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Preface

Plant breeding, as one of the most popular agricultural technologies, has played

a significant role in the development of human civilizations. Conventional plant
breeding has significantly improved crop yield, disease resistance, and adaptability
to the environment by selecting new varieties, thereby contributing to agricultural
production and social development. In modern agriculture, plant breeding has been
widely applied. As the genetic diversity of the varieties used gradually decreases,
the bottleneck effect of traditional breeding is becoming increasingly apparent, and
it is difficult to cultivate breakthrough new varieties using conventional breeding
techniques. The innovation of biotechnology has greatly promoted the development
of modern breeding. With the development of molecular biology, genomics, systems
biology, synthetic biology, and biotechnology, design breeding technology has
emerged and developed rapidly.

This book presents the latest findings and research on the theories, strategies, and
technologies of plant breeding. It includes nineteen chapters organized into four
sections. The first section, “Genetic Resources for Plant Breeding”, includes one
chapter covering the basic information and are view of plant genetic resources for
plant breeding. The second section, “Breeding Theory and Strategy”, discusses basic,
traditional, and modern strategies for plant breeding. The third section, “Breeding
Practice and Cases”, presents some reviews and case studies. The final section, “The
Perspective for Plant Breeding”, discusses the latest technologies and development
trends in plant breeding.

I would like to extend thanks to all authors who contributed to this book. My sincere
thanks also to Author Service Manager Ms. Ana Cink at IntechOpen for her assistance
throughout the publication process.

Haiping Wang

Institute of Vegetables and Flowers,
Chinese Academy of Agricultural Sciences,
Beijing, China
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Chapter1

Revolution in Plant Genetic
Resources

Chiebuka Uzoebo

Abstract

Plant genetic resources are the use of plant materials, such as seed, pollen, and
other plant organs, which have potential value for food and agriculture. The future of
crop improvement programs relies on the quality of plant materials. Globally, agricul-
ture and food production are confronted with diverse issues, such as climate change,
genetic erosion, land degradation, loss of biodiversity, and human encroachment.

A wider genetic diversity research will mitigate these challenges and improve crop
production. In today’s science innovative approaches, such as the use of molecular
markers, cryopreservation, genebanks, and relevant molecular assays are changing
the face of collating data, preparation, processing, and sorting of genetic resources.
The objective of this review article is to discuss the revolutionary approaches to
plant genetic resources and how they will help in the improvement of agricultural
production.

Keywords: plant genetic resource, biodiversity, research, technology, conservation

1. Introduction

Plant genetic resources date to about 10,000 years ago when man invented agricul-
ture. People started differentiating variations in plants and later domesticated them
through natural means of selection [1]. These plants became our foremost crops. Our
planet houses around 310,000 described species of plants and possibly an overall
estimate of 400,000 species. About 5000 plants have been harnessed by modern
man for food, clothes, shelter, and other needs. And as our population increases, we
become increasingly dependent on plants for survival. Today about 150 plant species
are what humans dearly need for food and essential needs with only about 12 of those
plants proving 80% of the world’s food. Some of them are wheat, rice, barley, oats,
millet, cotton seed, potato, cassava, yam, soybean, common beans, tomatoes, onion,
sugarcane, melon, banana, and others [2].

This diversity of species is concentrated into areas of unusual richness and exhibits
variation at both a global and a regional scale. The taxonomic diversity of plants is
usually highest in the tropic with high amount of rainfall. The species found in one
habitat can be used to identify the characteristics of the conservation priorities of that
habitat which also mirrors the uniqueness of the ecosystem. For us to achieve measur-
able progress, a range of actors will need to generate, access, integrate, and synthesize
data that is widely dispersed across organizational and international boundaries, and
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work through international partnerships that bring together complex portfolios of
skills, sources of information, and perspectives [3, 4].

Over the years, plant conservation has often been reduced to an activity for
government agencies involved in forestry management. Halewood et al. [3], outlined
the benefits of establishing a conservation center for plants. They include promoting
an integrated approach to plant conservation; utilizing and promoting professional
skills; developing collaborative relationships with protected area networks, govern-
ment agencies, parastatals; and the omics revolution in the biological sciences has
considerable potential for changing the flows of information, the nature of partner-
ships, and the range of products that can be generated through plant genetic resource
conservation.

In germplasm conservation, the method of collection initially captures maximum
variation of plant materials. This procedure can be carried out either in the wild or
controlled environment [5]. Ex situ conservation is reliable usually in seed banks,
where they are cryopreserved. Additionally, technologies for generating and analyz-
ing large quantities of genotypic, phenotypic, and environmental data are evolving
at accelerating rates, so too are technologies and methods for synthesizing genetic
materials [6].

2. Utilization of plant genetic resources in food sustainability

The sustainable use of genetic resources is critical to food security and sustain-
ability. Globally, the improvement of food production has been successful. However,
biodiversity seems to have been neglected. Biodiversity influences food production, as
it ensures adequate and quality soil for optimum productivity and supplies invaluable
genetic resources for all crops [7].

The world has been struggling to provide quality nutrition and access to safe water
and eradicating all forms of malnutrition according to the sustainable millennium
goals (SDGs). In 2020, an estimated 811 million people faced hunger attributed
majorly to COVID-19 pandemic. Another report predicted that if global food security
is not treated as a matter of urgency an additional 660 million people may suffer from
hunger by 2030 [8].

Humans’ inalienable rights would be realized when there is enough food for
sustenance. From a broader aspect, it is pertinent for countries to provide access or
means to sufficient food and potable water for their citizens. Great strides need to be
shown in boosting food production, providing genetic resources, and widening the
biodiversity of food crops. Government needs to enact favorable laws and policies
and create solid institutional framework to ensure the access to genetic resources and
agricultural materials. As no country can adequately sustain food production without
arobust and sustainable genetic resource [8].

Molecular tools have proven to overcome some of the bottlenecks experienced in
agriculture. Molecular techniques have continued to answer previously unanswered
questions in taxonomy, breeding, etc. Techniques, such as the use of microsatellites
and single nucleotide polymorphism (SNP), amplified fragment length polymor-
phism (AFLP), and random amplified polymorphic DNA (RAPD) are efficiently used
in diversity study and in pest and disease resistance, high yield and salt and drought
tolerance breeding programs [9, 10].
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3. Biodiversity of plant genetic resources

Biodiversity is the bedrock of food security. The purpose of sustaining a func-
tional biodiversity is to downgrade the threat of genetic erosion of important genetic
resources. The protection of our biodiversity is critical as it directly affects food
security. Plant genetic resources are at perennial risk of genetic erosion, which leads
to loss of valuable genes, concomitantly loss of biodiversity. Some of the elements
responsible for loss of biodiversity include climate change, floods, droughts, fire
hazards, and urbanization to mention a few [11, 12].

The necessary practices for protecting targeted plant genetic resources, some of
which may be harvested for food, in nature are locating the species, describing the
status of their conservation, and actively managing and monitoring the populations
where they occur in nature [13]. This is particularly critical as the genetic diversity of
PGRFA in nature is being eroded by various factors, that is, loss and fragmentation of
habitats and extreme weather events that may be linked to climate change [13].

Genetic erosion of plant genetic resources has been problematic both for pri-
mordial and modern agriculture and has been broadly documented. Several issues
highlighted above, such as natural and man-made disasters are largely responsible for
this immense loss. China in 1949 recorded a loss of about 10,000 wheat varieties; the
USA in the 1970s lost about 95% of cabbage, 91% of maize, and 81% of tomatoes all to
genetic erosion. It is noteworthy to mention that the cultivation of high-yielding vari-
ety causes genetic uniformity and is a pointer to the spread of diseases. This has been
reported in wine grape and corn blight by the Information Bulletin, ICSC II, 1996.

4. Conventional approach to conservation

Before technological approaches to conservation were birthed, humans were
conservation inclined. There has always been a need to preserve food materials for
commercial purposes and to ensure their continual survival. Msuya and Kideghesho
[14], outlined nine traditional conservation practices by the locals for medicinal
plants. They include domestication, beliefs in sacred forests, beliefs in sacredness of
trees, respect for cultural forests, protection of plants at burial rites, selective harvest-
ing, secrecy, use of energy-saving traditional stoves, and collection of deadwood for
firewood. The setbacks in these crude practices were climatic factors, pests and dis-
eases, poverty, development activities, and changing agricultural policies. Traditional
approaches are not sustainable and cannot meet our ever-growing population.
Genetic erosion and poor management are factors delimitating traditional crops [15].

5. Advances in plant genetic resources

The conservation and use of plant genetic resources are important to the contin-
ued maintenance and improvement of agricultural and forestry production and, thus,
to sustainable development and poverty alleviation. The objective of plant genetic
resources conservation is to preserve as broad a sample of the extant genetic diversity
of target species as is scientifically and economically feasible, including currently
recognized genes, traits, and genotypes [16].
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Germplasm banks are storage repositories equipped with facilities for long time
storage. Some facilities have capacity to store genetic materials for 25 years and more.
The brain behind conservation of plant genetic resources is to have a lot of variation.
Variation in genetic resources affords farmers and researchers with options for breed-
ing and other programs. Diversity of both landraces and introduced varieties ensure
that the food global basket is never empty [12, 17].

Molecular and in vitro culture techniques are great tools. In vitro culture such as
tissue culture provides multiplication of plantlets or clones of endangered plants.
Tissue culture generates plant free from viruses, bacteria, or fungi. Molecular markers
have been deployed in diversity study and for generating data for plant fingerprint.
They are used to identify cultivars or landraces; used to discover important genes of
interest and characterization of species [5]

The integration of big data into breeding programs is revolutionary. Generating
sequence information is no longer a bottleneck to crop improvement. Phenotypic
characterization has historically been more problematic, but increasingly, molecular
phenotypes can be used as indicators of physiological or performance phenotypes,
while quantitative imaging techniques using remote sensing can directly measure
plant architectural and stress response characteristics in a variety of experimental
set-ups [18].

6. Biotechnological approach

In modern agriculture, improved crops are farmers’ preferred choice. Crops with
improved yield ability, resistance to pests and diseases, and reduced environmental
impacts are usually desirable. These are achievable with traditional methods but
can be improved and enhanced using biotechnological approaches. The approach
is genetically fingerprinting varieties from the wild and landraces. These plants are
sequenced, which enables researchers to know which genes are important in confer-
ring the trait that is needed. Utilization of these genes for agricultural purpose is a
huge task because it involves a lot of data that the bioinformaticians need to deal with.
This computational approach will be used to collect data from plants in gene banks
and analyze promising plants for further analysis [19].

In an ever-growing population, to meet food demand, a sustainable system
for food production is necessary. A very exquisite technique is the use of in vitro
culture and cryopreservation, which is making it easy to conserve genetic resources
especially seeds since most are difficult to conserve. Also, techniques such as
enzyme-linked immunosorbent assay (ELISA) is used in testing healthy seeds
against pathogens. Another method is tissue culture, used for eliminating systemic
diseases like viruses for germplasm conservation. Polymerase chain reaction (PCR)
and other molecular approaches are proving useful improvements in collection,
accessioning, and resolving taxonomic discrepancies in relationship [19].

Molecular techniques are continuously evolving and their application in deter-
mining variation has been successfully applied in plant breeding. Molecular tech-
niques for detecting variation include restriction fragment length polymorphism
(RFLP), use for cutting short sequences of interest, and the use of PCR-based
techniques such as amplified fragment length polymorphism; random amplified
polymorphic DNA and simple sequence repeats have also proved very effective
on genetic diversity study. These are all used to improve the state of plant genetic
resources [19].
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7. Cryopreservation

Cryopreservation is the storage of plant materials at ultra-low temperatures in
liquid nitrogen (-196°C). The plant cells kept at this low temperature are devoid of
metabolic activities and cell division. Therefore, the materials can be kept or stored
for long time without any changes in their cellular structure [20].

Cryopreservation can be a primary or secondary storage technique. For certain
plant materials such as embryonic culture that lose their capacity to move to the next
stage of embryo formation, it could be a form of primary storage. When used for the
conservation of plant genetic resources, it is a secondary storage form and usually as a
form of backup or reserve for plant species [21]. The prospect of cryogenic technology
is promising as it is important in conservation of genetic uniformity, preservation of
rare genomes, sustaining disease-free plant materials, maintenance of morphogenetic
potentials, and delaying aging of plant materials. The above techniques are all forms
of secondary storage, which have tremendous commercial benefits [19, 21].

8. The evolution of genebanks

The erosion of genetic diversity of plant species is a global concern and a threat to
food security. This has continued to stretch the stability of agriculture globally and
negatively impacted market demand. The creation of genebanks in the 20th century
was strategic and a recovery move to conserve local varieties (landraces). Ever since
its creation, there have been some bottlenecks limiting the progress [22], outlined
the outcome of the genebank workshop held in Spain in 2014. At the workshop,
stakeholders summarized some of the shortcomings of genebanks since their cre-
ation. They include inefficient coordination of species across genebanks; insufficient
phenotyping, genotyping, and epiphenotyping; and noticing unnoticed duplicates
and lack of enough funding among other challenges outlined.

Today, there are about 1750 genebanks in the world housing millions of plant acces-
sions and their wild relatives. Globally about 7.4 million plant accessions are banked ex
situ in over 1750 genebank facilities. In conservation and utilization of crop diversity,
genebanks are invaluable. It supports germplasm exchange, international ex situ col-
lections, mining of genetic resources, and safeguarding of distinct species [23, 24].

9. Integration of farmers

The variation of crops has multifaceted impact on farmers as it influences their
choice. Farmers’ choices are influenced by certain traits, such as high yield, pest and
disease resistance, nutritional values, and processing and taste qualities. However,
due to poor and scanty research, farmers are usually left with their local varieties,
which they continue to cycle for years. Consequently, militating their production in
general [25, 26].

Primarily, the benefits of preserving plant genetic resources in genebanks are
to assist farmers, especially rural farmers. Farmers need to work with plant genetic
experts in choosing crop reproduction systems, cycle time of landraces, and genotype
and phenotype characterization [25].

Many farmers are presently left with little option to practice modern agriculture
both as a way of life and a form of social interaction. Farmers have been indirectly
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forced onto the global mono-cultural system of industrial agriculture, as evidentin
their neglect of the traditional landraces, because of radically shrinking space for
their (farmers’) relevance and operation in the global food system. It has become very
necessary moving forward for farmers to be schooled on genetic diversity of crops.
The loss of potential of invaluable resources is hampering development of agricul-
ture, especially in third-world countries. If plant genetic resources are well managed
by all stakeholders, it will help reduce the high cost of food, reduce the cost of produc-
tion, and improve both farmers and society at large [26-29].

10. Conservation strategy

The initiation of programs to study modern germplasm conservation strategy has
been instituted in many international bioscience centers. This has been prompted by
the loss of plant genetic resources [20]. Currently, biodiversity is currently being lost
at up to 1,000 times the natural rate. Some scientists and researchers are now refer-
ring to the crisis as the “Earth’s sixth mass extinction,” comparable to the last great
extinction crisis 65 million years ago. These extinctions are irreversible and present a
serious threat to our health. Identification and management of protected areas is the
pivot of biodiversity conservation. We must ensure that collection methods are able to
capture most variation and also techniques that reduce genetic erosion [20, 30].

The use of in situ and ex situ methods in conservation of plant genetic resources
have been widely used. In situ techniques have been successfully used in collecting
small zygotic embryos and taking them back in sterile state to the research laborato-
ries. Samples are preserved and remain in good condition afterward. Ex situ methods
like storage of seeds, the use of botanical gardens, and genebanks have recorded huge
success in the conservation of plant genetic resources, especially in tree crops. Crops
like banana, cassava, potato, and yam that do not easily produce seeds are better to
conserve in field genebanks. For the sake of loss of information or sample identity,
it is better to conserve duplicate samples to avoid total loss in event of calamity or
destruction (Withers and [20, 31, 32]).

Human activities have continued to threaten the survival of our biodiversity. This
continued pressure has resulted in rise in the number of species under threat. Factors,
such as weed infestation and introduction of new species have been implicated in
narrowing plant diversity. Urbanization and globalization are other technical fac-
tors threatening conservation of plant genetic resources with orphan crops being
the hardest hit. We must be proactive in our approach to preserve our biodiversity,
because biodiversity is an important factor for food security [5, 33].

11. Discussion and conclusion

We live in a technologically advancing world that is having significant impact on
the conservation of plant genetic resources. Concerns in agriculture about the loss
of genetic resources and loss of genetic diversity propelled the response from scien-
tists globally. This necessitated the use of advance technology. The use of advance
biotechnological techniques, such as molecular marker technology, enzyme assays,
cryopreservation, and modern genebanks have recorded huge success.

No concept is universally correct, and more than one may be appropriate in any
context [34], underscoring the need for plant geneticists and crop scientists to work
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together. As there is need to study, understand, and enhance the value of plant genetic
resources through research. For a successful collaboration, there is need to under-
stand the full extent of plant diversity and analysis of the best technological approach
to adopt in conserving plant genetic resources [11]. This collaboration should also

be extended between Africa and the international community as much of Africa’s
biodiversity is still understudied.

The use of modern techniques in plant genetic resources especially biotechnologi-
cal techniques, genebank, and cryopreservation methods have been highly beneficial
in improving conservation and management of plant genetic resources. Areas, such as
diversity gap data, gene pool coverage,

and molecular markers technology are vital in advancing the science of how plant
genetic resources can be properly managed [20]. This review article recommends a
sustained and proactive strategy in sharing genetic diversity data among scientists
and the integration of farmers into global network of food security. It is important to
add vital plant biological information, such as genotypic, phenotypic, and epigenetics
data into the database for easy access and traceability. Farmers should be able to access
this information with ease too. Additionally, empowering local farmers with requisite
biotechnological tools and knowledge and other advanced methods of conserving
plant genetic resources will go a long way in sustaining global efforts on food security
(16, 26, 28, 32, 35-47].
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Chapter 2

Genomic Selection: A Faster
Strategy for Plant Breeding

Gigachew Haile Gidamo

Abstract

Many agronomic traits, such as grain yield, are controlled by polygenes with minor
effects and epistatic interaction. Genomic selection (GS) uses genome-wide markers
to predict a genomic estimate of breeding value (GEBV) that is used to select favor-
able individuals. GS involves three essential steps: prediction model training, predic-
tion of breeding value, and selection of favorable individual based on the predicted
GEBV. Prediction accuracies were evaluated using either correlation between GEBV
(predicted) and empirically estimated (observed) value or cross-validation technique.
Factors such as marker diversity and density, size and composition of training
population, number of QTL, and heritability affect GS accuracies. GS has got potential
applications in hybrid breeding, germplasm enhancement, and yield-related breeding
programs. Therefore, GS is promising strategy for rapid improvement of genetic gain
per unit time for quantitative traits with low heritability in breeding programs.

Keywords: genomic selection, training population, breeding population, prediction
accuracies, plant breeding

1. Introduction

Since the 1990s, when promising analysis results for tagging genes or mapping
QTL led to the development of marker-assisted selection (MAS). MAS has become a
popular strategy in plant breeding. In the identification of underlying key genes in
gene pools and their transfer to desirable traits in many plant breeding programs,
marker-assisted selection and molecular breeding, have been applied. The use of MAS
has shown some flaws, such as extensive selection schemes and the inability to catch
“minor” gene effects when looking for crucial marker-QTL relationships. As a result,
improving traits with complex inheritance, such as grain yield and abiotic stress
tolerance, using MAS is difficult.

Genomic selection, also known as genome-wide selection, is a strategy that
employs genotypic data from throughout the entire genome to accurately predict any
trait, allowing for the selection of a favorable individual [1]. The most suitable indi-
vidual is chosen based on a genomic estimate of breeding values (GEBVs). Breeding
values are a popular and widely used measure in the animal breeding industry.
Breeding values are defined as the “sum” of the estimated genetic deviation and the
weighted total of the estimated breed effect [2], which are predicted using phenotypic
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data from family pedigrees based on the additive infinitesimal model. The success of
selection in animal breeding, particularly in cattle and pigs, was aided by the infini-
tesimal genetic model and quantitative genetics. In the estimation of breeding value in
animal breeding, the best linear unbiased prediction (BLUP) and Bayesian framework
are often utilized. Following the introduction of genome sequencing in several model
animals, a novel method for selection dubbed GEBV was developed [1]. In this chap-
ter, principles of genomic selection and their application as a faster strategy for plant
breeding is presented.

1.1 Phases of genomic selection

For large effect alleles, molecular marker technology has aided QTL identification,
marker-assisted introgression, and selection, but not for low heritability quantitative
traits, which still require considerable field testing. In the case of low heritability
quantitative traits, locus identification and effect estimation are difficult to predict.
New statistical methods that account for such uncertainty in genomic selection were
used to make the best predictions. When classical marker-assisted selection and
genomic selection are compared, the core framework is similar, including both
breeding and training phases [3, 4]. In genomic selection, there are three crucial
processes [3]:

1. Prediction model training and validation. Some lines in a population under
selection are referred to as training sets. The training population is made up of
germplasm that has both phenotypic and genome-wide marker data and is used
to estimate marker effect and cross-validate results (Figure 1). These data were
used to develop a statistical model that links variance in detected genotypes
marker loci to variation in individual phenotypes. The training set’s statistical

Genome wide

Training population 3‘:’:‘%“3%'& :2& Training Phase
Re
“traj,
%G‘G‘ flfng
o0,
eé,-,q’
%%
: h Genomewide  Estimate Genomic asadc
Breed lation : » a valti ‘Select based on
]ng Popul n. y Gnno;ypicdata bm?%}ng vglqe GEB'

232" L
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Figure 1.
Phases of genomic selection. Genome wide genotypic and phenotypic information from training population allows
GS model optimization and breeding value estimation.
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analysis evaluates allele effect in all loci at the same time. The second group of
lines, known as selection candidates (breeding materials), are genotyped in order
to calculate their GEBV.

