal that makes up 7% of the Earth’s crust and is the third most
abundant element after oxygen and silicon. Aluminium toxicity is one of the major constraints
to crop productivity worldwide, especially in the acid soils of the tropics and subtropics that
comprise almost 50% of all non-irrigated arable land in those regions [118, 237]. The soil pH
has a crucial role for Al toxicity to occur, by affecting both solubility and the ability of plant
roots to absorb Al. Al solubilizes into its toxic form (Al3+) when the soil pH drops to 5.5 or less,
and is most severe in solutions of low ionic strength and low cation concentrations. Al3+ is taken
up by plants through diffusion [238], and toxic concentrations of >12 μM are detrimental to
root growth. Possible exceptions of Al(OH)3 4− toxicity at higher pH values have also been
reported [239].

The initial effects of Al3+ toxicity on the roots include rapid inhibition of cell division and a
reduction in root apical cell expansion and elongation. Consequently, plants develop stubby
and brittle roots with swollen malformed root tips. Moreover, lateral root initiation and
outgrowth are also inhibited. Root-hair malformation is often reported, and nutrient (mainly
P, K, Ca and Mg) and water uptake capacity is impaired [238]. Plant responses in the shoots
include reduced stomatal opening, chlorosis, foliar necrosis and reduced photosynthetic
activity.
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Plant tolerance to aluminium toxicity occurs through (1) external avoidance, which involves
root secretion of organic acids to chelate Al3+ in the rhizosphere, limiting its diffusion into the
roots [240], and (2) true or internal tolerance, which involves regulation of Al3+ uptake, and
organic acid chelation and sequestration of aluminium bound substrates [241]. In rice, the latter
is the main tolerance mechanism, and is apparently associated with the differential expression
and transport properties of membrane transporters, e.g., NRAMP Al 3+ transporter 1 (NRAT1)
[242]. Most other plant species also vary significantly in these mechanisms; however, there are
some tolerance mechanisms that are largely shared. Cereal crops, such as wheat, barley,
sorghum (Sorghumbicolor L.) and oat were reported to have simple genetic mechanisms of Al
tolerance, whereas rice and maize (Zea mays L.) have over time developed complicated
inheritance controlled by numerous genes/loci involved [118, 243].

Genetic control of organic acid exudation either rests on the Multidrug and Toxin Efflux
(MATE) family encoding a citrate transporter or on the membrane localized Al3+-activated
malate transporters (ALMT). Several transporters in these families, including HvAACT1 in
barley [244], TaALMT1 and TaMATE1 in wheat [245] and ZmMATE1 and ZmMATE2 in maize
[246] are responsible for organic acid exudation and Al tolerance. Specific markers for
HvAACT1 and the MATE gene, HvMATE-21, have been developed and can be used to
differentiate tolerant and sensitive barley cultivars. Differences amongst these transporters
however exist. For instance, TaALMT1 encodes a malate transporter on chromosome 4D and
is constitutively expressed on root apices, whereas TaMATE1 reportedly responds to Al stress
based on citrate efflux. ZmMATE1 and ZmMATE2 co-segregate with two major Al-tolerance
QTLs [247]. ZmMATE1 was shown to be induced by Al and enhances Al tolerance, whereas
ZmMATE2 did not respond to Al [246], suggesting variability in their roles. In sorghum, Al
tolerance is controlled by SbMATE, encoded by a major Al-tolerant locus AltSB on chromosome
3 [248]. In Arabidopsis , two genes were reportedly responsible for Al tolerance: AtALMT1 that
also encodes a malate transporter responsible for malate efflux on chromosome 1 [249] and
AtMATE that encodes an Al-activated citrate transporter [389]. These two genes function
independently, but both are regulated by the C2H2-type zinc finger transcription factor STOP1
[250], which is also reportedly induced by with low pH tolerance [366]. In rye, ScALMT1, which
is mainly expressed in the root apex and upregulated by Al, co-segregates with the Alt4 locus
on chromosome 7RS [367]. Another candidate gene ScAACT1 on chromosome 7RS was
mapped to 25 cM from ScALMT1 [251].

At the transcriptome level, two genes, SENSITIVE TO ALUMINUM RHIZOTOXICITY1 and 2
(STAR1 and 2), which encode the nuclear binding domain and the transmembrane domain,
respectively, of an ABC transporter, with specificity for uridine diphosphate (UDP) glucose,
are upregulated following root exposure to Al3+ [252]. Both STAR genes were previously
reported to be upregulated by the constitutively expressed rice root ALUMINUM RESISTANT
TRANSCRIPTION FACTOR1 (ART1), which also upregulates several other genes implicated
in different aluminium tolerance mechanisms [253]. More recently, ASR5 was reported to act
as a key TF that is essential for Al-responsive STAR1 and other Al response genes [254]. Rice
homologues, which encode α-expansin (e.g., EXPA10), belong to this family of TFs, and have
been implicated in the regulation of root elongation and cell wall elasticity. The members of
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EXPA10 decrease cell wall extension potential when exposed to Al3+ [255] and are downregu‐
lated during Al3+ stress. The functions of STAR1, STAR2/ALS3 and ALS1 in Al tolerance are
fairly conserved and ubiquitous in monocot and dicot species. However, these genes are
differentially expressed between species. For instance, the expression and induction levels of
these genes in response to Al3+ stress are higher in the Al-tolerant species of rice than in the
Al-sensitive species of Arabidopsis , suggesting that Al-tolerant species may require increased
expression of these conserved Al-tolerance genes to overcome Al3+ stress [256]. The same
authors show that Tartary buckwheat shows high expression of the Al-tolerance gene homo‐
logues under Al3+ stress. Al-tolerance in buckwheat is evolutionarily closer to Arabidopsis than
rice, suggesting that buckwheat could have rapidly evolved higher expression of Al-tolerance
genes to detoxify Al3+ than Arabidopsis . In addition, the gene duplication of ART1/STOP1,
STAR1 and ALS1 has been suggested to play a significant role in Al tolerance. This is consistent
with the previous findings that duplication of key genes responsible for metal translocation
and detoxification in Arabidopsis halleri facilitates hyper-accumulation of zinc/cadmium [257].
However, further functional analysis by creating knockdown or knockout mutants will be
necessary to provide additional insights into the role of each homologous gene in Al detoxi‐
fication and accumulation in buckwheat.

An Arabidopsis cell-wall-associated putative endochitinase, CHITINASE A (AtCHIA), likely
involved in modulating cell wall extension by regulating chitin levels, has also been suggested
to play a role in Al tolerance [258]. Another signal of Al3+-induced cellular response is the
induction of 1,3-β-d-glucan synthase, which leads to the accumulation of callose in root apices,
especially in endodermal and cortical cell walls [259, 260]. This callose deposition is suggested
to be an inhibitory process that may block symplastic and apoplastic flows. Whether callose
deposition represents Al3+-induced injury or a defence response to block further Al3+ binding
and movement remains to be confirmed.

In Arabidopsis, the ethylene receptor gene ETHYLENE RECEPTOR1 (ETR1) and the ethylene
signal transducer ETHYLENE INSENSITIVE2 (EIN2) were found to be important for Al3+-
induced inhibition of root elongation [261]. These genes apparently regulate Al3+-induced
upregulation of the Arabidopsis ethylene synthesis genes 1-AMINOCYCLOPROPANE-1-
CARBOXYLIC ACID SYNTHASE2, 6, and 8 and 1-AMINOCYCLOPROPANE-1-CARBOXYLIC
ACID OXIDASE1 and 2. Moreover, ET was recently shown to negatively regulate aluminium-
induced malate efflux from wheat roots and tobacco cells transformed with TaALMT1 [262],
which suggests that ethylene could be a negative regulator of root secretion of organic acids.
The upregulation of auxin transporters PIN FORMED2 (PIN2) and auxin influx carrier AUXIN
RESISTANT1 (AUX1), which regulate auxin distribution, is associated with the regulation of
root elongation in Arabidopsis plants [263]. AUX1 and PIN2 are apparently disrupted by
ethylene signal that alters auxin distribution and transport in the roots. He et al. [264] suggests
that auxin could be involved in aluminium-induced efflux of malic acid acting on anion
channels. Thus, auxin/IAA transport could be a target for Al3+ toxicity tolerance if the modu‐
lation by ET is attenuated. However, considering several phytohormonal changes that occur
during Al stress, molecular mechanisms associated with their interplay will require further
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elucidation. Recent evidence that microRNAs are involved in Al stress tolerance [265] also
provides new insights into understanding the mechanism of Al3+ tolerance in plants.

Overall, we expect that major advances in understanding physiological and molecular basis
for Al tolerance will happen in the near future, considering that the pace at which new genes
are being discovered has improved with new sequencing technologies. The future challenge
for studying Al tolerance is the identification of new tolerance mechanisms. The discovery of
the key molecular regulators, e.g., ASR5, which was recently shown to mediate Al-responsive
gene expression to provide Al tolerance in rice, is an indication that several other mechanism
of Al tolerance exist in plants. The blocking of Al3+ cell wall binding sites in rice may be one of
the major mechanisms of aluminium tolerance that will need further investigation. Studies on
barley, wheat and maize have shown variation in gene expression associated with variation
in gene sequence, which would require further investigation to understand the regulatory
networks affected by this sequence polymorphisms.

7.2.2. Advances in plant tolerance to iron toxicity

The problem of iron toxicity occurs in most wetland rice growing areas of the world, primarily
in flooded acidic soils, inland and coastal swamps. Some of the irrigated lands in South and
Southeast Asia, Africa and South America are affected [266]. In India alone, about 11.7 million
hectares of land are affected by iron toxicity. In Burkina Faso, 300 ha of ferrous iron intoxicated
soils were abandoned in the Valley du Kou in 1986, most of which remained uncultivated to
date [267]. Iron toxicity is also becoming a major rice yield limiting factor in East Africa,
including lowland rice cultivation areas of Uganda [268]. Yield losses in the range of 10% to
100% have been reported [266]. Moreover, toxicity at seedling and early vegetative stages can
strongly affect plant growth and hinder development, and can result in complete crop failure.

Three major adaptation mechanisms are generally reported for Fe-toxicity tolerance. The
details by which rice plants execute these processes and their molecular components are not
yet fully understood, but there are some clues from various studies on rice and other plant
species. For instance, plant tolerance by root oxidizing power is mediated by diffusion of
molecular oxygen from the shoots to the roots through aerenchyma tissue and its subsequent
release in the rhizosphere. Oxidation of Fe2+ in the rhizosphere results in the precipitation of
insoluble iron oxides at the root surface, forming iron plaques. These iron plaques not only
reduce Fe2+ concentration in the soil solution, but also form a physical barrier against further
influx of Fe2+ into the roots.

Plant tolerance by retention of iron in the root or shoot involves compartmentalization.
Nicotianamine (NA), Fe-NA complex transporters, VIT proteins, FPN2-like proteins, MIT- and
PIC1-like proteins, organic acids, ferritins, Fe-sulphur and other heme proteins that can
sequester Fe are all potential candidates for plant tolerance to excess iron through regulated
storage and compartmentalization (Figure 6).

In Arabidopsis , apoplasmic Fe is mostly found within the stele [269], suggesting that compart‐
mentalization within the stele could restrict excess Fe from reaching the shoot during trans‐
portation towards the aerial parts. Fe2+ decreases could also occur in association with an
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EXPA10 decrease cell wall extension potential when exposed to Al3+ [255] and are downregu‐
lated during Al3+ stress. The functions of STAR1, STAR2/ALS3 and ALS1 in Al tolerance are
fairly conserved and ubiquitous in monocot and dicot species. However, these genes are
differentially expressed between species. For instance, the expression and induction levels of
these genes in response to Al3+ stress are higher in the Al-tolerant species of rice than in the
Al-sensitive species of Arabidopsis , suggesting that Al-tolerant species may require increased
expression of these conserved Al-tolerance genes to overcome Al3+ stress [256]. The same
authors show that Tartary buckwheat shows high expression of the Al-tolerance gene homo‐
logues under Al3+ stress. Al-tolerance in buckwheat is evolutionarily closer to Arabidopsis than
rice, suggesting that buckwheat could have rapidly evolved higher expression of Al-tolerance
genes to detoxify Al3+ than Arabidopsis . In addition, the gene duplication of ART1/STOP1,
STAR1 and ALS1 has been suggested to play a significant role in Al tolerance. This is consistent
with the previous findings that duplication of key genes responsible for metal translocation
and detoxification in Arabidopsis halleri facilitates hyper-accumulation of zinc/cadmium [257].
However, further functional analysis by creating knockdown or knockout mutants will be
necessary to provide additional insights into the role of each homologous gene in Al detoxi‐
fication and accumulation in buckwheat.

An Arabidopsis cell-wall-associated putative endochitinase, CHITINASE A (AtCHIA), likely
involved in modulating cell wall extension by regulating chitin levels, has also been suggested
to play a role in Al tolerance [258]. Another signal of Al3+-induced cellular response is the
induction of 1,3-β-d-glucan synthase, which leads to the accumulation of callose in root apices,
especially in endodermal and cortical cell walls [259, 260]. This callose deposition is suggested
to be an inhibitory process that may block symplastic and apoplastic flows. Whether callose
deposition represents Al3+-induced injury or a defence response to block further Al3+ binding
and movement remains to be confirmed.

In Arabidopsis, the ethylene receptor gene ETHYLENE RECEPTOR1 (ETR1) and the ethylene
signal transducer ETHYLENE INSENSITIVE2 (EIN2) were found to be important for Al3+-
induced inhibition of root elongation [261]. These genes apparently regulate Al3+-induced
upregulation of the Arabidopsis ethylene synthesis genes 1-AMINOCYCLOPROPANE-1-
CARBOXYLIC ACID SYNTHASE2, 6, and 8 and 1-AMINOCYCLOPROPANE-1-CARBOXYLIC
ACID OXIDASE1 and 2. Moreover, ET was recently shown to negatively regulate aluminium-
induced malate efflux from wheat roots and tobacco cells transformed with TaALMT1 [262],
which suggests that ethylene could be a negative regulator of root secretion of organic acids.
The upregulation of auxin transporters PIN FORMED2 (PIN2) and auxin influx carrier AUXIN
RESISTANT1 (AUX1), which regulate auxin distribution, is associated with the regulation of
root elongation in Arabidopsis plants [263]. AUX1 and PIN2 are apparently disrupted by
ethylene signal that alters auxin distribution and transport in the roots. He et al. [264] suggests
that auxin could be involved in aluminium-induced efflux of malic acid acting on anion
channels. Thus, auxin/IAA transport could be a target for Al3+ toxicity tolerance if the modu‐
lation by ET is attenuated. However, considering several phytohormonal changes that occur
during Al stress, molecular mechanisms associated with their interplay will require further
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alkalization of apoplastic pH, which reduces Fe2+ mobility and chemical stability [269].

Alkalization has been reported to be modulated by ethylene [270], suggesting additional role

Figure 6. Iron transport in rice. Fe is taken up into the symplast by transporters in the epidermis (OsIRT1, OsNRAMP,
OsZIPL1 and OsYSLs). Proteins encoded by bHLH, IRUNLP1 and IRT2 likely regulate the activities of the above trans‐
porters. Radial oxygen loss into the rhizosphere through aerenchyma cells detoxifies part of the excess iron forming
insoluble Fe3+ at the root surfaces, a process referred to as exclusion. Excess Fe2+ travels through the symplastic space to
the vasculature, bypassing the waxy Casparian strip on the endodermis. Prior to reaching the xylem, excess iron is re‐
tained in the root cell vacuoles, mitochondria and probably detoxified by organic acids within the root cells. Transport
into the xylem is mediated by putative chelate effluxers: FRDL1, OsYSLs, TOM1, OsIRT1, PEZ1 and FPN1. In the xy‐
lem, iron is carried to the shoot through the transpiration stream either in the form of Fe3+ or in both Fe3+ and Fe2+

forms, and unloaded into the shoot, most likely by YSLs, FRO1 and OsIRT1 proteins. Within the phloem, the rate at
which NA, DMA and ITP are synthesized, the kinetic stability of the complexes formed and the oxido-reduction sys‐
tem likely determines the iron speciation. Enzymes involved in NA, DMA and ITP synthesis, including OsIRO2, Os‐
NAS1, NAAT1 and DMAS1, likely play a significant role in determining iron loading into the phloem. Genes encoding
for putative iron effluxers from the phloem to storage organs (VIT, OsNRAMP, HMA3, MTP1, ENA, MIT1, ATM1) are
co-regulated with IREG2/FPN2 and YSLs to limit potentially toxic iron in the cytosol, by compartmentalizing in the
vacuoles, mitochondria, chloroplast and other non-characterized intracellular vesicles. In the chloroplasts, Fe excess
probably promotes NO production. NO is probably involved in activation of the transcription factor (TF) cascades re‐
sponsible for the regulation of Fe uptake, homeostasis and for the tuning of cellular metabolism, including increased
synthesis of ferritins and betalains in chloroplasts and frataxins in the mitochondria. Because NO also triggers the syn‐
thesis of ROS, heme biosynthesis likely occurs to compartmentalize excess iron and to limit NO production. Alongside
heme biosynthesis, the potent antioxidant system involving SOD and APX probably scavenge and detoxify the excess
ROS. Also presented are targets of iron utilization, which could reduce iron overload. This includes synthesis of ferro‐
chelatase (FC) for heme biosynthesis, mitochondrial iron-sulphur cluster (ISC) and plastid-localized sulphur utilization
factors (SUF).
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of ethylene in regulating Fe2+ besides its role in aerenchyma formation. Tissue tolerance of Fe
toxicity is mediated by detoxification of free radicals. In rice, expression of several genes
involved in oxidative stress control, including peroxidases, glutathione transferase (GST) and
cytochromes, was upregulated in roots and shoots in response to excess Fe [271]. Similar trends
were observed at the protein and enzymatic activity levels of the same genes. Excess iron was
reported to induce the activity of superoxide dismutase (SOD) and ascorbate peroxidase (APX)
in the leaf sheath and laminae, respectively, in a tolerant variety from Oryza glaberrima [272].
The activity of glutathione reductase and peroxidase (POD) was also reported to increase in
rice leaf segments exposed to excess iron [273]. Fang et al. [274] also showed that lipid
peroxidation resulting from Fe toxicity was inhibited by free radical scavengers such as
mannitol and GSH. Moreover, the differential expression of anti-oxidant enzyme activities
(SOD, APX, CAT, GR and DHR) was observed between rice varieties contrasting in tolerance
of Fe toxicity [275].

Several genetic studies also reflect that iron toxicity tolerance is a complex quantitative trait
controlled by a large number of rather small effect quantitative trait loci (QTLs), indicating the
involvement of multiple tolerance mechanisms. For instance, Wu et al. [276] identified QTLs
for leaf bronzing and shoot dry weight on chromosome 1 and 8, explaining 10–32% of the
phenotypic variation. Interestingly, QTLs associated with enzymatic activity of anti-oxidants
in rice leaves were detected in the same region [277]. Similarly, Fukuda et al. [278] detected a
region on chromosome 3 responsible for high shoot iron content in a susceptible variety, which
co-localize with the QTL previously identified by Shimizu et al. [279] for the same trait. Co-
localization of most of these QTLs was captured in an integrative genetic map reflecting
mapping studies from different conditions of Fe toxicity [277], which substantiates on recurrent
chromosomal regions identified in several QTL studies.

A major limitation of iron toxicity tolerance studies, however, is that most of the QTLs
associated with iron toxicity tolerance have not been furthered to cloning of tolerance genes.
It is thus critical to devote some effort to fine-map the few, but consistent QTLs mentioned
herein in order to increase precision and accelerate candidate gene identification. Subsequent‐
ly, functional validation of several genes identified in microarray studies will need to be
explored. Exploring allelic variation of these genes in contrasting genotypes and evaluating
the promising alleles in well designed and efficient phenotyping experiments would provide
a basis for their use in marker-assisted breeding (MAB) for Fe-toxicity tolerance.

8. Conclusions and perspectives

In this chapter, we have attempted to present the recent advances in crop tolerance to abiotic
stresses. Various strategies used by plants to counteract stress, and some success in identifying
genomic regions associated with plant tolerance is presented. Interestingly, plants have
evolved common regulatory networks in response to abiotic stresses. For instance, drought,
salt and cold stress induce calcium influx to activate the downstream second messengers to
yield different or similar responses. Calcium influx channels at the membrane (e.g., the recently
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alkalization of apoplastic pH, which reduces Fe2+ mobility and chemical stability [269].

Alkalization has been reported to be modulated by ethylene [270], suggesting additional role

Figure 6. Iron transport in rice. Fe is taken up into the symplast by transporters in the epidermis (OsIRT1, OsNRAMP,
OsZIPL1 and OsYSLs). Proteins encoded by bHLH, IRUNLP1 and IRT2 likely regulate the activities of the above trans‐
porters. Radial oxygen loss into the rhizosphere through aerenchyma cells detoxifies part of the excess iron forming
insoluble Fe3+ at the root surfaces, a process referred to as exclusion. Excess Fe2+ travels through the symplastic space to
the vasculature, bypassing the waxy Casparian strip on the endodermis. Prior to reaching the xylem, excess iron is re‐
tained in the root cell vacuoles, mitochondria and probably detoxified by organic acids within the root cells. Transport
into the xylem is mediated by putative chelate effluxers: FRDL1, OsYSLs, TOM1, OsIRT1, PEZ1 and FPN1. In the xy‐
lem, iron is carried to the shoot through the transpiration stream either in the form of Fe3+ or in both Fe3+ and Fe2+

forms, and unloaded into the shoot, most likely by YSLs, FRO1 and OsIRT1 proteins. Within the phloem, the rate at
which NA, DMA and ITP are synthesized, the kinetic stability of the complexes formed and the oxido-reduction sys‐
tem likely determines the iron speciation. Enzymes involved in NA, DMA and ITP synthesis, including OsIRO2, Os‐
NAS1, NAAT1 and DMAS1, likely play a significant role in determining iron loading into the phloem. Genes encoding
for putative iron effluxers from the phloem to storage organs (VIT, OsNRAMP, HMA3, MTP1, ENA, MIT1, ATM1) are
co-regulated with IREG2/FPN2 and YSLs to limit potentially toxic iron in the cytosol, by compartmentalizing in the
vacuoles, mitochondria, chloroplast and other non-characterized intracellular vesicles. In the chloroplasts, Fe excess
probably promotes NO production. NO is probably involved in activation of the transcription factor (TF) cascades re‐
sponsible for the regulation of Fe uptake, homeostasis and for the tuning of cellular metabolism, including increased
synthesis of ferritins and betalains in chloroplasts and frataxins in the mitochondria. Because NO also triggers the syn‐
thesis of ROS, heme biosynthesis likely occurs to compartmentalize excess iron and to limit NO production. Alongside
heme biosynthesis, the potent antioxidant system involving SOD and APX probably scavenge and detoxify the excess
ROS. Also presented are targets of iron utilization, which could reduce iron overload. This includes synthesis of ferro‐
chelatase (FC) for heme biosynthesis, mitochondrial iron-sulphur cluster (ISC) and plastid-localized sulphur utilization
factors (SUF).
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reported hyper-osmolality induced [Ca 2+ ] increases 1 (OSCA1) from Arabidopsis thaliana that is
gated by hyper-osmotic stress [280]) act in concert with the membrane-located NADPH-
oxidase Respiratory burst oxidase Homolog (RboH), generating apoplastic ROS. Intracellular
transduction is conveyed by calcium-binding proteins (e.g., CBLs/CIPKs, CDPKs and calci‐
neurins), a MAP-Kinase cascade and phytohormones (e.g., ABA, ET, JA and SA), which
apparently act as integrators of early signals. Depending on the relative temporal patterns of
these upstream signals, the activity of TFs and their interacting proteins will decipher specific
combinations of genes required to be expressed to boost enzymatic or protein reaction levels
necessary to counter the stress perceived. These proteins largely contribute to adaptive
response in most plants, e.g., production of compatible osmolytes that helps to reinstall
turgidity during drought and synthesis of LEA proteins that prevent protein precipitation.
Other examples include chelation/sequestering of ions into cellular compartments in response
to toxic elements, induction of anti-oxidative enzymes, induction of molecular chaperones and
adaptive regulation of plant hormones. These adaptive strategies and the molecular compo‐
nents involved provide potential molecular genetic targets for enhancing abiotic resistance in
crops.

However, many challenges still lie ahead. For example, the regulation of signaling cascades,
especially how plants can discriminate the signaling components, and even their specific
combinations, to activate specific downstream biological processes for a given stress. A
frequent manifestation has been the case of ethylene controversial role in abiotic stress
response. Whether the negative regulations associated with ethylene represent a plant strategic
mechanism to prime the subsequent useful reaction remains to be confirmed. Also, temporal
and specific differences in activation of upstream signaling components will need to be
explored to help in identifying molecular components essentially required to counter a given
stress. Moreover, the specific downstream components for which much of the studies have
been conducted, e.g. transcription factors, transmembrane proteins, transporters, enzymes for
osmolyte biosynthesis, hormonal regulators, ROS scavengers and other traits that have been
shown to play major roles in plant response to stress, will need classification according to their
aptitude and functional significance in response to a given abiotic stress. Morpho-physiolog‐
ical traits associated with stress tolerance would also substantially reinforce the successes in
molecular biology if addressed to a greater extent. The use of models for predicting gene
effects, particularly when combining multiple traits, will also find greater application in
dissecting G × E interactions and will help breeders to improve target varieties. Thus, there is
need to integrate molecular tools with precise high-throughput phenotyping and biochemical
analysis to confirm the consistency of various molecular findings, and to realize the full benefits
of molecular biology in selecting genotypes that are stably tolerant under a given stress,
considering the interaction with various environments. Here, we emphasize stresses that have
been commonly reported in literature, which would provide a basis for understanding other
minor stresses. We also refer to the chapter on biotic stresses and the numerous interactions
in signaling pathways and expressions of resistance and tolerance on molecular level towards
abiotic and biotic stress in plants. Additional background information can also be found in
excellent reviews and references therein.
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Abstract

Plants being sessile in nature encounter numerous biotic agents, including bacteria, fun‐
gi, viruses, insects, nematodes and protists. A great number of publications indicate that
biotic  agents  significantly  reduce  crop  productivity,  although  there  are  some  biotic
agents that symbiotically or synergistically co-exist with plants. Nonetheless, scientists
have  made  significant  advances  in  understanding  the  plant  defence  mechanisms  ex‐
pressed against biotic stresses. These mechanisms range from anatomy, physiology, bio‐
chemistry, genetics, development and evolution to their associated molecular dynamics.
Using model plants, e.g., Arabidopsis and rice, efforts to understand these mechanisms
have led to the identification of  representative candidate genes,  quantitative trait  loci
(QTLs), proteins and metabolites associated with plant defences against biotic stresses.
However, there are drawbacks and insufficiencies in precisely deciphering and deploy‐
ing these mechanisms, including only modest adaptability of some identified genes or
QTLs to changing stress factors. Thus, more systematic efforts are needed to explore and
expand the development of biotic stress resistant germplasm. In this chapter, we provid‐
ed a comprehensive overview and discussed plant defence mechanisms involving mo‐
lecular  and  cellular  adaptation  to  biotic  stresses.  The  latest  achievements  and
perspective on plant molecular responses to biotic stresses, including gene expression,
and targeted functional analyses of the genes expressed against biotic stresses have been
presented and discussed.

Keywords: Biotic stress, climate change, innate immunity, phytohormones

1. Introduction

Biotic stresses are the damage to plants caused by other living organisms such as bacteria,
fungi, nematodes, protists, insects, viruses and viroids. Numerous biotic stresses are of
historical significance, for instance, the potato blight in Ireland, coffee rust in Brazil, maize leaf
blight caused by Cochliobolus heterostrophus in the United States and the great Bengal famine
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but also systemically in uninfected tissues and/or plants. SAR provides long-term defense
against a broad-spectrum of pathogens and insects. Another form of induced resistance, which,
in many aspects, is similar to SAR, is induced systemic resistance (ISR). ISR is potentiated by
plant growth promoting rhizobacteria (PGPR), many of them belonging to Pseudomonas
species. Obviously, the sessile nature of plants requires an efficient signalling system capable
of detecting, transporting and interpreting signals produced at the plant-pathogen interface,
and SAR and ISR provide a practical means to confer a fitness advantage to plants in conditions
of high disease pressure, since plants are primed to more quickly and effectively activate their
defences ahead of pathogen/ insect attack. Plants also defend themselves through RNA
interference to target and inactivate invading nucleic acids from viruses, and more recently
fungal pathogens.

These are the aspects that this chapter has addressed to provide background information for
a more detailed discussion of the diverse aspects of plant defence patterns, including qualita‐
tive and quantitative mechanisms and their associated molecular patterns. Although patho‐
genic mechanisms would be interesting to the reader, this chapter does not delve extensively
into this aspect, except to mention it as a consideration in emphasizing certain aspects of plant
resistance. For additional background, the reader is referred to excellent reviews and the
references therein that address plant-pathogen interaction.

2. Plant defence mechanisms in response to pathogens

Plants respond to various pathogens through an intricate and dynamic defence system. The
mechanism of defence has been classified as innate and systemic plant response. The overview
of plant defence response is represented in Figure 1. An innate defence is exhibited by the plant
in two ways, viz., specific (cultivar/pathogen race specific) and non-specific (non-host or
general resistance) [8]. The molecular basis of non-host resistance is not well studied, but
presumably relies on both constitutive barriers and inducible responses that involve a large
array of proteins and other organic molecules produced prior to infection or during pathogen
attack [9, 10]. Constitutive defences include morphological and structural barriers (cell walls,
epidermis layer, trichomes, thorns, etc.), chemical compounds (metabolites, phenolics,
nitrogen compounds, saponins, terpenoids, steroids and glucosinolates), and proteins and
enzymes [11, 12, 199]. These compounds confer tolerance or resistance to biotic stresses by not
only protecting the plant from invasion, but also giving the plant strength and rigidity. The
inducible defences, e.g., the production of toxic chemicals, pathogen-degrading enzymes e.g.,
chitinases and glucanases, and deliberate cell suicide are conservatively used by plants because
of the high energy costs and nutrient requirements associated with their production and
maintenance. These compounds may be present in their biologically active forms or stored as
inactive precursors that are converted to their active forms by host enzymes in response to
pathogen attack or tissue damage. Plant defence strategies involving these compounds can fall
in either category, innate or SAR. Although innate immunity is of greater efficiency and is the
most common form of plant resistance to microbes, both defence strategies depend on the
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in 1943 [1]. These are some of the major events that devastated food production and led to
millions of human deaths and migration to other countries in the past. Presently, the occur‐
rence of new pathogen races and insect biotypes poses further threat to crop production [2].
Pathogens account for about 15% losses in global food production, and are a major challenge
in breeding resistant crops. Considering that genetic polymorphism is present in phytopatho‐
genic agents and insect populations, changes in the climatic factors are considered to further
influence/modify this polymorphism, causing evolution of aggressive strains or biotypes [3]
that will alter the outcome of host-pathogen interaction. Thus, disease or insect pest outbreaks
are expected to continue to cause food production losses or even worsen by expanding to the
areas they were not prevalent before [4]. This has important implications for the management
options available. Using a combination of options provides certainly more reliability. How‐
ever, in areas where resources are limiting, e.g., the smallholder farming systems in rural Africa
and South East Asia, plant breeders are compelled to make the best use of the diverse disease
and pest resistance alleles existing in cultivated crop gene pools and their wild relatives. Thus,
exploring the mechanisms of resistance regulated by these resistance alleles is required to
enable their exploitation for improving the cultivated elite germplasm that support most of
the rural poor livelihoods.

Plant mechanisms of resistance to various pathogens and insect pests are known to involve an
array of morphological, genetic, biochemical and molecular processes [5]. These mechanisms
may be expressed continuously (constitutively) as preformed resistance, or they may be
inducible and deployed only after attack. Plant success in deploying these resistance mecha‐
nisms is an evolved ability to persist in unfavourable and variable environments [6]. The recent
realization that plant mechanisms of disease/insect resistance or susceptibility are related to
mechanistic animal immunity [7] has significantly reshaped our view of plant immunity. The
identification of plant pattern recognition receptors (PRRs) that sense pathogens‘ or insect
pests‘conserved molecules termed pathogen-associated molecular patterns or herbivore-
associated molecular patterns (PAMPs/MAMPs/HAMPs)—and the subsequent PAMP-
triggered immunity (PTI) [8] is a paradigm for plant-pathogen interaction studies.

On the other hand, the ability of pathogens/insect pests to suppress or evade PTI, as a structural
and functional basis of pathogen survival and evolutionary dynamics in their feeding mech‐
anisms has revitalized research on the so-called ‘gene-for-gene’ effector induced resistance in
plants. It is now clear that effectors are important determinants of pathogens’ ability to evade
the plant’s arsenal targeted towards PAMPs/HAMPs. Effector induced resistance or vertical
resistance, often interchangeably translated in modern terms as effector triggered immunity
(ETI), is the most successful means of controlling pathogens able to evade PTI [6]. ETI engages
a compensatory mechanism within the defense network to transcriptionally coordinate and
boost the defense output against pathogens. ETI mostly relies on the endogenious NB-LRR
protein products encoded by the resistance (R)-genes. Although R gene mediated resistance
is generally not durable, ETI is now effectively deployed through pyramiding of several
resistance (R)-genes in the same cultivar, which increases resistance durability and spectrum.

Another aspect of resistance that has gained significance in plant defence studies is the systemic
acquired resistance (SAR), in which defence proteins accumulate not only at the site of infection
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attack [9, 10]. Constitutive defences include morphological and structural barriers (cell walls,
epidermis layer, trichomes, thorns, etc.), chemical compounds (metabolites, phenolics,
nitrogen compounds, saponins, terpenoids, steroids and glucosinolates), and proteins and
enzymes [11, 12, 199]. These compounds confer tolerance or resistance to biotic stresses by not
only protecting the plant from invasion, but also giving the plant strength and rigidity. The
inducible defences, e.g., the production of toxic chemicals, pathogen-degrading enzymes e.g.,
chitinases and glucanases, and deliberate cell suicide are conservatively used by plants because
of the high energy costs and nutrient requirements associated with their production and
maintenance. These compounds may be present in their biologically active forms or stored as
inactive precursors that are converted to their active forms by host enzymes in response to
pathogen attack or tissue damage. Plant defence strategies involving these compounds can fall
in either category, innate or SAR. Although innate immunity is of greater efficiency and is the
most common form of plant resistance to microbes, both defence strategies depend on the
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in 1943 [1]. These are some of the major events that devastated food production and led to
millions of human deaths and migration to other countries in the past. Presently, the occur‐
rence of new pathogen races and insect biotypes poses further threat to crop production [2].
Pathogens account for about 15% losses in global food production, and are a major challenge
in breeding resistant crops. Considering that genetic polymorphism is present in phytopatho‐
genic agents and insect populations, changes in the climatic factors are considered to further
influence/modify this polymorphism, causing evolution of aggressive strains or biotypes [3]
that will alter the outcome of host-pathogen interaction. Thus, disease or insect pest outbreaks
are expected to continue to cause food production losses or even worsen by expanding to the
areas they were not prevalent before [4]. This has important implications for the management
options available. Using a combination of options provides certainly more reliability. How‐
ever, in areas where resources are limiting, e.g., the smallholder farming systems in rural Africa
and South East Asia, plant breeders are compelled to make the best use of the diverse disease
and pest resistance alleles existing in cultivated crop gene pools and their wild relatives. Thus,
exploring the mechanisms of resistance regulated by these resistance alleles is required to
enable their exploitation for improving the cultivated elite germplasm that support most of
the rural poor livelihoods.

Plant mechanisms of resistance to various pathogens and insect pests are known to involve an
array of morphological, genetic, biochemical and molecular processes [5]. These mechanisms
may be expressed continuously (constitutively) as preformed resistance, or they may be
inducible and deployed only after attack. Plant success in deploying these resistance mecha‐
nisms is an evolved ability to persist in unfavourable and variable environments [6]. The recent
realization that plant mechanisms of disease/insect resistance or susceptibility are related to
mechanistic animal immunity [7] has significantly reshaped our view of plant immunity. The
identification of plant pattern recognition receptors (PRRs) that sense pathogens‘ or insect
pests‘conserved molecules termed pathogen-associated molecular patterns or herbivore-
associated molecular patterns (PAMPs/MAMPs/HAMPs)—and the subsequent PAMP-
triggered immunity (PTI) [8] is a paradigm for plant-pathogen interaction studies.

On the other hand, the ability of pathogens/insect pests to suppress or evade PTI, as a structural
and functional basis of pathogen survival and evolutionary dynamics in their feeding mech‐
anisms has revitalized research on the so-called ‘gene-for-gene’ effector induced resistance in
plants. It is now clear that effectors are important determinants of pathogens’ ability to evade
the plant’s arsenal targeted towards PAMPs/HAMPs. Effector induced resistance or vertical
resistance, often interchangeably translated in modern terms as effector triggered immunity
(ETI), is the most successful means of controlling pathogens able to evade PTI [6]. ETI engages
a compensatory mechanism within the defense network to transcriptionally coordinate and
boost the defense output against pathogens. ETI mostly relies on the endogenious NB-LRR
protein products encoded by the resistance (R)-genes. Although R gene mediated resistance
is generally not durable, ETI is now effectively deployed through pyramiding of several
resistance (R)-genes in the same cultivar, which increases resistance durability and spectrum.

Another aspect of resistance that has gained significance in plant defence studies is the systemic
acquired resistance (SAR), in which defence proteins accumulate not only at the site of infection
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but also systemically in uninfected tissues and/or plants. SAR provides long-term defense
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of plant defence response is represented in Figure 1. An innate defence is exhibited by the plant
in two ways, viz., specific (cultivar/pathogen race specific) and non-specific (non-host or
general resistance) [8]. The molecular basis of non-host resistance is not well studied, but
presumably relies on both constitutive barriers and inducible responses that involve a large
array of proteins and other organic molecules produced prior to infection or during pathogen
attack [9, 10]. Constitutive defences include morphological and structural barriers (cell walls,
epidermis layer, trichomes, thorns, etc.), chemical compounds (metabolites, phenolics,
nitrogen compounds, saponins, terpenoids, steroids and glucosinolates), and proteins and
enzymes [11, 12, 199]. These compounds confer tolerance or resistance to biotic stresses by not
only protecting the plant from invasion, but also giving the plant strength and rigidity. The
inducible defences, e.g., the production of toxic chemicals, pathogen-degrading enzymes e.g.,
chitinases and glucanases, and deliberate cell suicide are conservatively used by plants because
of the high energy costs and nutrient requirements associated with their production and
maintenance. These compounds may be present in their biologically active forms or stored as
inactive precursors that are converted to their active forms by host enzymes in response to
pathogen attack or tissue damage. Plant defence strategies involving these compounds can fall
in either category, innate or SAR. Although innate immunity is of greater efficiency and is the
most common form of plant resistance to microbes, both defence strategies depend on the
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rence of new pathogen races and insect biotypes poses further threat to crop production [2].
Pathogens account for about 15% losses in global food production, and are a major challenge
in breeding resistant crops. Considering that genetic polymorphism is present in phytopatho‐
genic agents and insect populations, changes in the climatic factors are considered to further
influence/modify this polymorphism, causing evolution of aggressive strains or biotypes [3]
that will alter the outcome of host-pathogen interaction. Thus, disease or insect pest outbreaks
are expected to continue to cause food production losses or even worsen by expanding to the
areas they were not prevalent before [4]. This has important implications for the management
options available. Using a combination of options provides certainly more reliability. How‐
ever, in areas where resources are limiting, e.g., the smallholder farming systems in rural Africa
and South East Asia, plant breeders are compelled to make the best use of the diverse disease
and pest resistance alleles existing in cultivated crop gene pools and their wild relatives. Thus,
exploring the mechanisms of resistance regulated by these resistance alleles is required to
enable their exploitation for improving the cultivated elite germplasm that support most of
the rural poor livelihoods.

Plant mechanisms of resistance to various pathogens and insect pests are known to involve an
array of morphological, genetic, biochemical and molecular processes [5]. These mechanisms
may be expressed continuously (constitutively) as preformed resistance, or they may be
inducible and deployed only after attack. Plant success in deploying these resistance mecha‐
nisms is an evolved ability to persist in unfavourable and variable environments [6]. The recent
realization that plant mechanisms of disease/insect resistance or susceptibility are related to
mechanistic animal immunity [7] has significantly reshaped our view of plant immunity. The
identification of plant pattern recognition receptors (PRRs) that sense pathogens‘ or insect
pests‘conserved molecules termed pathogen-associated molecular patterns or herbivore-
associated molecular patterns (PAMPs/MAMPs/HAMPs)—and the subsequent PAMP-
triggered immunity (PTI) [8] is a paradigm for plant-pathogen interaction studies.

On the other hand, the ability of pathogens/insect pests to suppress or evade PTI, as a structural
and functional basis of pathogen survival and evolutionary dynamics in their feeding mech‐
anisms has revitalized research on the so-called ‘gene-for-gene’ effector induced resistance in
plants. It is now clear that effectors are important determinants of pathogens’ ability to evade
the plant’s arsenal targeted towards PAMPs/HAMPs. Effector induced resistance or vertical
resistance, often interchangeably translated in modern terms as effector triggered immunity
(ETI), is the most successful means of controlling pathogens able to evade PTI [6]. ETI engages
a compensatory mechanism within the defense network to transcriptionally coordinate and
boost the defense output against pathogens. ETI mostly relies on the endogenious NB-LRR
protein products encoded by the resistance (R)-genes. Although R gene mediated resistance
is generally not durable, ETI is now effectively deployed through pyramiding of several
resistance (R)-genes in the same cultivar, which increases resistance durability and spectrum.

Another aspect of resistance that has gained significance in plant defence studies is the systemic
acquired resistance (SAR), in which defence proteins accumulate not only at the site of infection
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to a compromised ‘self’, also called damage-associated molecular patterns (DAMPs) [14, 15].
Both PAMPs and DAMPs are recognized by transmembrane pattern recognition receptors
(PRRs).

A common strategy employed by adapted pathogens is to secrete effector proteins that avoid
or regulate PTI recognition. To counter this stealth afforded by the microbial effectors, plants
have evolved an intracellular surveillance involving polymorphic NB-LRR protein products
encoded by resistance (R) genes, named after their characteristic feature due to the presence
of nucleotide binding (NB) and leucine-rich repeat (LRR) domains [9]. This type of plant
defence is referred to as ETI and is synonymous to pathogen race/host plant cultivar-specific
plant disease resistance [8].

Generally, PTI and ETI trigger similar defence responses, but ETI is much faster and quanti‐
tatively stronger [16]. ETI is often associated with a localized cell death termed the hypersen‐
sitive response (HR) that functions to restrict further spread of microbial attack [9, 17]. Hence,
the important feature of ETI is the ability to sense microbe-mediated modifications inferred
on points of vulnerability in the host, whereas PTI is able to sense infectious-self and non-self.
By guarding against weak points or even setting up decoys to confuse invaders, ETI is an
efficient defence system for more progressed infections [15, 18], whereas PTI is important for
non-host resistance and for basal immunity in susceptible host plant cultivars. In the following
section, we will discuss novel insights and overviews on the dynamics of innate immunity in
plant defence.

3.1. Pathogen- or microbial-associated molecular-pattern (PAMP/MAMP)-triggered
immunity (PTI)

PTI (formerly called basal or horizontal disease resistance) is the first facet of active plant
defence and can be considered as the primary driving force of plant-microbe interactions [19].
As discussed before, PTI involves the recognition of conserved, indispensable microbial
elicitors known as PAMPs by PRRs of either the receptor-like kinase (RLK) or receptor-like
proteins (RLPs) families, which are membranous bound extracellular receptors. RLPs resemble
the extracellular domains of RLKs, but lack the cytosolic signalling domain, whereas RLKs
have both extracellular and intracellular kinase domains [6]. Instances of hetero-oligomeric
complexes between RLKs and RLPs have been reported to occur, and to complement each
other in PAMP detection [8], as will be discussed in the following sections. Examples of RLPs
include the S locus glycoprotein (SLG), CLAVATA2 and Xa21D. RLKs are numerous, and some
examples will also be discussed in the following sections. Despite different configurations,
both RLKs and RLPs receptors contribute to blocking infection before the microbe gains a hold
on the plant.

PAMPs occur throughout the pathogen classes, including bacterial flagellin (flg22) and EF-Tu
(elf18), fungal chitin (CEBiP) and mannans of yeast, xylanase (LeEIX1/2) and Oomycetes’
heptaglucan (HG) [17, 19–21]. The early responses induced by PAMPs occur within minutes
to hours and are varied, ranging from rapid ion fluxes across the plasma membrane, oxidative
burst, activation of mitogen-activated protein kinases (MAPKs) and calcium-dependent
protein kinases (CDPKs) to local induction of defence -related genes or pathogen cell wall/cell
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ability of the plant to distinguish between self and non-self molecules. The molecular bases of
these defence mechanisms are discussed below.
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and quantitative resistance to fungi 
(Cell wall thickening;
Antimicrobial compounds; ROS) 

4. Resistance to necrosis-inducing
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(High antioxidant capacity)

1. Extreme resistance –
symptomless gene-for-gene resist.

2. Rx-resistance against viruses
without HR

3. Symptomless reaction to rust
pathogens, no visible HR

4. Gene-for-gene resistance 
(ROS; Phytoalexins; Phenol 
oxidation;  Stress proteins)
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(Enzymatic detoxification; Lack 
of toxin recept)

6. Gene silencing (Recognition and 
decomposition of foreign RNAs 
with ribonucleases)

Acquired resistance develops 
against a second infection 
“Stress memory”
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antioxidants; Gene silencing;
Rhizobacterial induction

Pathogen

Signals (e.g. endogenous/exogenous elicitors 
e.g. Avrs, mechanical stimulation)   
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PAMP receptors e.g. FLS2

Signal transduction (e.g. MAPK cascades (MPK6), EDS1, SGT1, HSPs)      (H2O2, SA, JA, ET, NO)      

Signal perception 
by R genes

Figure 1. Overview of cellular mechanisms of biotic stress response leading to innate immunity and systemic acquired
resistance. Plant PRRs or R-genes perceive PAMPS/DAMPs and effectors, respectively. Inside the cell, an overlapping
set of downstream immune responses results from the PTI/ETI continuum. This includes the activation of multiple sig‐
naling pathways involving reactive oxygen species (ROS), defense hormones (such as salicylic acid, jasmonic acid and
ethylene), mitogen activated protein kinases (MAPK), and transcription factor families, e.g., AP2/ERF, WRKY, MYB,
bZIP etc. these signals activate either innate response or acquired immune response or both.

3. Innate immunity

Innate immunity in plants is divided into microbial-associated molecular-pattern-triggered
immunity (MTI; also called PTI) and effector-triggered immunity (ETI). In MTI/PTI, innate
immunity is defined by receptors for microbe-associated molecules, conserved mitogen-
associated protein kinase signalling cascades and the production of antimicrobial peptides/
compounds [13]. Recognition of microbes is divided into two branches, one involving slowly
evolving microbial- or pathogen-associated molecular patterns, such as fungal chitin, xylanase
or bacterial flagellin, lipopolysaccharides and peptidoglycans [14], and the other that responds
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to a compromised ‘self’, also called damage-associated molecular patterns (DAMPs) [14, 15].
Both PAMPs and DAMPs are recognized by transmembrane pattern recognition receptors
(PRRs).

A common strategy employed by adapted pathogens is to secrete effector proteins that avoid
or regulate PTI recognition. To counter this stealth afforded by the microbial effectors, plants
have evolved an intracellular surveillance involving polymorphic NB-LRR protein products
encoded by resistance (R) genes, named after their characteristic feature due to the presence
of nucleotide binding (NB) and leucine-rich repeat (LRR) domains [9]. This type of plant
defence is referred to as ETI and is synonymous to pathogen race/host plant cultivar-specific
plant disease resistance [8].

Generally, PTI and ETI trigger similar defence responses, but ETI is much faster and quanti‐
tatively stronger [16]. ETI is often associated with a localized cell death termed the hypersen‐
sitive response (HR) that functions to restrict further spread of microbial attack [9, 17]. Hence,
the important feature of ETI is the ability to sense microbe-mediated modifications inferred
on points of vulnerability in the host, whereas PTI is able to sense infectious-self and non-self.
By guarding against weak points or even setting up decoys to confuse invaders, ETI is an
efficient defence system for more progressed infections [15, 18], whereas PTI is important for
non-host resistance and for basal immunity in susceptible host plant cultivars. In the following
section, we will discuss novel insights and overviews on the dynamics of innate immunity in
plant defence.

3.1. Pathogen- or microbial-associated molecular-pattern (PAMP/MAMP)-triggered
immunity (PTI)

PTI (formerly called basal or horizontal disease resistance) is the first facet of active plant
defence and can be considered as the primary driving force of plant-microbe interactions [19].
As discussed before, PTI involves the recognition of conserved, indispensable microbial
elicitors known as PAMPs by PRRs of either the receptor-like kinase (RLK) or receptor-like
proteins (RLPs) families, which are membranous bound extracellular receptors. RLPs resemble
the extracellular domains of RLKs, but lack the cytosolic signalling domain, whereas RLKs
have both extracellular and intracellular kinase domains [6]. Instances of hetero-oligomeric
complexes between RLKs and RLPs have been reported to occur, and to complement each
other in PAMP detection [8], as will be discussed in the following sections. Examples of RLPs
include the S locus glycoprotein (SLG), CLAVATA2 and Xa21D. RLKs are numerous, and some
examples will also be discussed in the following sections. Despite different configurations,
both RLKs and RLPs receptors contribute to blocking infection before the microbe gains a hold
on the plant.

PAMPs occur throughout the pathogen classes, including bacterial flagellin (flg22) and EF-Tu
(elf18), fungal chitin (CEBiP) and mannans of yeast, xylanase (LeEIX1/2) and Oomycetes’
heptaglucan (HG) [17, 19–21]. The early responses induced by PAMPs occur within minutes
to hours and are varied, ranging from rapid ion fluxes across the plasma membrane, oxidative
burst, activation of mitogen-activated protein kinases (MAPKs) and calcium-dependent
protein kinases (CDPKs) to local induction of defence -related genes or pathogen cell wall/cell
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Figure 1. Overview of cellular mechanisms of biotic stress response leading to innate immunity and systemic acquired
resistance. Plant PRRs or R-genes perceive PAMPS/DAMPs and effectors, respectively. Inside the cell, an overlapping
set of downstream immune responses results from the PTI/ETI continuum. This includes the activation of multiple sig‐
naling pathways involving reactive oxygen species (ROS), defense hormones (such as salicylic acid, jasmonic acid and
ethylene), mitogen activated protein kinases (MAPK), and transcription factor families, e.g., AP2/ERF, WRKY, MYB,
bZIP etc. these signals activate either innate response or acquired immune response or both.

3. Innate immunity

Innate immunity in plants is divided into microbial-associated molecular-pattern-triggered
immunity (MTI; also called PTI) and effector-triggered immunity (ETI). In MTI/PTI, innate
immunity is defined by receptors for microbe-associated molecules, conserved mitogen-
associated protein kinase signalling cascades and the production of antimicrobial peptides/
compounds [13]. Recognition of microbes is divided into two branches, one involving slowly
evolving microbial- or pathogen-associated molecular patterns, such as fungal chitin, xylanase
or bacterial flagellin, lipopolysaccharides and peptidoglycans [14], and the other that responds
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to a compromised ‘self’, also called damage-associated molecular patterns (DAMPs) [14, 15].
Both PAMPs and DAMPs are recognized by transmembrane pattern recognition receptors
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A common strategy employed by adapted pathogens is to secrete effector proteins that avoid
or regulate PTI recognition. To counter this stealth afforded by the microbial effectors, plants
have evolved an intracellular surveillance involving polymorphic NB-LRR protein products
encoded by resistance (R) genes, named after their characteristic feature due to the presence
of nucleotide binding (NB) and leucine-rich repeat (LRR) domains [9]. This type of plant
defence is referred to as ETI and is synonymous to pathogen race/host plant cultivar-specific
plant disease resistance [8].

Generally, PTI and ETI trigger similar defence responses, but ETI is much faster and quanti‐
tatively stronger [16]. ETI is often associated with a localized cell death termed the hypersen‐
sitive response (HR) that functions to restrict further spread of microbial attack [9, 17]. Hence,
the important feature of ETI is the ability to sense microbe-mediated modifications inferred
on points of vulnerability in the host, whereas PTI is able to sense infectious-self and non-self.
By guarding against weak points or even setting up decoys to confuse invaders, ETI is an
efficient defence system for more progressed infections [15, 18], whereas PTI is important for
non-host resistance and for basal immunity in susceptible host plant cultivars. In the following
section, we will discuss novel insights and overviews on the dynamics of innate immunity in
plant defence.