2.Prediction of breeding value. The genomic estimate of breeding value (GEBV) is
calculated using a mixture of marker effects estimations and marker data from a
single cross. For an individual, GEBV is the sum of all marker effects
incorporated in the model. These GEBVs were used to make selection. The line is
the unit of evaluation as long as phenotype is a selection factor. When allele
effect prediction is used as a selection criterion, the allele becomes the evaluation
unit. The maximum GS accuracies were achieved in the presence of a large
training population. The training population consists of numerous generations of
training and comprises of parents or very recent ancestors of the population
under selection. The use of markers for effect measurement is one of the key
differences between traditional MAS and genomic selection. Only important
markers are used in traditional MAS for effect estimation during QTL
identification and selection. The non-significant markers were ruled out of
consideration. However, all of the markers were utilized in genomic selection to
capture the whole additive genetic variance. As a result, a more precise and
small-effect QTL can be identified for use in breeding programs.

3.Selection based on predicted GEBV. The single cross is subjected to GEBV-based
selection. GS made it possible to calculate breeding value directly from genotype
rather than phenotype. When limited seed production prevents the application
of selection and recombination in the F1 generation, a modified recurrent
selection method using GS among F2 individuals is proposed in crop plants.

2. Statistical methods used in genomic selection

Finding a causal association between a genetic element and the characteristic of
interest is a common selection framework used in all pedigree-based phenotypic
selections, classic marker-assisted selection, and genomic selection. Typical QTL
mapping and MASs either overstate or ignore the marker effect. The desire to use
high-density genotyping technology for complicated trait prediction led to the crea-
tion of genomic selection. Avoiding marker selection minimizes bias during effect
estimation and genetic value computations, according to Meuwissen et al. [1]. Because
marker selection produces a bigger predictor effect (P) than the number of data
(smaller n). When there is not enough degree of freedom, the ordinary least square
estimator fails to estimate all of the predictors’ effects, resulting in an over-fitted
model. As a result, the ordinary least square’s prediction performance suffers. To
address this issue, various genomic selection models have been developed. Models like
the shrinkage methods, variable selection models, kernel approaches, and dimension
reduction methods can be mentioned.

2.1 The basic genetic model and variance decomposition

The basic genetic model that relates the phenotype (P) of an individual with
summation of the genetic values (G) by assuming that only effects of the genetic
factors were inherited to the next generations. The genetic values include genetic,
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dominance and epistatic effects and the residual environmental effect (E). It is math-
ematically denoted as:

P=G+E (1)

In absence of G and E interaction, the covariance between G and E becomes zero.
Therefore, the phenotypic variance V (P) can be expressed as [2]:

V(P) = V(G) + V(E) + 2COV(G, E) @)
V(P) = V(G) + V(E) + 0 = V(G) + V(E) 3)

The GEBV is generally equal to G.

2.2 Heritability

The fraction of phenotypic variation (V(P)) owing to variation in genetic value (V
(G)) is known as heritability. It assesses how well a population’s phenotypic charac-
teristics are passed on to the following generation. There are two ways to explain
heritability: broad and narrow sense approaches. The fraction of phenotypic variation
owing to genetic value is captured by broad-sense heritability (H?). It concentrates on
all genetic influences, including additive, dominance, and epistatic effects. Therefore,
it can be mathematically represented as

H> = ——= (4)

While the narrow-sense heritability (h®) captures only the proportion of genetic
variation that is due to additive genetic effect (V (A)) and the residual effect variance

denoted as V(g). It is represented by - % Therefore, for h?, the genetic model

can be rewritten as:
V(P) =V(A)+ V(e) 5

where V (¢) represents the residual effects that are not included in the additive
genetic effect (A) such as the dominant and epistatic effects.

The narrow-sense heritability is the most important in plant selection because it
accounts for nearly all of the genetic variance that affect response to selection (close to
100%). Meuwissen et al. [1] suggested that V(A) might be broken down into various
DNA markers effect like V(A1), V(A2), V(A3), and so on. This made it easier to
calculate the breeding value of a plant using markers that covered the complete
genome.

2.3 Breeding value

In animal breeding, the word “breeding value” refers to how many beneficial genes
one animal passes on to its progeny. The genotype value and the breeding value can be
equivalent. However, owing to dominance or epistatic situations, this is not always the
case. Alleles at the loci that affect phenotype are heritable. Knowing the effect of an
allele in a population can assist in predicting the progeny’s phenotype. The deciding
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variables of a given trait in a population are allele frequencies and the effect of each
genotype that includes the allele. It is also referred to as the allele’s average effect.

An individual’s breeding value is the total of the average effects of all the alleles the
individual bears [3]. An AB heterozygote, for example, has a breeding value of 3 if an
A allele is worth +5 and a B allele is worth —2. It is an individual’s genetic value added
together. Breeding value (BV) can alternatively be described as the departure of off-
spring’s phenotypic mean value from the population phenotypic mean value using the
narrow sense heritability concept (h?). This can be expressed numerically as:

V(A)
v (P)

BV =wmy +h2(yi—mo) :mo—l—(yi—mo) (6)

where y; is the phenotypic value of individual i (i = 1, 2, ... n) and mo denotes the
population’s mean phenotypic value. Estimate of breeding value (EBV) is a term used
to describe a breeding value that is estimated based on heredity. Genomic selection, on
the other hand, employs genome-wide markers to evaluate genotype effect and
breeding value, resulting in GEBVs (genomic estimate of breeding values) [2].

3. Models
3.1 The linear model

A linear model or its extension can be used to describe the causal link between
phenotype and genotype. For the pair of observed phenotype and genotype of the
marker of ith individual (y;, x1;), i.e. (y1, x11), (y2, x12), .., (yN, x1N) in the training
population, which assumes N individuals and M biallelic markers. N individuals’
phenotypes are normally distributed, and based on their marker genotype, they get an
additional normally distributed phenotypic value of p1, depending on their marker
genotype. The phenotype (y;) can be modeled using genetic value g; = x1;f1 as a
parametric regression on marker covariate x1; as follows: y; = O + x1;f1 + &;, where, O
is the intercept (overall mean) and f1 is the marker effect (regression coefficient), x1;
is the genotype value of marker 1 for individual i. The values of p0 and p1 are the
parameters that need to be determined, and &i is an error term that is usually assumed
to have a normal distribution with a mean of zero. To determine the unknown
parameters, least-squares estimation, such that the summation of gi%, that is an error
function E = 3, (yi — ffo — x1i1)*, is minimized and the line is fitted to the pheno-
type. However, applying the model for P and N number of markers and individuals,
respectively, result over fitting. To avoid overfitting, a penalty term is introduced in
the error function, i.e.,

N M M
E=Y (yi - me2> +2) 181" )
i=1 j j=0

i j=0

where, effect of the penalty term is controlled by A.
To incorporate genome-wide markers in the model, the above formula can be
extended into a multiple linear regression model, which gives the following formula [2]:

¥; = PO+ x1;p1 + x2,52--xm;pm; + &; (8)
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M
y; =PBo+ Y Xjify + e ©)
j=0

where y; = the phenotypic value of the individual i and xji is the genotype value of
the jth marker in i individual. The coefficient Bj is the effect of marker j on the
phenotype or regression of y; on the jth marker covariate x;; and ¢; is the random error
assumed [2]. X0; = 1is a dummy variable. Similarly, the coefficients were determined
by minimizing the error function,

N M
E=) (yi - iji/)’j2> (10)
i=1 j=0

In genomic selection, the focus is given to calculations of the genome enhanced
breeding value rather than the exact location of the QTL; therefore, using the link
function of linear model assumption, which provides relationship between linear
predictor and the mean of the distribution function and error variance of regression, it
can be rewritten as [2]:

M

Y=Y xjifj + e, (1)

j=0

A number of models, including random regression best linear unbiased prediction
(RR-BLUP), least absolute shrinkage and selection operator (LASSO), reproducing
kernel Hilbert spaces (RKHS) and support vector machine regression, Bayesian
methods, and collaborative filtering recommender system [5] have been developed
using the above fundamental concepts. The majority of GS models aim to reduce the
cost function [6].

3.2 Evaluating genomic prediction accuracy

Candidates for selection have no phenotypic information. As a result, their GEBV
predictive performance may be evaluated using either a group of validation individ-
uals with highly accurate EBVs and many progenies or cross validation. Both methods
necessitate a reference population that contains both marker genotypes and
phenotypic information.

3.2.1 Correlation studies between GEBV and observed EBV value

The r(GEBV: EBV) correlation between the GEBVs and empirically determined
breeding values (observed) is used to assess the GEBVs’ prediction accuracy
(predicted). The EBV can be produced in a number of ways, the most basic of which is
as a phenotypic mean. This relationship establishes a direct link between GEBV predic-
tion accuracy and selection response, as well as a rough estimate of selection accuracy.
Other statistics are occasionally used, such as mean-square error (MSE). The correlation
between GEBV and true breeding value (TBV), that is, r(GEBV:TBV) is used to quan-
tify genomic selection accuracy. Due to the fact that we can only measure r(GEBV:
EBV), we must transform this value to an estimate of r(GEBV:TBV). To do so,
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r(GEBV : EBV) = r(GEBV : TBV) % (EBV : TBV) (12)

This assumption is accurate if the TBV is the only component that the GEBV and
the EBV have in common. In other words,

GEBV = TBV +e¢l (13)
and
EBV = TBV + €2 (14)

where el and e2 are uncorrelated error residuals, the assumption holds. If the

training and validation data were obtained in the same setting, the assumption may be
broken. In that instance, a common component of error in both GEBV and EBV would
be generated by genotype by environment (GxE) interaction, biasing their correlation
higher. To obtain accurate estimations of GEBV prediction accuracy, training and
validation data should be collected in various environments. The r(EBV:TBV) correc-
tion accommodates for the fact that the EBV in the validation set is not error-free.
Within the validation set, r(EBV:TBV) equals the square root of heritability (h) when
the EBVs are phenotypes [7].

3.2.2 Evaluating GEBV accuracy through cross validation (CV)

Cross validation is used in GS research to evaluate GEBV accuracy on empirical
data (CV). The reference population is divided into subsets in cross validation, such as
a training set and a validation/testing set. Similar genetic backgrounds and relation-
ships of validation and selection individuals to the reference population are required
for cross validation, so that the accuracies achieved for selection candidates resemble
those estimated using the reference population. The size of the subset determines
accuracy; higher sizes usually result in lower sampling variance of anticipated and
observed correlations [8].

The number of observations in each set varies, but a fivefold CV is
frequently employed, in which the data set is divided into five sets at random,
four of which are combined to form the training set, and the remaining set is
designated as the validation set. Each subset of the data is used as a validation
set once, and the model’s correctness should be evaluated before it is applied to
the breeding population. To do so, the majority of the training population is
utilized to build a prediction model, which is then used to estimate the genomic
estimated breeding values of the remaining individuals in the training population
based solely on genotypic data. This allows researchers to “test” and develop the
prediction model to ensure that it has high enough prediction accuracy that future
predictions can be trusted. Once validated, the model is frequently used to
calculate GEBVs of lines for which genotypical but not phenotypical information
is available [8, 9].

3.3 Factors affecting genomic selection accuracy

The response of genomic selection is the result of numerous elements that contrib-
ute to the accuracy of GEBV estimation. These components are intricately linked in a
comprehensive and complex way. The extent and distribution of linkage disequilibrium

21



Case Studies of Breeding Strategies in Major Plant Species

between individuals, as well as model performance, sample size and relatedness,
marker density, gene effect, heritability, and genetic design are all factors to consider.

22

a. Marker density

Marker density and TP sizes required for satisfactory accuracy are heavily
influenced by factors such as effective population size and QTL number.
Minimum number of markers that cover the complete genome were used based
on LD decay, with at least one marker in LD with each gene area. When there
were a lot of LD and dense markers, the prediction was better [10]. However,
unless the marker density is extremely low, marker density has minimal effect
on prediction accuracy within families. Furthermore, some GS models, such as
Bayes B, do not require a particularly dense marker for good breeding value
prediction. The required marker density is also determined by the type of
marker. For example, bi-allelic markers like SNP required two to three times the
density of multi-allelic markers like SSR [3, 4, 11].

. Size and composition of training population

GS accuracy is affected by the size of the training population. Up to the highest
size possible, Vanraden et al. [12] found that the connection between accuracy
and training population (TP) size was nearly linear. In other words, when the
training population size was big, the maximum GS accuracies were achieved.
Furthermore, population structure, training population age, and numerous
generations of training all have an impact on accuracy. A near ancestor or
parents, older lines, related lines, and multiple generations of training have good
accuracy [4, 10]. Additionally, using a pooled training set of heterotic groups
could improve accuracy [13]. As a result, the under-selection population’s
parents or recent ancestors can be used as the training population in a repeated
generation of training to achieve high accuracy.

To maintain accuracy when using landrace or exotic germplasm in GS, very high
marker density and a large training population size are required [1]. In addition,
the training population’s unrelatedness and single crosses cause marker effects
become inconsistent. Due to the presence of various alleles, allelic frequencies,
genetic background, or epistatic interaction, erroneous assessment of marker
effect and GEBVs may occurs [14].

. Number of QTL

The number of QTL and trait heritability determines the appropriate marker
density and training population size. Even traits with low heritability can be
accurately predicted in the context of a large training population [15]. For this
prediction, a model like BLUP can be employed, which captures a lot of modest
effect QTL that may not be in LD with the marker.

. Heritability

Lower GEBV accuracies are associated with low heritability of a trait. High
accuracy can only be maintained in the case of low heritability traits



Genomic Selection: A Faster Strategy for Plant Breeding
DOI: http://dx.doi.org/10.5772 /intechopen.105398

(particularly for h* 0.4) by utilizing a large training population with many
phenotypic data [10, 15]. Consider a population with an effective size of 1000
individuals and an accuracy of 0.70. If the heritability, h?, is 0.2, it is expected
that the training population (TP) size will need to be 9000, however, if h* is
0.50, a TP size of fewer than 3000 will be required. Responses to genomic
selection were 18-43 percent higher than MARS across varied population sizes,
QTL numbers, and heritability [16].

e. Linkage disequilibrium (LD)

LD refers to the nonrandom linkage of alleles at different loci. Marker density
and GS accuracy can be estimated using the rate of LD decay across the genome.
It has been found that for high heritability traits, an average nearby marker LD
value (r?) of 0.15 is sufficient, but increasing the r* value to 0.2 enhances GEBV
prediction accuracy for low heritability traits.

f. Model used

Several published GS studies compared the accuracy of various statistical
models. The disparity in prediction accuracies is negligible. However, some
studies have found that the prediction accuracies of various models vary greatly,
as seen in rice hybrid breeding [17-20].

3.4 Approaches to improve genetic gain and GS accuracies
3.4.1 Using biparental populations

With no group structure, biparental populations have a high level of LD
between markers and trait alleles. Three shorter GS cycles can be completed in
one year by using full-sib families. Genetic gain per unit time was improved in
biparental populations from rapid selection cycles (C), according to studies made in
maize [21]. Under drought conditions, maize hybrids generated from C3 cycles
yielded 7.3 percent more than CO, according to Beyene et al. [21]. In winter wheat
biparental populations, Lozada et al. [4] found a 10% increase in responsiveness
to selection using genomic section relative to phenotypic selection. Similar studies
have been conducted in oat by Asoro et al. [22] and wheat by Rutkoski et al. [23].

3.4.2 Using multi-parvental populations and multi-environment models

GS rapid cycles of multi-parental crosses were performed in diallelic fashion to
form cycle 0 in the CIMMYT maize breeding program. With two selection cycles each
year and two location experiments, it suggested an improvement in genetic gain in
which the study predicted a 0.1 t/h per year yield gain over a period of 4.5 years [24].
However, when comparing the C4 cycle to the CO cycle, a decrease in genetic diver-
sity was seen [24].

3.4.3 Combining GS with high-throughput phenotyping

In addition to genotyping data, accurate phenotypic data is required for genomic
prediction model training to achieve the desired accuracy. For large-scale field-based
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accurate phenotypic data collection, a number of high-throughput phenotyping tech-
nologies have been built. These platforms are based on image and distant or proximal
sensor technologies. Infrared thermometry and thermal imaging; visible/near-infrared
spectroradiometry; and red, green, and blue light color digital photography are the
three types of technologies in use for high throughput phenotyping. Their deployment
is determined by the trait of interest and experimental design in the field. These
technologies’ data can be used as the primary input for model training. It is feasible to
quantify high-density phenotypes over time and space using distant or proximal
sensing by applying high throughput phenotyping such as canopy hyperspectral
reflectance in a large number of breeding lines. This can improve the precision and
intensity of selection, as well as the selection response, while lowering the
phenotyping expenses. Lozada et al. [4] have proved in wheat that combining GS with
high throughput phenotyping results in the highest accuracy for grain yield. The
advantage of this imaging method is that large numbers of phenotypes can be
screened for complex phenotypic expression and secondary traits that are genetically
connected with grain yield at a low cost during early-generation testing. Juliana et al.
[25] claim that by utilizing high throughput phenotyping, they were able to achieve a
60 percent increase in genetic gain for wheat yield and secondary characteristics.

3.4.4 Using historical data

Predicting the performance of new lines can be done by using phenotypic data from
relatives and ancestors for model training that accounts for GxE interaction in multi-
location research [26]. Historical data from breeding programs can be used effectively
to increase genomic selection accuracy, particularly when the training set is adjusted to
include only the most informative individuals from the target testing set [27].

3.4.5 Genotype imputation

For genotyping, genomic selection uses a high sample size and a dense marker set.
In such data sets, missing data is a problem. Missing data were dealt with in one of
four ways: (1) repeating genotyping in missing regions, (2) adapting analysis methods
to accommodate missing data, (3) eliminating SNPs and/or samples with missing data,
or (4) inferring the missing data (imputation).

Imputation of genotype is useful in a variety of situations. First, genotyping by
sequencing, which is regarded as a low-cost genotyping method, typically yields a
large number of markers at a low cost, but with a high proportion of missing data due
to the poor genome sequencing depth. As a result of the imputation, the data set is full
and ready for further study [28]. Second, utilizing low density genotyping and a
closely similar reference panel genotyped at high density, imputation can enable
GEBV prediction without a significant loss of accuracy. Using this in silico genotyping
technique, low density genotyping in GS can be done without sacrificing accuracy.
Imputation, on the other hand, may pose the danger of biases and inaccuracies [29].

Haplotype tagging is the simplest technique for genotype imputation [30]. In this
strategy, a tag from the reference panel was chosen so that the majority of known
(common SNPs) have a r” of less than 0.8 with the tag SNP. To identify shared
haplotypes, the sequences of the reference panel haplotypes were compared to the
genotyped markers. The missing genotypes were then filled in by copying alleles
found in a matching reference haplotype (called FILLIN method) [29].
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For imputation, a number of statistical approaches have been developed. These
include the expectation maximization, Bayesian, LinkImpute, LD k-nearest neighbor
imputation (LD KNNi) and entropy methods. These methods integrate models of
recombination by partitioning markers into haplotype blocks. The tree-based imputa-
tion infers on the basis of perfect phylogeny and pairwise haplotype dissimilarity
rather than haplotype structure [31].

3.5 Applications of genomic selection
3.5.1 GS for breeding of quality traits and yield

Grain yield is a crucial economic feature that has been studied in most GS studies
of crops such as wheat. Grain yield is a complicated quantitative trait that is impacted
by interactions between genes and surroundings and is regulated by a number of
genes with little effects. GS has been shown to be important in grain yield studies in
cereals. Prediction accuracies have been improved by include GxE effects in models
[32]. Furthermore, GS aided in the cost reduction of phenotyping for malt quality in
barley breeding [33].

3.5.2 GS and breeding for disease resistance

In terms of boosting intricate quantitative disease resistance, the GS method has a
lot of potential for crop breeders. Pathogens find it difficult to overcome quantitative
disease resistance because it is governed by a large number of genes with minor
effects. Wheat rust, fusarium head blight, and rice blast resistance are three of the
most well-studied diseases using the GS approach [18, 34].

3.5.3 GS for germplasm enhancement

Alleles for cultivar development can be found in abundance in gene bank acces-
sions. Identification of these alleles is costly and time-consuming, and it necessitates
extensive pre-breeding operations. Germplasm augmentation initiatives can begin
with landraces by crossing them with elite testers. High genome-enabled prediction
accuracy may be attained with GS, which may aid breedings in introducing valuable
genetic variants. This supports the use of GS to introduce landrace accessions into elite
germplasm and create gene pools and populations suited for pre-breeding and
germplasm improvement [35].

3.5.4 GS for hybrid breeding

In hybrid breeding, parental selection is a critical issue. The performance of pro-
spective crosses of a given parent set with genotyped parents and a small number of
crosses examined in the field can be improved by employing whole genome markers
in GS. This lowers the expense of hybridization and field testing of all possible
hybrids. GS can also be used to predict hybrid performance and assist in hybrid
selection. The predicted hybrids can be tested in the field and released as superior
hybrids if they pass the test. There are just a few papers indicating the use of genomic
selection for hybrid breeding in maize and rice [17, 20].
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4. Conclusion

Before creating phenotypes, traditional cultivar development in plant breeding
necessitates understanding of biological function. GS enables breeding without map-
ping and characterization of genes/QTLs at a low cost in order to gain functional data.
GS can result in high genetic gain per unit time in crop breeding programs by
enhancing GEBV accuracies through employing dense markers, increasing training
population size, trait heritability, adopting a good GEBV prediction model, and using
imputation techniques.
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Chapter 3

Molecular Techniques for
Essentially Derived Varieties

Bratislav Stankovic

Abstract

The term “essentially derived varieties” (EDVs) was introduced by the
International Union for the Protection of New Varieties of Plants (UPOV) to prevent
the exploitation of minor changes in relation to the initial plant variety (IV), with-
out the holder of the IV right being able to share in the revenues. A plant variety is
deemed an EDV when it is predominantly derived from the IV, or from a variety that
is itself predominantly derived from the IV, while retaining the expression of the
essential characteristics that result from the genotype of the IV. Molecular markers
can be used to characterize plant genetic resources and to provide measures of genetic
(dis)similarities between plant varieties. Genetic distance estimates based on molecu-
lar markers are a preferred approach to estimate genetic conformity between putative
EDVs and their IVs. Numerous publications have shown the advantages of molecular
markers, their high throughput, high map resolution, and high repeatability for
determination of EDVs. They help reduce the legal uncertainty surrounding the EDV
concept, thus providing a more predictable business environment that allows genetic
diversity to be surveyed with ever-increasing effectiveness, improving the selection of
new genotypes that are optimally able to perform in target agricultural environments.