3.1. Pathogen- or microbial-associated molecular-pattern (PAMP/MAMP)-triggered
immunity (PTI)

PTI (formerly called basal or horizontal disease resistance) is the first facet of active plant
defence and can be considered as the primary driving force of plant-microbe interactions [19].
As discussed before, PTI involves the recognition of conserved, indispensable microbial
elicitors known as PAMPs by PRRs of either the receptor-like kinase (RLK) or receptor-like
proteins (RLPs) families, which are membranous bound extracellular receptors. RLPs resemble
the extracellular domains of RLKs, but lack the cytosolic signalling domain, whereas RLKs
have both extracellular and intracellular kinase domains [6]. Instances of hetero-oligomeric
complexes between RLKs and RLPs have been reported to occur, and to complement each
other in PAMP detection [8], as will be discussed in the following sections. Examples of RLPs
include the S locus glycoprotein (SLG), CLAVATA2 and Xa21D. RLKs are numerous, and some
examples will also be discussed in the following sections. Despite different configurations,
both RLKs and RLPs receptors contribute to blocking infection before the microbe gains a hold
on the plant.

PAMPs occur throughout the pathogen classes, including bacterial flagellin (flg22) and EF-Tu
(elf18), fungal chitin (CEBiP) and mannans of yeast, xylanase (LeEIX1/2) and Oomycetes’
heptaglucan (HG) [17, 19–21]. The early responses induced by PAMPs occur within minutes
to hours and are varied, ranging from rapid ion fluxes across the plasma membrane, oxidative
burst, activation of mitogen-activated protein kinases (MAPKs) and calcium-dependent
protein kinases (CDPKs) to local induction of defence -related genes or pathogen cell wall/cell
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Figure 1. Overview of cellular mechanisms of biotic stress response leading to innate immunity and systemic acquired
resistance. Plant PRRs or R-genes perceive PAMPS/DAMPs and effectors, respectively. Inside the cell, an overlapping
set of downstream immune responses results from the PTI/ETI continuum. This includes the activation of multiple sig‐
naling pathways involving reactive oxygen species (ROS), defense hormones (such as salicylic acid, jasmonic acid and
ethylene), mitogen activated protein kinases (MAPK), and transcription factor families, e.g., AP2/ERF, WRKY, MYB,
bZIP etc. these signals activate either innate response or acquired immune response or both.

3. Innate immunity

Innate immunity in plants is divided into microbial-associated molecular-pattern-triggered
immunity (MTI; also called PTI) and effector-triggered immunity (ETI). In MTI/PTI, innate
immunity is defined by receptors for microbe-associated molecules, conserved mitogen-
associated protein kinase signalling cascades and the production of antimicrobial peptides/
compounds [13]. Recognition of microbes is divided into two branches, one involving slowly
evolving microbial- or pathogen-associated molecular patterns, such as fungal chitin, xylanase
or bacterial flagellin, lipopolysaccharides and peptidoglycans [14], and the other that responds
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for the ROS burst and induction of MAPK cascades. These signalling cascades activate
transcriptional reprogrammers such as the WRKY TFs, which are required for induction of
defence genes [201].

3.1.1.2. Elongation factor (EF-Tu) induced resistance

Elongation factor Tu (EF-Tu) is the most abundant bacterial protein originally isolated from
Escherichia coli, and acts as PAMP in Brassicaceae family members including A. thaliana [33]. The
conserved N-acetylated epitope elf18 (first 18 amino acids of the protein) is sufficient to trigger
defence responses in plants [33, 34]. The shorter peptide, elf12 (first 12 N-terminal amino acids),
comprising the acetyl group, is inactive as an elicitor but acts as a specific antagonist for EF-
Tu–related elicitors. EF-Tu is recognized by the LRR-RLK EF-TU RECEPTOR (EFR) of the same
subfamily (LRRXII) as FLS2 [34]. Interestingly, the ability to perceive elf18 epitope seems
restricted to the plant family Brassicaceae. However, heterologous expression of EFR in the
Solanaceae family, e.g., N. benthamiana and Solanum lycopersicum, makes them more resistant
to a range of phytopathogenic bacteria, suggesting that EFR can be as well used to engineer
broad-spectrum disease resistance in other families [35]. More recently, EFa50 central region
comprising Lys176 to Gly225 was found to be fully active as a PAMP in rice and induced
H2O2 generation and callose deposition [36]. Moreover, AtEFR-transformed rice plants were
shown to be well responsive to the Xanthomonas oryzae derived elf18 peptide by strongly
inducing ROS burst and expression of OsPBZ1 in transgenic cell cultures [37], further sug‐
gesting that EFR confers stable resistance across plant families.

The mechanism of EFR resistance is mediated by heteromeric complex formation. For instance,
in rice, the complex formed between SOMATIC EMBRYOGENESIS RECEPTOR KINASEs
(OsSERK2; an ortholog of BAK1) and XA21 binding protein 24 (XB24) is the most important
component of XA21-mediated defence response. Four SERK co-receptor-like kinases interact
with EFR within seconds to minutes of ligand binding [38], and once the ligand is perceived,
EFR is rapidly phosphorylated, which triggers downstream signal activation, including the
activation and release of BIK1. BIK1 plays a central role in conveying signals, as discussed
before (see discussion on flagellin-induced resistance). Interaction between EFR and SERK also
triggers the activation and release of other members of the cytoplasmic receptor-like kinase
subfamily VII from the complex. Downstream components of these responses include
activation of a RING finger ubiquitin ligase (XB3), MAPKs, the plant-specific ankyrin-repeat
(PANK) containing protein XB25, and WRKY TFs.

Notwithstanding the FLS2 and EFR PRRs identified so far, relatively fewer PRR genes have
been utilized to enhance plant resistance to bacterial pathogens through breeding and
transgenic approaches [37], except a few that have been shown to be better adapted to defence
signalling. The most famous example is that of Xa21 gene transferred from Oryza longistami‐
nata, which confers high resistance to X. oryzae in rice [39]. Heterologous expression of XA21
in Citrus sinensis, Lycopersicon esculentum and banana (Musa sp.) also conferred moderate
resistance to Xanthomonas axonopodis pv. citri and resistance to Ralstonia solanacearum and
Xanthomonas campestris pv. malvacearum in experiments under controlled conditions [40–42].
The tomato RLP Ve1, which recognizes Ave1 from Verticillium dahliae race 1 is another inter-
class example that confers stable resistance when transferred and expressed in Arabidopsis
for use as a model genetic system [43]. Taken together, XA21 and Ve1 are an example of
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membranes lyasing enzymes/peptides, e.g., chitinases, glucanases and defensins (Figure 1)
[22]. Other responses may include production of antimicrobial phytoalexins, plant cell wall
modifications, e.g. deposition of papillae, enriched with (1,3)-β-glucan cell wall polymer,
callose, lignin biosynthesis, or changes in cell wall proteins and pectic polysaccharide struc‐
tures [14, 22, 89, 90, 200]. When the pathogen gains entry and initiates colonization, a concerted
effort of both PTI and ETI may be required to restrict further colonization. In the event that
ETI is not active, PTI could probably contribute to effective plant resistance as much as ETI, if
the capacity to recognize undetected epitopes could be engineered into plants. Some of the
examples of PTI that have been shown to contribute to resistance in plants are discussed in the
following section.

3.1.1. Specific examples of PTI in plants

3.1.1.1. Flagellin-induced resistance

Flagellin constitutes the main building block of bacterial flagellum, and is so far the best
characterized PAMP in plants. A 22 amino acid (flg22) peptide-spanning region in the N-
terminal part of flagellin of Pseudomonas syringae is sufficient to elicit the whole array of typical
immune responses in a broad variety of plants [23]. The PRR responsible for flagellin percep‐
tion in the model plant Arabidopsis thaliana is the leucine-rich repeat receptor-like kinase (LRR-
RLK) FLAGELLIN-SENSING 2 (FLS2). Functional FLS2 homologs have been identified in other
major groups of higher plants, including tomato, grapevine, Nicotiana benthamiana and rice,
suggesting that the receptors for the flg22 epitope of bacterial flagellin are evolutionarily
ancient and conserved [14, 24]. Despite evolutionary conservation, FLS2 proteins from
different plant species, such as tomato flagellin receptor (LeFLS2), grapevine (VvFLS2) and A.
thaliana (AtFLS2), still exhibit different perception specificities to elicitation determinants of
flagellins [24–26]. This suggests that the domains found in FLS may have undergone some
functional innovations that contribute to different perception specificities. Flagellin also seems
to be recognized by other means in certain plant species. For instance, in rice, flg22 epitope
does not allow the activation of PRR, but flagellin induces cell death [26]. Moreover, the
glycosylation status of flagellin proteins is emerging as a determinant of recognizing adapted
and non-adapted bacteria by Solanaceae plants, such as tobacco and tomato [27, 28]. More
recently, another flagellin, flgII-28, was identified in Solanaceae [29], though the corresponding
PRR is yet to be identified. Both flg22 and flgII-28 are physically linked by a stretch of 33 amino
acid residues, suggesting that both molecules are detected by the same receptor, FLS2 [30].

The signalling events triggered in plant cells following flg22 detection include rapid binding
of FLS2 to BAK1 (BRI1-associated kinase 1) by reciprocal transphosphorylation of their kinase
domains [31]. The plasma membrane localized receptor-like cytoplasmic kinase BOTRYTIS-
INDUCED KINASE 1 (BIK1) and related PBS1-LIKE (PBL) kinases associate with FLS2/BAK1
[32]. The complex formed triggers multiple rapid phosphorylation events resulting in BIK1
release. BIK1 plays a central role in conveying signals from not only FLS2 but also other PRRs,
including EFR, CERK1 and the DAMP receptor, PEPR1/PEPR2. The signal transduction
downstream of flg22 perception includes a Ca2+ burst, activation of CDPKs and RbohD required
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for the ROS burst and induction of MAPK cascades. These signalling cascades activate
transcriptional reprogrammers such as the WRKY TFs, which are required for induction of
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Elongation factor Tu (EF-Tu) is the most abundant bacterial protein originally isolated from
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Solanaceae family, e.g., N. benthamiana and Solanum lycopersicum, makes them more resistant
to a range of phytopathogenic bacteria, suggesting that EFR can be as well used to engineer
broad-spectrum disease resistance in other families [35]. More recently, EFa50 central region
comprising Lys176 to Gly225 was found to be fully active as a PAMP in rice and induced
H2O2 generation and callose deposition [36]. Moreover, AtEFR-transformed rice plants were
shown to be well responsive to the Xanthomonas oryzae derived elf18 peptide by strongly
inducing ROS burst and expression of OsPBZ1 in transgenic cell cultures [37], further sug‐
gesting that EFR confers stable resistance across plant families.

The mechanism of EFR resistance is mediated by heteromeric complex formation. For instance,
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before (see discussion on flagellin-induced resistance). Interaction between EFR and SERK also
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(PANK) containing protein XB25, and WRKY TFs.

Notwithstanding the FLS2 and EFR PRRs identified so far, relatively fewer PRR genes have
been utilized to enhance plant resistance to bacterial pathogens through breeding and
transgenic approaches [37], except a few that have been shown to be better adapted to defence
signalling. The most famous example is that of Xa21 gene transferred from Oryza longistami‐
nata, which confers high resistance to X. oryzae in rice [39]. Heterologous expression of XA21
in Citrus sinensis, Lycopersicon esculentum and banana (Musa sp.) also conferred moderate
resistance to Xanthomonas axonopodis pv. citri and resistance to Ralstonia solanacearum and
Xanthomonas campestris pv. malvacearum in experiments under controlled conditions [40–42].
The tomato RLP Ve1, which recognizes Ave1 from Verticillium dahliae race 1 is another inter-
class example that confers stable resistance when transferred and expressed in Arabidopsis
for use as a model genetic system [43]. Taken together, XA21 and Ve1 are an example of
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membranes lyasing enzymes/peptides, e.g., chitinases, glucanases and defensins (Figure 1)
[22]. Other responses may include production of antimicrobial phytoalexins, plant cell wall
modifications, e.g. deposition of papillae, enriched with (1,3)-β-glucan cell wall polymer,
callose, lignin biosynthesis, or changes in cell wall proteins and pectic polysaccharide struc‐
tures [14, 22, 89, 90, 200]. When the pathogen gains entry and initiates colonization, a concerted
effort of both PTI and ETI may be required to restrict further colonization. In the event that
ETI is not active, PTI could probably contribute to effective plant resistance as much as ETI, if
the capacity to recognize undetected epitopes could be engineered into plants. Some of the
examples of PTI that have been shown to contribute to resistance in plants are discussed in the
following section.

3.1.1. Specific examples of PTI in plants

3.1.1.1. Flagellin-induced resistance

Flagellin constitutes the main building block of bacterial flagellum, and is so far the best
characterized PAMP in plants. A 22 amino acid (flg22) peptide-spanning region in the N-
terminal part of flagellin of Pseudomonas syringae is sufficient to elicit the whole array of typical
immune responses in a broad variety of plants [23]. The PRR responsible for flagellin percep‐
tion in the model plant Arabidopsis thaliana is the leucine-rich repeat receptor-like kinase (LRR-
RLK) FLAGELLIN-SENSING 2 (FLS2). Functional FLS2 homologs have been identified in other
major groups of higher plants, including tomato, grapevine, Nicotiana benthamiana and rice,
suggesting that the receptors for the flg22 epitope of bacterial flagellin are evolutionarily
ancient and conserved [14, 24]. Despite evolutionary conservation, FLS2 proteins from
different plant species, such as tomato flagellin receptor (LeFLS2), grapevine (VvFLS2) and A.
thaliana (AtFLS2), still exhibit different perception specificities to elicitation determinants of
flagellins [24–26]. This suggests that the domains found in FLS may have undergone some
functional innovations that contribute to different perception specificities. Flagellin also seems
to be recognized by other means in certain plant species. For instance, in rice, flg22 epitope
does not allow the activation of PRR, but flagellin induces cell death [26]. Moreover, the
glycosylation status of flagellin proteins is emerging as a determinant of recognizing adapted
and non-adapted bacteria by Solanaceae plants, such as tobacco and tomato [27, 28]. More
recently, another flagellin, flgII-28, was identified in Solanaceae [29], though the corresponding
PRR is yet to be identified. Both flg22 and flgII-28 are physically linked by a stretch of 33 amino
acid residues, suggesting that both molecules are detected by the same receptor, FLS2 [30].

The signalling events triggered in plant cells following flg22 detection include rapid binding
of FLS2 to BAK1 (BRI1-associated kinase 1) by reciprocal transphosphorylation of their kinase
domains [31]. The plasma membrane localized receptor-like cytoplasmic kinase BOTRYTIS-
INDUCED KINASE 1 (BIK1) and related PBS1-LIKE (PBL) kinases associate with FLS2/BAK1
[32]. The complex formed triggers multiple rapid phosphorylation events resulting in BIK1
release. BIK1 plays a central role in conveying signals from not only FLS2 but also other PRRs,
including EFR, CERK1 and the DAMP receptor, PEPR1/PEPR2. The signal transduction
downstream of flg22 perception includes a Ca2+ burst, activation of CDPKs and RbohD required
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H2O2 generation and callose deposition [36]. Moreover, AtEFR-transformed rice plants were
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gesting that EFR confers stable resistance across plant families.

The mechanism of EFR resistance is mediated by heteromeric complex formation. For instance,
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(OsSERK2; an ortholog of BAK1) and XA21 binding protein 24 (XB24) is the most important
component of XA21-mediated defence response. Four SERK co-receptor-like kinases interact
with EFR within seconds to minutes of ligand binding [38], and once the ligand is perceived,
EFR is rapidly phosphorylated, which triggers downstream signal activation, including the
activation and release of BIK1. BIK1 plays a central role in conveying signals, as discussed
before (see discussion on flagellin-induced resistance). Interaction between EFR and SERK also
triggers the activation and release of other members of the cytoplasmic receptor-like kinase
subfamily VII from the complex. Downstream components of these responses include
activation of a RING finger ubiquitin ligase (XB3), MAPKs, the plant-specific ankyrin-repeat
(PANK) containing protein XB25, and WRKY TFs.

Notwithstanding the FLS2 and EFR PRRs identified so far, relatively fewer PRR genes have
been utilized to enhance plant resistance to bacterial pathogens through breeding and
transgenic approaches [37], except a few that have been shown to be better adapted to defence
signalling. The most famous example is that of Xa21 gene transferred from Oryza longistami‐
nata, which confers high resistance to X. oryzae in rice [39]. Heterologous expression of XA21
in Citrus sinensis, Lycopersicon esculentum and banana (Musa sp.) also conferred moderate
resistance to Xanthomonas axonopodis pv. citri and resistance to Ralstonia solanacearum and
Xanthomonas campestris pv. malvacearum in experiments under controlled conditions [40–42].
The tomato RLP Ve1, which recognizes Ave1 from Verticillium dahliae race 1 is another inter-
class example that confers stable resistance when transferred and expressed in Arabidopsis
for use as a model genetic system [43]. Taken together, XA21 and Ve1 are an example of
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membranes lyasing enzymes/peptides, e.g., chitinases, glucanases and defensins (Figure 1)
[22]. Other responses may include production of antimicrobial phytoalexins, plant cell wall
modifications, e.g. deposition of papillae, enriched with (1,3)-β-glucan cell wall polymer,
callose, lignin biosynthesis, or changes in cell wall proteins and pectic polysaccharide struc‐
tures [14, 22, 89, 90, 200]. When the pathogen gains entry and initiates colonization, a concerted
effort of both PTI and ETI may be required to restrict further colonization. In the event that
ETI is not active, PTI could probably contribute to effective plant resistance as much as ETI, if
the capacity to recognize undetected epitopes could be engineered into plants. Some of the
examples of PTI that have been shown to contribute to resistance in plants are discussed in the
following section.

3.1.1. Specific examples of PTI in plants

3.1.1.1. Flagellin-induced resistance

Flagellin constitutes the main building block of bacterial flagellum, and is so far the best
characterized PAMP in plants. A 22 amino acid (flg22) peptide-spanning region in the N-
terminal part of flagellin of Pseudomonas syringae is sufficient to elicit the whole array of typical
immune responses in a broad variety of plants [23]. The PRR responsible for flagellin percep‐
tion in the model plant Arabidopsis thaliana is the leucine-rich repeat receptor-like kinase (LRR-
RLK) FLAGELLIN-SENSING 2 (FLS2). Functional FLS2 homologs have been identified in other
major groups of higher plants, including tomato, grapevine, Nicotiana benthamiana and rice,
suggesting that the receptors for the flg22 epitope of bacterial flagellin are evolutionarily
ancient and conserved [14, 24]. Despite evolutionary conservation, FLS2 proteins from
different plant species, such as tomato flagellin receptor (LeFLS2), grapevine (VvFLS2) and A.
thaliana (AtFLS2), still exhibit different perception specificities to elicitation determinants of
flagellins [24–26]. This suggests that the domains found in FLS may have undergone some
functional innovations that contribute to different perception specificities. Flagellin also seems
to be recognized by other means in certain plant species. For instance, in rice, flg22 epitope
does not allow the activation of PRR, but flagellin induces cell death [26]. Moreover, the
glycosylation status of flagellin proteins is emerging as a determinant of recognizing adapted
and non-adapted bacteria by Solanaceae plants, such as tobacco and tomato [27, 28]. More
recently, another flagellin, flgII-28, was identified in Solanaceae [29], though the corresponding
PRR is yet to be identified. Both flg22 and flgII-28 are physically linked by a stretch of 33 amino
acid residues, suggesting that both molecules are detected by the same receptor, FLS2 [30].

The signalling events triggered in plant cells following flg22 detection include rapid binding
of FLS2 to BAK1 (BRI1-associated kinase 1) by reciprocal transphosphorylation of their kinase
domains [31]. The plasma membrane localized receptor-like cytoplasmic kinase BOTRYTIS-
INDUCED KINASE 1 (BIK1) and related PBS1-LIKE (PBL) kinases associate with FLS2/BAK1
[32]. The complex formed triggers multiple rapid phosphorylation events resulting in BIK1
release. BIK1 plays a central role in conveying signals from not only FLS2 but also other PRRs,
including EFR, CERK1 and the DAMP receptor, PEPR1/PEPR2. The signal transduction
downstream of flg22 perception includes a Ca2+ burst, activation of CDPKs and RbohD required

Plant Genomics234



Other PRRs that have been identified in plants in response to fungal PAMPs include the
Brassica napus LepR3/Rlm2, for blackleg resistance, which perceives AVRLM1 [56]. In Arabidop‐
sis, Rlm2 interacts with suppressor of BAK1-interacting receptor-like kinase 1 (AtSOBIR1), sug‐
gesting that SOBIR1 is a component of LRR-RLP-mediated resistance against Leptosphaeria
maculans, which is similar to that formed by rice OsCERK1 and Arabidopsis AtCERK1 [57]. The
tomato Cf proteins (Cf2, Cf4 and Cf9) that recognize the corresponding effector proteins (Avr2,
Avr4 and Avr9) secreted by C. fulvum are other PRR-like receptors that were previously
identified. Cf4 interacts with BAK1 in a manner similar to the rice ligand binding and associated
receptor OsSERK/EFR.

Wheat and Arabidopsis RLP1.1 and RLP30 are also involved in antifungal defence, although
the corresponding ligands are unknown so far [58]. Several orphan PAMPs with unknown
PRRs, from fungi or oomycetes that can trigger immune signalling have also been identified,
including fungal ergosterol [59], oomycete arachidonic acid [60], elicitins (INF1) [61], the
transglutaminase-derived immunogenic epitope Pep13 [62], cryptogein [63] and cellulose-
binding elicitor lectin (CBEL) [64]. Thus, further research is required to understand mechanis‐
tically how these orphan PAMPs are involved in PTI.

Taken together, the identification of several potential host plant receptor targets and receptor
complexes, and their stability across plant species and in the field will greatly help to improve
plant protection. Moreover, identification of several potential microbial molecules that act as
PAMPs would increase chances of identifying more potential host plant PRRs for developing
crops with higher resistance or inducible resistance.

3.1.1.4. Plant perception of virus PAMPs

Although viral patterns inducing PTI are well known from animal systems, there is no similar
pattern reported for plants [48]. Instead, plant resistance to viruses is mediated by post-
transcriptional gene silencing of viral RNA or ETI. Nevertheless, infection by compatible
viruses can also induce defence responses similar to PTI. Typical PTI cellular responses in
plant-virus interactions include ion fluxes, ROS production, ethylene, salicylic acid (SA),
MAPK signalling and callose deposition, for review see [65]. Commonly reported genes
associated with PRRs in response to viruses include PEPs that encode longer peptides (ProPEP)
from which small peptides (PEP) are derived. In Arabidopsis, AtPEP interact with two DAMP
PRRs, PEP-receptor 1 (PEPR1) and PEPR2 [66], both of which interact with BAK1 upon
recognition of AtPEP. Thus, BAK1 is important for antiviral defence in Arabidopsis. Indeed, the
bak1 mutants show enhanced susceptibility to three different RNA viruses (TMV-U1, ORMV
and TCV) during compatible interactions [67]. The immune response induced by PEPR-
BAK1 interaction is a classical PTI. Another viral resistance mechanism, which is highly similar
to BAK1 and BAK1-like Kinase 1 (BKK1), is exhibited by the viral nuclear shuttle protein (NSP)-
interacting kinases (NIKs) from leucine-rich repeats containing receptor-like serine/threonine
kinase (LRR-RKs) subfamily [68].

Recent reviews have also suggested that the ribonuclease III-type DICER-like (DCL) enzymes
could be acting as PRRs perceiving viral nucleic acids and triggering immune responses
equivalent to the zig-zag model first layer [66]. The virus-derived molecules (e.g., dsRNAs)
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engineered resistance strategy under controlled conditions, despite their taxonomic restric‐
tions. However, more PRRs recognizing conserved molecular signatures in bacteria will need
to be discovered and their complex interaction with the plant’s physiology and metabolism
and the environment understood, if the ambition of improving crop plants through genetic
engineering of broad-spectrum disease resistance by gene transfer is to become more con‐
vincing.

3.1.1.3. Plant perception of PAMPs from fungi and oomycetes

Chitin, a homopolymer of β-(1,4)-linked N-acetylglucosamine (GlcNAc) unit, is a major
constituent of fungal cell walls and is a classical PAMP [17]. Chitin is an ideal point of attack
during plant defence responses since glucosamine polymers are not found in plants. Upon
pathogen contact with the host, plant chitinases (hydrolytic enzymes) break down microbial
chitin polymers. Interestingly, different plants have evolved mechanisms that employ
common factors for chitin perception, and this could be probably the reason for the evolution
of pathogen counter measures, e.g., in the biotrophic fungal pathogen Cladosporium fulvum [44].
In this context, the reaction of tomato with induction of defense-related, signal transduction
and transcription genes to external chitin application supports the role of the described
mechanisms [202].

The first chitin-binding PRR was identified in rice as the lysine motif (LysM)-RLP, and was
named chitin-elicitor binding protein (CEBiP) [45]. CEBiP is a glycoprotein that localizes in the
plasma membrane. Upon chitin binding, CEBiP homodimerizes and forms a hetero-oligomeric
complex with the Chitin Elicitor Receptor Kinase 1 (OsCERK1), the rice ortholog of Arabidopsis
AtCERK1. The binding thus forms a sandwich-type receptor system for chitin as described in
[45, 46]. The mechanism of perception, however, varies between plant species. For example,
AtCERK1 does not seem to employ CEBiP-like LysM-RLPs to induce typical immune responses
such as reactive oxygen species and immune gene expression upon chitin perception [47].
Instead, AtCERK1 binds directly to octamers of chitin, which in turn induce AtCERK1
homodimerization and the resultant immune signalling [48]. Arabidopsis LysM (AtLYM2), the
closest ortholog of AtCEBiP, and the rice LysM RLPs (OsLYP4 and OsLYP6) are also able to
bind chitin [49]. However, it is not clear whether AtLYM2/LYK4 also display the putative
homodimerization induced by chitin perception. Two other orthologs of CEBiP, AtLYM1 and
AtLYM3, which specifically bind PGN, but not chitin, interact with AtCERK1. This indicates
that AtCERK1 is a multifaceted RLK that also forms hetero-oligomeric complexes with ligand-
binding RLPs, probably across different plant families.

Fungal xylanases also function as fungal PAMPs by eliciting defence responses and promoting
necrosis [50, 51]. In tomato, ethylene-inducing xylanases (EIXs) produced by Trichoderma
species are perceived by two specific LRR-RLPs receptors, LeEix1 and LeEix2 [52]. Both
receptors bind Eixs, but oLeEix2 is the primary mediator of defence responses. LeEix1 hetero‐
dimerizes with LeEix2 upon application of the Eixs and attenuates Eix-induced internalization
and the subsequent signalling of the LeEix2 receptor [53]. Microbial xyloglucan-specific
endoglucanases (XEGs) have also been reported to induce plant defences. Fungal XEGs are
inhibited by xyloglucan endoglucanase inhibiting proteins (XEGIPs), which so far have been
characterized in tomato, carrot and tobacco [54, 55].
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pattern reported for plants [48]. Instead, plant resistance to viruses is mediated by post-
transcriptional gene silencing of viral RNA or ETI. Nevertheless, infection by compatible
viruses can also induce defence responses similar to PTI. Typical PTI cellular responses in
plant-virus interactions include ion fluxes, ROS production, ethylene, salicylic acid (SA),
MAPK signalling and callose deposition, for review see [65]. Commonly reported genes
associated with PRRs in response to viruses include PEPs that encode longer peptides (ProPEP)
from which small peptides (PEP) are derived. In Arabidopsis, AtPEP interact with two DAMP
PRRs, PEP-receptor 1 (PEPR1) and PEPR2 [66], both of which interact with BAK1 upon
recognition of AtPEP. Thus, BAK1 is important for antiviral defence in Arabidopsis. Indeed, the
bak1 mutants show enhanced susceptibility to three different RNA viruses (TMV-U1, ORMV
and TCV) during compatible interactions [67]. The immune response induced by PEPR-
BAK1 interaction is a classical PTI. Another viral resistance mechanism, which is highly similar
to BAK1 and BAK1-like Kinase 1 (BKK1), is exhibited by the viral nuclear shuttle protein (NSP)-
interacting kinases (NIKs) from leucine-rich repeats containing receptor-like serine/threonine
kinase (LRR-RKs) subfamily [68].

Recent reviews have also suggested that the ribonuclease III-type DICER-like (DCL) enzymes
could be acting as PRRs perceiving viral nucleic acids and triggering immune responses
equivalent to the zig-zag model first layer [66]. The virus-derived molecules (e.g., dsRNAs)

Advances in Plant Tolerance to Biotic Stresses
http://dx.doi.org/10.5772/64351

237

engineered resistance strategy under controlled conditions, despite their taxonomic restric‐
tions. However, more PRRs recognizing conserved molecular signatures in bacteria will need
to be discovered and their complex interaction with the plant’s physiology and metabolism
and the environment understood, if the ambition of improving crop plants through genetic
engineering of broad-spectrum disease resistance by gene transfer is to become more con‐
vincing.

3.1.1.3. Plant perception of PAMPs from fungi and oomycetes

Chitin, a homopolymer of β-(1,4)-linked N-acetylglucosamine (GlcNAc) unit, is a major
constituent of fungal cell walls and is a classical PAMP [17]. Chitin is an ideal point of attack
during plant defence responses since glucosamine polymers are not found in plants. Upon
pathogen contact with the host, plant chitinases (hydrolytic enzymes) break down microbial
chitin polymers. Interestingly, different plants have evolved mechanisms that employ
common factors for chitin perception, and this could be probably the reason for the evolution
of pathogen counter measures, e.g., in the biotrophic fungal pathogen Cladosporium fulvum [44].
In this context, the reaction of tomato with induction of defense-related, signal transduction
and transcription genes to external chitin application supports the role of the described
mechanisms [202].

The first chitin-binding PRR was identified in rice as the lysine motif (LysM)-RLP, and was
named chitin-elicitor binding protein (CEBiP) [45]. CEBiP is a glycoprotein that localizes in the
plasma membrane. Upon chitin binding, CEBiP homodimerizes and forms a hetero-oligomeric
complex with the Chitin Elicitor Receptor Kinase 1 (OsCERK1), the rice ortholog of Arabidopsis
AtCERK1. The binding thus forms a sandwich-type receptor system for chitin as described in
[45, 46]. The mechanism of perception, however, varies between plant species. For example,
AtCERK1 does not seem to employ CEBiP-like LysM-RLPs to induce typical immune responses
such as reactive oxygen species and immune gene expression upon chitin perception [47].
Instead, AtCERK1 binds directly to octamers of chitin, which in turn induce AtCERK1
homodimerization and the resultant immune signalling [48]. Arabidopsis LysM (AtLYM2), the
closest ortholog of AtCEBiP, and the rice LysM RLPs (OsLYP4 and OsLYP6) are also able to
bind chitin [49]. However, it is not clear whether AtLYM2/LYK4 also display the putative
homodimerization induced by chitin perception. Two other orthologs of CEBiP, AtLYM1 and
AtLYM3, which specifically bind PGN, but not chitin, interact with AtCERK1. This indicates
that AtCERK1 is a multifaceted RLK that also forms hetero-oligomeric complexes with ligand-
binding RLPs, probably across different plant families.

Fungal xylanases also function as fungal PAMPs by eliciting defence responses and promoting
necrosis [50, 51]. In tomato, ethylene-inducing xylanases (EIXs) produced by Trichoderma
species are perceived by two specific LRR-RLPs receptors, LeEix1 and LeEix2 [52]. Both
receptors bind Eixs, but oLeEix2 is the primary mediator of defence responses. LeEix1 hetero‐
dimerizes with LeEix2 upon application of the Eixs and attenuates Eix-induced internalization
and the subsequent signalling of the LeEix2 receptor [53]. Microbial xyloglucan-specific
endoglucanases (XEGs) have also been reported to induce plant defences. Fungal XEGs are
inhibited by xyloglucan endoglucanase inhibiting proteins (XEGIPs), which so far have been
characterized in tomato, carrot and tobacco [54, 55].
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engineered resistance strategy under controlled conditions, despite their taxonomic restric‐
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3.1.1.6. Infection self-perception DAMPs

As discussed before, plants can also sense self-molecules called damage-associated molecular
patterns that are available for recognition only after cell/tissue damage. The striking similari‐
ties of DAMP perception in animals and plants have been reviewed [83]. A perfect example
that was discussed earlier is the Arabidopsis plasma membrane LRR receptor kinase (LRR-RK),
designated PEPR1/PEPR2, which perceives AtPep peptides derived from propeptide (Pro‐
PEPs) encoded by a seven-member multigenic family (Pep1-Pep7). Both PEPR1 and PEPR2
were reported to be transcriptionally induced by wounding, treatment with methyl jasmonate,
Pep peptides and pathogen-associated molecular patterns [64, 84]. Moreover, AtPep perception
is part of a PTI amplification loop and is important for the induction of systemic immunity [85].
In another example, hydroxyproline-containing glycopeptides (HypSys) and rapid alkaliniza‐
tion factor (RALF) peptides have been shown to induce an MAPK cascade in tomato cells [86].
The precursors of HypSys and RALF are constitutively present in the plant cell walls [14].
Microbial proteases or intracellular proteases release these peptides upon cell injury, making
then to act as DAMPs.

Cell wall components derived from the enzymatic activity of highly specific microbial
homogalacturonan (HGA) is another good example of DAMPs [87]. The enhanced production
of oligogalacturonic acid (OGA) fragments from plant cell walls potentially acts as DAMP,
which are perceived by receptors such as RLK THESEUS1 (THE1), ER and WAK1. Plants may
also rely on the recognition of cell wall degrading enzymes (CWDEs) by LRR-RLPs receptors,
e.g., RBPG1 and LeEIX1-2 [88]. A decisive role of the composition and structure of plant cell
wall polysaccharides, specifically of side chains of pectic polysaccharides, in elicitation of plant
defence has also been described in tomato interaction with a bacterial pathogen, R. solanacea‐
rum [89, 90, 203]. Thus, studying the expression of endogenous molecules and microbial cell
wall degrading enzymes and their inhibitors, e.g., polygalacturonases (PGs) and polygalac‐
turonase-inhibiting proteins (PGIPs) [204] is a valuable approach to understanding the
dynamics of plant-pathogen interactions as well as to develop a strategy to improve plant
protection using induced plant endogenous molecules.

3.2. Effector-triggered immunity (ETI)

ETI (formerly called R-gene-mediated or vertical resistance) is based on the highly specific,
direct or indirect interaction of pathogen effectors and the products of plant R genes according
to the gene-for-gene theory [14]. As discussed before, R genes encode proteins of the intracel‐
lular nucleotide-binding leucine-rich repeat (NB-LRR) class [10]. The NB-LRR consist of N-
terminal effector domain, central NB domain and C-terminal LRR domain, which largely vary
in plants [91]. Two major subgroups that have distinct N-terminal domains are generally
recognized: (1) one group with a Toll–interleukin 1 receptor (TIR) domain are called TNLs,
and (2) those with a coiled-coil (CC) domain are called CNLs [92].

In Arabidopsis, the CNLs functionally interact with the glycosylphosphatidylinositol (GPI)
anchored protein—NON-RACE SPECIFIC DISEASE RESISTANCE 1 (NDR1), a positive
regulator of SA accumulation, for signalling [93, 94]. Indeed, an ndr1 mutation compromises
resistance conferred by the CC-NBS-LRR proteins RPS2, RPM1 or RPS5 to P. syringae express‐
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act as PAMPs, which trigger PTI and RNA interference (RNAi). However, PTI is typically a
form of innate immunity, whereas RNAi induces a form of adaptive immunity. Thus, it is clear
that a lot remains to be discovered to prove that virus-derived molecules trigger PTI.

3.1.1.5. Plant perception of insect PAMPs

Molecular recognition via ligand-receptor binding phenomena is increasingly becoming
important in insect-plant interactions [69]. As reported earlier, the concept of PAMPS has been
expanded to include herbivore-associated molecular patterns or damaged-self compounds
produced after insect attack [70]. HAMPs isolated and characterized to date include compo‐
nents found in insect oral secretions (proteins, fatty acid-amino acid conjugates (FACs),
sulphur-containing fatty acids, as well as plant-derived molecules generated following insect
herbivory, including degradation products of ATP synthase and cell walls [71, 72]. The insect
oral secretion molecules are released by chewing insects and have been reported to induce ion
imbalances, variations in membrane potential, changes in Ca2+ fluxes and the generation of
reactive oxygen species (ROS), which stimulate downstream signalling events in plants [73].
Ca2+ influx is obviously preceded by the opening of calcium channels, and it is likely that these
channels are associated with plant receptors tuned to insect elicitors. Recently, a mechanism
similar to PTI was reported in Arabidopsis in which LRR-RK BAK1 was shown to contribute
to innate immunity against aphids [69]. Moreover, application of synthetic FACs on wounded
N. attenuate leaves strongly induced MAPK activity, and subsequently wound-induced
modifications in the transcriptome, proteome and defensive secondary metabolites [74, 75].
Insect egg ovipositional fluids have also been shown to induce plant defences [76, 77].
Moreover, insect egg deposition on one leaf could induce volatile emission in the other egg-
free leaves [77], suggesting that SAR could be involved after detection of insect eggs’ associated
molecules. An interesting example was reported in the oviposition by Pieris brassicae, which
triggered SA accumulation and the subsequent induction of PAMP responsive gene expression
associated with lectin-domain RK (LecRK), LecRK-I [78]. Correspondingly, expression of the
defence gene PR-1, which requires EDS1, SID2 and NPR1, was also detected, implicating the
SA pathway downstream of the insect egg recognition.

Another mechanism that is closely related to the PAMP receptors in plant resistance to insects
is the Mi-1 gene in tomato. The induction of Mi-1 confers resistance to Macrosiphum euphor‐
biae [79]. A receptor-like kinase gene OsLecRK in rice, which confers basal resistance to
Nilaparvata lugens, was recently suggested to be a PRR that recognizes molecules secreted by
these insects [80]. A similar mechanism was demonstrated in aphid infestation of Arabidopsis
in which the immune response was apparently triggered by infiltration of aphid saliva [81].
Consistent with this, infiltration of whole aphid extract from M. persicae was reported to
activate PTI-like responses in Arabidopsis [69, 82].

This notwithstanding, the insect HAMP-receptor binding phenomenon that allows plants to
detect insects still remains less clear as to whether these responses are exclusively due to the
specific perception of herbivores or due to different damage patterns or both.
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similar to PTI was reported in Arabidopsis in which LRR-RK BAK1 was shown to contribute
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receptor and ATR1 alleles from Hpa strains can be diverse. This diversity contributes to a
spectrum of resistance phenotypes and effectors. For instance, the recognition specificity of
RPP1-WsB (from the Wassilewskija ecotype) and RPP1-NdA (from the Niederzenz ecotype)
vary. The RPP1-NdA recognizes a small subset of the ATR1 alleles recognized by RPP1-WsB,
while the RPP1-WsB associates with the cognate Hpa effector protein, Atr1, through its LRR
domain in a recognition-specific manner [105]. Another example is the Arabidopsis NLR
RRS1, a domain with sequence similarity to WRKY TFs, positioned after the LRR. The cognate
effectors AvrRps4 and PopP2 directly interact with this WRKY-like domain to activate the
downstream resistance components [106].

Together, the different R proteins have functional domains that can occupy different positions
in NLRs. The functional domain positioning differences could be the reason behind several R
genes that have been identified in plants. For instance, in rice more than 100 NLRs encoding
genes have been described to confer resistance to strains of Magnaporthe oryzae [107]. However,
only few R proteins encoded by these genes have been characterized, which limits their
deployment. A well-known structure for the recognition of M. oryzae effectors is that of AVR-
Piz-t, which adopts a six-stranded β-sandwich structure and contains a single disulphide bond
[108]. The AVR-Pia and AVR1-CO39 have also been reported to be recognized by the R GENE
ANALOGs (RGA4/RGA5) NLR pair [109, 110] through direct binding to a Heavy-Metal
Associated domain (HMA; also known as RATX1) integrated into RGA5 after the LRR position.
RGA4/RGA5 physically interact to prevent cell death mediated by RGA4 in the absence of AVR-
Pia; the presence of the effector relieves this suppression, and induces cell death response, a
mechanism that could also be described as indirect NLR surveilance. More recently, Maqbool
et al. [111] also found that recognition of AVR-Pik by Pik is by direct binding to the HMA domain
of Pik-1. However, the positioning of the HMA domain between the CC and NB-ARC region
of Pik-1 and after the LRR in RGA5 is a striking difference between Pik-1 and RGA5. These
conformational changes underlying direct effector binding could be causing immunity-related
signalling differences. However, the intra- and/or inter-molecular complexes mediating
output may be conserved [111].

3.2.2. Indirect NLR surveillance of effector activities

During indirect recognition, the NLR guards the host protein by recognizing (monitoring) the
modifications caused by the pathogen effector on the guarded protein [10]. The guarded
protein can either be the actual effector virulence target or a decoy inviting modification by
the pathogen. An example of the indirect recognition of effectors by NLRs was demonstrated
in the conserved Arabidopsis protein RPM1-interacting protein 4 (RIN4). RIN4 is targeted by
multiple bacterial effectors, e.g., AvrRpt2, AvrRpm1 and AvrB, and is monitored for effector-
induced modification by two plasma membrane CNL receptors, RPM1 (resistance to P.
syringae pv. maculicola 1) and RPS2 (resistance to P. syringae 2) [112]. AvrB-induced phosphor‐
ylation and cis/trans isomerization coupled with conformational changes in RIN4 are sensed
by RPM1 to activate immune signalling [112, 113]. AvrRpt2, being a cysteine protease, cleaves
RIN4 and induces RIN4 degradation. In the absence of RPM1 and RPS2, RIN4 acts as a negative
regulator of basal resistance, and in that capacity appears to be targeted for manipulation by
multiple bacterial effectors [114].
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ing the avirulence effectors avrRpt2, avrB and avrRpm1, or avrPph3, respectively [95]. In
contrast, multiple TNLs functionally associate with ENHANCED DISEASE SUCEPTIBILITY
1 (EDS1) and PHYTOALEXIN DEFICIENT 4 (PAD4) for signalling. For instance, resistance
conferred by the TIR–NBS–LRR protein RPS4, which recognizes avrRps4 in P. syringae is
compromised in eds1 mutants [96]. However, resistance mediated by some R genes is inde‐
pendent of EDS1/PAD4 and NDR1 or require additional co-activating proteins, suggesting
existence of additional components for signal transmission during plant-pathogen interaction.
Some of the regulatory components functionally associated with R genes for an effective HR
mediated resistance include RAR1 (required for Mla12 resistance) and SGT1 (suppressor of the
G2 allele of skp1) proteins [97]. RAR1 interacts with the N-terminal half of HSP90 that contains
the ATPase domain. HSP90 also specifically interacts with SGT1 that contains a tetratricopep‐
tide repeat motif and a domain with similarity to the co-chaperone p23 [98]. These observations
suggest that R proteins require several co-activating proteins, although distinct downstream
signalling pathways could be involved. There are also some NLRs containing N terminus other
than the classical TIR and CC, either because their protein structures are not validated or due
to lack of significant homology; they are referred to as non-TIR-type NLRs (nTNLs) or
generally referred to as NLRs. Further work on non-sequenced genomes is likely to expand
the number of NLRs, and probably refine functional difference associated with NLR reper‐
toires.

Regardless of the NLR class, NB-ARC domain is the core nucleotide-binding fold in NB-LRR
proteins. Four distinct subdomains constitute the NB-ARC domain, including nucleotide-
binding (NB) fold and ARC1, -2 and -3 subdomains. ARC1 is a four-helix bundle, ARC2 is a
winged-helix fold and ARC3 is a helical bundle [99]. ARC1 and ARC2 are conserved in
Caenorhabditis elegans CED-4, and plant NB-LRR R proteins, whereas ARC3 is absent [99].
Throughout the NB-ARC domain in R proteins, numerous conserved motifs (e.g., hhGRExE,
Walker A or P-loop, Walker B, GxP, RNBS-A to D and MHD) have been reported [100]. A
mutation in these conserved motifs has shown their functional importance in the NB-LRR
proteins [101], and is apparently a critical factor determining R gene functional effector
recognition pattern differences. Generally, pathogen effector recognition by NLR and NLR
expression are broadly characterized into (1) direct NLR-Effector interaction or (2) indirect
NLR indirect surveillance of effector activities.

3.2.1. Direct NLR-effector interaction

NLRs maintain an ADP-binding inactive state in the absence of effectors. The binding of
effectors induces conformational changes in NLRs, which allow ADP/ATP exchange. Conse‐
quently, the exchange of nucleotides triggers a second conformational change that activates
the NB-LRRs’ N-terminus (TIR or CC) to interact with and trigger downstream target processes
[102]. However, there is no substantial evidence on direct NLR-effector interaction that
underlies resistance specificity in the NLR-effector combinations, apart from the yeast two-
hybrid (Y2H) and in vitro interaction assays [103, 104]. A few examples that attempt to show
the NLR-effector interaction include the Arabidopsis NLR RPP1 recognition of the oomycete
effector ATR1 leading to Hyaloperonospora arabidopsidis (Hpa) resistance [104]. Both the RPP1
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receptor and ATR1 alleles from Hpa strains can be diverse. This diversity contributes to a
spectrum of resistance phenotypes and effectors. For instance, the recognition specificity of
RPP1-WsB (from the Wassilewskija ecotype) and RPP1-NdA (from the Niederzenz ecotype)
vary. The RPP1-NdA recognizes a small subset of the ATR1 alleles recognized by RPP1-WsB,
while the RPP1-WsB associates with the cognate Hpa effector protein, Atr1, through its LRR
domain in a recognition-specific manner [105]. Another example is the Arabidopsis NLR
RRS1, a domain with sequence similarity to WRKY TFs, positioned after the LRR. The cognate
effectors AvrRps4 and PopP2 directly interact with this WRKY-like domain to activate the
downstream resistance components [106].

Together, the different R proteins have functional domains that can occupy different positions
in NLRs. The functional domain positioning differences could be the reason behind several R
genes that have been identified in plants. For instance, in rice more than 100 NLRs encoding
genes have been described to confer resistance to strains of Magnaporthe oryzae [107]. However,
only few R proteins encoded by these genes have been characterized, which limits their
deployment. A well-known structure for the recognition of M. oryzae effectors is that of AVR-
Piz-t, which adopts a six-stranded β-sandwich structure and contains a single disulphide bond
[108]. The AVR-Pia and AVR1-CO39 have also been reported to be recognized by the R GENE
ANALOGs (RGA4/RGA5) NLR pair [109, 110] through direct binding to a Heavy-Metal
Associated domain (HMA; also known as RATX1) integrated into RGA5 after the LRR position.
RGA4/RGA5 physically interact to prevent cell death mediated by RGA4 in the absence of AVR-
Pia; the presence of the effector relieves this suppression, and induces cell death response, a
mechanism that could also be described as indirect NLR surveilance. More recently, Maqbool
et al. [111] also found that recognition of AVR-Pik by Pik is by direct binding to the HMA domain
of Pik-1. However, the positioning of the HMA domain between the CC and NB-ARC region
of Pik-1 and after the LRR in RGA5 is a striking difference between Pik-1 and RGA5. These
conformational changes underlying direct effector binding could be causing immunity-related
signalling differences. However, the intra- and/or inter-molecular complexes mediating
output may be conserved [111].

3.2.2. Indirect NLR surveillance of effector activities

During indirect recognition, the NLR guards the host protein by recognizing (monitoring) the
modifications caused by the pathogen effector on the guarded protein [10]. The guarded
protein can either be the actual effector virulence target or a decoy inviting modification by
the pathogen. An example of the indirect recognition of effectors by NLRs was demonstrated
in the conserved Arabidopsis protein RPM1-interacting protein 4 (RIN4). RIN4 is targeted by
multiple bacterial effectors, e.g., AvrRpt2, AvrRpm1 and AvrB, and is monitored for effector-
induced modification by two plasma membrane CNL receptors, RPM1 (resistance to P.
syringae pv. maculicola 1) and RPS2 (resistance to P. syringae 2) [112]. AvrB-induced phosphor‐
ylation and cis/trans isomerization coupled with conformational changes in RIN4 are sensed
by RPM1 to activate immune signalling [112, 113]. AvrRpt2, being a cysteine protease, cleaves
RIN4 and induces RIN4 degradation. In the absence of RPM1 and RPS2, RIN4 acts as a negative
regulator of basal resistance, and in that capacity appears to be targeted for manipulation by
multiple bacterial effectors [114].
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compromised in eds1 mutants [96]. However, resistance mediated by some R genes is inde‐
pendent of EDS1/PAD4 and NDR1 or require additional co-activating proteins, suggesting
existence of additional components for signal transmission during plant-pathogen interaction.
Some of the regulatory components functionally associated with R genes for an effective HR
mediated resistance include RAR1 (required for Mla12 resistance) and SGT1 (suppressor of the
G2 allele of skp1) proteins [97]. RAR1 interacts with the N-terminal half of HSP90 that contains
the ATPase domain. HSP90 also specifically interacts with SGT1 that contains a tetratricopep‐
tide repeat motif and a domain with similarity to the co-chaperone p23 [98]. These observations
suggest that R proteins require several co-activating proteins, although distinct downstream
signalling pathways could be involved. There are also some NLRs containing N terminus other
than the classical TIR and CC, either because their protein structures are not validated or due
to lack of significant homology; they are referred to as non-TIR-type NLRs (nTNLs) or
generally referred to as NLRs. Further work on non-sequenced genomes is likely to expand
the number of NLRs, and probably refine functional difference associated with NLR reper‐
toires.

Regardless of the NLR class, NB-ARC domain is the core nucleotide-binding fold in NB-LRR
proteins. Four distinct subdomains constitute the NB-ARC domain, including nucleotide-
binding (NB) fold and ARC1, -2 and -3 subdomains. ARC1 is a four-helix bundle, ARC2 is a
winged-helix fold and ARC3 is a helical bundle [99]. ARC1 and ARC2 are conserved in
Caenorhabditis elegans CED-4, and plant NB-LRR R proteins, whereas ARC3 is absent [99].
Throughout the NB-ARC domain in R proteins, numerous conserved motifs (e.g., hhGRExE,
Walker A or P-loop, Walker B, GxP, RNBS-A to D and MHD) have been reported [100]. A
mutation in these conserved motifs has shown their functional importance in the NB-LRR
proteins [101], and is apparently a critical factor determining R gene functional effector
recognition pattern differences. Generally, pathogen effector recognition by NLR and NLR
expression are broadly characterized into (1) direct NLR-Effector interaction or (2) indirect
NLR indirect surveillance of effector activities.

3.2.1. Direct NLR-effector interaction

NLRs maintain an ADP-binding inactive state in the absence of effectors. The binding of
effectors induces conformational changes in NLRs, which allow ADP/ATP exchange. Conse‐
quently, the exchange of nucleotides triggers a second conformational change that activates
the NB-LRRs’ N-terminus (TIR or CC) to interact with and trigger downstream target processes
[102]. However, there is no substantial evidence on direct NLR-effector interaction that
underlies resistance specificity in the NLR-effector combinations, apart from the yeast two-
hybrid (Y2H) and in vitro interaction assays [103, 104]. A few examples that attempt to show
the NLR-effector interaction include the Arabidopsis NLR RPP1 recognition of the oomycete
effector ATR1 leading to Hyaloperonospora arabidopsidis (Hpa) resistance [104]. Both the RPP1
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vary. The RPP1-NdA recognizes a small subset of the ATR1 alleles recognized by RPP1-WsB,
while the RPP1-WsB associates with the cognate Hpa effector protein, Atr1, through its LRR
domain in a recognition-specific manner [105]. Another example is the Arabidopsis NLR
RRS1, a domain with sequence similarity to WRKY TFs, positioned after the LRR. The cognate
effectors AvrRps4 and PopP2 directly interact with this WRKY-like domain to activate the
downstream resistance components [106].

Together, the different R proteins have functional domains that can occupy different positions
in NLRs. The functional domain positioning differences could be the reason behind several R
genes that have been identified in plants. For instance, in rice more than 100 NLRs encoding
genes have been described to confer resistance to strains of Magnaporthe oryzae [107]. However,
only few R proteins encoded by these genes have been characterized, which limits their
deployment. A well-known structure for the recognition of M. oryzae effectors is that of AVR-
Piz-t, which adopts a six-stranded β-sandwich structure and contains a single disulphide bond
[108]. The AVR-Pia and AVR1-CO39 have also been reported to be recognized by the R GENE
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Associated domain (HMA; also known as RATX1) integrated into RGA5 after the LRR position.
RGA4/RGA5 physically interact to prevent cell death mediated by RGA4 in the absence of AVR-
Pia; the presence of the effector relieves this suppression, and induces cell death response, a
mechanism that could also be described as indirect NLR surveilance. More recently, Maqbool
et al. [111] also found that recognition of AVR-Pik by Pik is by direct binding to the HMA domain
of Pik-1. However, the positioning of the HMA domain between the CC and NB-ARC region
of Pik-1 and after the LRR in RGA5 is a striking difference between Pik-1 and RGA5. These
conformational changes underlying direct effector binding could be causing immunity-related
signalling differences. However, the intra- and/or inter-molecular complexes mediating
output may be conserved [111].