Keywords: essentially derived variety (EDV), UPOV, molecular markers, intellectual
property, plant variety protection, plant breeders’ rights

1. Introduction

The developments of precise genetic engineering tools, such as sequencing
platforms, in planta gene editing, and molecular marker-assisted breeding, have
made possible the recent rapid advances in agricultural biotechnology. These are
all exciting accomplishments as plant breeders are racing worldwide to meet the
needs of the increasing human population against the backdrop of industrialization,
climate change, and water scarcity. Improved understanding of the genetic make-up
underpinning the phenotype, variability, and adaptability of desirable crops and
ornamentals offers unprecedented opportunities for highly targeted genetic engineer-
ing approaches.

Traditional plant breeding can be an arduous and long process. However, highly
related, similar, and/or identical plant varieties can subsequently easily be produced.
Accordingly, plant breeders need protection to recover their investments. Plant breed-
ing has conventionally offered challenges for intellectual property (IP) protection
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due to a number of technical and legal factors, which include the definition and the
verification of whether the breeding of a new(er) plant variety constitutes a new
innovation—or not. Just a few countries (e.g., USA and Japan) issue utility patents
for plant varieties, thus this type of IP rights protection is not a feasible option for
developing countries.

The International Union for the Protection of New Varieties of Plants (UPOV) was
established as an international organization by the 1961 International Convention
for the Protection of New Varieties of Plants [1]. UPOV strives to recognize the rights
of plant breeders on an international basis and to provide and promote an effective
system of plant variety protection, with the aim of encouraging the development
of new varieties of plants. Through periodic revisions, the UPOV system has been
gradually strengthening breeders’ rights by adding crop species, restricting farm-
saving of seed, and extending the scope of protection. Seventy-eight countries are
UPOV member states as of November 2021. UPOV defines a “plant variety” as a more
precisely defined group of plants, selected from within a species, with a common set
of characteristics [1].

In a globalized economy, the problem of plant variety derivation and the need for
an appropriate protection system was identified decades ago. A plant variety should
be declared distinct only if it differs in important characteristics from all other
known varieties. The concept of “essentially derived varieties” (EDVs) [of plants]
was introduced by UPOV to refine the scope of plant breeders’ rights. The goal was
to prevent fraudulent practices and the exploitation of minor changes in relation to
the initial plant variety (IV), for example by genetic engineering or mutagenesis,
without the holder of the initial variety right being able to share in the revenues.
According to the UPOV’s definition in Article 14(5) (b), which describes the scope
of the breeders’ rights, “a variety shall be deemed to be essentially derived from
another variety (“the initial variety”) when (i) it is predominantly derived from the
initial variety, or from a variety that is itself predominantly derived from the initial
variety, while retaining the expression of the essential characteristics that result
from the genotype or combination of genotypes of the initial variety, (ii) it is clearly
distinguishable from the initial variety and (iii) except for the differences which
result from the act of derivation, it conforms to the initial variety in the expression
of the essential characteristics that result from the genotype or combination of
genotypes of the initial variety” [1]. This definition was in 2017 further clarified
with the issuance of explanatory notes on essentially-derived varieties under the
1991 Act of the UPOV Convention [1]. To honor the IV breeder’s rights, the breeder
of the EDV must reach an agreement with the holder of the IV before exploitation.
Where derivation occurs, it is important to be able to distinguish between subse-
quent (second, third, etc.) plant varieties that have been “derived” from an existing
variety, which are allowed; and those that have been “essentially derived,” which are
not allowed [2]. The EDV concept aims to ensure a fair return on investment to the
breeder of the IV.

Molecular genetic markers are increasingly becoming a powerful scientific tool
that can be used to characterize plant genetic resources and to provide comparison(s)
of genetic similarities between various plant varieties. In particular, genetic distance
estimates based on molecular markers are gradually becoming a preferred approach to
estimating genetic conformity between putative EDVs and their I'Vs.

This chapter reviews the use of molecular markers for the determination of
“EDV” as used by UPOV. It summarizes recent publications that demonstrate the
advantages afforded by the use of molecular markers, their high throughput, high
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map resolution, and high repeatability for the determination of EDVs. The overarch-
ing goal of these efforts is to help provide a predictable business environment that
will allow a greater breadth of genetic diversity to be surveyed with ever-increasing
effectiveness to continually improve abilities to select new genotypes that are opti-
mally able to perform in target agricultural environments. It also highlights criticisms
that address the use of molecular markers for determination of EDVs.

2. Fundamentals

Determining whether a plant variety is “essentially derived” has largely been left to
scientists and plant breeders who favor a quantitative approach that assesses genetic
similarity using “genetic thresholds,” “genetic distances” and “genetic coefficients.”
Unfortunately, science is not settled on the most appropriate method of assessing
whether a given plant variety is essentially derived [2]. As such, a key challenge facing
plant IP is to traverse the gap between science and law as it relates to the essential
derivation of plant varieties. Clarity is necessary to ensure the effectiveness of
essential derivation as a legal concept and to instill confidence in the plant breeders’
rights scheme. The importation of notions of quality into the assessment of essential
derivation by the judiciary has a number of advantages, including the ability to meet
the needs of developments in plant breeding techniques and providing plant breeders
with greater certainty in relation to whether new varieties are essentially derived [2].

Who decides whether a plant variety is essentially derived from another? In case
of dispute, the holder of the initial variety has the initial burden of demonstrating
that another variety is derived from their variety. In an application procedure, there
authorities granting plant variety rights are not in the best position to determine
whether a given variety is an EDV. The IP rights protection system is generally non-
interventionalist; an EDV need not be protected per se, and may, therefore, entirely
elude the attention of the authority granting plant variety rights. Since EDVs concern
the scope of the protection, it is the responsibility of the holder of the IV plant
breeder’ rights to enforce the right, and/or settle with the breeder of the variety
which is essentially derived from the initial one. In case of disputes related to EDVs,
if the parties cannot agree, then the courts will have the final word. However, there is
little by way of case law available, which might indicate that either in most cases the
parties settle the matters amongst themselves, and/or the anticipated costs of legal
action do not justify a possible profit that such an action might provide.

In Article 14(5) (c), the UPOV convention provides some guidance on how EDVs
might be obtained. Exemplary modes of obtaining EDVs are the selection of a natural
or induced mutant, or of a somaclonal variant, the selection of a variant individual
from plants of the initial variety, backcrossing, or transformation by genetic engi-
neering [1]. The EDV need not be directly derived from the initial variety; it may also
be bred by using one or more other varieties predominantly derived from the initial
variety. Two principal criteria need to be met by an EDV: (i) there must have been an
act of derivation, and (ii) there must be a significant extent of similarity at the pheno-
typical level. The latter is relatively easier to establish; the former—not so much.

The phenotype-based assessments of eventual essential derivation are time-
consuming, laborious, and costly processes that involve field and greenhouse
comparisons. As well, various factors limit the expression and use of phenotypic
traits. The measurement of morphological traits may be influenced by environmental
factors, resulting in reduced precision and discriminatory power. This is especially
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disadvantageous for the evaluation of disease resistance or complex quantitative
traits, such as flowering time.

One of the key advantages of molecular marker-assisted breeding is that it
increases the breeding efficiency compared to conventional breeding based on phe-
notypic selection. Molecular markers thus allow for the identification and selection of
individual plants with high reliability—in any context. The use of molecular marker
data to assist in the determination of EDVs has already received significant attention,
as molecular markers are an important means to help determine EDV status [3]. Ina
few instances, crop-specific experimental guidelines have even been developed; see
infra. Because the comparison of two varieties is by definition a relative endeavor,
some of the relevant questions include: how deep should the marker analysis be?
What should be the reference framework? What should be a representative sample of
markers for a given phenotypic trait? Is the choice of marker technology important?
What about the number of markers used? How general vs. species-specific should the
marker analysis be? Fortunately, some of the above points have been addressed in the
literature.

The choice of marker technology does not appear to be crucial. In several cases, the
analysis of the same dataset with different technologies led to same conclusions. Any
DNA marker technology can do the job, as long as the technology and performance
have proven to be accurate. Furthermore, an increased number of markers will give a
more accurate representation of the genome. Due to the ever-increasing abundance of
reference genomes and advances in molecular technologies, functional markers that
target specific alleles responsible for phenotype variation can and will be developed.

In disputes relating to plant breeders’ rights, the initial burden is upon the owner
of the IV who should provide prima facie proof of essential derivation and conse-
quently claim the dependence of the new variety. This is precisely where molecular
marker data can provide an indication that can be interpreted in relation to a trigger
point to reverse the burden of proof [4].

Genetic distance estimates based on molecular markers are a preferred approach to
estimating genetic conformity between putative EDVs and their corresponding initial
varieties (IVs). For example, genetic similarity between two varieties can be suitably
measured using both amplified fragment length polymorphisms (AFLPs) and simple
sequence repeats (SSRs) [3]. To counterbalance the advantages and disadvantages of
AFLP and SSRs, a complementary application of the two marker systems is suggested
for discrimination between EDVs and independently derived varieties (IDVs) [5].

Critics of this approach and of these rights (the use of molecular markers for
determination of EDVs in particular, and EDVs in general) point to the relatively dom-
inant position of a very small number of corporations in the global seed market, the
impact of this domination on farmers, and the role of IP in promoting these perceived
corporate interests, often at the expense of environmental and social justice concerns
[6]. Critics argue that the extension of plant breeders’ rights to EDVs is controversial
as it creates tension with the breeders’ exemption [7]. This chapter submits that the
determination of whether a given plant variety is an EDV is best approached asa
holistic endeavor: both genetic comparisons and morphological differences between
the varieties in question should be considered.

The extension of the protection for initial varieties to derived varieties was
intended as an exceptional provision, which should be interpreted restrictively by
its nature. In a time when plant gene editing is becoming routine, it is possible to
use a single locus conversion and to introduce a single transgene into a variety. Such
a modification could even be precisely introduced into the IV via new breeding
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techniques (NBTS, e.g., CRISPR/Cas-mediated genome editing, or mutagenesis). The
newly obtained variety would thus have only a single genetic difference (single locus)
vs. the initial variety, but a cleverly introduced single transgene could result in multiple
(i.e., more than a few) downstream gene and protein expression modifications, for
example, changes to a metabolic pathway, regulation of a chosen key transcription
factor, etc. It could thus result in a clearly distinct phenotype (e.g., flower color, fruit
size, etc.). Therefore, the determination of whether a derived variety differs signifi-
cantly from the initial should be conducted on a case basis, on a crop basis, and ona
species basis. Conversely, in instances where there are major morphological differences
established between the varieties in question, there may not be a need to conduct a
genetic comparison; a phenotypic comparison might suffice.

3. Particulars

Possible starting points for the assessment of EDVs include the establishment
of predominant derivation (e.g., evidence of genetic conformity with the IV), and
conformity of the essential characteristics (evidence of conformity in the expression
of the essential characteristics of the IV). Essential characteristics means heritable
traits that contribute to the principal features, performance, or value of the variety,
and/or characteristics that are important from the perspective of the producer, seller,
supplier, buyer, recipient, or user. These essential characteristics may be different in
different crops and species. They also may or may not be phenotypic characteristics
used for the examination of distinctness, uniformity, and stability (DUS) [1]. The
assessment of conformity is essentially a judgment call that is based on essential char-
acteristics. The number of differences that results from the act of derivation should be
minimal (one or very few). The derived variety must retain almost the totality of the
genotype of the initial variety and be different from the IV by a very limited number
of characteristics.

Numerous studies have demonstrated the utility of molecular genetic markers
for the determination of EDVs. For example, DNA fingerprinting has been used to
illustrate the possibilities and limitations in disputes on alleged fraud and essential
derivation of ornamental plants, including roses and Phalaenopsis orchids. Following
AFLP analysis of putative parents, the parties (breeders) settled the dispute(s)

[8]. AFLP, as a multilocus marker technology, enables quick random screening of
the plant genome. The effectiveness of a primer combination to reveal good AFLP
patterns for a certain plant species depends on three factors: (i) the occurrence of the
restriction sites recognized by the used enzymes; (ii) the number of selective bases
added to the primer in the function of the genome size (five to six selective bases);
and (iii) the GC content of the DNA [8].

To invest in research and product development, companies value the certainty
afforded by IP protection. Property rights with respect to plant varieties are not an
exception. Accordingly, a thorough review of the issues important to the private
sector with respect to genomic approaches and IP protection for EDVs was recently
provided [9]. Notably, the American Seed Trade Association (ASTA) and the French
Seed Association (UFS, Union Frangaise des Semenciers) jointly embarked on a
project using an Illumina® 56,000 SNP (single nucleotide polymorphism) chip to
profile a set of maize inbred lines including those of historic and current importance.
The results of this study provided a list of thousands of publicly available SNP loci, as
arepository for the selection of desired sets of markers to measure genetic similarities
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(or distances) between pairs of inbred lines. These loci can find utility, particularly
for the purpose of resolving questions in regard to the possible status as an EDV [9].
These molecular tools can be very robust, and their utility has been demonstrated in
numerous case studies. For example, by providing markers (e.g., SNP loci) that are
judiciously selected, it is possible to identify a relatively small set of SNP loci that
collectively have a very high power of discrimination among maize inbred lines, and
which, therefore, could be used to measure uniformity and stability (genetic purity)
for example, as few as 16 SNPs can discriminate among more than 400 pioneer
proprietary inbred lines. Indeed, marker-based distances are more appropriate than
pedigree records to assess genetic relationships among maize inbreds [9].

The international seed federation (ISF) works to represent the interests of the
seed industry at a global level, including farmers, growers, industry, and consum-
ers. ISF promotes the establishment and protection of IP rights for seeds, plant
varieties, and associated technologies. ISF has adopted arbitration procedure rules
tailored to the technical and legal aspects of essential derivation in plant breeding,
using plant species-specific protocols and markers. Because the determination of
genetic similarity thresholds varies between species depending on the genetic vari-
ability, the breeding procedures, and the used molecular tools, distinct guidelines
and experimental protocols for handling disputes on essential derivation in vari-
ous crops (e.g., cotton, lettuce, maize, oilseed rape, and perennial ryegrass) have
been developed by the ISF [10]. For example, the ISF has supplied a list of 3072
SNP markers used in the guidelines provided for essential derivation in maize [11].
Furthermore, the key issues that should be addressed by technical experts to define
molecular marker sets for establishing thresholds for EDV arbitration by the ISF
have also been published [12].

Perhaps due to its economic significance, much of the studies on the characteriza-
tion of the essential derivation of plant varieties have so far been conducted in maize
[13-15]. These include the study of inbreds developed without and with a selection
from F, populations [13], the selection and evaluation of an optimal panel of SSR loci
in maize [14], and a comparison of SSR and SNP data in different maize genotypes,
using European and North American germplasm, with the help of a set of 163 SSR
loci previously identified to help determine EDV status [15].

The increased availability and cost-efficiency of DNA-based markers in recent
years make them attractive options to explore their use to supplement or even ulti-
mately replace, existing morphological-, phenotype-, and protein-based approaches.
Indeed, exploring such options is the focus of UPOV’s working group on “biochemical
and molecular techniques and DNA profiling in particular” (BMT). A recent review
argues for the adoption of a DNA-based system which is endorsed by the UPOV, and
highlights that the efficiency of phenotype-based assessments of plant variety protec-
tion and registration could be improved by the integration of DNA-based testing [16].
So far, two competing models, namely “characteristic-specific molecular markers”
and “combining phenotypic and molecular distances in the management of variety
collections” have been favored [16].

Plant variety protection is also of high relevance for the horticultural community.
In cases of plant varieties with a relatively narrow gene pool, it is possible to use
molecular markers as a technique for the identification of EDVs in highly identical
genotypes. For example, in a case involving Calluna vulgaris (common heather),

a successful marker comparison was performed by means of random amplified
polymorphic DNA (RAPD) and intersimple sequence repeats (ISSR) fingerprinting
while using 168 mono- and polymorphisms. Accordingly, this methodology has been
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recommended for the future establishment of proof-of-essential-derivation, not only
for C. vulgaris, but also generally for other vegetatively propagated crops [17].

The concept of protecting the rights of breeders through EDVs has itself been the
subject of criticism, as being directed to narrowing the breeder’s exemption while
expanding the exclusive rights of first-generation breeders [2]. Furthermore, the
methodology of using molecular markers for the determination of EDVs has also
specifically been attacked. It has been argued that utilizing molecular markers to
assess essential derivation could actually provide a mechanism to undermine the
intention of essential derivation—which is to discourage copying and free riding.
Ironically, a breeder may use marker-assisted breeding to evade a declaration of
essential derivation, through a clever selection of a molecular marker profile that is
'sufficiently different' from the initial variety. For instance, if the genetic threshold
for a given variety is 90%, it may be possible to ensure that subsequent varieties will
show genetic thresholds of 85% or less, despite there only being minor changes made
to the initial variety. While the new variety may be quantitatively outside the bound-
ary established for essential derivation, it may still draw on the qualitative features of
the existing variety for its commercial appeal to the industry [2].

4. Discussion and prospects

The UPOV system introduced in 1991 the concept of essential derivation and
EDV. Some non-UPOV member countries (e.g., India, Malaysia, and Thailand) have
also independently introduced the concept of essential derivation. China, a UPOV
member operating under the 1978 Convention, is introducing EDVs via seed laws [18].
The EDV concept is alive and well. Due to the relative complexity associated with its
definition, the implementation of the EDV concept has sometimes been challenging.

The use of molecular genetic markers can bolster the science-preferred quantita-
tive approach to the determination of EDVs. Threshold values for genetic conformity
can be determined by using similarities that are calculated from molecular marker
characterizations of varieties [19]. The use of marker-based (dis)similarities in
essential derivation cases raises statistical questions, such as how to define a refer-
ence population of varieties within which potential essential derivation disputes
could occur, how many marker loci to use for a required precision, and how to define
a threshold value on the basis of the observed distribution of similarity values.
Initial results from special studies undertaken to answer these questions in lettuce
and barley have been published [19]. It has already been shown that, at least for a
subset of DUS phenotypic traits, molecular markers can be robustly used as a tool
for the determination of all these three components of the DUS testing in the diploid
crop species barley [20]. This is important since crop-specific DUS test guidelines
have been developed and followed for plant variety assessment, to register a new
variety. Plant varieties can differ significantly, and the phenotypic differences
depend on the genetic constitution but also on the sample size, levels of confidence,
reject numbers, etc. [21].

The study and applications of genomics continue to drive our understanding and
characterization of germplasm collections, gene function, phenotypic expression and
adaptability, the identification of agronomically favorable alleles, and the creation of
improved cultivars. Expanding our knowledge of the genetic basis of agronomic traits
will help breeders to more efficiently explore and harness plant genetic resources. It
is becoming clear that criteria based solely on plant morphology and phenotype are
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insufficient or even not applicable for the determination of EDVs. Molecular markers
should help quantify the differences between similar and/or related plant varieties,
increase the certainty of essential plant derivation, and assuage the concerns with
respect to the scope of IP protection afforded by the concept of EDV. Accordingly, it
would be reasonable to expect that the use of molecular markers in EDV determina-
tion and EDV-related disputes will increase in the future.

Crop production plays a key role in our society’s needed and expanding sustain-
ability goals. The development of new plant varieties is not only a scientific endeavor,
but very much a social, political, and economic one as well. As well, IP rights regimes
are established to achieve societal goals with a broad impact. The ability to obtain
adequate protection of newly developed plant varieties as IP can encourage invest-
ments into agricultural biotechnology and specifically plant breeding. It is thus of
paramount importance that innovations in plant breeding receive the appropri-
ate innovation incentives. The advent of new molecular breeding techniques has
reignited discussions about the scope of afforded plant breeders’ rights. This might
require modernization and redefining of the concept and definition of EDVs [22].
Technological advances that facilitate the simultaneous introduction of several trans-
genes might push the boundaries and fundamentally challenge the concept of essen-
tial derivation; perhaps a breeder exception should be formulated on a crop-by-crop
basis [18]. Decisions about plant breeders’ rights should be considered in conjunction
with broader policy support, to ensure to the coexistence of a responsive public
agricultural research system with a diverse and competitive private seed sector. They
also depend on a well-functioning legal system with enforceable contracts between
plant growers and merchants, the promotion of responsible business practices, and
the encouragement of engagement of professional associations in agribusiness [23].

Refinements of the used molecular techniques should be expected in the future.
To increase sensitivity and accuracy, simultaneous use of various and/or multiple
types of markers/assays could be performed. It will be beneficial for the community
of plant breeders to reach a consensus on the use of (sub)sets of plant species-specific
markers that would be deemed necessary and sufficient for determining genetic
resources [4]. It will also be important to establish a minimum level of relative marker
profile similarity as a threshold for distinctness. Such a threshold must be based upon
the use of a set of markers (e.g., SNPs) that are identified as meeting the criteria of
(i) collectively providing for fairly even genome coverage, and (ii) having a proven
ability to discriminate among varieties, even among those that are very closely related
by pedigree [8].

Molecular genetic markers are ever-improving tools that are making an impact
in the ongoing debate on the scope of IP rights protection for EDVs. They introduce
a higher degree of scientific certainty. This is good because critics argue that protec-
tion for EDVs brings uncertainty in assessing what is an EDV, which then becomes
problematic for the plant-breeding businesses globally. Breeders need simple rules,
which are easy to understand and enforce. Some have even argued that small farmers
in the developing world are in an inferior position, as they are not capable of mak-
ing such comparisons and assessments [22]. Furthermore, the technological and
economic environment in which plant breeders operate will likely continue to change
and will become more complex. In that context, these changes may well cause plant
breeders and policymakers to seek to further adjust the sui generis IP system for plants
(and particularly for EDVs), which system can optimally contribute to—and comple-
ment—other forms of IP protection for plants [3].

Exciting days lie ahead for plant breeders.

38



Molecular Techniques for Essentially Derived Varieties
DOI: http://dx.doi.org/10.5772/intechopen.105532

Author’s contribution

Bratislav Stankovic contributed to this article in his personal capacity. The views
and comments expressed herein are solely the opinion of the author, do not reflect
the performance of duties in the author’ official capacity, and are not endorsed by,
nor should be construed as, any viewpoint official or unofficial of the United States

Patent and Trademark Office. The author confirms to the best of his knowledge that
no information contained herein is privileged, confidential, or classified.