3.2.2. Indirect NLR surveillance of effector activities

During indirect recognition, the NLR guards the host protein by recognizing (monitoring) the
modifications caused by the pathogen effector on the guarded protein [10]. The guarded
protein can either be the actual effector virulence target or a decoy inviting modification by
the pathogen. An example of the indirect recognition of effectors by NLRs was demonstrated
in the conserved Arabidopsis protein RPM1-interacting protein 4 (RIN4). RIN4 is targeted by
multiple bacterial effectors, e.g., AvrRpt2, AvrRpm1 and AvrB, and is monitored for effector-
induced modification by two plasma membrane CNL receptors, RPM1 (resistance to P.
syringae pv. maculicola 1) and RPS2 (resistance to P. syringae 2) [112]. AvrB-induced phosphor‐
ylation and cis/trans isomerization coupled with conformational changes in RIN4 are sensed
by RPM1 to activate immune signalling [112, 113]. AvrRpt2, being a cysteine protease, cleaves
RIN4 and induces RIN4 degradation. In the absence of RPM1 and RPS2, RIN4 acts as a negative
regulator of basal resistance, and in that capacity appears to be targeted for manipulation by
multiple bacterial effectors [114].
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pendent of EDS1/PAD4 and NDR1 or require additional co-activating proteins, suggesting
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Some of the regulatory components functionally associated with R genes for an effective HR
mediated resistance include RAR1 (required for Mla12 resistance) and SGT1 (suppressor of the
G2 allele of skp1) proteins [97]. RAR1 interacts with the N-terminal half of HSP90 that contains
the ATPase domain. HSP90 also specifically interacts with SGT1 that contains a tetratricopep‐
tide repeat motif and a domain with similarity to the co-chaperone p23 [98]. These observations
suggest that R proteins require several co-activating proteins, although distinct downstream
signalling pathways could be involved. There are also some NLRs containing N terminus other
than the classical TIR and CC, either because their protein structures are not validated or due
to lack of significant homology; they are referred to as non-TIR-type NLRs (nTNLs) or
generally referred to as NLRs. Further work on non-sequenced genomes is likely to expand
the number of NLRs, and probably refine functional difference associated with NLR reper‐
toires.

Regardless of the NLR class, NB-ARC domain is the core nucleotide-binding fold in NB-LRR
proteins. Four distinct subdomains constitute the NB-ARC domain, including nucleotide-
binding (NB) fold and ARC1, -2 and -3 subdomains. ARC1 is a four-helix bundle, ARC2 is a
winged-helix fold and ARC3 is a helical bundle [99]. ARC1 and ARC2 are conserved in
Caenorhabditis elegans CED-4, and plant NB-LRR R proteins, whereas ARC3 is absent [99].
Throughout the NB-ARC domain in R proteins, numerous conserved motifs (e.g., hhGRExE,
Walker A or P-loop, Walker B, GxP, RNBS-A to D and MHD) have been reported [100]. A
mutation in these conserved motifs has shown their functional importance in the NB-LRR
proteins [101], and is apparently a critical factor determining R gene functional effector
recognition pattern differences. Generally, pathogen effector recognition by NLR and NLR
expression are broadly characterized into (1) direct NLR-Effector interaction or (2) indirect
NLR indirect surveillance of effector activities.

3.2.1. Direct NLR-effector interaction

NLRs maintain an ADP-binding inactive state in the absence of effectors. The binding of
effectors induces conformational changes in NLRs, which allow ADP/ATP exchange. Conse‐
quently, the exchange of nucleotides triggers a second conformational change that activates
the NB-LRRs’ N-terminus (TIR or CC) to interact with and trigger downstream target processes
[102]. However, there is no substantial evidence on direct NLR-effector interaction that
underlies resistance specificity in the NLR-effector combinations, apart from the yeast two-
hybrid (Y2H) and in vitro interaction assays [103, 104]. A few examples that attempt to show
the NLR-effector interaction include the Arabidopsis NLR RPP1 recognition of the oomycete
effector ATR1 leading to Hyaloperonospora arabidopsidis (Hpa) resistance [104]. Both the RPP1
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The functioning of NLRs as genetically tightly linked pairs to deliver disease resistance was
also recently reported [115]. Moreover, Williams et al. [116] demonstrated, by coupling crystal
structure and functional analyses, that RPS4 and RESISTANT TO RALSTONIA SOLANACEA‐
RUM 1 (RRS1) TIR domains form homo- and hetero-dimers through a common conserved
interface that includes a core serine-histidine (SH) motif. Transient expression assays in
tobacco revealed that the RPS4 TIR domain triggers an effector-independent cell death, which
is dependent on the SH motif. Co-expression of the RRS1 TIR domain and RPS4 TIR impedes
the auto-active cell death caused by RPS4 TIR, and this was found to be dependent on the RRS1
SH motif. This suggests that an inactive RRS1/RPS4 TIR hetero-dimer and the formation of an
active RPS4 TIR homo-dimer compete to modulate signalling. As discussed before, Cesari et
al. [109] investigated the mode of action of RGA 4 and 5 that associate through their coiled-coil
domains. RGA4 and RGA5 are tightly linked rice CC-NLRs, which functionally interact to
modulate resistance to the rice pathogen M. oryzae. RGA5 modulates an effector independent
cell death constitutively induced by RGA4 signalling. RGA5 domain on the C-terminus has a
heavy-metal-associated domain, which is related to the cytoplasmic copper chaperone ATX1
from Saccharomyces cerevisiae (RATX1 domain). This domain is an AVR-Pia effector interacting
domain in RGA5. Thus, the formation of the RGA4/RGA5 hetero-complex is crucial to regulate
RGA4 activity in the absence of pathogen in rice. Hence, RGA4 acts as a signalling component
regulated by its interaction with RGA5 that acts both as a repressor and a receptor that directly
binds the AVR-Pia proteins. The apparent striking similarity between the RPS4/RRS1 and the
RGA4/RGA5 functional models suggests that similarities are likely to be frequent between the
different R genes present in dicots and monocots.

3.2.3. Patterns of NLRs signalling in plant defence

Most NLRs respond to the presence of proteins (effectors) delivered by adapted pathogens/
parasites. Using suppressor screens, Gabriels et al. [117], identified NRC1 (NLR protein required
for HR-associated cell death 1) as a component of fungal resistance modulated by the tomato
plasma membrane receptor-like resistance protein Cf-4 (C. fulvum 4). NRC1 mediates resistance
and cell death induced by both membrane receptors and intracellular NLRs. This indicates
that NRC1 is probably a downstream convergence point in ETI initiated at various cell
locations. Indeed, silencing of NRC1 in N. benthamiana impairs the HR mediated by several
other R proteins including two NLRs, Rx and Mi. Members of a conserved class of non-
canonical CNLs also function in ETI, downstream of NLR effector recognition and have been
designated as helper NLRs [118]. Characterization of these non-canonical CNLs is required in
order to track their interaction networks.

The downstream components of ETI signalling events partially overlap with PTI response,
including activation of MAPK cascade and activation of TFs such as WRKYs [119]. In Arabi‐
dopsis, three CNLs—activated disease resistance 1 (ADR1), ADR1-L1 and ADR1-L2—transduce
signals that lead to SA accumulation and induction of downstream WRKYs modulated
resistance [118]. In rice, the CNL receptor, panicle blast 1 (Pb1), also appears to mediate
resistance against rice blast in a mechanism involving interaction with WRKY45, a TF involved
in induced resistance via SA signalling pathway [120]. Some CNLs directly translocate or
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localize in the nucleus to activate defence [121], e.g., barley mildew A 10 (MLA10) and Arabi‐
dopsis RPS4 and RPS6. In the nucleus, MLA10 interacts with Hordeum vulgare (Hv)
WRKY1/2, which are suppressors of basal defence, during incompatible interaction with
powdery mildew fungus. A CNL designated as MLA1, also from barley, functions in Arabi‐
dopsis against Blumeria graminis f. sp. hordei (Bgh) [122]. The MLA1-triggered immunity,
including host cell death response and disease resistance, is fully retained in Arabidopsis
mutant plants that are simultaneously impaired in well-characterized defence-phytohormone
pathways (ET, JA and SA). Similar to MLA1, co-acting Arabidopsis TNL pair, RPS4 and RRS1
(which encodes a WRKY DNA binding domain), confers resistance in cucumber, N. benthami‐
ana, and tomato [122].

Another example supporting our understanding of the NLR nuclear activity is the interaction
of N immune receptor with the TF SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 6
(SPL6) in N. benthamiana [123]. The N immune receptor is present in the nucleus, and confers
resistance to tobacco mosaic virus (TMV) infection. N receptor associates with SPL6 at the sub-
nuclear bodies only when the cognate effector, p50, is present in the cell. A genetic requirement
for SPL6 was not only shown in N. benthamiana for N-mediated disease resistance using the
yeast two-hybrid system, but also in A. thaliana for RPS4 immune receptor mediated defence
against P. syringae pv. tomato expressing AvrRps4 effector. Moreover, a number of RPS4-
mediated defence responsive genes were differentially regulated upon AtSPL6 silencing,
including some of the previously characterized defence responsive genes such as PAD4, PR1,
ALD1, AIG1, NUDT6 and FMO1. Additional evidence has been shown in Arabidopsis RPW8
resistance protein, which encodes truncated CNL-like proteins conferring resistance to
powdery mildews in N. tabacum and N. benthamiana as in Arabidopsis. RPW8 requires SA,
EDS1, NPR1 and PAD4 to be effective. The functional role of RPW8 is typically similar to a
TNL ADR1, a close homolog of N Requirement Gene 1 (NRG1), which functions in and beyond
innate immunity [124]. These findings present a unique opportunity to further understand
how effector-activated immune receptors directly associate with TFs in the nucleus to activate
immune responses. Overall, a resistance signalling framework appears to have emerged for
plants in which certain specificity-determining (sensor) NLRs initiate the immune response
and either auto-activate and contribute to defence or compliment with other signalling NLRs
to contribute to defence by conveying or amplifying the signal.

4. Phytohormones in plant defence response to pathogens and insects

Plant defence against pathogen/herbivore attack involves many signal transduction pathways
that are mediated by a network of phytohormones. Phytohormones also play a critical role in
regulating plant growth and development. Three most reported plant defence response
phytohormones against pathogens/insects include salicylic acid (SA), jasmonic acid (JA) and
ethylene (ET) [125]. Salicylic acid, a benzoic acid derivative, is an extensively studied important
phytohormone in the regulation of plant defence [13]. In Arabidopsis, activation of the SA
pathway has been shown to be important in both basal and R gene mediated biotrophic and
hemibiotrophic pathogen defence [126, 127]. As discussed before, NDR1 and EDS1 act
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Most NLRs respond to the presence of proteins (effectors) delivered by adapted pathogens/
parasites. Using suppressor screens, Gabriels et al. [117], identified NRC1 (NLR protein required
for HR-associated cell death 1) as a component of fungal resistance modulated by the tomato
plasma membrane receptor-like resistance protein Cf-4 (C. fulvum 4). NRC1 mediates resistance
and cell death induced by both membrane receptors and intracellular NLRs. This indicates
that NRC1 is probably a downstream convergence point in ETI initiated at various cell
locations. Indeed, silencing of NRC1 in N. benthamiana impairs the HR mediated by several
other R proteins including two NLRs, Rx and Mi. Members of a conserved class of non-
canonical CNLs also function in ETI, downstream of NLR effector recognition and have been
designated as helper NLRs [118]. Characterization of these non-canonical CNLs is required in
order to track their interaction networks.

The downstream components of ETI signalling events partially overlap with PTI response,
including activation of MAPK cascade and activation of TFs such as WRKYs [119]. In Arabi‐
dopsis, three CNLs—activated disease resistance 1 (ADR1), ADR1-L1 and ADR1-L2—transduce
signals that lead to SA accumulation and induction of downstream WRKYs modulated
resistance [118]. In rice, the CNL receptor, panicle blast 1 (Pb1), also appears to mediate
resistance against rice blast in a mechanism involving interaction with WRKY45, a TF involved
in induced resistance via SA signalling pathway [120]. Some CNLs directly translocate or
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upstream of SA, while the downstream pathway is modulated by NONEXPRESSOR OF PR
GENES 1 (NPR1), and WRKY45 in rice. NPR1 is a transcriptional co-activator of a large set of
defence-related genes downstream of SA, and it can conditionally regulate PDF1.2 expression
following treatment of plants with SA and MeJA [128]. SA also contributes to the HR-associated
resistance via mechanisms that interact with RBOHD, a catalyst in ROS generation and cell
death [128]. In tobacco, SA significantly increases in resistant plants infected with TMV [129].
A similar response was observed in Ny-1-resistant potatoes after infection with Potato virus
Y (PVY) [130].

In response to insect attack, SA regulates plant defence signalling against aphids by modulat‐
ing the activity of PAD4. Indeed, pad4 mutants, with compromised SA signalling, have
increased susceptibility to Myzus persicae. Correspondingly, there is a correlation between pad4
susceptibility and a delay in aphid-induced senescence [131], indicating that SA defence
pathways are compromised in pad4 mutants. Basal SA defences have also been shown to
decrease M. euphorbiae longevity in tomato. Moreover, SA is necessary for Mi1.2-mediated
resistance to potato aphids [132]. SA is also a key derivative of SAR in plants. SAR is a ‘whole-
plant’ broad-spectrum resistance response that occurs following an earlier localized exposure
to a pathogen [133]. It is well known that ETI can trigger SAR through both local and systemic
synthesis of SA, resulting in transcriptional reprogramming of a battery of genes encoding PR
proteins [133, 134]. The reports published so far point to different compounds as potential SAR
signals [135]. A change in amino acid homeostasis is one of the suggested components in SAR
mediated by ETI [136]. Moreover, amino acids have been reported to be precursors of a large
array of plant secondary metabolites involved in defence, including signal SA, cell wall
components and anthocyanins. Further evidence on the involvement of amino acid homeo‐
stasis in plant defence was reported in Arabidopsis agd2-like defence response protein 1 (ald1)
mutants. Characterization of the Arabidopsis ald1 suggested that an amino acid–derived
defence signal was generated upstream of SA synthesis [135]. These findings reveal that plants
likely employ amino acids and their derivatives to rapidly reprogram SA synthesis and cellular
transcription in order to cope with pathogen invasion, even though it appears to be at the
expense of growth and development.

SA also interacts with other phytohormones either synergistically or antagonistically [137–
138]. There is an obvious cross-talk between JA and SA signalling pathways in pepper to
control thionin synthesis as part of the PR response and other defence pathways [139]. Other
synergistic examples include the treatment of N. benthamiana plants with JA or SA, which was
shown to enhance systemic resistance to TMV [140]; Ellis et al. [141] have also shown that SA-
and JA-signalling pathways are required to accomplish the defence response necessary to avert
pathogen attack. More recently, Arabidopsis mutants with constitutive SA responses were
reported to require JA and ethylene signalling for SA mediated resistance [142]. A dominant
mutant named suppressor of SA insensitivity (ssi1), which has constitutive expression of PR genes
and is resistant to P. syringae, was also shown to constitutively express PDF1.2 and accumulate
elevated levels of SA [143]. Although this finding may be intriguing, because SA does not
normally induce PDF1.2 in wild-type plants, it suggests the existence of an intricate signalling
network involving SA and JA. Another mutant named constitutive PR 5 (cpr5) was shown to
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have SA-mediated NPR1-independent resistance, which apparently required components of
the JA and ET signal pathways [144]. The pre-treatment of plants with JA followed by SA was
also shown to remarkably enhance resistance more than otherwise. Moreover, plants impaired
in the JA pathway fail to accumulate SA in the leaves or phloem and become highly susceptible
to TMV [145]. Conversely, impairing the SA pathway does not affect JA levels, although
increased susceptibility is observed [141, 146]. During infection by the pathogen P. syringae pv.
tomato (Pst) DC3000/AvrRpm1, JA as a systemic signal for SAR, increases significantly 6 hours
after infection and returns to normal 11 hours after infection [147], which suggests that JA may
be transiently required for SA accumulation. Further evidence indicates that SAR is compro‐
mised in JA-insensitive mutants, sgt1b/jai4, opr3 (JA-biosynthesis mutant) and jin1 (JA-
response mutant). The JA-biosynthesis mutants dde2 and opr3 as well as the downstream
signalling mutants coi1, jar1 and jin1, though intact in SAR, partially require JA biosynthesis
for an effective resistance response [148]. Thus, it is possible that JA probably modulates early
components of the SA biosynthetic or signalling pathway. However, it seems likely that the
synergistic mechanisms may require not only SA and JA, but also ethylene [149, 150], consid‐
ering that cpr5 phenotype is suppressed by the ethylene-insensitive (ein2) mutation.

The negative crosstalk between SA and JA/ET pathways is probably modulated by TGA1A-
RELATED GENE (TGA) factors. TGA class of bZIP TFs are repressed by plant-specific gluta‐
redoxins (e.g., ROXY19), which are in turn induced by SA. Co-expression of ROXY19 with
OCTADECANOID-RESPONSIVE ARABIDOPSIS AP2/ERF-domain protein 59 (ORA59) and
ETHYLENE INSENSITVE 3 (EIN3) complex suppresses ORA59 promoter activity. Moreover,
a study by Van der Does et al. [137] indicated that SA negatively regulates ORA59 protein
accumulation in 35S:ORA59-GFP overexpressing plants. ORA59 is a transcriptional regulator
of JA/ET-induced defence genes and is activated by either JA or ET and suppressed by SA.
More recently, TGA2, TGA5 and TGA6 were shown to activate the SA-suppression of ET-
inducible defence by regulating ORA59 expression [150]. This suggests that SA-suppresses JA/
ET-inducible defence by interfering with ORA59 activity through regulation of ROXY-TGA
interaction. Conversely, evidence of SA positive regulation of ET was proposed by Guan et al.
[151]. These authors have shown that in Arabidopsis, SA modules ET by potentiating MITO‐
GEN-ACTIVATED PROTEIN KINASE6 (MPK6) and MPK3, and involves two 1-aminocyclo‐
propane-1-carboxylic acid synthase (ACS; ACS2 and ACS6) isoforms, which are downstream
components o MPK signalling pathway. This finding adds another level of complexity to the
phytohormones regulatory network and will probably require further elucidation on how this
pathway differs from the ORA59 regulated pathway.

On the other hand, most ET dependent defenses are positively modulated by JA. The
JASMONATE ZIM-DOMAIN (JAZ) protein, which directly binds EIN3/EIL1 and recruits
HISTONE DEACETYLASE 6 (HDA6) to repress ET responsive transcription, is repressed in
the presence of JA. Thus, accumulation of JA degrades JAZ and allows the binding of EIN3 to
the ERF1 promoter resulting in the transcription of ERF1 [142, 152]. EIN3 also directly activates
the promoter of ORA59 that regulates JA/ET-activated defence pathway. Studies on microarray
analysis of Arabidopsis plants infected with Alternaria brassicicola revealed that nearly half of
the genes induced by ET are also induced by JA [153]. This was substantiated by Lorenzo et
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upstream of SA, while the downstream pathway is modulated by NONEXPRESSOR OF PR
GENES 1 (NPR1), and WRKY45 in rice. NPR1 is a transcriptional co-activator of a large set of
defence-related genes downstream of SA, and it can conditionally regulate PDF1.2 expression
following treatment of plants with SA and MeJA [128]. SA also contributes to the HR-associated
resistance via mechanisms that interact with RBOHD, a catalyst in ROS generation and cell
death [128]. In tobacco, SA significantly increases in resistant plants infected with TMV [129].
A similar response was observed in Ny-1-resistant potatoes after infection with Potato virus
Y (PVY) [130].

In response to insect attack, SA regulates plant defence signalling against aphids by modulat‐
ing the activity of PAD4. Indeed, pad4 mutants, with compromised SA signalling, have
increased susceptibility to Myzus persicae. Correspondingly, there is a correlation between pad4
susceptibility and a delay in aphid-induced senescence [131], indicating that SA defence
pathways are compromised in pad4 mutants. Basal SA defences have also been shown to
decrease M. euphorbiae longevity in tomato. Moreover, SA is necessary for Mi1.2-mediated
resistance to potato aphids [132]. SA is also a key derivative of SAR in plants. SAR is a ‘whole-
plant’ broad-spectrum resistance response that occurs following an earlier localized exposure
to a pathogen [133]. It is well known that ETI can trigger SAR through both local and systemic
synthesis of SA, resulting in transcriptional reprogramming of a battery of genes encoding PR
proteins [133, 134]. The reports published so far point to different compounds as potential SAR
signals [135]. A change in amino acid homeostasis is one of the suggested components in SAR
mediated by ETI [136]. Moreover, amino acids have been reported to be precursors of a large
array of plant secondary metabolites involved in defence, including signal SA, cell wall
components and anthocyanins. Further evidence on the involvement of amino acid homeo‐
stasis in plant defence was reported in Arabidopsis agd2-like defence response protein 1 (ald1)
mutants. Characterization of the Arabidopsis ald1 suggested that an amino acid–derived
defence signal was generated upstream of SA synthesis [135]. These findings reveal that plants
likely employ amino acids and their derivatives to rapidly reprogram SA synthesis and cellular
transcription in order to cope with pathogen invasion, even though it appears to be at the
expense of growth and development.

SA also interacts with other phytohormones either synergistically or antagonistically [137–
138]. There is an obvious cross-talk between JA and SA signalling pathways in pepper to
control thionin synthesis as part of the PR response and other defence pathways [139]. Other
synergistic examples include the treatment of N. benthamiana plants with JA or SA, which was
shown to enhance systemic resistance to TMV [140]; Ellis et al. [141] have also shown that SA-
and JA-signalling pathways are required to accomplish the defence response necessary to avert
pathogen attack. More recently, Arabidopsis mutants with constitutive SA responses were
reported to require JA and ethylene signalling for SA mediated resistance [142]. A dominant
mutant named suppressor of SA insensitivity (ssi1), which has constitutive expression of PR genes
and is resistant to P. syringae, was also shown to constitutively express PDF1.2 and accumulate
elevated levels of SA [143]. Although this finding may be intriguing, because SA does not
normally induce PDF1.2 in wild-type plants, it suggests the existence of an intricate signalling
network involving SA and JA. Another mutant named constitutive PR 5 (cpr5) was shown to
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al. [154] who reported that JA and ET pathways indeed converge in the transcriptional
activation of ERF1, which encodes a TF that regulates the expression of pathogen response
genes. ERF TFs have been reported to exhibit different regulatory roles depending on the
species. For instance, in wheat ERF gene TaPIEP1/TaPIE1, which belongs to the B3 subgroup
within the ERF subfamily, confers enhanced resistance to the fungal pathogens, Bipolaris
sorokiniana and R. cerealis, when overexpressed in transgenic wheat [155], whereas in cotton
GhERF of group IX, which includes ORA59, confer resistance to Xanthomonas campestris pv.
malvacearum. Because ERF1 integrates signals from the JA and ET defence signalling pathways,
the constitutive expression of ERF family members activates the expression of several JA/ET-
dependent defence genes and induces resistance against necrotrophic pathogens. For instance,
expression of several PR genes which confer resistance against several necrotrophs (e.g., PR3
and PR5d and PDF1.2) is modulated by ERFs. These defence genes possess a GCC box in their
promoters, which is a direct target for the action of ERFs [156].

Although ET has been shown to regulate plant defence responses against fungi and bacteria,
ET is probably not essential in plant resistance against viruses. Recently, 1-aminocyclopro‐
pane-1- carboxylic acid (ACC) was shown to enhance TMVcg accumulation in treated plants
[157], which increased susceptibility, suggesting that ET is required for viral infection.

Other phytohormones, such as ABA, gibberellins (GBs), auxins, brassinosteroids and cytoki‐
nins (CKs), have recently emerged as defence regulators [158]. ABA, a sesquiterpene com‐
pound resulting from the cleavage of γ-carotene, regulates numerous developmental
processes and adaptive stress responses in plants. ABA can positively regulate plant defence
at the early stages of infection by mediating stomatal closure against invaders, or inducing
callose deposition if the pathogen evades the first line of defence [159]. If activated at later
stages, ABA can suppress ROS induction and SA or JA signal transduction, thereby negating
defences controlled by these two pathways [160].

Cytokinins promote cell division, and are known to play a role in the synthesis and mainte‐
nance of chlorophyll and chloroplast development and metabolism. CKs are also involved in
the modulation of defence mechanisms, including the induction of resistance against viruses
[161, 162], but are known to suppress HR [163]. Cytokinins can however act synergistically
with SA signalling [164]. CKs activate the transcriptional regulator ARABIDOPSIS RESPONSE
REGULATOR 2 (ARR2), which positively modulates SA signalling by interacting with the SA-
responsive factor TGA3 [165]. TGA3 induces the binding of ARR2 to the promoters of PR-1 and
PR-2 to induce cytokinin-dependent gene transcription. Correspondingly, the npr1-1 or NahG
mutants fail to modulate the induction of ARR2 when treated with CK, indicating that CK
modulates signaling components downstream of SA. Moreover, increased transcription of
genes involved in SA-biosynthesis and signalling (e.g., SID1, SID2, PR-1 and PR-5) is observed
in ARR2 over-expressing mutants challenged with P. syringae pv. tomato (Pst DC3000). Thus,
CKs synergistically interacts not only with the SA signaling pathway to boost SA dependent
induction of plant defence genes but also modulates SA biosynthesis. Cytokinins have also
been shown to enhance the production of two antimicrobial phytoalexins, scopoletin and
capsidiol in tobacco plants challenged with P. syringae pv. tabaci (Pst) independent of SA
signalling [166]. Moreover, cytokinins induce the expression of cell wall invertase, a key
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sucrose cleaving enzyme required for carbohydrates supply through an apoplasmic pathway
[167]. Invertase is required for plant defence against pathogens, including Pst. The glucose
target of rapamycin (TOR) signalling pathway involved in autophagy apparently modulates
the transcriptional dynamics associated with cytokinin-invertase-induced defence pathway
by providing the required energy, metabolites and the cell cycle machinery required for
cytokinin signal transduction [168]. The link between autophagy and cytokinin signalling was
previously suggested [169], but the cytokinin-induced defence system in this interplay is
probably a protective mechanism to maintain plant growth and proliferation despite pathogen
challenge [170].