Author details

Bratislav Stankovic
United States Patent and Trademark Office, Alexandria, VA, USA

*Address all correspondence to: bratislav.stankovic@fulbrightmail.org

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. 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.

39



Case Studies of Breeding Strategies in Major Plant Species

References

[1] UPOV. 1991. Available from: https://
www.upov.int/portal/index.html.
[Accessed: 02 May 2022]

[2] Sanderson J. Essential derivation, law,
and the limits of science. Law in Context:
A Socio-Legal Journal. 2006;24:34-53

[3] Smith JSC, Jones ES, Nelson BK. The
use of molecular marker data to assist in
the determination of essentially derived
varieties. In: Tuberosa R, Graner A,
Frison E, editors. Genomics of Plant

Genetic Resources. Dordrecht: Springer;
2014;1:49-65

[4] Noli E, Soccorsa Teriaca M, Conti S.
Criteria for the definition of similarity
thresholds for identifying essentially
derived varieties. Plant Breeding.
2013;132:525-531. DOI: 10.1007/
s11032-011-9582-x

[5] Heckenberger M, Muminovic J,

van der Voort JR, Peleman J,

Bohn M, Melchinger AE. Identification
of essentially derived varieties obtained
from biparental crosses of homozygous
lines. III. AFLP data from maize
inbreds and comparison with SSR data.
Molecular Breeding. 2006;17:111-125.
DOI: 10.1007/s11032-005-3851-5

(6] Sell SK. Corporations, seeds, and
intellectual property rights governance.
In: Clapp J, Fuchs D, editors. Corporate
Power in Global Agrifood Governance.
Cambridge, Massachusetts-London: MIT
Press; 2009. pp. 189-191

(7] Kock MA. Essentially derived varieties
in view of new breeding technologies—
Plant breeders’ rights at a crossroads.
GRUR International. 2021;70:11-27.

DOI: 10.1093/grurint/ikaal56

[8] De Riek J, Dendauw J, Leus L, De
Loose M, Van Bockstaele E. Variety

40

protection by use of molecular markers:
Some case studies on ornamentals. Plant
Biosystems. 2001;135:107-113.

DOI: 10.1080/11263500112331350720

[9] Smith JSC, Jones ES, Nelson BK,
Phillips DS, Wineland RA. Genomic
approaches and intellectual property
protection for variety release: A
perspective from the private sector. In:
Tuberosa R, Graner A, Frison E, editors.
Genomics of Plant Genetic Resources.
Dordrecht: Springer; 2014;1:27-47

[10] International Seed Federation.
Technical protocol for assessment of
genetic distance for ISF guidelines for the
handling of a dispute on EDV in diploid
perennial ryegrass, ISF Secretariat.

pp- 1-5. Available from: https://www.
worldseed.org. [Accessed: 02 May 2022]

[11] International Seed Federation.
Annex 2—List of SNPs Markers, ISF
Secretariat. pp 1-13. Available from:
https://wwwworldseed.org. [Accessed:
02 May 2022]

[12] International Seed Federation. Issues
to be Addressed by Technical Experts

to Define Molecular Marker Sets for
Establishing Thresholds for ISF EDV
Arbitration, ISF Secretariat. pp 1-2.
Available from: https://wwwworldseed.
org. [Accessed: 02 May 2022]

[13] Bernardo R, Kahler AL. North
American Study on essential derivation
in maize: Inbreds developed without
and with selection from F, populations.
Theoretical and Applied Genetics.
2001;102:986-992. DOI: 10.1007/
s001220000479

[14] Kahler AL, Kahler JL,
Thompson SA, Ferriss RS, Jones ES,
et al. North American Study on essential



Molecular Techniques for Essentially Derived Varieties

DOI: http://dx.doi.org/10.5772/intechopen.105532

derivation in maize: II. Selection and
evaluation of a panel of simple sequence
repeat loci. Crop Science. 2010;50:486-
503. DOI: 10.2135/CROPSCI2009.03.0121

[15] Rousselle Y, Jones E, Charcosset A,
Moreau P, Robbins K, et al. Study

on essential derivation in maize: III.
Selection and evaluation of a panel

of single nucleotide polymorphism
loci for use in European and North
American Germplasm. Crop Science.
2015;55:1170-1180. DOI: 10.2135/
CROPSCI2014.09.0627

[16] Jamali SH, Cockram J,

Hickey LT. Insights into deployment of
DNA markers in plant variety protection
and registration. Theoretical and Applied
Genetics. 2019;132:1911-1929.

DOI: 10.1007/s00122-019-03348-7

[17] Borchert T, Krueger J,

Hohe A. Implementation of a model

for identifying essentially derived
varieties in vegetatively propagated
Calluna vulgaris varieties. BMC Genetics.
2008;9(56):1-10. DOI: 10.1186/
1471-2156-9-56

[18] Smith JSC. The future of essentially
derived variety (EDV) status:
Predominantly more explanations or
essential change. Agronomy. 2021;11:1261.
DOI: 10.3390/agronomy11061261

[19] Van Eeuwijk FA, Law JR. Statistical
aspects of essential derivation, with
illustrations based on lettuce and barley.
Euphytica. 2004;137:129-137.

DOI: 10.1023/B:EUPH.0000040510.
31827.ae

[20] Saccomanno B, Wallace M,
O’Sullivan DM, Cockram J. Use of genetic
markers for the detection of off-types for
DUS phenotypic traits in the inbreeding
crop, barley. Molecular Breeding.
2020;40(13):1-10. DOI: 10.1007/
$11032-019-1088-y

41

[21] Chakrabarty SK, Choudhury DR.
DUS testing for plant variety protection:
Some researchable issues. Indian Journal
of Genetics. 2019;79(Suppl. 1):320-325

[22] Bostyn SJ. Plant variety rights
protection and essentially derived
varieties: A fresh proposal to Untie the
Gordian Knot. GRUR International.
2020;69:785-802. DOI: 10.1093/grurint/
ikaa094

[23] Wani SH, Devi TR, Sinhg NB,
Harinhushan A, Khan H. Intellectual
property rights system in plant breeding.
Journal of Plant Science and Research.
2013;29:112-122






Chapter 4

Speed Breeding: A Propitious
Technique for Accelerated Crop
Improvement

Priyanka Shanmugavel, Gowtham Ramasamy),
Geethalakshmi Vellingiri, Rajavel Marimuthu
and Kalaimagal Thiyagavajan

Abstract

Development of climate-resilient genotypes with high agronomic value through
conventional breeding consumes longer time duration. Speed breeding strategy
involves rapid generation advancement that results in faster release of superior variet-
ies. In this approach, the experimental crop is grown in a controlled environment
(growth chambers) with manipulation provisions for temperature, photoperiod, light
intensity, and moisture. The generation of the crop cycle can be hastened by inducing
changes in the physiological process such as photosynthesis rate, flowering initiation,
and duration. Speed breeding eases multiple trait improvement in a shorter span by
integration of high-throughput phenotyping techniques with genotype platforms.
The crop breeding cycle is also shortened by the implementation of selection methods
such as single-seed descent, single plant selection, and marker-assisted selection.

Keywords: accelerated breeding, controlled environment, crop Improvement,
rapid generation advancement, speed breeding

1. Introduction

The increase in world population coupled with climatic fluctuations such as
drought, flood, and high temperature poses a serious threat to food security [1]. Many
researchers quoted the importance of enhancing the genetic gain of primary crops ata
faster rate to meet the global food demands [2]. It remains a challenging task for plant
breeders to evolve resilient varieties in a shorter period by employing conventional
approaches. The slow progress in crop improvement is mainly attributed to long
breeding cycles/generation [3]. To overcome the drawbacks involved in traditional
methods and to safeguard food security, speed breeding concepts are now being
adopted at large/small units for realizing a rapid genetic gain in many crop species.

The speed breeding techniques include the use of controlled environments with
manipulation provisions for the light duration, intensity, and temperature. This
serves as more advantageous for the plant breeder to hasten the crop development
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Rapid generation advancement through speed breeding. a. Experimental crop grown under controlled
environments. b. Use of high-throughput genotyping platforms; advanced phenotyping tools and other modern
breeding techniques in speed breeding protocol.

in several major photosensitive crops [4]. The concept of stimulating an artificial
environment for plant growth was first initiated by a team of botanists several years
ago. Around 1980, similar protocols were again adopted by scientists of National
Aeronautics and Space Administration (NASA) in collaboration with Utah State
University to understand the accelerated crop growth cycle under constant light in
the space station [5]. As an outcome, a new dwarf variety USU-Apogee was released
by NASA in wheat [6]. In earlier crop improvement programs, the breeders employed
few manipulations in conventional approaches such as the single-seed descent
method [7], shuttle breeding [8], and haploid technique for rapid delivery of supe-
rior varieties. These were upgraded and combined with the use of other innovative
technologies under the term speed breeding. Scientists achieved rapid generation
advancement through the adoption of novel techniques such as marker-assisted selec-
tion, in vitro culture, high-throughput phenotyping, next-generation sequencing,
genomic selection, and gene editing in the speed breeding protocols [9]. The speed
breeding concept was first employed in Triticum aestivum (wheat) to investigate the
seed dormancy trait under controlled conditions [10]. At present, speed breeding
protocols are widely employed in several crops, including underutilized species [11].
Around six generations per year have been achieved in crops such as oat [12], barley
[13], wheat [14], chickpea [15], faba bean, and lentil [16] through the implementation
of speed breeding techniques. Speed breeding protocols allow for the integration of
new techniques along with several manipulations in influencing factors (Figure 1),

which have been briefly discussed in this chapter.

2. Speed breeding techniques
2.1 Crops under controlled environment

Speed breeding techniques involve deliberate manipulation of environmental condi-
tions for the rapid advancement of crop cycle. The use of controlled growth chambers
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equipped with manipulation provisions for light intensity, temperature regime, pho-
toperiod, soil moisture, carbon dioxide level and nutrition supply will influence/alter
the plant physiological growth process [17]. Researchers employ these modifications

in a crop improvement program to achieve increased generation per year. The early
flowering was induced in IR 64 rice variety by altering the light exposure in the growth
chamber [18]. Similarly, a photoperiod of 22 hours of light exposure reduced flowering
duration in wheat genotypes [19]. The breeding strategy can be efficiently planned with
photosensitive crops through the adoption of light-based speed breeding protocols.

The quality of light delivered per day highly influences the photosynthesis rate, gas
exchange, transpiration rate, stomatal activity, and other plant developmental processes
[20]. Adoption of 360-650 pmol/m” light intensity with 400-700 nm of PAR (photo-
synthetic active radiation) was found successful in barley, wheat, chickpea, canola, and
other major crops for early flowering and seed set [15]. The induction of early flowering
was observed in legumes such as chickpea, faba beans, and pea with the use of blue and
far-red light spectrums [21]. Early flowering was induced in groundnut by continuous
exposure (24 hours) of 450 W lamps 25 days after germination [22].

The temperature variation plays a crucial role in the transition from vegetative
to flowering stage in crop plants [23]. It influences the seed germination rate, plant
growth, flowering period, seed set per cent, and maturity [24]. A temperature range
of 12-30°C for germination and 25-30°C for other developmental processes (growth,
flowering, and seed formation) is found suitable for most of the species [25]. Rapid
plant development is observed on introducing the crop to altered temperature regime
(17°C/32°C) and photoperiod in groundnut [22].

A shift from vegetative to reproductive phase is reported in crop plants at
increased CO, levels [25]. Plants’ response to CO;, levels highly varies with the geno-
type of a species. The experimental genotype has to be evaluated with a critical range
of CO; levels in growth chambers to determine the optimum value for induction of
earliness in flowering. The breeding cycle was enhanced up to five generations per
year in soybean by manipulating CO, supply (> 400 ppm) coupled with light expo-
sure of 14 hours cycle in a growth chamber [26].

Most crop species exhibit early flowering and seed set on subjecting to moisture
stress [27]. Modulation of soil moisture status in speed breeding protocol helps in
rapid generation advancement of crop species. The high induction of grain filling
and maturation is observed in barley, wheat, and chickpea on the gradual decrease of
moisture status at the end of the flowering stage [15].

High-density planting is a low-cost strategy in speed breeding as it contributes to
rapid generation turnover along with the maintenance of large population size. Crops
raised at high density tend to compete with each other resulting in early induction
of flowering and seed maturity [28]. The earliness in flowering at high density was
reported in rice, sorghum, and cotton [25]. On contrary, many researchers found
no deviations in flowering initiation at high-density planting [29]. Therefore, the
genotypic responses need to be investigated in each species to validate the use of high-
density planting as a component in speed breeding.

Application of plant growth hormones and essential nutrients tend to regulate
flowering and seed set under iz vitro conditions [30]. More breeding cycles per year
can be generated through the use of growth regulators with other approaches. Around
eight generations per year were obtained in lentil and faba bean with the use of plant
growth regulators viz., auxin, cytokinin, and flurprimidol under modified tem-
perature (22°C light/18°C dark) and photoperiod (18 hr. light/6 hr. dark) in growth
chambers [31].
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The immature seeds obtained from plants grown under speed breeding protocols
with an extended duration of photoperiod (22 h of light) proved to be viable in
wheat and barley [15]. A similar finding on early seed harvest was reported in wheat
cultivars [32]. The advancement of subsequent generations can be hastened by the
adoption of early harvest with other speed breeding techniques. The immature seeds
(37 days after postanthesis) from plants grown under CO, supplementation exhibited
a high germination rate similar to control in soybean [26]. Around 7-8 generations/
year is achieved in lentils by integrating early harvest with the application of plant
growth regulators [16].

2.2 Accelerated crop improvement through integration of novel approaches

Speed breeding is a feasible platform that allows the integration of modern
approaches along with generation advancement techniques. The conventional breed-
ing techniques (pedigree selection, mass selection, pure line selection, bulk selection,
and recurrent selection) of line development require more number of inbreeding
and selection processes. These methods were not found amenable for inclusion in
speed breeding protocols [25]. The use of modern techniques coupled with high-
throughput phenotyping platforms in speed breeding would highly augment the crop
improvement program. The target-specific traits involved in biotic and abiotic stress
can be improved at a faster rate by creating artificial environments with accurate
phenotyping.

Few modifications in conventional selection methods proved efficient for
inclusion in speed breeding protocol. The single plant selection method was
employed in the handling of backcross progeny at earlier generations (F, and F3).
A rigid selection for the trait under transfer and characteristics of the recurrent
parent was made in segregating generations (F, and F3) after the first and third
backcross. Each F, selected plant was harvested separately for the advancement of
generation (F;) following the progeny-row method. The inclusion of selection in
the early generation reduced the number of backcrosses and thereby saves labor,
time, and other resources. The modified backcross method was employed in barley
for the rapid development of introgression lines [33]. The European barley cultivar
(Scarlett) was crossed with other donor parents to evolve lines exhibiting resis-
tance to blotch and leaf rust. The lines under evaluation were raised under growth
chambers with continuous light exposure at 22°C. Similarly, the single plant selec-
tion in combination with the speed breeding protocol was followed in wheat for
multiple trait improvement [34].

Single-seed descent serves as a promising selection approach for inclusion in
speed breeding techniques in field and controlled environments. The attainment of
homozygosity is accelerated through constant inbreeding of segregating population
by forwarding a single seed of each individual to the next generation. It allows for the
advancement of generations in growth chambers and small nursery fields [35]. The
single-seed descent method provides the opportunity for high-density planting and
proves to be a very effective strategy for resource-limited environments [36]. The
popular rice cv. Nipponbare was developed by adopting a single-seed descent method
with rapid generation techniques at growth chambers [37]. Around 450 inbred lines
evolved rapidly under field conditions following the single-seed descent method in
wheat [38]. No selection is imposed in any successive generation which may carry
more inferior progenies in a population compared to other selection methods.
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A slight deviation from the single-seed descent method was found successful
in legume species. The selection of one pod per plant was followed from F, to F,
generation instead of a single seed. Single-pod descent selection provides scope for
maintaining each F; line in advanced generations compared to the single-seed descent
method. It also possesses the advantage of early selection of pods, which is not fea-
sible in the single-seed descent method. The mean yield of progenies developed from
single-pod descent (7.96 g / plant) was higher compared to the single-seed descent
(6.42 g/plant) selection method in soybean [39]. However, the conduct of preliminary
test trials under controlled environments is required to validate the selection effi-
ciency of the single-pod descent method in legume crops [25].

The precise identification of candidate genes has become feasible due to recent
advancements in genotypic platforms and high-throughput phenotyping techniques.
The development of mapping population (F,, recombinant inbred line (RIL), and
backcross) requires a longer generation time on conventional approaches. The inclu-
sion of the speed breeding technique promotes rapid identification and validation of
QTL (quantitative trait loci) [21]. It facilitates minimal backcross (1-2) to introgress
the target gene in a superior genotype (over 99% of the recurrent genome). The
use of marker-assisted selection (MAS) in speed breeding protocol facilitates gene
discovery at a faster rate and thereby meets the challenges associated with food
production. The SNP marker-assisted selection is combined with speed breeding
protocols for rapid development of mapping population (BC;F;) associated with
salinity tolerance in rice [40].

The marker-assisted selection is efficient only with a few QTLs exhibiting a major
effect on the trait of interest. At present, researchers employ a genomic selection
approach in the breeding strategies, which is effective for complex trait improvement.
It paves way for the identification of several minor QTLs, which is involved in the
governance of biotic and abiotic stress resistance. With the development of next-
generation sequencing (NGS) technologies, the cost and time involved in genomic
selection are drastically reduced [41]. The genomic-estimated breeding values
(GEBVs) of individuals are estimated based on genotype and phenotype datasets of
a training population. It results in high accuracy of measuring the genetic worth of
an individual compared to other selection methods [42]. The rapid genetic gain was
realized in wheat through the implementation of genomic selection with other speed
breeding protocols [43]. Several haplotypes related to yield improvement have been
identified in rice and many other species. Introgression of haplotype into superior
cultivars requires more breeding cycles and is highly time-consuming. The haplotype
breeding can be accelerated by the integration of speed breeding protocols with the
genomic selection approach [9]. Speed breeding also serves as a promising strategy
for the rapid advancement of generations in transgenic crops [44].

3. Challenges in adoption of speed breeding protocols

The use of speed breeding techniques for crop improvement demands high infra-
structure equipped with control facilities for temperature, photoperiod, humidity,
and other factors. It requires the need for expertise/skilled technicians for the main-
tenance of experimental crops in controlled conditions [45]. Lack of modern tools/
techniques in underdeveloped countries, lack of continuous financial assistance, and
unsupportive policies add up the concern toward adoption of speed breeding protocol
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in practice. Many experimental fields have reduced access toward a continuous supply
of electricity. The use of energy-efficient LED bulbs and air conditioners under solar
power with battery support may help to some extent for small infrastructures. The
limited number of crosses and population is maintained under speed breeding due

to high input and maintenance costs for infrastructure. Integrated research employ-
ing scientists from different organizations is needed to avoid duplications of work,
minimize investments on resources, and help in support/sharing of specialized
equipment.

4, Conclusion

The adoption of speed breeding protocols in crop improvement programs will has-
ten the breeding cycle to a great extent with improved selection efficiency. It promotes
the rapid delivery of resilient varieties by integrating modern breeding techniques
with generation advancement protocols. The superior genotype with improvement
over multiple traits such as yield, quality, biotic, and abiotic stress resistance can be
developed at a minimal period with the inclusion of high-throughput genotyping and
phenotyping platforms in speed breeding. Many superior varieties have been rapidly
developed in economically important species through the exploitation of speed breed-
ing techniques. The inclusion of genomic selection approaches in speed breeding paved
the way for the improvement of complex traits governing resistance. Few modified
conventional approaches viz., single plant selection, single-pod descent, and single-
seed descent are included in speed breeding protocols which greatly reduced the limi-
tations of long generation time, cost, and labor. The evolution of advanced genomic
techniques coupled with rapid gene fixation approaches offers faster realization of
genetic gain in crop breeding programs. In addition to accelerated progression toward
the attainment of homozygosity, the speed breeding protocols also prove efficient in
the rapid evaluation of genetically modified/transformed lines of a crop species. The
standardized speed breeding protocols suitable for small environments are now avail-
able with modification provisions to meet the local needs. However, it still remains a
less adopted choice in many developing countries due to cost-expensive infrastructure
development, lack of trained professionals, unsupportive policies, no proper financial
support from the public domain and lack of essential resources. With the coordination
of multidisciplinary organization, speed breeding becomes an efficient tool to meet
ever-challenging food demand under changing climatic conditions.
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Abstract

Non-coding RNA molecules are generally present in a dispersed manner
throughout the genome. They may behave as long ncRNAs or convert into small
RNAs of around 20-24 nts that are universally categorized using their size,
function, or chromosomal position. ncRNAs are thought to play a vital role in
regulating and modulating gene expression apart from their prospective role in
several epigenetic mechanisms controlling specificity in biochemical pathways and
phenotype development in clonal cells. They are also part of the natural defense
system against viruses. ncRNA modulates genes by transcriptional and transla-
tional control of growth, development, and stress response alongside other RNA
molecules. Some modes of action have unraveled in recent years. A lot more needs
to be pondered upon for comprehending their involvement in the extremely intri-
cate processes in a more wholesome manner. In this chapter, we will discuss the
different ncRNA, their origin, classification, and their role in various physiological
processes. Practical examples of the discovery of ncRNA in different crops and
their functions have also been elucidated with the required details. The yield and
quality enhancement, along with the better stress response being the aim of the
crop improvement program, the prospective utilities of ncRNA are also explained
in the subsequent part of the chapter.

Keywords: ncRNA, Epigentics, gene regulation, stress response, plant breeding

1. Introduction

RNA is the ribonucleic acid, one of the earliest formed molecules to shape life on
earth. Being single-stranded, these are known to have a shorter life span and integrity
compared to DNA. But, from other angles, these properties make RNA a magical
molecule with a unique ability to work inside and outside the nucleus, leading to
diverse sorts of roles in structural to regulatory aspects. In the case of the prokaryotes,
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most of the transcribed RNA is translated because of the smaller size of the genome
and the variety and load of work endowed on it for the organism’ survivability.

But, in the case of the eukaryotes, as the genome size gets bigger, the actual coding
part of the chromosomes becomes sparse and rather scattered, mostly. Secondly, the
coding genes occupy only 1-2% of the genome. A very high percentage of eukaryotic
genomes around up to 90% undergo transcription to produce RNA, nevertheless only
a little portion of transcripts get actually translated into proteins [1].