Brassinosteroids (BRs) are a class of polyhydroxysteroids that affect many cellular processes
including elongation, proliferation, differentiation, membrane polarization and proton
pumping [171]. BRs are increasingly becoming important in plant defence against pathogens.
The mechanism underlying BR signalling involves the direct binding of BRs such as BL and
castasterone to the LRR-RLK (BRI1). This interaction is reported to unlock BRI1 from the
negative regulator BKI1, followed by heterodimerization of BRI1 with a co-receptor BAK1 and
phosphorylation of the BRI1-interacting signalling kinase (BSK1). Other events include the
activation of the protein phosphatase BSU1. These biochemical changes inhibit the shaggy-like
kinase BIN2, which culminates into the activation of the homologous TFs, BZR1 and BES1/
BZR2 [172]. These TFs translocate to the nucleus, interact with BR-responsive promoters, and
cause transcriptional changes that eventually lead to defence response. BRs have been
demonstrated to enhance plant defence against pathogens. In potato, BRs have been shown to
be effective against viral infection from the starting planting materials to the second tuber
generation [173]. Furthermore, application of BRs on tobacco plants decreases TMV viral load
and restricts infection by other biotrophs [174]. The same authors reported that BAK1 is
essential for plant basal immunity during compatible interactions with RNA viruses. The BAK1
mutants, bak1-4 and bak1-5, accumulate turnip crinkle virus (TCV), oilseed rape mosaic virus
(ORMV) and TMV to higher levels compared to the WT plants [174]. Thus, BAK1 could
probably be a general regulator of plant defence against biotrophs and hemibiotrophs. BRs
have also been reported to interact with other phytohormones, such as GA and auxins, but
independent of SA [175]. For details on auxin- and cytokinin-modulated immunity, and
GA/BR interaction, the reader is referred to excellent reviews [176, 177]. Furthermore, details
on the interaction of BRs and SA, including their effect on SAR marker genes (e.g., PR-1, PR-2
and PR-5) can be found in [178].

Taken together, the intricate cross-talk among hormones to cooperate with other signals and
to coordinate appropriate induction of defences against pathogens and/or insect pests depends
on the pathogen type, physiological stage and environmental and probably circadian regula‐
tions.

5. RNAi-mediated plant defence

RNA interference or silencing is one of the emergent crop improvement strategies that involve
sequence-specific gene regulation by small non-coding RNAs, which mainly belong to two
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al. [154] who reported that JA and ET pathways indeed converge in the transcriptional
activation of ERF1, which encodes a TF that regulates the expression of pathogen response
genes. ERF TFs have been reported to exhibit different regulatory roles depending on the
species. For instance, in wheat ERF gene TaPIEP1/TaPIE1, which belongs to the B3 subgroup
within the ERF subfamily, confers enhanced resistance to the fungal pathogens, Bipolaris
sorokiniana and R. cerealis, when overexpressed in transgenic wheat [155], whereas in cotton
GhERF of group IX, which includes ORA59, confer resistance to Xanthomonas campestris pv.
malvacearum. Because ERF1 integrates signals from the JA and ET defence signalling pathways,
the constitutive expression of ERF family members activates the expression of several JA/ET-
dependent defence genes and induces resistance against necrotrophic pathogens. For instance,
expression of several PR genes which confer resistance against several necrotrophs (e.g., PR3
and PR5d and PDF1.2) is modulated by ERFs. These defence genes possess a GCC box in their
promoters, which is a direct target for the action of ERFs [156].

Although ET has been shown to regulate plant defence responses against fungi and bacteria,
ET is probably not essential in plant resistance against viruses. Recently, 1-aminocyclopro‐
pane-1- carboxylic acid (ACC) was shown to enhance TMVcg accumulation in treated plants
[157], which increased susceptibility, suggesting that ET is required for viral infection.

Other phytohormones, such as ABA, gibberellins (GBs), auxins, brassinosteroids and cytoki‐
nins (CKs), have recently emerged as defence regulators [158]. ABA, a sesquiterpene com‐
pound resulting from the cleavage of γ-carotene, regulates numerous developmental
processes and adaptive stress responses in plants. ABA can positively regulate plant defence
at the early stages of infection by mediating stomatal closure against invaders, or inducing
callose deposition if the pathogen evades the first line of defence [159]. If activated at later
stages, ABA can suppress ROS induction and SA or JA signal transduction, thereby negating
defences controlled by these two pathways [160].

Cytokinins promote cell division, and are known to play a role in the synthesis and mainte‐
nance of chlorophyll and chloroplast development and metabolism. CKs are also involved in
the modulation of defence mechanisms, including the induction of resistance against viruses
[161, 162], but are known to suppress HR [163]. Cytokinins can however act synergistically
with SA signalling [164]. CKs activate the transcriptional regulator ARABIDOPSIS RESPONSE
REGULATOR 2 (ARR2), which positively modulates SA signalling by interacting with the SA-
responsive factor TGA3 [165]. TGA3 induces the binding of ARR2 to the promoters of PR-1 and
PR-2 to induce cytokinin-dependent gene transcription. Correspondingly, the npr1-1 or NahG
mutants fail to modulate the induction of ARR2 when treated with CK, indicating that CK
modulates signaling components downstream of SA. Moreover, increased transcription of
genes involved in SA-biosynthesis and signalling (e.g., SID1, SID2, PR-1 and PR-5) is observed
in ARR2 over-expressing mutants challenged with P. syringae pv. tomato (Pst DC3000). Thus,
CKs synergistically interacts not only with the SA signaling pathway to boost SA dependent
induction of plant defence genes but also modulates SA biosynthesis. Cytokinins have also
been shown to enhance the production of two antimicrobial phytoalexins, scopoletin and
capsidiol in tobacco plants challenged with P. syringae pv. tabaci (Pst) independent of SA
signalling [166]. Moreover, cytokinins induce the expression of cell wall invertase, a key
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of the virus coat protein has also been successfully engineered into plants to induce resistance
against viruses. For instance, transgenic tobacco plants expressing the CP gene of TMV are
resistant to TMV. The resistance of N. benthamiana to Cucumber Green Mottle Mosaic Virus
(CGMMV); and that of Prunus domestica to Plum Pox virus (PPV) are other examples docu‐
mented; for review see [179].

In functional biology studies, virus-induced gene silencing (VIGS) has emerged to be one of
the most powerful RNA-mediated post-transcriptional gene silencing (PTGS), not only in plant
protection against viruses, but also for gene knockouts in functional genomic studies [195, 196].

Although RNAi has the potential to contribute to increased crop productivity, by generating
crops with improved resistance against pests and diseases, it would be even better if interaction
between sRNAs and their targets is validated in several backgrounds. This would provide
valuable insight into mechanisms of post-transcriptional gene regulation and multiple
molecular pathways controlling plant stress responses. However, the danger of unintentional
silencing of genes with regions of homology to the intended target, and target mutations
leading to easier escape from miRNA-directed silencing are still ethical issues. Certain
biosafety concerns on the use of RNAi transgenics, especially transcriptional gene silencing by
chromatin modification is even a more sensitive and contentious issue, as it is rumoured to
lead to hereditary changes associated with adverse effects. Thus, the underlying mechanisms
associated with RNAi require further investigations using well-controlled experiments.

6. Modern approaches for improving biotic stress tolerance in plants

Conventional breeding methods still play an important role in the selection of new varieties.
However, emerging tools in biotechnology are much needed to maximize the probability of
success. One area of biotechnology, molecular marker assisted breeding (MAB), has already
made significant impact in improving efficiency of conventional breeding. There are, however,
major gaps in the improvement of traits controlled by a large number of small effects, epistatic
QTLs displaying significant genotype × environment (G × E) interactions. Thus, accurate
indirect selections based on genomic tools that have emerged over the last few decades are
continuously being employed to improve the breeding efficiency for such traits. The advantage
is that, to date, the genome sequences for more than 55 plant species have been produced and
many more are being sequenced [197]. The genome sequence information available enables
the identification and development of genomewide markers. Availability of markers covering
the whole genomic regions has already shown promise in the development of special popu‐
lations, such as recombinant inbred lines (RILs), near isogenic lines (NILs), introgression lines
(ILs) or chromosome segment substitution lines (CSSLs). Recently, heterogeneous inbred
family (HIFs) and multi-parent advanced generation inter-cross (MAGIC) populations, which
can serve the dual purpose of permanent mapping populations for precise QTL mapping and
for direct or indirect use in variety development, have shown promise in plant breeding. Also,
genomewide association (GWA) analysis has been successfully applied to rice, maize, barley,
wheat, sesame and other plants. GWA has also been adapted to the “breeding by design”
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categories, i.e., small interfering RNA (siRNA) and microRNA (miRNA). Though these sRNAs
differ in biogenesis [179], both regulate the target gene repression through ribonucleoprotein
silencing complexes. Plant RNA silencing involves four basic steps, which include introduction
of double-stranded RNA (dsRNA) into the cell, processing of dsRNA into 18–25-nt small RNA
(sRNA), sRNA 2-O-methylation and sRNA incorporation into effector complexes that interact
with target RNA or DNA [180]. The formation of RNA-induced silencing complex (RISC) and
its incorporation into the antisense strand of siRNAs, which interacts with Argonaute and
other effector proteins, precedes the cleavage of the target mRNA. For details about the
formation of RISC and cleavage of the target mRNA, the reader is referred to comprehensive
reviews [179, 181]. For sRNA to meet the target mRNA, it has to move from the point of
initiation to the target. Thus, two main movement categories include cell-to-cell (short-range;
symplastic movement through the plasmodesmata) and systemic (long-range; through the
vascular phloem) movement. These mobile silencing strategies use sRNAs to target mRNA in
a nucleotide sequence specific manner. By use of fluorescently labelled 21 and 24-nt siRNAs,
Dunoyer et al. [182] demonstrated the movement of siRNAs from cell to cell and over long
distances. Such systematic movements enhance systemic silencing of viruses as reported in N.
benthamiana [183]. Similar systemic movements have been reported in the phloem sap of oilseed
rape [184] and pumpkin [185]. Endogenous 21-nt miRNAs (miR399) were also reported to be
mobile within the roots [186], and between shoots and roots of rapeseed and pumpkin [187].
Thus, sRNAs can be targeted to most active plant tissues, with transcription activity, to achieve
a desirable consequence.

Several RNAi strategies have shown success in plant improvement against biotic stresses.
Arabidopsis miR393 was the first sRNA implicated in bacterial PTI [188], and enhanced miR393
accumulation was found during sRNA profiling in Arabidopsis challenged with Pst [189]. The
mechanism of miR393-induced resistance involves repression of auxin signalling by negatively
regulating the F-box auxin receptors like transport inhibitor response 1 (TIR1). This process
restricts Pst infection, and, indeed, plants overexpressing miR393 exhibit effective resistance
against Pst [188].

RNAi in plant resistance to fungi has also shown promise. For instance, RNAi-mediated
suppression of a rice gene OsSSI2 enhances resistance towards M. oryzae and X. oryzae [189].
Moreover, RNAi suppression of OsFAD7 and OsFAD8, the two genes encoding for Ω-3 fatty
acid desaturase, also enhances resistance against M. oryzae [190]. RNAi targeting of lignin
production pathway genes aimed at reducing lignin content has also been shown to enhance
resistance against Sclerotinia sclerotiorum in soybean [191]. Increased resistance to Blumeria
graminis f. sp. tritici in wheat was also demonstrated through RNAi using 24 miRNAs [192].
Nevertheless, the performance of these approaches under environmental conditions has often
been unsatisfactory and environmental influences in expression of resistance often remain
unpredictable [205].

In response to virus infection, several cases have shown successful crop improvement. For
instance, resistance to African Cassava Mosaic Virus (CMV) was achieved in transgenic cassava
plants producing dsRNA against PSTVd sequences [193]. A similar strategy was successful in
transgenic tomato resistance against Potato Spindle Tuber Viroid (PSTVd) [194]. RNAi targeting
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of the virus coat protein has also been successfully engineered into plants to induce resistance
against viruses. For instance, transgenic tobacco plants expressing the CP gene of TMV are
resistant to TMV. The resistance of N. benthamiana to Cucumber Green Mottle Mosaic Virus
(CGMMV); and that of Prunus domestica to Plum Pox virus (PPV) are other examples docu‐
mented; for review see [179].

In functional biology studies, virus-induced gene silencing (VIGS) has emerged to be one of
the most powerful RNA-mediated post-transcriptional gene silencing (PTGS), not only in plant
protection against viruses, but also for gene knockouts in functional genomic studies [195, 196].

Although RNAi has the potential to contribute to increased crop productivity, by generating
crops with improved resistance against pests and diseases, it would be even better if interaction
between sRNAs and their targets is validated in several backgrounds. This would provide
valuable insight into mechanisms of post-transcriptional gene regulation and multiple
molecular pathways controlling plant stress responses. However, the danger of unintentional
silencing of genes with regions of homology to the intended target, and target mutations
leading to easier escape from miRNA-directed silencing are still ethical issues. Certain
biosafety concerns on the use of RNAi transgenics, especially transcriptional gene silencing by
chromatin modification is even a more sensitive and contentious issue, as it is rumoured to
lead to hereditary changes associated with adverse effects. Thus, the underlying mechanisms
associated with RNAi require further investigations using well-controlled experiments.

6. Modern approaches for improving biotic stress tolerance in plants

Conventional breeding methods still play an important role in the selection of new varieties.
However, emerging tools in biotechnology are much needed to maximize the probability of
success. One area of biotechnology, molecular marker assisted breeding (MAB), has already
made significant impact in improving efficiency of conventional breeding. There are, however,
major gaps in the improvement of traits controlled by a large number of small effects, epistatic
QTLs displaying significant genotype × environment (G × E) interactions. Thus, accurate
indirect selections based on genomic tools that have emerged over the last few decades are
continuously being employed to improve the breeding efficiency for such traits. The advantage
is that, to date, the genome sequences for more than 55 plant species have been produced and
many more are being sequenced [197]. The genome sequence information available enables
the identification and development of genomewide markers. Availability of markers covering
the whole genomic regions has already shown promise in the development of special popu‐
lations, such as recombinant inbred lines (RILs), near isogenic lines (NILs), introgression lines
(ILs) or chromosome segment substitution lines (CSSLs). Recently, heterogeneous inbred
family (HIFs) and multi-parent advanced generation inter-cross (MAGIC) populations, which
can serve the dual purpose of permanent mapping populations for precise QTL mapping and
for direct or indirect use in variety development, have shown promise in plant breeding. Also,
genomewide association (GWA) analysis has been successfully applied to rice, maize, barley,
wheat, sesame and other plants. GWA has also been adapted to the “breeding by design”

Advances in Plant Tolerance to Biotic Stresses
http://dx.doi.org/10.5772/64351

249

of the virus coat protein has also been successfully engineered into plants to induce resistance
against viruses. For instance, transgenic tobacco plants expressing the CP gene of TMV are
resistant to TMV. The resistance of N. benthamiana to Cucumber Green Mottle Mosaic Virus
(CGMMV); and that of Prunus domestica to Plum Pox virus (PPV) are other examples docu‐
mented; for review see [179].

In functional biology studies, virus-induced gene silencing (VIGS) has emerged to be one of
the most powerful RNA-mediated post-transcriptional gene silencing (PTGS), not only in plant
protection against viruses, but also for gene knockouts in functional genomic studies [195, 196].

Although RNAi has the potential to contribute to increased crop productivity, by generating
crops with improved resistance against pests and diseases, it would be even better if interaction
between sRNAs and their targets is validated in several backgrounds. This would provide
valuable insight into mechanisms of post-transcriptional gene regulation and multiple
molecular pathways controlling plant stress responses. However, the danger of unintentional
silencing of genes with regions of homology to the intended target, and target mutations
leading to easier escape from miRNA-directed silencing are still ethical issues. Certain
biosafety concerns on the use of RNAi transgenics, especially transcriptional gene silencing by
chromatin modification is even a more sensitive and contentious issue, as it is rumoured to
lead to hereditary changes associated with adverse effects. Thus, the underlying mechanisms
associated with RNAi require further investigations using well-controlled experiments.

6. Modern approaches for improving biotic stress tolerance in plants

Conventional breeding methods still play an important role in the selection of new varieties.
However, emerging tools in biotechnology are much needed to maximize the probability of
success. One area of biotechnology, molecular marker assisted breeding (MAB), has already
made significant impact in improving efficiency of conventional breeding. There are, however,
major gaps in the improvement of traits controlled by a large number of small effects, epistatic
QTLs displaying significant genotype × environment (G × E) interactions. Thus, accurate
indirect selections based on genomic tools that have emerged over the last few decades are
continuously being employed to improve the breeding efficiency for such traits. The advantage
is that, to date, the genome sequences for more than 55 plant species have been produced and
many more are being sequenced [197]. The genome sequence information available enables
the identification and development of genomewide markers. Availability of markers covering
the whole genomic regions has already shown promise in the development of special popu‐
lations, such as recombinant inbred lines (RILs), near isogenic lines (NILs), introgression lines
(ILs) or chromosome segment substitution lines (CSSLs). Recently, heterogeneous inbred
family (HIFs) and multi-parent advanced generation inter-cross (MAGIC) populations, which
can serve the dual purpose of permanent mapping populations for precise QTL mapping and
for direct or indirect use in variety development, have shown promise in plant breeding. Also,
genomewide association (GWA) analysis has been successfully applied to rice, maize, barley,
wheat, sesame and other plants. GWA has also been adapted to the “breeding by design”
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categories, i.e., small interfering RNA (siRNA) and microRNA (miRNA). Though these sRNAs
differ in biogenesis [179], both regulate the target gene repression through ribonucleoprotein
silencing complexes. Plant RNA silencing involves four basic steps, which include introduction
of double-stranded RNA (dsRNA) into the cell, processing of dsRNA into 18–25-nt small RNA
(sRNA), sRNA 2-O-methylation and sRNA incorporation into effector complexes that interact
with target RNA or DNA [180]. The formation of RNA-induced silencing complex (RISC) and
its incorporation into the antisense strand of siRNAs, which interacts with Argonaute and
other effector proteins, precedes the cleavage of the target mRNA. For details about the
formation of RISC and cleavage of the target mRNA, the reader is referred to comprehensive
reviews [179, 181]. For sRNA to meet the target mRNA, it has to move from the point of
initiation to the target. Thus, two main movement categories include cell-to-cell (short-range;
symplastic movement through the plasmodesmata) and systemic (long-range; through the
vascular phloem) movement. These mobile silencing strategies use sRNAs to target mRNA in
a nucleotide sequence specific manner. By use of fluorescently labelled 21 and 24-nt siRNAs,
Dunoyer et al. [182] demonstrated the movement of siRNAs from cell to cell and over long
distances. Such systematic movements enhance systemic silencing of viruses as reported in N.
benthamiana [183]. Similar systemic movements have been reported in the phloem sap of oilseed
rape [184] and pumpkin [185]. Endogenous 21-nt miRNAs (miR399) were also reported to be
mobile within the roots [186], and between shoots and roots of rapeseed and pumpkin [187].
Thus, sRNAs can be targeted to most active plant tissues, with transcription activity, to achieve
a desirable consequence.

Several RNAi strategies have shown success in plant improvement against biotic stresses.
Arabidopsis miR393 was the first sRNA implicated in bacterial PTI [188], and enhanced miR393
accumulation was found during sRNA profiling in Arabidopsis challenged with Pst [189]. The
mechanism of miR393-induced resistance involves repression of auxin signalling by negatively
regulating the F-box auxin receptors like transport inhibitor response 1 (TIR1). This process
restricts Pst infection, and, indeed, plants overexpressing miR393 exhibit effective resistance
against Pst [188].

RNAi in plant resistance to fungi has also shown promise. For instance, RNAi-mediated
suppression of a rice gene OsSSI2 enhances resistance towards M. oryzae and X. oryzae [189].
Moreover, RNAi suppression of OsFAD7 and OsFAD8, the two genes encoding for Ω-3 fatty
acid desaturase, also enhances resistance against M. oryzae [190]. RNAi targeting of lignin
production pathway genes aimed at reducing lignin content has also been shown to enhance
resistance against Sclerotinia sclerotiorum in soybean [191]. Increased resistance to Blumeria
graminis f. sp. tritici in wheat was also demonstrated through RNAi using 24 miRNAs [192].
Nevertheless, the performance of these approaches under environmental conditions has often
been unsatisfactory and environmental influences in expression of resistance often remain
unpredictable [205].

In response to virus infection, several cases have shown successful crop improvement. For
instance, resistance to African Cassava Mosaic Virus (CMV) was achieved in transgenic cassava
plants producing dsRNA against PSTVd sequences [193]. A similar strategy was successful in
transgenic tomato resistance against Potato Spindle Tuber Viroid (PSTVd) [194]. RNAi targeting
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transcriptomics, proteomics, metabolomics, epigenetics and physiological and biochemical
methods (Figure 3) will remarkably provide novel possibilities to understand the biology of
plants and consequently to precisely develop stress tolerant crop varieties.

The recent advent of genotyping by sequencing (GBS) approach that minimizes ascertainment
biases and the need for prior genome sequence information associated with traditional
techniques has also enabled single nucleotide polymorphism marker detection, exposition of
QTLs and the discovery of candidate genes controlling stress tolerance. Thus, genome/
transcript profiling when combined with genome variation analysis is a potential area which
could prove useful for breeders in the near future [205, 209]. Another newly developed
approach, which combines genetical genomics and bulk segregant analysis (BSA) to identify
markers linked to genes, shows the possibility of coupling BSA to high throughput sequencing
methods. Although there are shortcomings, including errors introduced during NGS proce‐
dures, this method has proven to be useful in identifying stress tolerance genomic regions in
crop plants. A more recent modification that exploits the power of deep sequencing of target-
enriched SNP markers to increase the efficiency of BSA analysis is called target-enriched TEX-
QTL mapping [197]. The authors propose that by combining a large F2 population size, deeply
sequenced markers, and 10–20% bulk size, most QTLs can be identified within two genera‐
tions. Although it does not currently detect very closely linked QTL, TEX-QTL method is

Figure 3. Supportive omic tools for increasing plant breeding efficiency against biotic stresses. Sky blue lines indicate
interactions; largest bold black lines indicate epigenetic regulation; red lines indicate regulation; and blue line indicates
metabolic reactions.
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approach, often referred to as genome selection (Figure 2), which predicts the outcome of a set
of crosses on the basis of molecular markers information.

Recently, a combination of different approaches has been used to develop new rice cultivars
referred to as ‘Green Super Rice’, possessing resistance to multiple insects and diseases, high
nutrient efficiency and drought resistance. If fully exploited, the integration of a similar
approach with breeding by design or genome selection would help to design new plant types
with not only a few selected major loci, but nearly all the functional loci of the genome
controlling key desirable traits in commercial cultivars.

Expression studies also present a major area of interest for breeders. Among them, the NGS
technologies have become the mainstay of studying complex traits, as direct sequencing of
genomes and comparison with reference sequences is increasingly becoming more feasible.
Re-sequencing has been performed for model species, e.g., Arabidopsis, to understand the
whole genome sequence variation, and ultimately discover single nucleotide polymorphisms
(SNPs). Similar re-sequencing efforts have been applied in rice, maize, soybean, grape and
poplar. Combining re-sequencing with the recent developments in omic biology, including

Figure 2. Principle of genomic selection. Two steps are involved; developing a training population to provide pheno‐
typic and genotypic data; effects are estimated for all molecular markers. The second step involves genotyping untest‐
ed populations and selecting superior genotypes based on their expected phenotypes according to the estimates
obtained from the marker effects on the training population (bottom).
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potentially a useful development in plant breeding. It is envisaged that BSA, by genotyping
pooled-segregant sequencing, is likely to increase the reliability and reduce the time required
to map all QTL defining the trait of interest and to identify causative superior alleles that can
subsequently be used for crop improvement by targeted genetic engineering.

Desirable alleles are also being identified using functional genomic tools, including transfor‐
mation,  insertional  mutagenesis,  RNAi,  the  screening of  either  mutant  or  natural  germ‐
plasm collections by means of  targeting induced local  lesions in genomes (TILLING) or
ecotype TILLING (EcoTILLING) methodologies. These strategies enable plant scientists to
predict gene functions and allow efficient prediction of the phenotype associated with a given
gene, the so-called reverse genetics approach. The availability of a large volume of sequen‐
ces generated through NGS technologies is significantly increasing the number and quality
of candidates for TILLING and EcoTILLING studies. Thus, a number of crops have benefit‐
ed from these technologies, including Arabidopsis, lotus, barley, maize, pea, melon and rice,
for review see [198].

The use of improved recombinant DNA techniques to introduce new traits in early phases of
cultivar selection is also currently gaining momentum in plant biology. Techniques such as
oligonucleotide-directed mutagenesis (oDM) as well as those based on zinc finger nuclease
(ZFN), transcription activator-like effector nuclease (TALeN) and clustered regularly inter‐
spaced short palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9) system are all
capable of specifically modifying a given target sequence leading to genotypes not substan‐
tially different from those obtained through traditional mutagenesis. The practical use of these
techniques in developing countries and the performance of the germplasm developed through
them under environmental conditions [206, 207, 208] is yet to be fully demonstrated.