Out of the total RNAs, non-coding RNA (ncRNA) pertains to active and
functional RNA molecules that are not translated into proteins, although being
transcribed from DNA. They encompass a wide range of RNA molecules having
the potential to play in the regulation of gene expression [1]. They can act as long
ncRNAs or be converted into s very smaller size RNA molecule proteins in eukary-
otic cells. Mostly ncRNA is categorized worldwide based on its size, function, or
genetic origin [1].

Based on the size of the molecule, their origin, functionality, and ncRNA are
sorted into either the long non-coding RNAs (IncRNAs) having nucleotide lengths of
more than 200 nucleotides or the small RNAs (sRNAs), which are comparatively quite
smaller in size. Again the sSRNAs are further classified into different types of RNA,
such as miRNA, siRNA, piRNA, which will be disused further in detail with the vari-
ous aspects of their origin, features, functions, and other aspects in the later section
of the chapter.

ncRNAs are responsible for a wide range of biological functions. They control
gene expression at the transcriptional, RNA processing, and translational levels by
the particular structural aspects of RNA itself. Recent discoveries also show their
role in various epigenetic phenomena affecting multiple physiological pathways
and expression of particular phenotypes in a different situation. The fraction of the
coding region of the protein genome varies considerably and is oppositely propor-
tionate to the genome’s size and complexity [2]. Many regulatory ncRNAs do have
relatively high specificity of the target, whereas others serve as a major modulator
of extensive regulatory signaling networks by acting across the genome [3]. They
keep alien nucleic acids out of genomes and safeguard the genome against them.
Non-coding RNAs target a single gene and pathways involving multiple genes at
the genome level through distinct molecular mechanisms. Hence, these regulatory
ncRNAs could be potential breeding targets for advanced breeding programs in
plants [4]. They can regulate the synthesis of DNA and also take part in the reor-
ganization of the genome. The biological activity of ribozymes and riboswitches is
served by several ncRNAs that use the power of base pairing to interact with other
nucleic acids preferentially [5].

Non-coding RNAs (ncRNAs), which act as a natural defense mechanism
against—attacking viruses, have also been found as effectors in RNA-mediated gene
silencing and hence now utilized in crop genetic modification [6]. The role of ncRNA
has been observed in RNA interference and other regulatory mechanisms in plants;
these provide a huge scope for the use of advanced molecular biology tools on these
for enhancing the production potential of plants and modulation of growth and
development of a plant to a certain extent. These have also been reported to influence
the genes and biochemical pathways involving important traits like floral growth,
maturation of seed, various biotic and abiotic stresses, along with pest and disease
resistance processes. The ncRNA and their detailed structural to functional aspects
are narrated meticulously in the upcoming sections of the chapter.
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2. History of non-coding RNA

The beginning of the era of RNA dates back to the discovery of nucleic acids
by Friedrich Miescher in the late 1860s. Later on, rigorous research was carried
out about its structure, mode of action, and expression. Soon it became clear
that majorly three kinds of RNA were involved in the protein production process,
translation where mRNA was the carrier of genetic information ultimately trans-
lated into protein, and the process is assisted by tRNA and rRNA. Secondly, with
the advent of newer technologies in molecular biology, several new RNA molecules
appeared in the picture, out of which some had some role in the regulatory path-
ways or physiological pathways, for some other function is still unknown. Since,
among all these only, mRNA codes for the protein, all other RNAs are termed
non-coding RNA.

The first non-coding RNA to be discovered was the tRNA and its role in
transferring amino acids was first observed by Paul C Zamecnik and Mahlon
Hoagland in a cell-free system when RNA molecules were radioactively labeled
[7]. Furthermore, it was the first non-coding RNA to be sequenced [8]. Later, in
the early twenty-first century, many types of non-coding RNA, such as siRNA,
miRNA, and piRNA, were discovered namely which had a role in gene regula-
tion. During post-transcriptional gene silencing, a 25-nucleotide antisense RNA
complementary to the target RNA was detected. This short interfering RNA,
in virus-induced gene silencing, suppresses the production of viral proteins on
binding with the target viral mRNA. This is a type of defense mechanism based on
RNA against RNA and DNA viruses [9].

Caenorhabditis elegans is a completely sequenced nematode used as a model organ-
ism for many research programs. Out of its four larval stages, L1, L2, L3, and L4, it
was found that the gene lin-4, the first miRNA discovered, was crucial for the transi-
tion of the larva from L1 to L2 [10].

H19 and Enod40 were the first eukaryotic IncRNA to be discovered [11]. The first
plant IncRNA was discovered by Crespi in 1994. Long non-coding RNAs were first
described during the whole genome sequencing and several types of IncRNA, such as
Xist, Airn, MALATI, HOTAIR were discovered [12]. Table 1 summarizes the different
discovery events of the ncRNAs.

3. Classification of non-coding RNAs

The major category of grouping non-coding RNAs is based on their origin,
nature of biogenesis, as well as based on its mechanism of action. The non-coding
RNA transcripts can either perform housekeeping or regulatory functions. Those
non-coding RNAs dynamically involved in cellular and ribosomal functions include
tRNAs, snRNAs, rRNAs, and snoRNAs, whereas the regulatory ncRNAs are actively
involved in most of the plant growth and development processes dealing with biotic
and abiotic stress responses and plant immunity [16]. These regulatory ncRNAs,
such as miRNAs, piRNAs, siRNAs, and IncRNAs, are transcribed from DNA and are
primarily involved in transcriptional and post-transcriptional gene regulations [17].
The basic classification of ncRNA is presented in Tables 2 and 3 described the brief
details about the ncRNA. These regulatory ncRNAs cannot generally transcribe into
proteins whereas housekeeping ncRNAs assist in protein translation [18].
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S. Type of Year of Scientists discovered Remark
No. ncRNA discovery
1. tRNA Before the Paul C Zamecnik and An adaptor molecule that mediates
1960s Mahlon Hoagland translation
2. rRNA Before 1965 Ribosomal RNA
snRNA 1966 Small nuclear RNA
4. snoRNA 1968 Small nucleolar RNA—U3 species—
first snoRNA discovered
5. siRNA 1999 Hamilton and Small interfering RNA
Baulcombe
phasiRNA Chenet al. [13]
tasiRNA 2004 Trans-acting siRNA
easiRNA Slotkin et al. [14] Epigenetically-acting siRNA
natsiRNA
6. miRNA 1993 Leeet al. [10] Micro RNA
7. piRNA 2006 Aravin et al. [15] PIWTI: P-element Induced WImpy
testis in Drosophila
8. IncRNA Pachniset al. [11] H19, XIST, and HOTAIR
Table 1.

List of ncRNA and their brief history.

ncRNA

housekeeping

tRNA | | miRNA | siRNA
| |

regulatory

r |

E‘piRNA‘

IncRNA ‘

rRNA

1 snRNA

1 snoRNA

linear

circular

Table 2.

Classification of ncRNA.

4. Biogenesis of non-coding RNA

Basically, ncRNAs are consequence of various processes, such as the process of dupli-
cation, modification of transposons during the evolutionary process, pseudogenization
of actual coding sequences, doubling of RNA viruses, part of some hairpin structures,
double-stranded RNAs from heterochromatin regions and DNA repeats [19]. Despite
having a similar structural build, the SRNA varies greatly in their method of biogenesis.
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4.1 miRNA

MicroRNAs are generated out of primary microRNAs (pri-miRNAs) by the
action of RNA polymerase II. These precursor molecules have a double-stranded
secondary structure which later on gets cleaved by DICER-LIKE 1 (DCL1) mol-
ecules to form single-stranded siRNA. These raw miRNAs is further processed
in the nucleus before being exported to the cytoplasm [1]. Mature single miRNA
that incorporates the RISC complex binds with other complementary mRNA
sequences [20].

4.2 IsomiRNAs

IsomiRNAs (IsomiRNAs) are one of the variants of miRNAs that arise because of
the inaccurate cleavage action performed through the RNase III enzyme. These may
also be developed via the process of post-transcriptional RNA editing [21, 22].

4.3 siRNA

siRNAs are derived from long dsRNAs produced during varied mechanisms, such
as folding in an inverted sequence, from a long non-coding RNA, hybridization of
two fully or partially complementary sequences. This further gets processed by the
action of DCL2, DCL3, and DCL 4 proteins, leading to the formation of 22 nt, 24 nt,
and 21 nt siRNA, respectively [3]. RNA-dependent RNA polymerases 2 and 6 (RDR2,
RDR6), and DNA-dependent RNA polymerases IV and V in plants also take part in
the production of siRNAs [23].

4.4 phasiRNA and tasiRNA

In plants, phasiRNAs are the partially degraded product of mRNA as being
passed through the RISC complex. DCL proteins are involved in this slicing process
of dsRNAs to form a group of 21- or 24-nt siRNAs, termed phasiRNAs, Trans-acting
siRNAs (tasiRNAs) are a class of DCL4-dependent 21-nt phasiRNAs generated from
non-coding TAS transcripts [24, 25].

4.5IncRNA

IncRNAs have appeared from intergenic, particularly regions giving rise to long
intergenic ncRNAs (lincRNAs) and those developed from intronic regions giving
intronic ncRNAs (incRNAs) [26]. lincRNAs and IncRNAs belong to conventional
linear IncRNAs. Circular RNAs (circRNAs) generally develop from coding regions or
intronic regions.

4.5.1 Linear-long non-coding RNAs
The IncRNAs, such as lincRNAs and IncRNAs are linear IncRNAs transcribed
by Pol II. Because of having similar features as that of mRNA with a 5_ m7G

cap and a 3_ poly (A) tail, they undergo similar modifications later on called
mRNA mimics [27].
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4.5.2 Circular long non-coding RNAs

Mostly these are circRNAs derived from back-splicing reactions of internal exons
in pre-mRNAs and further move to the cytoplasm. Some other circRNA localized in
the nucleus is produced from excised intron lariats that fail to be debranched [27].

5. Characteristic features of non-coding RNA

Non-coding RNAs are RNA molecules that are transcribed from DNA but cannot
code for a protein. With the advances in transcriptomics and sequencing techniques,
thousands of small and long non-coding RNAs were identified. They generally play
a major role in gene regulation at the transcriptional or post-transcription level
and some regulatory ncRNAs possess high target specificity and some ncRNAs are
involved in epigenetic mechanisms too. A few major ones are discussed below.

5.1tRNA (transfer RNA)

Next to mRNA which is the coding RNA, tRNA, and rRNA are considered more
prominent. tRNA typically contains less than 100 nucleotides and, as their name indi-
cates, their job is to carry an amino acid to the protein-synthesizing machinery. tRNA
usually takes a clover leaf secondary structure, which forms a 3D L- shaped structure
by stacking the helices. The structure of tRNA was found to be almost similar among
different tRNA species. The secondary structure includes the acceptor arm, anticodon
arm, T-arm and D-arm, and a variable arm. It was found that the size of the acceptor
arm, anticodon arm, and T-arm were conserved whereas the D-arm and variable arm
differ in their sizes [28]. This difference in the sizes of the variable arm led to the
grouping of tRNAs into two classes. The major proportion of tRNA belongs to class I
with less than 10 nucleotides in the variable loop; the class IT tRNAs included tRNASeT,
tRNA™" and tRNA"" with more than 10 nucleotides [8].

5.2rRNA (ribosomal RNA)

It is one of the longest and most stable RNA molecules which form a major
constituent of protein-synthesizing organelle comprising nearly 60% of ribosome’s
mass. Ribosomes of both prokaryotes and eukaryotes are made of smaller and
larger subunits and they form a complex during translation. The smaller subunit
of prokaryotes constitutes an RNA molecule with a Svedberg coefficient of 16S
and its sedimentation rate is 30S after combining with other proteins. The larger
subunit has two RNA molecules (5S and 23S) and they form a 50S subunit by
binding with other proteins. On the contrary, the eukaryotic ribosome consists of
60S and 40S subunits with the larger subunit containing two long RNA molecules
(18S and 28S) and the smaller subunit containing two short RNAs molecules (5S
and 5.8S). A unique rRNA component, such as an undescribed helical structure,
was found in the small subunit near the mRNA exit channel of 80S ribosome of
Trypanosoma crugi, a protozoan that causes Chagas disease. This structure was most
likely involved in the binding of the ribosome to the 5end of the mRNA facilitating
translation [29].
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5.3 snRNA (small nuclear RNA)

One of the most important post-transcriptional modifications is the splicing of
pre-mRNA which is carried out by an RNA-protein complex known as spliceosome.
Small nuclear RNAs form a part of this spliceosome and catalyze splicing [30]. On
account of their sub-nuclear localization, snRNAs are grouped into spliceosomal uri-
dylate snRNA, which is the most conserved among eukaryotes, small nucleolar RNA
(snoRNA), and small Cajal-body-specific RNA (scaRNA) [31]. UsnRNA comprises
U1-U6 being the most abundant and U7-U14 being the low abundant ones. The five
major types U1, U2, U4, U5, and U6 are involved in the splicing of mRNA, whereas
U3, U8, U13, and U14 are involved in the processing of mRNA [32]. Small nuclear
ribonucleoprotein complexes (snRNPs) are formed by the association of each snRNA
with one or more proteins.

5.4 snoRNA (small nucleolar RNA)

snoRNAs are functional non-coding RNAs with a length of 60-300 nucleotides,
which are usually found near nucleoli and are prevalent in all eukaryotic organ-
isms. Like snRNPs, they also form snoRNPs in association with a set of proteins
[33]. snoRNA are majorly categorized into C/D box, snoRNAs which contain two
conserved sequences box C (RUGAUGA and box D (CUGA) and direct 2’-O-ribose
methylation, whereas H(ANANNA)/ACA box snoRNAs directs pseudouridylation.
This classification is based on conserved sequence motifs [34]. The binding of fibril-
larin, Nop56p, Nop58p, and 15.5 kDa/Snul3p snoRNP proteins are directed by the box
C/D motif and form a kink turn, which is the most prevalent motif found in various
RNAs. Proteins like dyskerin/Cbf5p, Garlp, Nhp2p, and NoplOp are associated with
the box H/ACA snoRNAs [35].

5.5 Other small non-coding RNA

Many types of small non-coding RNA have emerged in the last decade, but it is
mainly classified into si (short interfering RNA), miRNA (microRNA), and piRNA
(piwi-interacting RNAs). These are small non-coding RNAs with a length of about
20-30 nucleotides and form a protein complex with the Argonaute protein family and
are present only in eukaryotes [36, 37].

5.5.1 miRNA and siRNA

Both miRNA and siRNA are initially part of a double-stranded RNA molecule with
a guided strand and passenger strand. Their size is around 20-24 nucleotides only.
A unique feature of siRNA is the occurrence of di-nucleotide overhang at the 3’OH.
Phased siRNAs, trans-acting siRNAs, epigenetically activated siRNAs, and natsiRNAs
are some of the types of siRNAs that play a role in regulating gene expression. A simi-
lar type of small non-coding RNA is the miRNA which is a small single-stranded RNA
transcribed from DNA sequences into primary miRNA and processed into precursor
miRNAs and finally becomes a mature miRNA [38]. Both siRNA and miRNA are
almost similar in their biogenesis where an enzyme of the RNAse III family cleaves
dsRNA into siRNA and miRNA. Respective RNA-induced silencing complexes are
formed with the association of siRNA and miRNA termed siRSC and miRSC and are
involved in gene regulation [39].

62



Non-Coding RNA and Its Prospective Utilization in Plant Breeding
DOI: http://dx.doi.org/10.5772/intechopen.106429

5.5.2 piRNA

piRNAs are also single-stranded with a length of 23-36 nucleotides and are more
prevalent in animals. They bind to PIWI proteins that belong to the Argonaute protein
family. The binding to PIWI and the independence from Dicer distinguished piRNA
from siRNA and miRNA. piRNA is grouped into transposon-derived piRNA, miRNA-
derived piRNA, Inc-derived piRNA, and Caenorhabditis-specific piRNA [40].

5.6 IncRNA (long non-coding RNA)

As previously said, non-coding RNA is of two types, small and long. IncRNA
due to its length of more than 200 nucleotides develops complicated secondary and
tertiary structures. They are prevalent either in the nucleus or in the cytoplasm of
the cell. To sustain their function, structural conservation is more common than
nucleotide sequence conservation. Furthermore, when compared to other non-coding
RNAs the conservation is found to be less and low prevalence adds to the challenge of
identifying and understanding the mode of action. Long non-coding RNA contains
linear and circular IncRNA. They are synthesized from pre-mRNA by alternate splic-
ing, which consists of a 5’ cap and 3’ tail. In circular ncRNA, the 5end and 3’ end are
linked forming a circle-like structure [41]. It was found that the level of expression
varies between different types of IncRNA, some are organ and tissue-specific and the
rest are expressed after encountering different external or internal stresses [42, 43].

6. Role of ncRNA in different physiological pathways in plants

Recent development in molecular biology tools has led to advanced research in the
area of ncRNA, which in turn gave rise to newer insights about the various roles of
ncRNA in plants. The finding and reports about these roles are summarized in Table 4.

6.1 ncRNAs determining plant yield and nutrition

The role of ncRNAs in various physiological traits and growth parameters is
well studied, moreover also have an indirect influence on yield through these
traits viz., tillering modulation and panicle branching related genes in rice
through SPL transcription factors controlling, such as OsTB1 [66] and DEP1
[67] (regulatory non-coding article). Zhang et al. [68] reported overexpression
of miR397 resulted in increased panicle branching with desired grain size sup-
pressing the LACCASE gene. Apart from miRNA, several IncRNAs controlling
photoperiod sensitive male sterility LDMAR (for long-day specific male-fertility-
associated RNA) in rice are responsible for panicle development, floral organ
development, sexual reproduction, and also control the premature programmed
cell death of developing anthers.

It is interesting to understand the role of ncRNA that was earlier considered junk
having a role in nutrient use efficiency as well as nutrient absorption efficiency.
Both miRNAs and IncRNAs are well involved in phosphate metabolism and homeo-
stasis. miR399 suppresses phosphate homeostasis genes PHO2 leading to increased
uptake of phosphorous [69]. Similarly, IncRNAs in rice control the expression of the
OsPHO1 gene family during phosphate-deprived conditions [70]. Thus, modulating
nutrient-related traits thereby contributes toward good yield performance. Not only
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phosphorus but these ncRNAs are also reported to be involved in root nodulation
thereby on nitrogen metabolic pathway [71].

6.2 ncRNAs in plant growth and development

Apart from their major role in stress response, these ncRNAs, such as miRNAs,
are actively involved in the regulation of the transition of the vegetative phase by
regulating SPL genes in several angiosperm species. For example, the vital role of
miR172 in flowering control has been studied in rice, maize, barley, and soybean. In
rice, the monocot-specific miR444 controls tillering [47] and participates in antiviral
defense. miR528, a monocot-specific miRNA, is induced by nitrogen luxury condi-
tions in maize and regulates lodging resistance by targeting the lignin biosynthesis
genes ZmLACCASE 3 (ZmLAC3) and ZmLACS5 [72]. si RNAs, on the other hand, are
involved in transcriptional gene silencing regulated by RNA-directed DNA methyla-
tion and also have a vital role in genome stability. siRNAs are also reported to monitor,
genome compatibility and dosage during reproduction and hybridization [73].

7. Function of ncRNA concerning prospective areas of utilization of
ncRNA in plant breeding

A major portion of eukaryotic transcriptomes comprised of ncRNAs, which were
considered “junk” till the recent past, actually carry out significant roles in almost all
the biological processes via regulation of gene expression at transcriptional and post-
translational stages. Thus, these diverse ncRNA plays a vital role in plant development
and environmental responses, which can be well employed in applied plant breeding
and crop improvement. In drosophila, 30 UTR of mRNA is required for oogenesis [74].
Many studies also report the significant role of 30 UTR mRNAs in transmitting infor-
mation required for cell proliferation as well as cell differentiation during cancers [75].

7.1 Abiotic and biotic stress response

These ncRNAs have considerable responsibility for plant stress response as well as
plant immunity that can be better utilized in plant breeding for crop improvements.
Jhaet al. [76] have highlighted the differential expressions of ncRNAs in plants
when they are ubjected to unfavorable conditions. Zhang et al. [68] identified that 17
microRNA were downregulated and 16 upregulated when subjected to drought stress
at the seedling stage. A similar study was carried out on maize screened for drought
conditions by Liu et al. [77]. When drought condition was induced, eight and seven
miRNAs were enhanced in leaves and roots, respectively, whereas 13 and seven miR-
NAs were found to be suppressed in leaves and roots, respectively. In addition, a single
miRNA can be upregulated and downregulated to express the same stress reaction.
For example, in maize miR156, miR164, and miR171 undergo varying expressions
when subjected to drought conditions. Similarly, differential expression was exhib-
ited by miR156, and miR171 in rice was also reported [78, 79]. Table 5 depicts the use
of various miRNA in stress responses.

Sunar et al. [121] have found the role of siRNAs in response to abiotic stresses.
Several studies of abiotic stress tolerance in wheat indicate that siRNA is upregulated
when exposed to cold stress but are down-regulated when subjected to heat stress,
NaCl and dehydration conditions [122]. Wang et al. [123] reported the contribution
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Application Crop Gene References
Viral Potato HC-Pro (Potato virus-Y) Waterhouse et al. [80]
diseases Silencing of viral coat protein Missiou et al. [81]
medicinally Silencing of viral coat protein Kertbundit et al. [82]
important
papaya
Black gram Hairpin construct of the non-coding intergenic Pooggin et al. [83]
region of mungbean yellow mosaic India virus
Tobacco Tobacco mosaic virus asRNA CP Powell et al. [84]
Pepper PMMoV RNAi PMMoV replicase Dalakouraset al. [85]
Cassava siRNAs designed to the replicase (Rep)-coding Vanitharani et al. [86]
sequence of African cassava mosaic virus
Cassava brown streak disease (CBSD) Patil et al. [87]
Bacterial Avabidopsis Crown gall disease management strategy that Dunoyer et al. [88]
diseases thaliana targets the process of tumorigenesis (gall
formation) by initiating RNAi of the iaaM and
ipt oncogenes
Rice Leaf blight RNAi OsSSI2 Youniset al. [89]
Fungal Nicotiana Downregulation of GST (glutathione Hernédndez et al. [90]
disease tabacum S-transferases) enzyme against Phytophthora
pavasitica vay. nicotianae
Apple Apple scab fungus RNAi GFP & THN Fitzgerald et al. [91]
Wheat and Powdery mildew fungi Blumeria graminis Nowaraet al. [92]
Barley
Rice Sheath blight pathogen RNAi RPMK1-1/-2 Ila Mukul Tiwari
et al. [93]
Banana Fusarium oxysporum f. sp. Cubense by RNAIi- Ghaget al. [94]
mediated knockdown of vital genes of fungus
(velvet and Fusarium transcription factor 1)
Insect Cotton Cotton bollworm gut-specific-c cytochrome Maoet al. [93]
resistance P450 gene CYP6AE14, which confers
resistance to gossypol
Corn In plant expression of dsRNA against western Baumeet al. [95]
corn rootworm larvae (Diabrotica virgifera) Maoet al. [93]
Tobacco dsRNA against Zhuet al. [96]
EcR-USP (ecdysone receptor ultra-spiracle Kumar [97]
particle), Xionget al. [98]
AChE (acetylcholinesterase) and HR3 involved
in the regulation of molting and development
in H. armigera
Nematode Megalaima incognita mitochondrial ATP synthase Huang et al. [99]
attack b subunit) silencing of root-knot nematodes
Male Tobacco Downregulation of anther-specific gene TA29 Nawaz-ul-Rehman
sterility by RNAi et al. [100]
Tomato Male sterility RNAi SmTAF10/13 Toppino et al. [101]
Rice hairpin RNA for OsGEN-L (OsGEN-like) gene Moritoh et al. [102]
Tomato S-Adenosylmethionine decarboxylase Sinha and Rajam [103]

(SAMDC), control of tapetal-specific A9
promoter using RNAi
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Application

Crop

Gene

References

Quality

Maize

Downregulation of lysine-poor zein gene via
RNAi

Angajiet al. [104]

Rice

Increased 2-Acety-1-pyrroline production by
silencing OSBADH2 gene

Khandagale et al. [105]

Cotton

hpRNA-mediated gene silencing of two
fatty acid desaturase genes, stearoyl-
acylcarrier protein D9-desaturase and
oleoylphosphatidylcholine u6-desaturase for
the fatty acid composition of cottonseed oil

Liuet al. [106]

Potato

Silencing the p-carotene hydroxylase gene
(BCH) to enhance B-carotene content

Ecket al. [107]

Brassica
napus

Silencing of DE-ETIOLATED1 (DET1) for
increased levels of lutein, p-carotene, and
zeaxanthin

Wei et al. [108]

Tomato

Suppressing an endogenous
photomorphogenesis regulatory gene, DET1,
both carotenoid and flavonoid contents were
increased

Davuluri et al. [109]

Cassava

Removing linamarin, using RNAI silencing
CYP79D1/D2

Meena et al. [110]

Wheat

Enhancing amylose content using asRNA,
targeted gene: Sbe2a

Sestili e al. [111]

Rice

Reduce cadmium RNAi OsPCS1

Liet al. [112]

Brassica

Reduce erucic acid RNAi BnFAE1

Shiet al. [113]

Wheat

Reduce glutinin RNAi y-gliadins

Gil-Humanes et al. [114]

Secondary
metabolites

Rice

hpRNA from an inverted repeat for glutelin,
leading to lower glutelin

Kusabaet al. [115]

Papaver
somniferum

Reduce the levels of the gene encoding the
morphine biosynthetic enzyme salutaridinol
7-O-acetyltransferase (SalAT) led to the
accumulation of the intermediate compounds,
salutaridine and salutaridinol

Kempe et al. [116]

Cotton

RNAI construct of the d-cadinene synthase
gene of gossypol synthesis fused to a
seed-specific promoter caused seed-specific
reduction of gossypol

Sunilkumar et al. [117]

Keeping
quality

Tomato

Chimeric RNAi-ACS construct designed to
target ACS homologs effectively repressed the
ethylene production

Guptaet al. [118]

Tomato

SISGR1 (encoding a STAYGREEN protein,
retention of firmness and sustained cell
membrane integrity and resulting in delayed
fruit senescence

Luoet al. [119]

Banana

Enhanced shelf-life RNAi MaMADS1/S2

Elitzur et al. [120]

Table 5.

Application of RNAi in crop quality and stress breeding.
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of IncRNA in abiotic stress response by utilizing two distinct mechanisms, either

they block the miRNA interactions with their target by mimicking as competitive
endogenous RNAs. This mechanism of abiotic stress tolerance was reported in rice. The
alternative mechanism followed by IncRNAs is antisense IncRNAs interact with sense
mRNAs, forming double-stranded RNAs thereby preventing the expression of the
gene. Zhang et al. [124] mentioned such interactions in drought stress studies of maize.

7.2 Plant immunity

ncRNAs also regulate plant disease resistance by switching on downstream
R-genes, as well as the genes responsible for pathogenesis-related proteins or phenolic
compounds or phytoalexins, and several other phytohormones signals in response to
pathogen attack. miRNAs are engaged in Resistance gene (R-gene) regulation, whose
activation is essential at the time of invasion by the pathogen. miRNAs, such as miR482,
are downregulated during pathogen infection in potato, whereas its overexpression may
lead to hypersensitive reactions [125]. Tables 6 and 7 shows the crop-wise representa-
tion of different miRNA and other ncRNAs in maintaining plant immunity.

Other than stress breeding, the aspects of immunity, ncRNA, especially miRNA,
have been explored in detail for their potential use in different attributes of crop breed-
ing like enhancing the quality of the yield and its keeping quality, deposition of the
secondary metabolites. It can also be used to induce male sterility in the plant, which is
an important aspect of hybrid breeding. Table 5 encapsulates different reports of usage
of miRNA in various crops in the above-mentioned aspects of crop breeding.

8. Different repositories and databases of ncRNA research

In the recent past, non-coding RNAs have grabbed the attention of many research-
ers for their role in gene regulation. Different databases for housekeeping non-coding
RNA and regulatory ncRNA have been developed which provided the scientists with
a lot of information for their functional study. The sequence of tRNA was the one
first compiled and published in 1989 with 455 tRNA sequences and 981 tRNA genes
[156]. The primitive database for non-coding RNA was ncRNAdb which had 30,000
sequences with no specificities [157] and later the amount of information drastically
increased and individual databases for each non-coding RNA are developed, such as
silva for rRNA, miRNase for miRNA, snOPY for small nucleolar RNA.

Countless novel techniques had been emerged in the past decade, which led
to the discovery of several new ncRNAs and ncRNA genes that are functionally
characterized by modern biotechnological tools. Eukaryotic sSRNAs, such as miRNA
and siRNA, are short sequenced RNA molecules with a length of a maximum of 25
nucleotides. Detection algorithms of sRNA from RNA seq data involve mapping of
single or paired-end reads to a reference genome later converted into genome-wide
distribution. This is feasible when the size of sRNA is small and where the distribu-
tion remains uniform throughout the transcript. However, in bacteria with a lengthier
sRNA ranging from 50 to 350 nucleotides, algorithms have to be designed in such a
way to overcome the challenges imposed due to the extremely variable number of
small transcripts. One such tool is APERO (analysis of paired-end RNA-seq output),
which is used to detect bacterial sSRNAs from the sequence data of RNA neglecting
the need of converting the reads to genome-wide coverage which leads to the loss
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Crop Function and target References
Arabidopsis Trigger phasiRNA production target is RPS5 Boccaraet al. [126]
Regulate immune receptor targeting PPRL Katiyar-Agarwal et al. [52]
As transcription factor targeting GRFs Soto-Suarezet al. [127]
Regulate receptor-like kinase targeting ARLPK1/ Niuet al. [57]
ARLPK2
ROS accumulation, targeting genes; PPR1/PPR2 and Parket al. [128]
At5g38850/At3g04220 Nieet al. [129]
PR gene expression; MEMB12 Zhang et al. [130]
Callose deposition; MET2 Salvador-Guirao et al. [131]
Hormone; TIR1/AFB2/AFB3 Navarro et al. [132]
miRNA biosynthesis pathway; SERRATE Niuet al. [57]
Rice Act as transcription factor for the targeted genes Lietal. [133]
NF-YAs, NAC60 and IPA1 Wanget al. [134]
Liuet al. [135]
ROS accumulation; ASCORBATE OXIDASE Wuet al. [136]
Yaoet al. [137]
PR gene expression; Nramp6 Campoet al. [138]
Sanchez-Sanuy et al. [139]
Callose deposition; ARF16 Liet al. [140]
Tobacco Trigger phasiRNA production, target is N-gene Liet al. [141]
Denget al. [142]
Trigger phasiRNA production, target is EU713768 de Vrieset al. [143]
Brassica Regulate immune receptor, targets BraTNL1 Heet al. [144]
Medicago Trigger phasiRNA production, Medtr4g023400/ Zhai et al. [145]
Medtr4g014580/ Medtr5g071220
Soybean Regulate immune receptor Cuiet al. [146]
Barley Trigger phasiRNA production, MLA1 Liuet al. [147]
Table 6.

miRNA in plant immunity.

Crop Function and target References
Arabidopsis Regulate immune receptor targeting TOE1/TOE2 Zouet al. [148]
Rice Act as transcription factor for ST1 Zhang et al. [149]
Tomato Regulate immune receptor Jiang et al. [150]
Jiang et al. [151]
Regulate receptor-like kinase Honget al. [152]
ROS accumulation; Cuiet al. [153]
SIGRX21/SIGRX22 and Cuiet al. [154]
RBOH
PR-gene expression; miR168a Houet al. [155]
Table7.

Other ncRNAs in plant immunity.
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of information. Instead, it is based on detecting the 5end of the small transcripts
and recognizing the extension of the transcript where the conserved information of
sequenced fragments increases the accuracy [158]. Table 8 brings together different
databases available for the advanced panel of research on ncRNAs.

Recent years have witnessed the advancement in sequencing methodologies, such as
long-end sequencing and optical mapping, for more accurate and faster sequencing at
affordable rates. Cufflinks, and CIRCexplorer [159, 160] are some of the bioinformat-
ics tools used for the discovery of ncRNA. Molecular approaches, such as cloning and
hybridization techniques, were able to detect and characterize ncRNAs, but they came
with alot of false positives. Currently, the most reliable approach for predicting and func-
tionally characterizing ncRNAs are NGS (Next Generation Sequencing) and CRISPR-
Cas9 genome editing techniques [161]. The list of databases developed for non-coding
RNA and specific ncRNA is given below. (https://rnacentral.org/expert-databases) [162].

9. Conclusion

Non-coding RNAs (ncRNAs) possess little or no protein-coding capacity yet are
indeed functional. They make up a huge and significant percentage of eukaryotic
transcriptomes. It modulates expression levels at various stages of protein synthesis,
playing an important regulative involvement in practically all biological processes.
MicroRNAs (miRNAs), small interference RNAs (siRNAs), circular RNAs (cir-
cRNAs), and long non-coding RNAs (IncRNAs) are the major non-coding RNAs.
These can either operate as long ncRNAs or be converted into small RNAs. They are
classed worldwide based on their size, function, and genetic origin. Non-coding
modulates its targets via interacting with DNA, RNA, and proteins. These have a role
in multiple epigenetic mechanisms controlling phenotypes, as well as the specification
of various physiological pathways. MicroRNAs control the level of gene expression
by increasing the disintegration of target mRNAs or inhibiting translation. They are
involved in many aspects of plant growth and have the power to reconfigure responses
to various biotic and abiotic stresses. The modulation of immunological responses in
plants has been linked to non-coding RNAs, DNA and RNA methylation, along with

S. No. Database Specification
1. tRNAdb tRNA sequences and tRNA genes
2. miRTarBase microRNA-target interactions database
3. snoRNA Archaeal snoRNAs
4. RiboVision Ribosomal annotations
5. Rfam Collection of non-coding RNA families
6. piRBase piRNA
7. NONCODE Non-coding RNAs
8. IncRNAdb Eukaryotic long non-coding RNAs
9. GtRNAdb tRNA gene predictions
10. 5SrRNAdb 5S ribosomal RNAs
Table 8.

Different databases and their specifications.
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other epigenetic changes. Regulatory ncRNAs in plants are being highlighted as poten-
tial targets for molecular breeding of agricultural trait improved crop plants, such

as improved abiotic and biotic stress tolerance, herbicide resistance, yield, enhance-
ment, and plants with amazing nutritional value with prospective high agricultural
importance. Non-coding RNAs (ncRNAs) are also observed to work as a defense
system against invading viruses as effectors molecules in RNA-mediated gene silenc-
ing and are being exploited in agricultural genetic modification. They also act as key
moderators in the level of plant immunity and adaptation to different environments.
Plant IncRNAs participate in a wide range of biological processes, including regulation
of flowering time and morphogenesis of reproductive organs, as well as abiotic and
biotic stress responses. Given the discoveries of these ncRNA in the above-discussed
processes, be it physical or physiological, they show a new ray of light toward the use
of them in crop breeding. In this regard, the areas, especially the quality breeding,
stress breeding for abiotic and biotic stresses, have a huge potential. Along with that,
looking at their role in changing the flowering and morphogenesis of plants, further
research may be carried forward in the direction of their utilization in altering plant
growth duration or producing genotypes for off-season breeding. The role of ncRNAs
in epigenetics also can be further studied for their exact role in the inheritance pattern
of different important traits. Over the last two decades, the research on non-coding
RNAs has shown newer insights about their structure, properties, and possible utilities
in different fields of life science. Further work is required to be expanded in newer
areas to more agriculturally important crops to harness the wonders of ncRNAs.

Author details

Debadatta Panda*, Latha Ananda Lekshmi, Rachel Lissy Vargheese,
Nallathambi Premalatha, Mahadevan Kumar and Lakshmanan Mahalingam
Centre for Plant Breeding and Genetics, Tamil Nadu Agricultural University,
Coimbatore, Tamil Nadu, India

*Address all correspondence to: debadattapanda555@gmail.com

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. 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.

72



Non-Coding RNA and Its Prospective Utilization in Plant Breeding

DOI: http://dx.doi.org/10.5772/intechopen.106429

References

[1] Quan M, ChenJ, Zhang D. Exploring
the secrets of long non-coding RNAs.
International Journal of Molecular
Sciences. 2015;16(3):5467-5496.

DOI: 10.3390/ijms16035467

[2] Taft RJ, Pheasant M, Mattick JS.

The relationship between non-protein-
coding DNA and eukaryotic complexity.
BioEssays. 2007;29:288-299.

DOI: 10.1002/bies.20544

[3] Shin SY, Shin C. Regulatory non-
coding RNAs in plants: Potential gene
resources for the improvement of
agricultural traits. Plant Biotechnology
Reports. 2016;10:35-47

[4] Zhou M, Luo H. MicroRNA-mediated
gene regulation: Potential applications
for plant genetic engineering. Plant
Molecular Biology. 2013;83:59-75

[5] Cech TR, Steitz JA. The non-coding
RNA revolution—Trashing old rules to
forge new ones. Cell. 2014;157(1):77-94.
DOI: 10.1016/j.cell.2014.03.008

[6] Diriba GD. Advances on the
application of non-coding RNA in
crop improvement. African Journal of
Biotechnology. 2021;20(11):440-450.
DOI: 10.5897/AJB2021.17348

[7] Kresge N, Simoni RD, Hill RL. The
discovery of tRNA by Paul C. Zamecnik.
Journal of Biological Chemistry.
2005;280(40):e37-e39. DOI: 10.1016/
S0021-9258(20)79029-0

[8] Sprinz]l M, Horn C, Brown M,
Ioudovitch A, Steinberg S. Compilation

of tRNA sequences and sequences of

tRNA genes. Nucleic Acids Research.
1998;26:148-153. DOI: 10.1093/nar/26.1.148

[9] Hamilton AJ, Baulcombe DC. A
species of small antisense RNA in
posttranscriptional gene silencing in

73

plants. Science. 1999;286(5441):950-952.
DOI: 10.1126/science.286.5441.950

[10] Lee RC, Feinbaum RL, Ambros V.
The C. elegans heterochronic gene
lin-4 encodes small RNAs with
antisense complementarity to

lin-14. Cell. 1993;75(5):843-854.
DOI: 10.1016/0092-8674(93)90529-y

[11] Pachnis V, Belayew A, Tilghman SM.
Locus unlinked to alpha-fetoprotein
under the control of the murine raf and
Rif genes. Proceedings of the National
Academy of Sciences. 1984;81(17):5523-
5527. DOI: 10.1073/pnas.81.17.5523

[12] Fatica A, Bozzoni I. Long non-coding
RNAs: New players in cell differentiation
and development. Nature Reviews
Genetics. 2014;15(1):7-21. DOI: 10.1038/
nrg3606

[13] Chen HM, Chen LT, Patel K, Li YH,
Baulcombe DC, Wu SH. 22-nucleotide
RNAs trigger secondary siRNA
biogenesis in plants. Proceedings of

the National Academy of Sciences.
2010;107(34):15269-15274. DOI: 10.1073/
pnas.1001738107

[14] Slotkin RK, Vaughn M, Borges F,
Tanurdzi¢ M, Becker JD, Feijé JA, etal.
Epigenetic reprogramming and small
RNA silencing of transposable elements
in pollen. Cell. 2009;136(3):461-472.
DOI: 10.1016/j.cell.2008.12.038

[15] Aravin A, Gaidatzis D, Pfeffer S,
Lagos-Quintana M, Landgraf P, Iovino N,
etal. A novel class of small RNAs bind

to MILI protein in mouse testes. Nature.
2006;442(7099):203-207. DOI: 10.1038/
nature04916

[16] Morris KV, Mattick JS. The rise
of regulatory RNA. Nature Reviews



Case Studies of Breeding Strategies in Major Plant Species

Genetics. 2014;15(6):423-437.
DOI: 10.1038/nrg3722

[17] D’Ario M, Griffiths-Jones S,

Kim M. Small RNAs: Big impact on plant
development. Trends in Plant Science.
2017;22(12):1056-1068. DOI: 10.1016/j.
tplants.2017.09.009

(18] Brosnan CA, Voinnet O. The long and
the short of non-coding RNAs. Current
Opinion in Cell Biology. 2009;21(3):416-
425. DOI: 10.1016/j.ceb.2009.04.001

[19] Voinnet O. Origin, biogenesis,
and activity of plant microRNAs. Cell.
2009;136(4):669-687

[20] Khraiwesh B, Zhu JK, Zhu J. Role of
miRNAs and siRNAs in biotic and abiotic
stress responses of plants. Biochimica et
Biophysica Acta. 2012;1819(2):137-148

[21] Wyman SK, Knouf EC, Parkin RK,
Fritz BR, Lin DW, Dennis LM. Post-
transcriptional generation of miRNA
variants by multiple nucleotidyl
transferases contributes to miRNA
transcriptome complexity. Genome
Research. 2011;21:1450-1461

[22] Banerjee A, Roychoudhury A,
Krishnamoorthi S. Emerging techniques to
decipher microRNAs (miRNAs) and their
regulatory role in conferring abiotic stress
tolerance of plants. Plant Biotechnology
Reports. 2016;10(4):185-205

[23] Bologna NG, Voinnet O. The
diversity, biogenesis, and activities of
endogenous silencing small RNAs in
Arabidopsis. Annual Review of Plant
Biology. 2014;65:473-503

[24] Chen X. Small RNAs and their roles
in plant development. Annual Review
of Cell and Developmental Biology.
2009;25:21-44

[25] Fei Q, Xia R, Meyers BC. Phased,
secondary, small interfering RNAs in

74

posttranscriptional regulatory networks.
Plant Cell. 2013;25:2400-2415

[26] Chekanova JA. Long non-coding
RNAs and their functions in plants.
Current Opinion in Plant Biology.
2015;27:207-216

[271 Wu H, Yang L, Chen LL. The
diversity of long non-coding RNAs and
their generation. Trends in Genetics.
2017;33:540-552

[28] Krahn N, Fischer JT, S6ll D. Naturally
occurring tRNAs with non-canonical
structures. Frontiers in Microbiology.
2020;11:596914. DOI: 10.3389/
fmicb.2020.596914

[29] Gao H, Ayub MyJ, Levin MJ, Frank J.
The structure of the 80S ribosome from
Trypanosoma cruzi reveals unique
rRNA components. In: Single-Particle
Cryo-Electron Microscopy: The

Path Toward Atomic Resolution:
Selected Papers of Joachim Frank with
Commentaries. 2005. pp. 383-388.

DOI: 10.1142/9789813234864_0038

[30] Morais P, Adachi H, Yu YT.
Spliceosomal snRNA epitranscriptomics.
Frontiers in Genetics. 2021;12:652129.
DOI: 10.3389/fgene.2021.652129

[31] Ohtani M. Transcriptional regulation
of snRNAs and its significance for plant
development. Journal of Plant Research.
2017;130(1):57-66. DOI: 10.1007/
s10265-016-0883-3

[32] Solymosy F, Pollak T. Uridylate-rich
small nuclear RNAs (UsnRNAs), their
genes and pseudogenes, and UsnRNPs
in plants: Structure and function. A
comparative approach. CRC Critical
Reviews in Plant Sciences. 1993;12:275-
369. DOI: 10.1080/07352689309701904

[33] Kiss T. Small nucleolar RNAs: An
abundant group of non-coding RNAs



Non-Coding RNA and Its Prospective Utilization in Plant Breeding

DOI: http://dx.doi.org/10.5772/intechopen.106429

with diverse cellular functions. Cell.
2002;109(2):145-148. DOI: 10.1016/
S0092-8674(02)00718-3

[34] Dragon F, Lemay V, Trahan C.
snoRNAs: biogenesis, structure, and
function. e LS. 2001

[35] Liang J, Wen J, Huang Z, Chen XP,
Zhang BX, Chu L. Small nucleolar RNAs:
Insight into their function in cancer.
Frontiers in Oncology. 2019;9:587.