7. Conclusion and perspective

Plant resistance to biotic stresses is jointly controlled by the plants’ anatomy, physiology,
biochemistry, genetics, development and evolution. Efforts to understand these mechanisms
have generated a lot of data on candidate genes, quantitative trait loci (QTLs), proteins and
metabolites associated with plant defences. This chapter has reviewed most of these aspects
to provide a reader with background information on the diverse plant defence patterns. Some
of the genes and methods that hold promise for improving plant defences are also discussed.
Certainly, plant-pathogen/insect interaction is a complex phenomenon that involves various
signalling pathways tracking and regulating the pathogens/insect ingress. The interactions
leading to effective defence apparently involve activation of both innate and systemic acquired
resistance, and require both direct and indirect pathways to rapidly limit the entry or prolif‐
eration of biotic agents in the plant. Identifying and harmonizing an efficient defence signalling
pathway, which leads to activation of an effective defence strategy, is still a challenge,
considering the large number of genes and proteins often expressed in most plant-pathogen/
insect interaction studies. However, there are some resistance components that have shown
promise, although further studies would be necessary to clarify the signalling patterns in
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which such components are involved. Important examples include LRR-RK BAK1, which
features in several signalling networks leading to plant resistance against a diversity of
pathogens and insects, and NRC1 which mediates resistance and cell death induced by both
membrane receptors and intracellular NLRs. BAK1 forms heteromeric complexes with other
receptors, which indicates that BAK1 is a multifaceted receptor capable of PAMP detection,
while NRC1 is probably a downstream convergence point in ETI initiated at various cell
locations. Thus, BAK1 and NRC1 could probably contribute to effective plant resistance to a
diversity of pathogens and insects. However, identification of additional effective receptors
will be necessary to counter the stealthy tendencies of most pathogens and insects, and to
guarantee the transmission of signals to the downstream components. More studies on
adaptability of defence genes or QTLs to changing biotic agents and climatic conditions also
need to be conducted in order to limit boom and bust incidences frequently observed in
pathosystems.
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Abstract

Plants are frequently exposed to wide range of harsh environmental factors, such as
drought, salinity, cold, heat, and insect attack. Being sessile in nature, plants have devel‐
oped different strategies to adapt and grow under rapidly changing environments. These
strategies involve rearrangements at the molecular level starting from transcription, regu‐
lation of mRNA processing, translation, and protein modification or its turnover. Plants
show stress-specific regulation of transcription that affects their transcriptome under
stress conditions. The transcriptionally regulated genes have different roles under stress
response. Generally, seedling and reproductive stages are more susceptible to stress.
Thus, stress response studies during these growth stages reveal novel differentially regu‐
lated genes or proteins with important functions in plant stress adaptation. Exploiting the
functional genomics and bioinformatics studies paved the way in understanding the rela‐
tionship between genotype and phenotype of an organism suffering from environmental
stress. Future research programs can be focused on the development of transgenic plants
with enhanced stress tolerance in field conditions based upon the outcome of genomic
approaches and knowing the mystery of nucleotides sequences hidden in cells.

Keywords: Salt tolerant genes, Salt Tolerance, Transgenic Plants, MicroRNA, Quantative
Trait loci

1. Introduction

Nature’s rage influences plants in the form of various biotic and abiotic stresses. Extreme abiotic
stress conditions, such as salinity, flooding, heat, drought, and cold, as well as heavy metal
toxicity and oxidative stress affect plants in many different ways. Human activities exacer‐
bate these stress conditions to a greater extent. All the abiotic and biotic stresses, including

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

tomato against Ralstonia solanacearum. Physiological and Molecular Plant Pathology
81, 1-12

[203] Wydra, K. and Beri, H. 2006. Structural changes of homogalacturonan, rhamnogalac‐
turonan I and arabinogalactan protein in xylem cell walls of tomato genotypes in re‐
action to Ralstonia solanacearum. Physiological and Molecular Plant Pathology
Pathology 68: 41-50

[204] Schacht, T., Unger, C., Pich, A., Wydra, K. 2011: Endo- and exopolygalacturonases of
Ralstonia solanacearum are inhibited by polygalacturonase-inhibiting protein (PGIP)
activity in tomato stem extracts. Plant Physiology and Biochemistry 49, 377-387

[205] Dossa, S.G., Oliva, R, Maiss, E., Vera Cruz, C., Wydra, K. 2016. High temperature en‐
hances the cultivated African rice Oryza glaberrima resistance to bacterial blight. Plant
Disease 100, 380-387, http://dx.doi.org/10.1094/PDIS-05-15-0536-RE

[206] Zinsou, V., Wydra, K., Ahohuendo, B., Hau, B. 2004. Genotype x environment inter‐
actions in symptom development and yield of cassava genotypes with artificial and
natural cassava bacterial blight infections. European Journal of Plant Pathology 111:
217-233

[207] Banito, A, Kpémoua, K.E. and Wydra, K. 2008. Expression of resistance and tolerance
of cassava genotypes to bacterial blight determined by genotype x environment in‐
teractions. Journal of Plant Diseases and Plant Protection 115: 152-161

[208] Wydra, K., Banito, A., Kpémoua, K.E. 2007. Characterization of resistance of cassava
genotypes to bacterial blight by evaluation of symptom types in different ecozones.
Euphytica 155: 337-348

[209] Onaga, G. 2014. Population structure of Magnaporthe oryzae from different geographic
regions and interaction transcriptomes with different rice genotypes at high tempera‐
tures. PhD thesis. Gerog-August Universität Göttingen

Plant Genomics272



Chapter 11

Genomics of Salinity Tolerance in Plants

Abdul Qayyum Rao, Salah ud Din, Sidra Akhtar, Muhammad Bilal Sarwar,
Mukhtar Ahmed,  Bushra Rashid, Muhammad Azmat Ullah Khan,
Uzma Qaisar, Ahmad Ali Shahid, Idrees Ahmad Nasir and Tayyab Husnain

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63361

Abstract

Plants are frequently exposed to wide range of harsh environmental factors, such as
drought, salinity, cold, heat, and insect attack. Being sessile in nature, plants have devel‐
oped different strategies to adapt and grow under rapidly changing environments. These
strategies involve rearrangements at the molecular level starting from transcription, regu‐
lation of mRNA processing, translation, and protein modification or its turnover. Plants
show stress-specific regulation of transcription that affects their transcriptome under
stress conditions. The transcriptionally regulated genes have different roles under stress
response. Generally, seedling and reproductive stages are more susceptible to stress.
Thus, stress response studies during these growth stages reveal novel differentially regu‐
lated genes or proteins with important functions in plant stress adaptation. Exploiting the
functional genomics and bioinformatics studies paved the way in understanding the rela‐
tionship between genotype and phenotype of an organism suffering from environmental
stress. Future research programs can be focused on the development of transgenic plants
with enhanced stress tolerance in field conditions based upon the outcome of genomic
approaches and knowing the mystery of nucleotides sequences hidden in cells.

Keywords: Salt tolerant genes, Salt Tolerance, Transgenic Plants, MicroRNA, Quantative
Trait loci

1. Introduction

Nature’s rage influences plants in the form of various biotic and abiotic stresses. Extreme abiotic
stress conditions, such as salinity, flooding, heat, drought, and cold, as well as heavy metal
toxicity and oxidative stress affect plants in many different ways. Human activities exacer‐
bate these stress conditions to a greater extent. All the abiotic and biotic stresses, including

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

Chapter 11

Genomics of Salinity Tolerance in Plants

Abdul Qayyum Rao, Salah ud Din, Sidra Akhtar, Muhammad Bilal Sarwar,
Mukhtar Ahmed,  Bushra Rashid, Muhammad Azmat Ullah Khan,
Uzma Qaisar, Ahmad Ali Shahid, Idrees Ahmad Nasir and Tayyab Husnain

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63361

Abstract

Plants are frequently exposed to wide range of harsh environmental factors, such as
drought, salinity, cold, heat, and insect attack. Being sessile in nature, plants have devel‐
oped different strategies to adapt and grow under rapidly changing environments. These
strategies involve rearrangements at the molecular level starting from transcription, regu‐
lation of mRNA processing, translation, and protein modification or its turnover. Plants
show stress-specific regulation of transcription that affects their transcriptome under
stress conditions. The transcriptionally regulated genes have different roles under stress
response. Generally, seedling and reproductive stages are more susceptible to stress.
Thus, stress response studies during these growth stages reveal novel differentially regu‐
lated genes or proteins with important functions in plant stress adaptation. Exploiting the
functional genomics and bioinformatics studies paved the way in understanding the rela‐
tionship between genotype and phenotype of an organism suffering from environmental
stress. Future research programs can be focused on the development of transgenic plants
with enhanced stress tolerance in field conditions based upon the outcome of genomic
approaches and knowing the mystery of nucleotides sequences hidden in cells.

Keywords: Salt tolerant genes, Salt Tolerance, Transgenic Plants, MicroRNA, Quantative
Trait loci

1. Introduction

Nature’s rage influences plants in the form of various biotic and abiotic stresses. Extreme abiotic
stress conditions, such as salinity, flooding, heat, drought, and cold, as well as heavy metal
toxicity and oxidative stress affect plants in many different ways. Human activities exacer‐
bate these stress conditions to a greater extent. All the abiotic and biotic stresses, including

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

tomato against Ralstonia solanacearum. Physiological and Molecular Plant Pathology
81, 1-12

[203] Wydra, K. and Beri, H. 2006. Structural changes of homogalacturonan, rhamnogalac‐
turonan I and arabinogalactan protein in xylem cell walls of tomato genotypes in re‐
action to Ralstonia solanacearum. Physiological and Molecular Plant Pathology
Pathology 68: 41-50

[204] Schacht, T., Unger, C., Pich, A., Wydra, K. 2011: Endo- and exopolygalacturonases of
Ralstonia solanacearum are inhibited by polygalacturonase-inhibiting protein (PGIP)
activity in tomato stem extracts. Plant Physiology and Biochemistry 49, 377-387

[205] Dossa, S.G., Oliva, R, Maiss, E., Vera Cruz, C., Wydra, K. 2016. High temperature en‐
hances the cultivated African rice Oryza glaberrima resistance to bacterial blight. Plant
Disease 100, 380-387, http://dx.doi.org/10.1094/PDIS-05-15-0536-RE

[206] Zinsou, V., Wydra, K., Ahohuendo, B., Hau, B. 2004. Genotype x environment inter‐
actions in symptom development and yield of cassava genotypes with artificial and
natural cassava bacterial blight infections. European Journal of Plant Pathology 111:
217-233

[207] Banito, A, Kpémoua, K.E. and Wydra, K. 2008. Expression of resistance and tolerance
of cassava genotypes to bacterial blight determined by genotype x environment in‐
teractions. Journal of Plant Diseases and Plant Protection 115: 152-161

[208] Wydra, K., Banito, A., Kpémoua, K.E. 2007. Characterization of resistance of cassava
genotypes to bacterial blight by evaluation of symptom types in different ecozones.
Euphytica 155: 337-348

[209] Onaga, G. 2014. Population structure of Magnaporthe oryzae from different geographic
regions and interaction transcriptomes with different rice genotypes at high tempera‐
tures. PhD thesis. Gerog-August Universität Göttingen

Plant Genomics272



various pathogens, cause havoc to plants eventually limiting their growth and yield poten‐
tials. About 50% of crop yields are reduced due to abiotic stresses, making them the major cause
of crop failure worldwide [1]. Abiotic stresses are a serious threat to the sustainability of
agricultural industry. Naturally, a number of stresses combine with each other and act together;
therefore, the negative effects are aggravated to a greater extent when compared to a single
stress factor. To combat these stresses, combinations of diverse pathways are triggered [2].

In physical terms, stress is defined as a mechanical force per unit area applied to an object. It
is difficult to measure the exact force applied by the stresses because the plants are immotile.
This makes it harder to define stress in biological terms. A condition, which may act as a stress
for one plant, may be ideal for another plant. Hence, a biological stress can most suitably be
defined as a harsh condition or force that impedes the normal functioning of a biological system
such as plants [3].

The plasma membrane serves as a barrier that separates a cell from its surrounding environ‐
ment. Some of the small lipid molecules like steroid hormones are able to pass through this
membrane and diffuse into the cytoplasm, whereas the membrane does not allow the water
soluble molecules, such as ions, proteins, and other large molecules, to pass through it. Cells
start responding when extracellular molecules come in contact with the plasma membrane.
This foreign molecule is called an elicitor, and the protein that is present on the cell membrane
and interacts with the elicitor is called a receptor. A number of biotic and abiotic stress signals
serve as elicitors for the plant cells [4].

2. Salinity stress and its causes

Total amount of dissolved mineral salts in water and soil is termed as salinity [5]. These salts
comprise electrolytes of anions (majorly CO3

2−, SO4
2−, Cl−, NO3

−, HCO3
−) and cations (majorly

Ca2
+, K+, Mg2

+, Na+). Salts that are soluble in water get deposited in the upper layer of soil to a
greater extent that hinders the agricultural productivity of that land area [6]. Although fewer
salts are present in the rainwater, these salts can be accumulated in the soil over a certain period
of time. Salts can also be deposited by soil transported by wind from far off places. Impure
irrigation water also contributes to the level of deposited salts in the agricultural lands [7].

Salinity stress is one of the main abiotic stresses and is considered as a restraint to crop yield.
Increased salinization of cultivable land has disastrous effects worldwide [8]. Hyperosmotic
and hyperionic stresses are caused by increased salinity, which can lead to plant death [9]. A
number of factors are responsible for causing salinity in a given area such as the extent of
precipitation or evaporation and weathering of rocks. Deserts have high salinity due to the
fact that the rate of evaporation is greater than the rate of precipitation.

All the key processes within a plant are significantly influenced when the plant is exposed to
salt stress [10]. The water stress resulting under salt stress affects the leaf growth and devel‐
opment. Cell division and expansion as well as stomatal opening and closing are negatively
influenced by the salinity stress [11]. If the stress condition prevails, then the ionic stress strikes,
and eventually, a major decline in photosynthetic rate occurs, and the leaves start to die [12].
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Deforestation is a leading cause of salt stress. Heavy salt–rich irrigation is the major cause of
salinity in agricultural lands. The process of evapotranspiration is responsible for the retention
of excessive amounts of salt in the soil every year. This is due to abundant loss of water as a
result of both evaporation and transpiration. Almost all of the main agricultural crops are
sensitive to salt stress that results in serious damage to the yields of the crops [13]. Soil contents
altered by the deposition of large amounts of salt in the soil, and as a result, soil becomes less
porous reducing soil aeration and water transport [14]. Salinity stress and drought stress are
quite similar in terms of physiology [15].

3. Stress signaling pathways

The receptors present on the plant cell surface receive the stress signals and transfer them
downstream, resulting in the production of secondary messengers, e.g. reactive oxidative
stress (ROS), calcium, and inositol phosphates [16]. Calcium level is further controlled by these
messengers within the cell. As a result of this disturbance in the intracellular Ca2+ level, the
Ca2+ sensors are triggered, which change their conformation in a calcium-dependent manner
[14]. These sensors initiate a phosphorylation cascade by interacting with their respective
partners and activate the stress responsive genes or the transcription factors that regulate stress
response genes. The products of stress response genes help in plant survival and mitigate the
stress conditions. Production of hormones (such as ethylene, salicylic acid, and abscisic acid
(ABA) takes place because of changes in gene expression under the stress. Initial signal is
amplified by messenger ‘Sensor’ stress response molecules, and a secondary signaling
pathway may be induced. Such molecules which do not take part directly in signaling but play
a role in alteration of signaling components are called accessory molecules [17].

The stress responsive genes can be divided into two major categories: early- and late-induced
genes. Early-induced genes are prompted immediately after stress signals are received, and
most of the times, they express in shorter period. In this category, a number of transcription
factors are included because they do not require synthesis of new proteins for their stimulation.
In contrast, late-induced genes are expressed slowly under the stress condition, i.e., express
after hours of receiving stress signals, and their expression is persistent [18]. In this gene
category, major stress responsive genes, such as (COR cold responsive), KIN (cold induced),
or RD (responsive to dehydration), and membrane stabilizing proteins, osmolytes, antioxi‐
dants, and LEA (late embryogenesis abundant)-like proteins are included [19].

4. Salt tolerance

The percentage of biomass production in saline conditions in comparison with normal growing
environment during an extended period is known as salt tolerance. In this regard, vivid
variations are found among different plants due to the fact that decline in growth is dependent
on the length of time over which plants are growing in the salinity-affected soils. For example,
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ment. Some of the small lipid molecules like steroid hormones are able to pass through this
membrane and diffuse into the cytoplasm, whereas the membrane does not allow the water
soluble molecules, such as ions, proteins, and other large molecules, to pass through it. Cells
start responding when extracellular molecules come in contact with the plasma membrane.
This foreign molecule is called an elicitor, and the protein that is present on the cell membrane
and interacts with the elicitor is called a receptor. A number of biotic and abiotic stress signals
serve as elicitors for the plant cells [4].

2. Salinity stress and its causes

Total amount of dissolved mineral salts in water and soil is termed as salinity [5]. These salts
comprise electrolytes of anions (majorly CO3

2−, SO4
2−, Cl−, NO3

−, HCO3
−) and cations (majorly

Ca2
+, K+, Mg2

+, Na+). Salts that are soluble in water get deposited in the upper layer of soil to a
greater extent that hinders the agricultural productivity of that land area [6]. Although fewer
salts are present in the rainwater, these salts can be accumulated in the soil over a certain period
of time. Salts can also be deposited by soil transported by wind from far off places. Impure
irrigation water also contributes to the level of deposited salts in the agricultural lands [7].

Salinity stress is one of the main abiotic stresses and is considered as a restraint to crop yield.
Increased salinization of cultivable land has disastrous effects worldwide [8]. Hyperosmotic
and hyperionic stresses are caused by increased salinity, which can lead to plant death [9]. A
number of factors are responsible for causing salinity in a given area such as the extent of
precipitation or evaporation and weathering of rocks. Deserts have high salinity due to the
fact that the rate of evaporation is greater than the rate of precipitation.

All the key processes within a plant are significantly influenced when the plant is exposed to
salt stress [10]. The water stress resulting under salt stress affects the leaf growth and devel‐
opment. Cell division and expansion as well as stomatal opening and closing are negatively
influenced by the salinity stress [11]. If the stress condition prevails, then the ionic stress strikes,
and eventually, a major decline in photosynthetic rate occurs, and the leaves start to die [12].
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a salt-tolerant plant like sugar beet may undergo 20% decrease in dry weight when grown in
200 mM NaCl [20]. In contrast, a moderately tolerant plant like cotton may undergo 60%
decrease in the dry weight, whereas a sensitive plant like soybean may become dead [21] and
a halophyte like Suaeda maritima may grow to its full potential in the 200 mM NaCl condition
[22]. Evaluation of salt tolerance for perennial plant species can also be done based on survival
rate. A marked decline in growth rate is observed in both salt-tolerant as well as nontolerant
species during a short time in salt stress. This has been seen in the case of durum wheat and
bread wheat, where durum wheat is more salt sensitive [23] and the same was also observed
in the case of barley and triticale [15]. This led to realizing the importance of time frame and
the mechanisms that different plants use at different growth stages when exposed to salinity.

5. Mechanisms of salt tolerance

The initial discovery of biochemists that enzymes of halophytes and nonhalophytes are equally
tolerant to increased levels of NaCl is found to be true [24]. This was explained by the example
of enzymes obtained from a halophyte Atriplex spongeosa and those obtained from peas or beans
that were equally sensitive to NaCl [21, 25]. This is because most enzymes get inhibited at Na
+ concentration more than 100 mM, and some are observed in the case of Cl–. Even K+ can also
inhibit enzymes when present in 100–200 mM concentrations [26]. Hence, the salt-tolerant
mechanisms can be divided into two main categories: (1) preventing or reducing the amount
of salt being uptake by plant tissue and (2) reducing the concentration of salt present in the
cytoplasm. These both types of mechanisms are found in halophytes, which not only exclude
salt very effectively but also quite effectively compartmentalize the excess salt in cell vacuoles.
Due to this reason, halophytes are able to grow in saline soils far better and for longer time
spans than other plants.

6. Conventional ways to manage salinity

Accumulation of large amounts of salts in the water around the root area is referred to as soil
salinity [6]. Plants can tolerate soil salinity by two processes: salt exclusion and salt inclusion
[27]. Plants, which are able to eliminate salts from the whole plant or specific plant tissues, are
known as salt excluders. Such plants possess low Na+ and Cl− content as the membrane
permeability prefers K+ over Na+ uptake in these plants. On the other hand, salt accumulators
can withstand high salt concentrations by two approaches. The first approach is the enduring
increased amounts of intercellular salts. The second approach is through the elimination of
surplus amounts of salt from the plant because the roots of these plants can absorb salt ions
but prevent their harmful effects [28].

To recover the agricultural lands from salt stress and for increased yields, it is necessary to
remove excess amounts of salts from the root region. The common strategies used for this
purpose are leaching, scraping, and flushing. As these methods were quite costly, new
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approaches were introduced for contending salt stress. One of them is the use of halophytes
in salinity-affected lands. Halophytes are the plants that can exclude the deposited salts from
the soil surface in addition to withstanding high levels of accumulated salts [29]. For this
purpose, some halophytes possess salt glands, which are specialized leaf cells having the
ability to expel salt. Some others use salt hairs present on stems for this purpose while some
have stomatal guard cells, which regulate the rate of transpiration according to the surround‐
ing salt concentration. Another strategy used to protect the plants from the injurious effects of
salinity is foliar feeding of nutrients. This enhances plant salt tolerance by relieving plants from
Na+ and Cl− injury [30].

Soil salinity can also be controlled using better farm management practices. In this regard,
improved irrigation methods, such as drip irrigation, can be used to apply controlled amount
of water to the land. In rain-fed areas, crop rotation of annual crops with perennial crops (having
deep roots) should be practiced to re-establish the equilibrium between rainfall and used water.
This will avert the water tables from rising and delivering salts to the surface [31].

7. Genetic responses to salinity

Genetic response in case of salinity stress takes in a complex mechanism that is used by plants
to up-regulate or down-regulate (increase or decrease) the production of specific gene products
(protein or RNA). These mechanisms have been recognized at different stages of central dogma
process like from transcriptional initiation to RNA processing, post-transcriptional modifica‐
tion, and translation, and to the post-translational modification of a protein [32]. Understand‐
ing about the transcriptional behavior of plants provides a detailed knowledge about the gene
expression at mRNA level. Transcriptional profiling is widely used to screen out candidate
genes involved in stress responses. Till now, massive information about the salt responsive
genes, transcription factors which either up-regulated or down-regulated, has been identified
using transcriptome profiling methodology. Further genomic approaches contribute signifi‐
cant role in encoding, cloning, and characterization of these genes. Gene expression under the
certain conditions altered by transcription factors. These factors are considered the most
important switches that up-regulate or down-regulate the gene expression. Among them, bZIP,
WRKY, AP2, NAC, C2H2 zinc finger gene, MYB and DREB family proteins comprise a large
number of stress-responsive members. These transcription factors have the capacity to alter
the gene expression by cis-acting specific binding in the promoter region of broad range of
genes.

Up-regulation in the expression of bZIP genes were observed in sensitive wheat cultivar under
persistent salinity stress and down-regulation in salt-tolerant variety [33]. It predicts the role
of NAC transcription factor in salinity tolerance in both rice and wheat cultivars. In rice,
transcriptional regulators, such as DREB1/CBF, DREB2, and AREB/ABF, have been demon‐
strated to play a significant role in abiotic stress responses [34, 35]. Transcription factors, such
as OsNAC5 and ZFP179, show an up-regulation under salinity stress, which may regulate the
synthesis and accumulation of proline, sugar, and LEA proteins that in turn play an integral
role in stress tolerance [36].
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in the case of barley and triticale [15]. This led to realizing the importance of time frame and
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tolerant to increased levels of NaCl is found to be true [24]. This was explained by the example
of enzymes obtained from a halophyte Atriplex spongeosa and those obtained from peas or beans
that were equally sensitive to NaCl [21, 25]. This is because most enzymes get inhibited at Na
+ concentration more than 100 mM, and some are observed in the case of Cl–. Even K+ can also
inhibit enzymes when present in 100–200 mM concentrations [26]. Hence, the salt-tolerant
mechanisms can be divided into two main categories: (1) preventing or reducing the amount
of salt being uptake by plant tissue and (2) reducing the concentration of salt present in the
cytoplasm. These both types of mechanisms are found in halophytes, which not only exclude
salt very effectively but also quite effectively compartmentalize the excess salt in cell vacuoles.
Due to this reason, halophytes are able to grow in saline soils far better and for longer time
spans than other plants.

6. Conventional ways to manage salinity

Accumulation of large amounts of salts in the water around the root area is referred to as soil
salinity [6]. Plants can tolerate soil salinity by two processes: salt exclusion and salt inclusion
[27]. Plants, which are able to eliminate salts from the whole plant or specific plant tissues, are
known as salt excluders. Such plants possess low Na+ and Cl− content as the membrane
permeability prefers K+ over Na+ uptake in these plants. On the other hand, salt accumulators
can withstand high salt concentrations by two approaches. The first approach is the enduring
increased amounts of intercellular salts. The second approach is through the elimination of
surplus amounts of salt from the plant because the roots of these plants can absorb salt ions
but prevent their harmful effects [28].

To recover the agricultural lands from salt stress and for increased yields, it is necessary to
remove excess amounts of salts from the root region. The common strategies used for this
purpose are leaching, scraping, and flushing. As these methods were quite costly, new
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Full-length cDNA is a vital resource for studying the full functional genes in wheat. A group
of gene “MYB gene” family analyzed by Zhang et al. [37] that respond to one or more abiotic
stress treatments. They isolated 60 full-length cDNA sequences encoding wheat MYB proteins
and also construct phylogenetic tree with other wheat, rice, and Arabidopsis MYB proteins to
understand their evolutionary relationships and the putative functions of wheat MYB proteins
based on Arabidopsis MYB proteins with known functions. Tissue-specific analysis and abiotic
stress response expression profiles were also carried out to find potential genes that participate
in the stress signal transduction pathway, including the analysis of transgenic Arabidopsis
plants expressing the MYB gene, TaMYB32 [38]. In Arabidopsis, salt stress results in up-
regulation of AtWRKY8 gene expression, which directly binds with the promoter of RD29A
[39]. A large number of genes and transcription factors are up-regulated in response to salinity
in different plant species, which serve diverse functions [40]. Some of the examples of salt-
responsive genes are listed in the Table 1, and these genes are mainly classified into the
following functional categories: ion transport or homeostasis (e.g., SOS genes, AtNHX1, and
H+ -ATPase), senescence-associated genes (e.g., SAG), molecular chaperones (e.g., HSP genes),
and dehydration-related transcription factors (e.g., DREB). Among stress-responsive genes,
the SOS transcription gene family is considered to play a very stimulating role in ion homeo‐
stasis, thereby conferring salt tolerance [32, 41]. Most of the salinity responsive genes, such as
ROS-scavenging and osmotic-regulating genes, are also up-regulated by salinity in salinity
tolerant species. Schmidt et al. [42] observed more than 10 extensively up-regulated genes in
the halophyte plant species Spartina alterniflora under salt stress. Most of these genes were
related to osmotic regulation process.

Gene Name Species NaCl Concentration Gene functions References

SOS1
SOS2
SOS3
AtNHX1

Brassica juncea
Brassica campestris

25 and 50 mM

(1) Plasma membrane Na+/K+ antiporter
(2) Protein kinase
(3) Calcium-binding protein
(4) Vacuolar Na+/K+ antiporter

[40]

PRP
SAG
HSPC025

Oryza sativa 50 mM

(1) Proline-rich proteins and cell wall
protection
(2) Senescence-associated genes, regulatory
processes, and cellular signal transduction
(3) Heat-shock proteins, protein stabilizing

[43]

OsHSP23.7
OsHSP71.1,
OsHSP80.2

Oryza sativa 100 mM
Heat-shock proteins, molecular
chaperones, folding, assembling and
transporting proteins

[44]

AtSKIP
Arabidopsis
thaliana

150 mM
Transcription factor, transcriptional
preinitiation, splicing, and
polyadenylation

[45]

OsHsp17.0,
OsHsp23.7

Oryza sativa 200 mM
Heat-shock proteins, molecular
chaperones, folding, assembling and
transporting Proteins

[46]
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Gene Name Species NaCl Concentration Gene functions References

DcHsp17.7 Carrot 300 mM
Cell viability and membrane stability
under heat stress

[47]

JcDREB Arabidopsis thaliana 300 mM Transcription factor [48]

katE gene Escherichia coli 150 mM Membrane stability [49]

Salt overly
sensitive (SOS)
genes

Ipomoea batatas 120 mmol L−1
Ion homeostasis
Improve biochemical indicators

[50]

AtNHX1 Arabidopsis thaliana 220 mM
Calcium-binding protein, vacuolar Na +/K+

antiporter
[51]

SNAC1 Oryza sativa 200mM
Enhancing root development and reducing
transpiration rate
Biochemical adjustment

[52]

OsRab7 Oryza sativa 250 mM
Vesicle trafficking gene enhanced seedling
growth and increased proline content

[53]

PtSOS2 Populus tremula 85 mM
Protein kinases enhanced photosynthetic
pigments and physiological parameters

[54]

TaSC Triticum aestivum 150mM Enhanced membrane stability [55]

PeXTH Populus euphratica 200 mM
Cell viability and membrane stability
enhanced water holding capacity

[56]

StP5CS Solanum tuberosum 150 mM Osmolyte accumulation [57]

CYP94
(cytochrome
P450)

Oryza sativa 200 mM Enhanced CYP94C2b expression [58]

TaSC Triticum aestivum 120 mM Regulate the gene expression program [55]

H3K4me3 Arabidopsis thaliana 150 mM
Gene priming, regulate the gene
expression program

[56]

WsSGTL1 Withania somnifera 100 mM
Stabilized the phenotypic and
physiological parameters

[59]

GmPIP1;6 Glycien max 100 mM
Multifunctional aquaporin involved in
root water transport, photosynthesis, and
seed loading

[60]

AtSTO1 Arabidopsis thaliana 150 mM
Enhanced the salt tolerance increased
concentrations of 9-cis-epoxycarotenoid
dioxygenase3

[61]

ONAC045 Oryza sativa 200 mM Functioned as a transcriptional activator [62]

SOS1 Nicotina tabacum 150 mM
(1) Plasma membrane Na+/K+ antiporter
(2) Protein kinase

[63]
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Full-length cDNA is a vital resource for studying the full functional genes in wheat. A group
of gene “MYB gene” family analyzed by Zhang et al. [37] that respond to one or more abiotic
stress treatments. They isolated 60 full-length cDNA sequences encoding wheat MYB proteins
and also construct phylogenetic tree with other wheat, rice, and Arabidopsis MYB proteins to
understand their evolutionary relationships and the putative functions of wheat MYB proteins
based on Arabidopsis MYB proteins with known functions. Tissue-specific analysis and abiotic
stress response expression profiles were also carried out to find potential genes that participate
in the stress signal transduction pathway, including the analysis of transgenic Arabidopsis
plants expressing the MYB gene, TaMYB32 [38]. In Arabidopsis, salt stress results in up-
regulation of AtWRKY8 gene expression, which directly binds with the promoter of RD29A
[39]. A large number of genes and transcription factors are up-regulated in response to salinity
in different plant species, which serve diverse functions [40]. Some of the examples of salt-
responsive genes are listed in the Table 1, and these genes are mainly classified into the
following functional categories: ion transport or homeostasis (e.g., SOS genes, AtNHX1, and
H+ -ATPase), senescence-associated genes (e.g., SAG), molecular chaperones (e.g., HSP genes),
and dehydration-related transcription factors (e.g., DREB). Among stress-responsive genes,
the SOS transcription gene family is considered to play a very stimulating role in ion homeo‐
stasis, thereby conferring salt tolerance [32, 41]. Most of the salinity responsive genes, such as
ROS-scavenging and osmotic-regulating genes, are also up-regulated by salinity in salinity
tolerant species. Schmidt et al. [42] observed more than 10 extensively up-regulated genes in
the halophyte plant species Spartina alterniflora under salt stress. Most of these genes were
related to osmotic regulation process.

Gene Name Species NaCl Concentration Gene functions References

SOS1
SOS2
SOS3
AtNHX1

Brassica juncea
Brassica campestris

25 and 50 mM

(1) Plasma membrane Na+/K+ antiporter
(2) Protein kinase
(3) Calcium-binding protein
(4) Vacuolar Na+/K+ antiporter

[40]

PRP
SAG
HSPC025

Oryza sativa 50 mM

(1) Proline-rich proteins and cell wall
protection
(2) Senescence-associated genes, regulatory
processes, and cellular signal transduction
(3) Heat-shock proteins, protein stabilizing

[43]

OsHSP23.7
OsHSP71.1,
OsHSP80.2

Oryza sativa 100 mM
Heat-shock proteins, molecular
chaperones, folding, assembling and
transporting proteins

[44]

AtSKIP
Arabidopsis
thaliana

150 mM
Transcription factor, transcriptional
preinitiation, splicing, and
polyadenylation

[45]

OsHsp17.0,
OsHsp23.7

Oryza sativa 200 mM
Heat-shock proteins, molecular
chaperones, folding, assembling and
transporting Proteins

[46]
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Gene Name Species NaCl Concentration Gene functions References

(3) Calcium-binding protein
(4) Vacuolar Na+/K+ antiporter

mtlD Escherichia coli 200 mM
Enhanced the production of mannitol 1-
phosphate dehydrogenase

[64]

glyoxalase II Oryza sativa 200 mM
Detoxification of cytotoxic 2-oxo-
aldehydes

[65]

HAL5 100 mM

Regulate Na(+)/K(+) homeostasis, lower leaf
Na(+) accumulation, reducing Na(+)

transport from root to shoot, maintaining
Na(+)/K(+) homeostasis

[66]

AtSTO1 Arabidopsis thaliana 200 mM

Increased concentrations of 9-cis-
epoxycarotenoid dioxygenase3, greater
overall biomass, greater root biomass,
improved photosynthesis, and greater pith
size

[61]

TaSTRG Triticum aestivum 200 mM

Higher salt and drought tolerance, lower
intracellular Na(+)/K(+) ratio, higher survival
rate, fresh weight and chlorophyll content,
accumulated higher proline and soluble
sugar contents and had significantly
higher expression levels of putative
proline synthetase and transporter genes

[67]

Table 1. Salt responsive genes with their origin and possible functions

Recently, Schmidt et al. [42] characterized root-specific salt-responsive ERF1 (SERF1) transcrip‐
tion factor gene in Oryza sativa that showed a root-specific induction upon salt and H2O2

treatment. Plants deficient for SERF1 are more sensitive to salt stress compared with the wild
type, although constitutive overexpression of SERF1 improves salinity tolerance. Different types
of kinases also regulate the activity of transcription factors and have been found to be signifi‐
cant players of plant adaptation to salinity stress. Serra et al. [68] studied the OsRMC encodes
a receptor-like kinase and described as a negative regulator of salt stress responses in rice. Two
transcription factors, OsEREBP1 and OsEREBP2, belonging to the AP2/ERF family were shown
to bind to the same GCC-like DNA motif in OsRMC promoter and to negatively regulate its
gene expression. Basic region/leucine zipper (bZIP) TFs (Transcription factors are proteins
involved in the process of converting, or transcribing, DNA into RNA. Transcription factors
include a wide number of proteins, excluding RNA polymerase, that initiate and regulate the
transcription of genes) possesses a basic region that binds DNA and a leucine zipper dimeriza‐
tion motif. A bZIP class of ABRE-binding transcription factor, known as OSBZ8, has also been
identified from rice and has been shown to be highly expressed in salt-tolerant cultivars than
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in salt-sensitive one [69]. Moreover, OSBZ8 has been shown to be activated/phosphorylated by
a SNF-1 group of serine/threonine kinase in the presence of Spd during salinity stress [69].

Sairam et al. [70] isolated and analyzed the expression response of wheat lip19 (encoding
bZIP-type transcription factors) against cold stress. Further analysis confirmed the upregula‐
tion of Wlip19 gene in a freezing-tolerant wheat cultivar than in a freezing-sensitive cultivar,
while under drought and exogenous ABA application, higher activity of Wlip19 also observed.
Heterologous expression of Wlip19 in tobacco has showed a significant increase in abiotic
stress tolerance. Alternative splicing of RNA/mRNA played a critical role to cope stress
condition especially abiotic stress by switching on/off the transcriptional activities. These
splicing factors and spliceosomal proteins mainly involved in plant growth, development
process, responses to external environmental factor by affecting the cellular process, cell fate,
plant immune/defense system, and tolerance efficiency. All these processes point to critical
role of the splicing/alternative splicing under abiotic stress environment [71].

In addition to protein coding genes, recently discovered microRNAs (miRNAs) and endoge‐
nous small interfering RNAs (siRNAs) have emerged as important players in plant stress
responses. Therefore, post-transcriptional gene regulation plays a crucial role in the plant salt
response (Figure 1) [72]. Initial clues suggesting that small RNAs are involved in plant stress
responses stem from studies showing stress regulation of miRNAs and endogenous siRNAs,
as well as from target predictions for some miRNAs [73]. There has been strong evidence
leading to the proposal that miRNAs are hypersensitive to abiotic or biotic stress as well as to
diverse physiological processes [74, 75]. Drought, cold, and salinity are major abiotic stresses
for plants; all of these conditions strongly induced miR402 overexpression. Numerous studies
on plants, such as Arabidopsis thaliana and Oryza sativa, have been studied with respect to
miRNA expression analysis and have revealed an important role for miRNAs in response to
abiotic stress.

Various studies with respect to miRNAs profiling under abiotic stress point out the several
differentially expressed miRNAs. In response to salt stress, miRNAs, such as miR396, miR394,
miR393, miR319, miR171 miR169, miR168, and miR167, were up-regulated, whereas the
miR398 was down-regulated in Arabidopsis, thus indicate a role for miRNAs in the response
to salt stress [76].

Up-regulation of miRS1 and miR159.2 in response to salt stress was observed in Phaseolous
vulgaris [77]. The expression of miR530a, miR1445, miR1446a-e, miR1447, and miR171l-n was
increased, whereas the expression of miR482.2 and miR1450 was decreased during salt stress
in Populus trichocarpa [76]. Furthermore, two members of miR169 family namely miR169g and
miR169n showed enhanced expression during salinity. With the development of genomics
tools and computational algorithms to predict and identify the miRNAs in various plant
species, the number of miRNAs associated with salt stress response is increasing. A compre‐
hensive understanding of miRNA-based gene regulation under salt stress will definitely help
in elucidating the complex network of regulatory factors, proteins, and metabolites.
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Gene Name Species NaCl Concentration Gene functions References

(3) Calcium-binding protein
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Enhanced the production of mannitol 1-
phosphate dehydrogenase

[64]

glyoxalase II Oryza sativa 200 mM
Detoxification of cytotoxic 2-oxo-
aldehydes

[65]

HAL5 100 mM
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Na(+) accumulation, reducing Na(+)

transport from root to shoot, maintaining
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[66]

AtSTO1 Arabidopsis thaliana 200 mM
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improved photosynthesis, and greater pith
size

[61]
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Higher salt and drought tolerance, lower
intracellular Na(+)/K(+) ratio, higher survival
rate, fresh weight and chlorophyll content,
accumulated higher proline and soluble
sugar contents and had significantly
higher expression levels of putative
proline synthetase and transporter genes

[67]

Table 1. Salt responsive genes with their origin and possible functions

Recently, Schmidt et al. [42] characterized root-specific salt-responsive ERF1 (SERF1) transcrip‐
tion factor gene in Oryza sativa that showed a root-specific induction upon salt and H2O2

treatment. Plants deficient for SERF1 are more sensitive to salt stress compared with the wild
type, although constitutive overexpression of SERF1 improves salinity tolerance. Different types
of kinases also regulate the activity of transcription factors and have been found to be signifi‐
cant players of plant adaptation to salinity stress. Serra et al. [68] studied the OsRMC encodes
a receptor-like kinase and described as a negative regulator of salt stress responses in rice. Two
transcription factors, OsEREBP1 and OsEREBP2, belonging to the AP2/ERF family were shown
to bind to the same GCC-like DNA motif in OsRMC promoter and to negatively regulate its
gene expression. Basic region/leucine zipper (bZIP) TFs (Transcription factors are proteins
involved in the process of converting, or transcribing, DNA into RNA. Transcription factors
include a wide number of proteins, excluding RNA polymerase, that initiate and regulate the
transcription of genes) possesses a basic region that binds DNA and a leucine zipper dimeriza‐
tion motif. A bZIP class of ABRE-binding transcription factor, known as OSBZ8, has also been
identified from rice and has been shown to be highly expressed in salt-tolerant cultivars than
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8. QTL mapping in relation to plant salinity tolerance

A quantitative trait locus (QTL) is a section of DNA (the locus) that correlates with variation
in a phenotype (the quantitative trait). The QTL typically is linked to, or contains, the genes
that control that phenotype. Genetic marker is an identifiable fragment of DNA that is linked
with a specific point and indicates genetic differences within the genome. Molecular markers
act as a ‘signs’ or ‘flags’ should not be considered as normal genes. Genetic markers that are
tightly linked are referred to as “gene tags” [78]. The DNA markers can be grouped in various
categories based on their technical requirements, the number of genetic markers that can be
detected throughout the genome, and the amount of genetic variation found at each marker
[79]. Restriction fragment length polymorphisms (RFLPs) are one of the earliest types of DNA-
based marker system, which detect the variation in restriction fragment length by Southern
hybridization, which cause single base changes that led to the creation or removal of a
restriction endonuclease recognition site to detect shift in fragment size. Although this
technique is an important tool in breeding programs, it has been superseded by microsatellite
or simple sequence repeat (SSR) markers and is now rarely used. SSR markers detect variation
in the number of short repeat sequences, usually two or three base repeats that allow the
detection of multiple alleles. The expressed sequence tag (EST) databases have now opened
the opportunity for the identification of single nucleotide polymorphisms (SNPs) that occur
at varying frequencies depending on the species and genome region being considered [80].

Figure 1. A pathway showing miRNA-mediated post-transcriptional regulation of salt stress–responsive plant genes
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These DNA marker types could be associated with quantitative traits, which are known as
quantitative trait loci (QTLs). Mapping of QTLs for salt tolerance have been a slow process
due to the complexity of this trait and poor understanding about it. Ren et al. [81] discovered
a gene locus named as QTL SKC1, which codes for a transporter that removes Na+ from the
xylem [82]. Several QTLs have been identified in different crop plants. QTLs for yield and
physiological characteristics were identified at a late stage of growth of barley under salinity
stress [83]. A total of 10 traits were considered for which 30 QTLs were identified under salt
stress and nonstress conditions. Of these 30, 13 QTLs were discovered under salt stress [83].
In white clover, QTLs for salt tolerance were identified at the vegetative stage of plants and
the results showed that, in white clover, multiple QTLs are responsible for controlling the salt
tolerance [84]. However, QTLs for salt tolerance in tomato were detected at the seedling stage
of Solanum pennellii and Solanum lycopersicoides plants. In S. pennellii, four major QTLs were
detected, for salt tolerance, on chromosomes 6, 7, and 11, whereas in Solanum lycopersicoides
six major QTLs were identified under salt stress on chromosomes 4, 6, 9, and 12 [85]. QTLs for
salt tolerance in soybean were identified on chromosome 3 [86]. QTLs identified by SSR
markers in various plants are given in Table 2.

Crop plants Locus Traits Reference

Wheat (Triticum
aestivum L.)

Kna1
Nax1

Controls the selectivity of Na+ and K+ transport from
root to shoot and maintains high K+/Na+ ratio
Both are involved in decreasing Na+ uptake and
enhancing K+ loading into the xylem

[88, 89]
[90, 91]

Rice (Oryza sativa L.)

qRL-7, qDWRO-9a and
qDWRO-9b qBI-1aand
qBI-1b
QNa, QNa:K, SKC1/
OsHKT8
qDM-3 and qDM-8,
qSTR-6
qNAK-2 and qNAK-6
Saltol
Saltol and nonSaltol
QKr1.2

Play important roles in root length and root dry
weight at seedling stage under saline conditions
Regulate K+/Na+ homoeostasis
Improve Na+/K+ ratio under saline conditions
Improve Na+/K+ ratio
Controls shoot Na+/K+ homoeostasis
Control shoot Na+/K+ homoeostasis
Controls K+ content in root

[92]
[81]
[93]

[94, 95, 96, 97]

Barley (Hordeum
vulgare)

Five QTL for ST were
identified on
chromosomes 1H, 2H,
5H, 6H, and 7H, which
accounted for more than
50% of the phenotypic
variation
A locus HvNax3 on the
short arm of

Enhance vegetative growth under saline stress
Reduces shoot Na+ content by 10–25% in plants
grown under salt stress (150 mM NaCl)

[98]
[99]
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8. QTL mapping in relation to plant salinity tolerance

A quantitative trait locus (QTL) is a section of DNA (the locus) that correlates with variation
in a phenotype (the quantitative trait). The QTL typically is linked to, or contains, the genes
that control that phenotype. Genetic marker is an identifiable fragment of DNA that is linked
with a specific point and indicates genetic differences within the genome. Molecular markers
act as a ‘signs’ or ‘flags’ should not be considered as normal genes. Genetic markers that are
tightly linked are referred to as “gene tags” [78]. The DNA markers can be grouped in various
categories based on their technical requirements, the number of genetic markers that can be
detected throughout the genome, and the amount of genetic variation found at each marker
[79]. Restriction fragment length polymorphisms (RFLPs) are one of the earliest types of DNA-
based marker system, which detect the variation in restriction fragment length by Southern
hybridization, which cause single base changes that led to the creation or removal of a
restriction endonuclease recognition site to detect shift in fragment size. Although this
technique is an important tool in breeding programs, it has been superseded by microsatellite
or simple sequence repeat (SSR) markers and is now rarely used. SSR markers detect variation
in the number of short repeat sequences, usually two or three base repeats that allow the
detection of multiple alleles. The expressed sequence tag (EST) databases have now opened
the opportunity for the identification of single nucleotide polymorphisms (SNPs) that occur
at varying frequencies depending on the species and genome region being considered [80].

Figure 1. A pathway showing miRNA-mediated post-transcriptional regulation of salt stress–responsive plant genes
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Crop plants Locus Traits Reference

chromosome 7H in wild
barley (Hordeum vulgare
ssp. spontaneum)
accession CPI-71284-48

White clover (Trifolium
repens L.)

Several QTLs for ST,
some at common
locations, but each of
low scale

Affect ST during vegetative stage [84]

Soybean (Glycine max
(L.) Merr.)

A major QTL for ST was
identified near the
Sat091 SSR marker on
linkage group (LG) N
Eight QTLs for ST were
detected
A major QTL for ST was
detected

Maintains growth under salt stress
Maintains growth under salt stress
Maintains healthy growth under salt stress

[100]
[101]
[102]

Table 2. QTLs for ‘Salt Tolerance’ (ST) in various plants identified by SSR markers [87]

9. Engineering plants for enhanced salt tolerance: Transgenic approach

Plant breeding strategy for salt tolerance is not much successful due to the reproductive barrier
and also as it involves the risk of other undesirable traits transfer. Reproductive barriers and
uncontrolled transfer of the traits make the conventional approach of plant breeding and
genetics less desirable technique for abiotic stress tolerance in varieties’ development. Other
advanced techniques like genetic engineering for single gene transfer are considered more
powerful to deal with this problem [38]. Transgenic plants are those plants, which have desired
gene of interest directly integrated into the plant genome and developed from only a single
plant cell. Transgenic plants with improved traits, including resistance to pests, pesticides,
diseases or adverse environmental conditions, improved nutritional value, and enhanced
product shelf life, have been developed through different genetic engineering techniques.
Despite a number of social, political, and legal concerns, many countries are now allowing
transgenic crop production in conjunction with their conventional crop production [103].
Transgenic approaches are being successfully pursued by researchers in some crops not only
to improve the quality but also to increase the tolerance to abiotic stress, but tolerance trait is
a quantitative complex trait and involves a number of genes. Thus, improving crop salt
tolerance by genetic engineering is not so easy. Genes that encode ion transport proteins,
compatible organic solutes, antioxidants, heat-shock and late embryogenesis abundant
proteins, and transcription factors for gene regulation have focused by the biologist for
improving the salt tolerance trait in various trait through genetic engineering techniques [104].

Plant Genomics284



Gene Type of product Source Target plant Reference

coda Glycine betaine Arthrobacter globiformis Tomato [106]

coda Glycine betaine Arthrobacter globiformis Brassica juncea [107]

Cox Glycine betaine Arthrobacter pascens Rice [108]

OsTPS1 Trehalose-6-phosphate synthase Rice Rice [109]

TPS1 Trehalose-6-phosphate synthase Yeast Tomato [110]

OstA, ostB Trehalose Escherichia coli Rice [111]

AtTPS1 Trehalose Arabidopsis Tobacco [112]

mtlD Mannitol Tobacco Tobacco [113]

mtlD Mannitol Wheat Escherichia coli [114]

M6PR Mannitol Celery Arabidopsis [115]

S6PDH Sorbitol Apple Japanese Persimmon [116]

P5CS Proline Rice Mouth-bean [117]

P5CS Proline Vigna acontifolia Nicotiana tabacum [118]

SOD2 Na+/H+ antiporter Schizosaccharomyces pombe Arabidopsis [119]

nhaA Na+/H+ antiporter E. coli Arabidopsis [120]

AVP1 Vacuolar H+-pyrophosphates Arabidopsis Cotton [121]

AtNHX1 Vacuolar Na+/H+ antiporter Arabidopsis Tomato [122]

AgNHX1 Vacuolar Na+/H+ antiporter Atriplex gmelini Rice [123]

BnNHX1 Vacuolar Na+/H+ antiporter Brassica Tobacco [124]

GhNHX1 Vacuolar Na+/H+ antiporter Cotton Tobacco [125]

GlyII GlyoxylaseII Rice Tobacco [126]

OsNAC5 NAC1 Transcription factor Rice Rice, Arabidopsis [36]

GmbZIP1 bZIP Transcription factor Soybean Arabidopsis, tobacco [127]

TaMYB2A MYB2A transcription factor Wheat Arabidopsis [128]

BrERF4 Ethylene responsive element 4 Brassica Arabidopsis [129]

MCM6 DNA helicase Pea Tobacco [130]

T30hsp70 Heat-shock protein Trichoderma harzianum Arabidopsis [130]

HVA1 LEA protein Hordeum vulgare L Rice [131]

GhMPK2 MAP kinase Cotton Tobacco [132]

Table 3. List of various genes responsible for salinity tolerance in plants with their role, source, and target plants
(transgenic plants).
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Plants try to survive with salinity by bringing various metabolic changes, such as a production
of osmolytes, antioxidative enzymes, and up-regulating various genes involved in stress
response like ion transporters, ion channels, transcriptional factors, and various signaling
pathway components. The scientist studied various pathway responses that altered due to the
salinity as mentioned above to generate the transgenic plants by transferring the salt-respon‐
sive genes into the salt susceptible plants from different genetic background (relatively salt-
tolerant plants) or altering the expression of existing genes [105]. There are a number of gene(s)
known which are responsible for salinity tolerance when transferred in plants through genetic
engineering (Table 3).

Discovery of salt-tolerant genes is essential to induce salt tolerance in crop plants to enable
them to grow on saline soils. Successful examples of identification and expression of salt
tolerance genes include: over expression of AtNHX1 in Arabidopsis [133], tomato [134], Brassica
napus [122], and cotton [135]. Likewise, overexpression of SOS1 gene in Arabidopsis also induces
salt tolerance [136]. YCF1 is a yeast protein, which belongs to the ATP-binding cassette
transporter family. Expression of this protein in Arabidopsis enhanced the salt tolerance in the
transgenic plants to a significant level [137]. Since last several years’ identification and
transformation of salt tolerance genes in crop plants have been done [30]. When AtNHX1
(vacuolar Na+/H+ antiporter from A. thaliana) was over expressed in tomato, Brassica [122,
134], and Arabidopsis [133], the transformed plants showed enhanced salt tolerance and were
able to grow at 200 mM NaCl concentration. On the basis of growth responses of these
transgenic plants, it has been concluded that they can grow on saline soils very well. Over
expression of another Na+/H+ antiporter from Atriplexgmelini (AgNHX1) in rice enabled the
transformed plants to grow at 300 mM concentration of NaCl for 3 days. Similar findings were
observed when the same gene was transformed in wheat [138] and maize [139].

Overexpression of Na+/H+ antiporter from rice in the same species showed enhanced yield
under salt stress [140]. Overexpression of HKT1-1 transporter in root cells surrounding the
xylem of Arabidopsis thaliana, resulted in more removal of Na+ ions from the xylem and into
specialized compartments in the root tissues preventing the premature injury of shoots and
leaves that could occur due to Na+ accumulation [141]. The reason behind low number of
successful transformations of salt-tolerant genes in crops is that these efforts have mostly been
restricted to model plants like Arabidopsis, rice, and tobacco. Furthermore, there are some
problems in applying this technology to other crop plants, such as monocots, due to the
difficulty of obtaining series of independent T2 lines because the process is labor intensive and
expensive [142].

10. Conclusion

Agriculture is immensely affected by salinity worldwide and is predicted to be a larger
problem in near future. The damaging effects of high salinity can be seen in plants at organ‐
ismic level, leading to immature death or decreased productivity. Some plant species are more
tolerant to these detrimental effects than others. Salt stress leads to high yield losses worldwide.
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Therefore, the changes aimed at overcoming these issues need to be fully implemented as soon
as possible. Information related to the biochemical indicators at the cellular level may act as
selection criteria for salt tolerance in different crops. There are many transgenic plants with
high stress tolerance towards abiotic stress, yet stress tolerance has complex mechanism that
includes multiple physiological and biochemical changes and multiple genes. Transgenic
plants, which are commercially valuable, should have relatively high productivity and other
traits important for their yield. Genetic modification, moreover, should be combined with
marker-assisted breeding along with stress-related genes and QTLs. These strategies must be
integrated, and such approaches should be combined to effectively increase plant stress
tolerance
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