DOI: 10.1038/npg.els.0003813

[36] Carthew RW, Sontheimer E]J.
Origins and mechanisms of miRNAs and
siRNAs. Cell. 2009;136(4):642-655. DOLI:
10.1016/j.cell.2009.01.035

[37] Meister G. Argonaute proteins:
Functional insights and emerging
roles. Nature Reviews Genetics.
2013;14(7):447-459. DOI: 10.1038/
nrg3462

[38] O'Brien ], Hayder H, Zayed Y, Peng C.
Overview of microRNA biogenesis,
mechanisms of actions, and circulation.
Frontiers in Endocrinology. 2018;9:402.
DOI: 10.3389/fend0.2018.00402

[39] Tang G. siRNA and miRNA: An
insight into RISCs. Trends in Biochemical
Sciences. 2005;30(2):106-114.

DOI: 10.1016/j.tibs.2004.12.007

[40] Han BW, Zamore PD. PiRNAs.
Current Biology. 2014;24(16):R730-R733.
DOI: 10.1016/j.cub.2014.07.037

[41] Yu CY, Kuo HC. The emerging roles
and functions of circular RNAs and
their generation. Journal of Biomedical
Science. 2019;26(1):1-2. DOIL: 10.1186/
§12929-019-0523-z

[42] Zampetaki A, Albrecht A,
Steinhofel K. Long non-coding RNA
structure and function: Is there a link?
Frontiers in Physiology. 2018;9:1201.
DOI: 10.3389/fphys.2018.01201

75

[43] Graf ], Kretz M. From structure
to function: Route to understanding
IncRNA mechanism. BioEssays.
2020;42(12):2000027. DOI: 10.1002/
bies.202000027

[44] Liu B, Li P, Li X, Liu C, Cao S,

Chu C, et al. Loss of function of OsDCL1
affects microRNA accumulation and
causes developmental defects in rice.
Plant Physiology. 2005;139(1):296-305.
DOI: 10.1104/pp.105.063420

[45] Nodine MD, Bartel DP. MicroRNAs
prevent precocious gene expression and
enable pattern formation during plant
embryogenesis. Genes & Development.
2010;24(23):2678-2692. DOI: 10.1101/
2ad.1986710

[46] Choi K, Kim J, Miiller SY,

Oh M, Underwood C, Henderson I, et
al. Regulation of microRNA-mediated
developmental changes by the SWR1
chromatin remodeling complex. Plant
Physiology. 2016;171(2):1128-1143.
DOI: 10.1104/pp.16.00332

[47] Guo S, Xu Y, Liu H, Mao Z, Zhang C,
MaY, et al. The interaction between
OsMADS57 and OsTB1 modulates

rice tillering via DWARF14. Nature
Communications. 2013;4(1):1-12.

DOI: 10.1038

[48] Marin E, JouannetV, Herz A,

Lokerse AS, Weijers D, Vaucheret H, et al.
miR390, Arabidopsis TAS3 tasiRNAs,
and their AUXIN RESPONSE FACTOR
targets define an autoregulatory network
quantitatively regulating lateral root
growth. The Plant Cell. 2010;22(4):1104-
1117. DOI: 10.1105/tpc.109.072553

[49] Wu HJ, Wang ZM, Wang M,

Wang X]J. Widespread long non-coding
RNAs as endogenous target mimics for
microRNAs in plants. Plant Physiology.
2013;161(4):1875-1884. DOI: 10.1104/
pp.113.215962



Case Studies of Breeding Strategies in Major Plant Species

[50] Xie M, Yu B. siRNA-directed DNA
methylation in plants. Current Genomics.
2015;16(1):23-31. DOI: 10.2174/13892029
15666141128002211

[51] Nuthikattu S, McCue AD, Panda K,
Fultz D, DeFraia C, Thomas EN, et al.
The initiation of epigenetic silencing of
active transposable elements is triggered
by RDR6 and 21-22 nucleotide small
interfering RNAs. Plant Physiology.
2013;162(1):116-131. DOI: 10.1104/
pp.113.216481

[52] Katiyar-Agarwal S, Morgan R,
Dahlbeck D, Borsani O, Villegas A,
Zhu J-K, etal. A pathogen-inducible
endogenous siRNA in plant immunity.
Proceedings of the National Academy
of Sciences. 2006;103(47):18002-18007.
DOI: 10.1073/pnas.06082581

[53] Borsani O, Zhu J, Verslues PE, Sunkar R,
Zhu JK. Endogenous siRNAs derived from
a pair of natural cis-antisense transcripts
regulate salt tolerance in Arabidopsis.

Cell. 29 Dec 2005;123(7):1279-1291.
DOI:10.1016/j.cell.2005.11.035

[54] Held MA, Penning B, Brandt AS,
Kessans SA, Yong W, Scofield SR, et al.
Small-interfering RNAs from natural
antisense transcripts derived from a
cellulose synthase gene modulate cell
wall biosynthesis in barley. Proceedings
of the National Academy of Sciences.
2008;105(51):20534-20539. DOI: 10.1073/
pnas.0809408105

[55] Zhang X, XiaJ, Lii YE. et al. Genome-
wide analysis of plant nat-siRNAs

reveals insights into their distribution,
biogenesis and function. Genome
Biology. 2012;13:R20. DOI: 10.1186/
gb-2012-13-3-r20

[56] Wang H, Chung PJ, LiuJ, Jang IC,
Kean MJ, XuJ, et al. Genome-wide
identification of long non-coding
natural antisense transcripts and their

76

responses to light in Arabidopsis.
Genome Research. 2014;24(3):444-453.
DOI: 10.1101/gr.165555.113

[57] Ariel F, Romero-Barrios N, Jégu T,
Benhamed M, Crespi M. Battles and
hijacks: Non-coding transcription

in plants. Trends in Plant Science.
2015;20(6):362-371. DOI: 10.1016/j.
tplants.2015.03.003

[58] Xin M, Wang Y, Yao'Y, Song N,

Hu Z, Qin D, et al. Identification and
characterization of wheat long non-protein
coding RNAs responsive to powdery
mildew infection and heat stress by using
microarray analysis and SBS sequencing.
BMC Plant Biology. 2011;11(1):1-3. DOI:
10.1186/1471-2229-11-61

[59] Qi X, Xie S, LiuY, Yi F, YuJ. Genome-
wide annotation of genes and non-
coding RNAs of foxtail millet in response
to simulated drought stress by deep
sequencing. Plant Molecular Biology.
2013;83(4):459-473

[60] Wang L, Zhao S, Gu C, et al.
Deep RNA-Seq uncovers the peach
transcriptome landscape. Plant
Molecular Biology. 2013;83:365-377.
DOI: 10.1007/s11103-013-0104-6

[61] YuX, YangJ, Li X, Liu X, Sun C,
WuF, et al. Global analysis of cis-natural
antisense transcripts and their heat-
responsive nat-siRNAs in Brassica rapa.
BMC Plant Biology. 2013;13(1):1-3.

DOI: 10.1186/1471-2229-13-208

[62] Shuai P, Liang D, Tang S,

Zhang Z, Ye CY, SuY, et al. Genome-wide
identification and functional prediction of
novel and drought-responsive lincRNAs

in Populus trichocarpa. Journal of
Experimental Botany. 2014;65(17):4975-
4983. DOLI: 10.1093/jxb/eru256

[63] Ye CY, Xu H, ShenE, LiuY, Wang Y,
ShenY, et al. Genome-wide identification



Non-Coding RNA and Its Prospective Utilization in Plant Breeding

DOI: http://dx.doi.org/10.5772/intechopen.106429

of non-coding RNAs interacted with
microRNAs in soybean. Frontiers in
Plant Science. 2014;5:743. DOI: 10.3389/
fpls.2014.00743

[64] Chen ], Quan M, Zhang D. Genome-
wide identification of novel long
non-coding RNAs in Populus tomentosa
tension wood, opposite wood and
normal wood xylem by RNA-seq. Planta.
2015;241(1):125-143. DOI: 10.1007/
s00425-014-2168-1

[65] Ding ], Lu Q, Ouyang Y, Mao H,
Zhang P, Yao ], et al. A long non-coding
RNA regulates photoperiod-sensitive
male sterility, an essential component of
hybrid rice. Proceedings of the National
Academy of Sciences. 2012;109(7):2654-
2659. DOI: 10.1073/pnas.1121374109

[66] Takeda T, Suwa Y, Suzuki M,

Kitano H, Ueguchi-Tanaka M, Ashikari M,
etal. The OsTB1 gene negatively regulates
lateral branching in rice. The

Plant Journal. 2003;33(3):513-520.

DOI: 10.1046/j.1365-313x.2003.01648.x

[67] Huang X, Qian Q, Liu Z, Sun H,
He S, Luo D, et al. Natural variation at
the DEP1 locus enhances grain yield in
rice. Nature Genetics. 2009;41(4):494-
497. DOI: 10.1038/ng.352

[68] Zhang F, Luo X, Zhou Y,

Xie J. Genome-wide identification of
conserved microRNA and their response
to drought stress in Dongxiang wild rice
(Oryza rufipogon Griff.). Biotechnology
Letters. 2016;38(4):711-721. DOI:
10.1007/510529-015-2012-0

[69] Aung K, Lin S-I, Wu C-C, Huang
Y-T, Su C-1, Chiou T-J. pho2, a phosphate
overaccumulator, is caused by a nonsense
mutation in a microRNA399 target gene.
Plant Physiology. 2006;141(3):1000-
1011. DOI: 10.1104/pp.106.078063

[70] Jabnoune M, Secco D, Lecampion C,
Robaglia C, Shu Q, Poirier Y. A rice

77

cis-natural antisense RNA acts asa
translational enhancer for its cognate
mRNA and contributes to phosphate
homeostasis and plant fitness. The
Plant Cell. 2013;25(10):4166-4182.
DOI: 10.1105/tpc.113.116251

[71] Campalans A, Kondorosi A,

Crespi M. Enod40, a short open reading
frame-containing mRNA, induces
cytoplasmic localization of a nuclear RNA
binding protein in Medicago truncatula.
The Plant Cell. 2004;16(4):1047-1059.
DOI: 10.1105/tpc.019406

[72] Sun Q, Liu X, Yang J, Liu W, Du Q,
Wang H, et al. MicroRNA528 affects
lodging resistance of maize by regulating
lignin biosynthesis under nitrogen-
luxury conditions. Molecular Plant.
2018;11(6):806-814. DOI: 10.1016/j.
molp.2018.03.013

[73] Calarco JP, Borges F, Donoghue MT,
Van Ex F, Jullien PE, Lopes T, et al.
Reprogramming of DNA methylation in
pollen guides epigenetic inheritance via
small RNA. Cell. 2012;151(1):194-205.
DOI: 10.1016/j.cell.2012.09.001

[74] Jenny A, Hachet O, Zavorszky P,
Cyrklaff A, Weston MD, Johnston DS,
etal. A translation-independent role of

oskar RNA in early Drosophila oogenesis.
2006:2827-2833. DOI: 10.1242/dev.02456

[75] Fan H, Villegas C, Huang A,
Wright JA. Suppression of malignancy
by the 3’ untranslated regions of
ribonucleotide reductase R1 and R2
messenger RNAs. Cancer Research.

1996;56(19):4366-4369

[76] Jha UC, Nayyar H, Jha R,

Khurshid M, Zhou M, Mantri N, et

al. Long non-coding RNAs: Emerging
players regulating plant abiotic stress
response and adaptation. BMC Plant
Biology. 2020;20(1):1-20. DOI: 10.1186/
s12870-020-02595-x



Case Studies of Breeding Strategies in Major Plant Species

[77] Liu X, Zhang X, Sun B, Hao L,

Liu C, Zhang D, et al. Genome-wide
identification and comparative analysis
of drought-related microRNAs in two
maize inbred lines with contrasting
drought tolerance by deep sequencing.
PLoS One. 2019;14(7):e0219176.

DOI: 10.1371/journal.pone.0219176

[78] Cheah BH, Nadarajah K, Divate MD,
Wickneswari R. Identification of four
functionally important microRNA families
with contrasting differential expression
profiles between drought-tolerant and
susceptible rice leaf at vegetative stage.
BMC Genomics. 2015;16(1):1-18. DOL:
10.1186/s12864-015-1851-3

[79]1 Zhou L, Liu Y, Liu Z, Kong D,
Duan M, Luo L. Genome-wide
identification and analysis of drought-
responsive microRNAs in Oryza sativa.
Journal of Experimental Botany.
2010;61(15):4157-4168. DOI: 10.1093/
jxb/erq237

[80] Waterhouse PM, Graham MW, Wang
M-B. Virus resistance and gene silencing
in plants can be induced by simultaneous
expression of sense and antisense RNA.
Proceedings of the National Academy

of Sciences. 1998;95(23):13959-13964.
DOI: 10.1073/pnas.95.23.13959

[81] Missiou A, Kalantidis K, Boutla A,
Tzortzakaki S, Tabler M, Tsagris M.
Generation of transgenic potato plants
highly resistant to potato virus Y (PVY)
through RNA silencing. Molecular
Breeding. 2004;14(2):185-197

[82] Kertbundit S, Pongtanom N,
Ruanjan P, Chantasingh D,
Tanwanchai A, Panyim S, et al.
Resistance of transgenic papaya plants
to papaya ringspot virus. Biologia
Plantarum. 2007;51(2):333-339.

DOI: 10.1007/s10535-007-0065-1

[83] Pooggin M, Shivaprasad P,
Veluthambi K, Hohn T. RNAi targeting

78

of DNA virus in plants. Nature
Biotechnology. 2003;21(2):131-132.
DOI: 10.1038/nbt0203-131b

[84] Powell P, Stark D, Sanders P,

Beachy R. Protection against tobacco
mosaic virus in transgenic plants that
express tobacco mosaic virus antisense
RNA. Proceedings of the National
Academy of Sciences. 1989;86(18):6949-
6952. DOI: 10.1073/pnas.86.18.6949

[85] Dalakouras A, Wassenegger M,
Dadami E, Ganopoulos I, Pappas ML,
Papadopoulou K. Genetically modified
organism-free RNA interference:
Exogenous application of RNA molecules
in plants. Plant Physiology. 2020;182(1):38-
50. DOI: 10.1104/pp.19.00570

[86] Vanitharani R, Chellappan P,

Fauquet CM. Short interfering RNA-
mediated interference of gene expression
and viral DNA accumulation in cultured
plant cells. Proceedings of the National
Academy of Sciences. 2003;100(16):9632-
9636. DOI: 10.1073/pnas.1733874100

[87] Patil BL, Ogwok E, Wagaba H,
Mohammed IU, Yadav ]S, Bagewadi B,

et al. RNAi mediated resistance to diverse
isolates belonging to two virus

species involved in cassava brown

streak disease. Molecular Plant
Pathology. 2011;12(1):31-41.

DOI: 10.1111/j.1364-3703.2010.00650.x

[88] Dunoyer P, Himber C, Ruiz-FerrerV,
Alioua A, Voinnet O. Intra-and
intercellular RNA interference in
Arabidopsis thaliana requires components
of the microRNA and heterochromatic
silencing pathways. Nature Genetics.
2007;39(7):848-856. DOI: 10.1038/ng2081

[89] Younis A, Siddique MI, Kim C-K,
Lim K-B. RNA interference (RNAi)
induced gene silencing: A promising
approach of hi-tech plant breeding.
International Journal of Biological



Non-Coding RNA and Its Prospective Utilization in Plant Breeding

DOI: http://dx.doi.org/10.5772/intechopen.106429

Sciences. 2014;10(10):115. DOI: 10.7150/
ijbs.10452

[90] Hernandez I, Chacén O, Rodriguez R,
Portieles R, Lépez Y, Pujol M, et al. Black
shank resistant tobacco by silencing

of glutathione S-transferase.

Biochemical and Biophysical Research
Communications. 2009;387:3004.

DOI: 10.1016/j.bbrc.2009.07.003

[91] Fitzgerald A, Van Kan JA,

Plummer KM. Simultaneous silencing of
multiple genes in the apple scab fungus,
Venturia inaequalis, by expression of RNA
with chimeric inverted repeats. Fungal
Genetics and Biology. 2004;41(10):963-
971. DOI: 10.1016/j.fgb.2004.06.006

[92] Nowara D, Gay A, Lacomme C,
Shaw J, Ridout C, Douchkov D, et al.
HIGS: Host-induced gene silencing in
the obligate biotrophic fungal pathogen
Blumeria graminis. The Plant Cell.
2010;22(9):3130-3141. DOI: 10.1105/
tpc.110.077040

[93] Mao Y-B, Cai W-], Wang J-W, Hong
G-J, Tao X-Y, Wang L-J, et al. Silencing a
cotton bollworm P450 monooxygenase
gene by plant-mediated RNAi impairs
larval tolerance of gossypol. Nature
Biotechnology. 2007;25(11):1307-1313.
DOI: 10.1038/nbt1352

[94] Ghag SB, Shekhawat UKS,
Ganapathi TR. Native cell-death genes as
candidates for developing wilt resistance

in transgenic banana plants. AoB Plants.
2014;6. DOI: 10.1093/aobpla/plu037

[95] Baum JA, Bogaert T, Clinton W,
Heck GR, Feldmann P, llagan O, et al.
Control of coleopteran insect pests
through RNA interference. Nature
Biotechnology. 2007;25(11):1322-1326.
DOI: 10.1038/nbt1359

[96] Zhu J-Q, Liu S, Ma Y, Zhang J-Q, Qi
H-S, Wei Z-], et al. Improvement of pest

79

resistance in transgenic tobacco plants
expressing dsRNA of an insect-associated
gene EcR. PLoS One. 2012;7(6):e38572.
DOI: 10.1371/journal.pone.0038572

[97] Kumar M. RNAi-Mediated
Targeting of Acetylcholinesterase Gene
of Helicoverpa Armigera for Insect
Resistance in Transgenic Tobacco and
Tomato: PhD thesis. University of Delhi;
2011. DOI: 10.1007/s11103-015-0414-y

[98] Xiong Y, Zeng H, Zhang Y, Xu D,
Qiu D. Silencing the HaHR3 gene by
transgenic plant-mediated RNAi

to disrupt Helicoverpa armigera
development. International Journal
of Biological Sciences. 2013;9(4):370.
DOI: 10.7150/ijbs.5929

[99] Huang Y, Mei M, Mao Z, Lv S,
Zhou], Chen S, et al. Molecular cloning
and virus-induced gene silencing

of MiASB in the southern root-knot
nematode, Meloidogyne incognita.
European Journal of Plant Pathology.
2014;138(1):181-193

[100] Nawaz-ul-Rehman MS, Mansoor S,
Khan AA, ZafarY, Briddon RW. RNAi-
mediated male sterility of tobacco by
silencing TA29. Molecular Biotechnology.
2007;36(2):159-165. DOI: 10.1007/
s12033-007-0025-1

[101] Toppino L, Kooiker M, Lindner M,
DreniL, Rotino GL, Kater MM. Reversible
male sterility in eggplant (Solanum
melongena L.) by artificial
microRNA-mediated silencing

of general transcription factor

genes. Plant Biotechnology

Journal. 2011;9(6):684-692.

DOI: 10.1111/j.1467-7652.2010.00567.x

[102] Moritoh S, Miki D, Akiyama M,
Kawahara M, Izawa T, Maki H, et al.
RNAi-mediated silencing of OsGEN-L
(OsGEN-like), a new member of the
RAD2/XPG nuclease family, causes



Case Studies of Breeding Strategies in Major Plant Species

male sterility by defect of microspore
development in rice. Plant and Cell
Physiology. 2005;46(5):699-715.
DOI: 10.1093/pcp/pci090

[103] Sinha R, Rajam MV. RNAi

silencing of three homologues of
S-adenosylmethionine decarboxylase
gene in tapetal tissue of tomato results in
male sterility. Plant Molecular Biology.
2013;82(1):169-180. DOI: 10.1007/
s11103-013-0051-2

[104] Angaji S, Hedayati SS,

Hosein R, Samad S, Shiravi S, Madani S.
Application of RNA interference in
plants. Plant Omics. 2010;3(3):77-84

[105] Khandagale K, Chavhan R, Nadaf A.
RNAi-mediated down regulation of
BADH2 gene for expression of
2-acetyl-1-pyrroline in non-scented
indica rice IR-64 (OryzasativaL.). 3
Biotech. 2020;10(4):145. DOI: 10.1007/
s13205-020-2131-8

[106] Liu Q, Singh SP, Green AG. High-
stearic and high-oleic cottonseed oils
produced by hairpin RNA-mediated
post-transcriptional gene silencing.
Plant Physiology. 2002;129(4):1732-1743.
DOI: 10.1104/pp.001933

[107] Eck V], Conlin B, Garvin DF, et al.
Enhancing beta-carotene content in
potato by rnai-mediated silencing of
the beta-carotene hydroxylase gene.

American Journal of Potato Research.
2007;84:331. DOI: 10.1007/BF02986245

[108] Wei S, Li X, Gruber MY, LiR,

Zhou R, Zebarjadi A, et al. RNAi-mediated
suppression of DET1 alters the levels of
carotenoids and sinapate esters in seeds of
Brassica napus. Journal of Agricultural and
Food Chemistry. 2009;57(12):5326-5333.
DOI: 10.1021/j£803983w

[109] Davuluri GR, Van Tuinen A,
Fraser PD, Manfredonia A, Newman R,

80

Burgess D, et al. Fruit-specific RNAi-
mediated suppression of DET1 enhances
carotenoid and flavonoid content

in tomatoes. Nature Biotechnology.
2005;23(7):890-895. DOI: 10.1038/nbt1108

[110] Meena AK, Verma L, Kumhar BL.
RNAI, it’s mechanism and potential
use in crop improvement: A review.
International Journal of Pure and
Applied Bioscience. 2017;5(2):294-311

[111] Sestili F, Janni M, Doherty A,
Botticella E, D’Ovidio R, Masci S,

et al. Increasing the amylose content
of durum wheat through silencing
of the SBEIIagenes. BMC

Plant Biology. 2010;10(1):1-12.

DOI: 10.1186/1471-2229-10-144

[112] Li JC, Guo JB, Xu WZ, Ma M.

RNA interference-mediated silencing
of phytochelatin synthase gene reduce
cadmium accumulation in rice seeds.
Journal of Integrative Plant Biology.
2007;49(7):1032-1037. DOI: DOI/10.111
1/j.1672-9072.2007.0047

[113] ShiJ, Lang C, Wu X, LiuR,

Zheng T, Zhang D, et al. RNAi
knockdown of fatty acid elongasel alters
fatty acid composition in Brassica napus.
Biochemical and Biophysical Research
Communications. 2015;466(3):518-522.
DOI: 10.1016/j.bbrc.2015.09.062

[114] Gil-Humanes J, Pistén F,

Hernando A, AlvarezJB, Shewry PR,
Barro F. Silencing of y-gliadins by RNA
interference (RNAI) in bread wheat.
Journal of Cereal Science. 2008;48(3):565-
568. DOI: 10.1016/j;jcs.2008.03.005

[115] Kusaba M, Miyahara K, Iida S,
Fukuoka H, Takano T, Sassa H, et al. Low
glutelin contentl: A dominant mutation
that suppresses the glutelin multigene
family via RNA silencing in rice. The
Plant Cell. 2003;15(6):1455-1467.

DOI: 10.1105/tpc.011452



Non-Coding RNA and Its Prospective Utilization in Plant Breeding

DOI: http://dx.doi.org/10.5772/intechopen.106429

[116] Kempe K, Higashi Y, Frick S,

Sabarna K, Kutchan TM. RNAIi suppression
of the morphine biosynthetic gene

salAT and evidence of association of
pathway enzymes. Phytochemistry.
2009;70(5):579-589. DOI: 10.1016/j.
phytochem.2009.03.002

[117] Sunilkumar G, Campbell LM,
Puckhaber L, Stipanovic RD, Rathore KS.
Engineering cottonseed for use in human
nutrition by tissue-specific reduction of
toxic gossypol. Proceedings of the National
Academy of Sciences. 2006;103(48):18054-
18059. DOI: 10.1073/pnas.0605389103

[118] Gupta A, Pal RK, Rajam MV.
Delayed ripening and improved fruit
processing quality in tomato by RNAi-
mediated silencing of three homologs of
1-aminopropane-1-carboxylate synthase
gene. Journal of Plant Physiology.
2013;170(11):987-995. DOI: 10.1016/j.
jplph.2013.02.003

[119] Luo Z, Zhang J, Li], Yang C, Wang T,
Ouyang B, etal. A STAY-GREEN protein S
1 SGR 1 regulates lycopene and f-carotene
accumulation by interacting directly with
S1PSY 1 during ripening processes in
tomato. New Phytologist. 2013;198(2):442-
452. DOI: 10.1111/nph.12175

[120] Elitzur T, Yakir E, Quansah L,
Zhangjun F, Vrebalov ], Khayat E, etal.
Banana MaMADS transcription factors are
necessary for fruit ripening and molecular
tools to promote shelf-life and food
security. Plant Physiology. 2016;171(1):380-
391. DOI: 10.1104/pp.15.01866

[121] Sunkar R, Zhu J-K. Novel and stress-
regulated microRNAs and other small
RNAs from Arabidopsis. The Plant Cell.
2004;16(8):2001-2019. DOI: 10.1105/
tpc.104.022830

[122] Yao Y, Ni Z, Peng H, Sun F, Xin M,
Sunkar R, et al. Non-coding small RNAs
responsive to abiotic stress in wheat

81

(Triticum aestivum L.). Functional &
Integrative Genomics. 2010;10(2):187-
190. DOI: 10.1007/s10142-010-0163-6

[123] Wang J, Meng X, Dobrovolskaya OB,
Orlov YL, Chen M. Non-coding RNAs
and their roles in stress response in
plants. Genomics, Proteomics &
Bioinformatics. 2017;15(5):301-312. DOI:
10.1016/j.gpb.2017.01.007

[124] Zhang W, Han Z, Guo Q, Liu,
Zheng Y, Wu F, et al. Identification of
maize long non-coding RNAs
responsive to drought stress. PLoS One.
2014;9(6):€98958. DOI: 10.1371/journal.
pone.0098958

[125] Yang L, Mu X, Liu C, CaiJ, Shi K,
Zhu'W, et al. Overexpression of potato
miR482e enhanced plant sensitivity to
Verticillium dahliae infection. Journal of
Integrative Plant Biology. 2015;57(12):1078-
1088. DOI: 10.1111/jipb.12348

[126] Boccara M, Sarazin A, Thiebeauld O,
Jay F, Voinnet O, Navarro L, et al. The
Arabidopsis miR472-RDR6 silencing
pathway modulates PAMP-and effector-
triggered immunity through the
post-transcriptional control of disease
resistance genes. PLoS Pathogens.
2014;10(1):e1003883. DOI: 10.1371/
journal.ppat.1003883

[127] Soto-Sudrez M, Baldrich P, Weigel D,
Rubio-SomozaI, San SB. The Arabidopsis
miR396 mediates pathogen-associated
molecular pattern-triggered immune
responses against fungal pathogens.
Scientific Reports. 2017;7(1):1-14

[128] Park Y], Lee HJ, Kwak KJ, Lee K,
Hong SW, Kang H. MicroRNA400-
guided cleavage of pentatricopeptide
repeat protein mRNAs renders
Arabidopsis thaliana more susceptible to
pathogenic bacteria and fungi. Plant and
Cell Physiology. 2014;55(9):1660-1668.
DOI: 10.1093/pcp/pcu096



Case Studies of Breeding Strategies in Major Plant Species

[129] Nie P, Chen C, Yin Q, Jiang C, Guo]J,
Zhao H, et al. Function of miR825 and
miR825" as negative regulators in Bacillus
cereus AR156-elicited systemic resistance
to Botrytis cinerea in Arabidopsis
thaliana. International Journal of
Molecular Sciences. 2019;20(20):5032.
DOI: 10.3390/ijms20205032

[130] Zhang X, Zhao H, Gao S, Wang
W-C, Katiyar-Agarwal S, Huang H-D,
etal. Arabidopsis Argonaute 2 regulates
innate immunity via miRNA393x—
mediated silencing of a Golgi-localized
SNARE gene, MEMB12. Molecular Cell.
2011;42(3):356-366. DOI: 10.1016/j.
molcel.2011.04.010

[131] Salvador-Guirao R, Baldrich P,
Weigel D, Rubio-Somoza I, San SB. The
microRNA miR773 is involved in the
Arabidopsis immune response to fungal
pathogens. Molecular Plant-Microbe
Interactions. 2018;31(2):249-259. DOI:
10.1094/MPMI-05-17-0108-R

[132] Navarro L, Dunoyer P, Jay F,

Arnold B, Dharmasiri N, Estelle M, etal. A
plant miRNA contributes to antibacterial
resistance by repressing auxin signaling,
Science. 2006;312(5772):436-439. DOL:
10.1126/science.1126088

(1331 LiY, Zhao S-L, LiJ-L, Hu X-H,
Wang H, Cao X-L, et al. Osa-miR169
negatively regulates rice immunity
against the blast fungus Magnaporthe
oryzae. Frontiers in Plant Science.
2017;8:2. DOI: 10.3389/fpls.2017.00002

[134] Wang Z, Xia Y, Lin S, Wang Y,

Guo B, Song X, et al. Osa-miR164a targets
Os NAC 60 and negatively regulates

rice immunity against the blast fungus
Magnaporthe oryzae. The Plant Journal.
2018;95(4):584-597. DOI: 10.1111/
tpj.13972

[135] Liu M, Shi Z, Zhang X, Wang M,
Zhang L, Zheng K, et al. Inducible

82

overexpression of ideal plant
Architecturel improves both yield and
disease resistance in rice. Nature Plants.
2019;5(4):389-400. DOI: 10.1038/
s41477-019-0383-2

[136] Wu ], Yang R, Yang Z, Yao S, Zhao S,
Wang Y, et al. ROS accumulation and
antiviral defense control by microRNA528
in rice. Nature Plants. 2017;3(1):1-7. DOI:
10.1038/nplants.2016.203

[137] Yao S, Yang Z, Yang R, Huang Y,
Guo G, Kong X, et al. Transcriptional
regulation of miR528 by OsSPL9
orchestrates antiviral response in rice.
Molecular Plant. 2019;12(8):1114-1122.
DOI: 10.1016/j.molp.2019.04.010

[138] Campo S, Peris-Peris C, Siré C,
Moreno AB, Donaire L, Zytnicki M,

et al. Identification of a novel micro
RNA (mi RNA) from rice that targets
an alternatively spliced transcript of the
N ramp6 (natural resistance-associated
macrophage protein 6) gene involved in
pathogen resistance. New Phytologist.
2013;199(1):212-227. DOI: 10.1111/
nph.12292

[139] Sanchez-Sanuy F, Peris-Peris C,
Tomiyama S, Okada K, Hsing Y-I, San
Segundo B, et al. Osa-miR7695 enhances
transcriptional priming in defense
responses against the rice blast fungus.
BMC Plant Biology. 2019;19(1):1-16.
DOI: 10.1186/512870-019-2156-5

[140] LiY, Zhang Q, Zhang J, Wu L, Qi Y,
Zhou J-M. Identification of microRNAs
involved in pathogen-associated
molecular pattern-triggered plant

innate immunity. Plant Physiology.
2010;152(4):2222-2231. DOI: 10.1104/
pp.109.151803

[141] Li F, Pignatta D, Bendix C,
Brunkard JO, Cohn MM, TungJ, et al.
MicroRNA regulation of plant innate
immune receptors. Proceedings of



Non-Coding RNA and Its Prospective Utilization in Plant Breeding

DOI: http://dx.doi.org/10.5772/intechopen.106429

the National Academy of Sciences.
2012;109(5):1790-1795. DOI: 10.1073/
pnas.1118282109

[142] Deng Y, Wang J, Tung J, Liu D,
ZhouY, He S, et al. A role for small
RNA in regulating innate immunity
during plant growth. PLoS Pathogens.
2018;14(1):e1006756. DOI: 10.1371/
journal.ppat.1006756

[143] de Vries S, Kukuk A, von

DahlenJK, Schnake A, Kloesges T, Rose LE.
Expression profiling across wild and
cultivated tomatoes supports the relevance
of early miR482/2118 suppression for
Phytophthora resistance. Proceedings

of the Royal Society B: Biological

Sciences. 2018;285(1873):20172560. DOI:
DO01/10.1098/rspb.2017.2560

[144] He X-F, Fang Y-Y, Feng L, Guo H-S.
Characterization of conserved and novel
microRNAs and their targets, including
aTuMV-induced TIR-NBS-LRR class R
gene-derived novel miRNA in brassica.
FEBS Letters. 2008;582(16):2445-2452.
DOI: 10.1016/j.febslet.2008.06.011

[145] Zhai ], Jeong D-H, De Paoli E,

Park S, Rosen BD, LiY, et al. MicroRNAs
as master regulators of the plant NB-LRR
defense gene family via the production
of phased, trans-acting siRNAs. Genes
& Development. 2011;25(23):2540-2553.
DOI: 10.1101/gad.177527.111

[146] Cui X, Yan Q, Gan S, Xue D, Dou D,
Guo N, et al. Overexpression of gma-
miR1510a/b suppresses the expression
of a NB-LRR domain gene and reduces
resistance to Phytophthora sojae.

Gene. 2017;621:32-39. DOL: 10.1016/j.
gene.2017.04.015

[147] Liu J, Cheng X, Liu D, Xu W,

Wise R, Shen Q-H. The miR9863 family
regulates distinct Mla alleles in barley to
attenuate NLR receptor-triggered disease
resistance and cell-death signaling.

83

PLoS Genetics. 2014;10(12):€1004755.
DOI: 10.1371/journal. pgen.1004755

[148] Zou Y, Wang S, Zhou Y, Bai J,
Huang G, Liu X, et al. Transcriptional
regulation of the immune receptor
FLS2 controls the ontogeny of plant
innate immunity. The Plant Cell.
2018;30(11):2779-2794. DOI: 10.1105/
tpc.18.00297

[149] Zhang H, Tao Z, Hong H, Chen Z,
Wu G, Li X, etal. Transposon-derived
small RNA is responsible for modified
function of WRKY45 locus. Nature
Plants. 2016;2(3):1-8. DOI: 10.1038/
nplants.2016.16

[150] Jiang N, Cui]J, ShiY, Yang G,
Zhou X, Hou X. Tomato IncRNA23468
functions as a competing endogenous
RNA to modulate NBS-LRR genes

by decoying miR482b in the tomato-
Phytophthora infestans interaction.
Horticulture Research. 2019:6-28. DOLI:
10.1038/541438-018-0096-0

[151] Jiang N, Cui J, Hou X, Yang G,
XiaoY, Han L, et al. SI-lncRNA15492
interacts with SI-miR482a and affects
Solanum lycopersicum immunity
against Phytophthora infestans. The
Plant Journal. 2020;103(4):1561-1574.
DOI: 10.1111/tpj.14847

[152] Hong Y-H, Meng J, Zhang M, Luan
Y-S. Identification of tomato circular
RNAs responsive to Phytophthora
infestans. Gene. 2020;746:144652.
DOI: 10.1016/j.gene.2020.144652

[153] Cui ], Luan, Jiang N, Bao H,
Meng J. Comparative transcriptome
analysis between resistant and
susceptible tomato allows the
identification of Inc RNA 16397
conferring resistance to Phytophthora
infestans by coexpressing glutaredoxin.
The Plant Journal. 2017;89(3):577-589.
DOI: 10.1111/tpj.13408



Case Studies of Breeding Strategies in Major Plant Species

[154] Cui], Jiang N, Meng J, Yang G, Liu W,
Zhou X, et al. LncRNA33732-respiratory
burst oxidase module associated with
WRKY1 in tomato-Phytophthora

infestans interactions. The Plant Journal.
2019;97(5):933-946. DOI: 10.1111/tpj.13408

[155] Hou X, CuiJ, LiuW, Jiang N, Zhou X,
Qi H, et al. LncRNA39026 enhances
tomato resistance to Phytophthora
infestans by decoying miR168a

and inducing PR gene expression.
Phytopathology. 2020;110(4):873-880.
DOI:10.1094/PHYTO-12-19-0445-R

[156] Sprinz]l M, Hartmann T, Weber J,
Blank J, Zeidler R. Compilation of tRNA
sequences and sequences of tRNA
genes. Nucleic Acids Research.

1989;17 (Suppl):r1-r172. DOI: 10.1093/
nar/17.suppl.rl

[157] Szymanski M, Erdmann VA,
Barciszewski J. Non-coding RNAs
database (ncRNAdb). Nucleic Acids
Research. 2007;35(suppl_1):D162-D164.
DOI: 10.1093/nar/gkl994

[158] Leonard S, Meyer S, Lacour S,

Nasser W, Hommais F, Reverchon S.
APERO: A genome-wide approach for
identifying bacterial small RNAs from
RNA-Seq data. Nucleic Acids Research.
2019;47(15):e88. DOI: 10.1093/nar/gkz485

[159] Zhang XO, Wang HB, Zhang Y,
LuX, ChenLL, Yang L. Complementary
sequence-mediated exon circularization.
Cell. 2014;159(1):134-147. DOI: 10.1016/j.
cell.2014.09.001

[160] Trapnell C, Roberts A,

Goff L, Pertea G, Kim D, Kelley DR,

et al. Differential gene and transcript
expression analysis of RNA-seq
experiments with TopHat and cufflinks.
Nature Protocols. 2012;7(3):562-578.
DOI: 10.1038/nprot.2012.016

[161] Liu D, Mewalal R, Hu R, Tuskan GA,
Yang X. New technologies accelerate

84

the exploration of non-coding RNAs
in horticultural plants. Horticulture
Research. 2017;4. DOI: 10.1038/
hortres.2017.31

[162] Annonymous. RNAcentral Expert
Databases. Available from: https://
rnacentral.org/expert-databases 2006.
[Accessed: 2022.06.03]



Chapter 6

Pathogenesis-Related Proteins
and Their Transgenic Expression
for Developing Disease-Resistant
Crops: Strategies Progress

and Challenges

Anroop Kaur, Sukhpreet Kaur, Ajinder Kaur,
Navraj Kaur Savao and Devender Sharma

Abstract

Various pathogenic microorganisms (such as fungi, bacteria, viruses and
nematodes) affect plant viability and productivity. However, plants combat these
pathogens by inducing their defense mechanism to sustain their fitness. The aggregation
of pathogenesis-related (PR) proteins in response to invading pathogens is a crucial
component of a plant’s self-defense mechanism. PR proteins induce innate resistance
in plants through fungal cell wall disintegration, membrane permeabilization,
transcriptional suppression, and ribosome inactivation. Earlier studies have demon-
strated their crucial role in determining resistance against phytopathogens, making
them a promising candidate for developing disease-resistant crop varieties. Plant
genetic engineering is a potential approach for developing disease-resistant transgenic
crops by employing several PR genes (thaumatin, osmotin-like proteins, chitinases,
glucanases, defensins, thionins, oxalate oxidase, oxalate oxidases like proteins/
germin-like proteins and LTPs). Furthermore, the overexpression of PR proteins
enhances the resistance against phytopathogens. As a result, this chapter gives an
overview of PR proteins, including their classification, functional characterization,
signaling pathways, mode of action and role in defense against various phytopatho-
gens. It also highlights genetic engineering advances in utilizing these genes singly or
synergistically against various phytopathogens to impart disease resistance. Various
challenges faced with the products of transgenic technology and synergistic expres-
sion of different groups of PR proteins were also discussed.

Keywords: biotic stress, pathogen-related proteins, plant genetic engineering,
plant defense signaling, disease-resistant crops
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1. Introduction

With the rapid expansion in the world population, the area under cultivation has
decreased [1]. Moreover, biotic stress has been a significant challenge for farmers since
the dawn of agriculture. Global yield loss due to plant pathogens is estimated at 16% [2].
To overcome the economic loss in agricultural production, most research in this field
focuses on protecting crops against pathogens, insect pests and nematodes. Crop produc-
tion and productivity can be enhanced by significant breakthroughs in agricultural prac-
tices such as cultural controls, pesticide application, crop rotation, and plant breeding,

On the other hand, Pathogens frequently escape chemicals through strong selec-
tion and evolution, resulting in crop loss due to infection. Altering the genetic archi-
tecture of crops through breeding programmes is another option for crop protection,
but it is a labor-intensive and time-consuming operation. In theory, genetic engineer-
ing, which refers to the use of biotechnology to alter an organism’s genetic material
directly [3], is a potential tool for improving disease resistance. Furthermore, genetic
engineering can overcome the limitations of traditional breeding technology, includ-
ing the introduction/alteration of specific genes with minimum undesirable changes
to the rest of the genome; cross-species exchange of genetic material; and introduc-
tion of variations/genes into asexually propagated crops like bananas [4]. As a result,
research studies have been directed toward the genes that impart long-term resistance
to many pests or pathogens and are safe for consumption.

In plants, tolerance and susceptibility to a particular pathogen are determined by a
complex interaction of signals and responses corresponding to specific environmental
conditions. So, the major difference between resistant and susceptible varieties is the
ability to recognize an invading pathogen and further activate host defense mecha-
nisms. Plants have evolved various defense mechanisms, including activating both
constitutive and inducible defense responses to combat the diseases. When pathogens
are detected, immune receptors in plants recognize specific molecules that signal the
activation of effective defense responses. Despite extensive research, details of host
defense mechanisms that limit pathogenic infections have yet to be elucidated. The
majority of defense responses are characterized by the transcriptional activation of a
large number of genes (>1% of the genome), many of which have unknown functions
[5, 6]. Pathogen identification activates signaling pathways that result in the forma-
tion of reactive oxygen species (ROS), protein kinases, phytohormones, phytoalexins,
phenolic compounds and pathogenesis-related (PR) proteins, and eventually a hyper-
sensitive response (HR). Production and accumulation of PR proteins, which are low
molecular weight proteins, in plants during pathogen attack is vital [7]. In most plant
species, nineteen families of PR proteins (PR-1 to PR-19) have been identified to date.
The role of PR proteins in plant defense includes altering the integrity of pathogen
and activating other defense pathways through the generation of elicitors.

Due to improvements in transformation techniques and isolation of numerous
pathogenesis-related genes, plants can now be engineered to have effective and
broad-spectrum resistance against pathogens. The transgenic approaches using PR
genes have been proven to be efficient for obtaining pathogen resistance in plants
[8, 9]. Several transgenic plants have been developed that offer varying degrees of
protection against certain fungal and oomycete diseases.

This chapter overviews the PR proteins, including their classification, activation
as defense signaling indicators, and mode of action against the pathogens. It also
highlights the success and challenges of the transgenic approach using PR genes for
disease resistance.
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2. PR proteins and their classifications

PR proteins are defined as “Proteins encoded by the host plant but induced only
in pathogenic or related conditions” [10]. Plant PR proteins were discovered and
published for the first time in tobacco plants infected with the tobacco mosaic virus
[11] and initially, only PR-1, PR-2, PR-3, PR-4, and PR-5 classes of PR proteins
were reported from tobacco plants, but later different PR proteins were found from
numerous plants [12]. These low molecular weight proteins (6—43 kDa) are heat
stable, protease-resistant and soluble at acidic pH (<3) [13]. PR proteins are currently
classified into 19 major families based on their enzymatic activity, biological roles,
and amino acid sequences, as indicated in Table 1 [31, 32]. These include antifungal
(PR1), hydrolytic f-1,3- Glucanase (PR2), chitinases (PR 3, 4, 8,11), thaumatin
(PR5), proteinase inhibitors (PR6), endo-proteinase (PR7), peroxidase (PR9),
ribonuclease-like (PR10), plant defensins (PR12), plant thionins (PR13), lipid trans-
fer proteins (PR14), oxalate oxidase protein family (PR15 and PR16) secretory protein
(PR17) and carbohydrate oxidases (PR 18) [7, 32]. A novel antimicrobial protein from
Pinus sylvestris was isolated and classified as PR19 [31].

3. PR proteins: functional characterization and mode of action

Plants are constantly being challenged by disease-causing organisms that have
co-evolved with the evolution of plant hosts’ defense mechanisms. Many PR proteins
have been shown to possess antifungal, antibacterial, antiviral and antinematode
properties [13]. Different PR proteins have a distinct mode of action against the
pathogen depending upon the type of pathogen and the activities of the majority of
these protein families are known or can be inferred. PR-1 protein, one of the domi-
nant groups of PRs induced by the pathogen, inhibits pathogen growth by binding
and sequestration of sterols from the pathogen. Moreover, the programmed cell death
is also inhibited by PR1 upon pathogen infection by releasing a defense signal pep-
tide CAPE1 (CAP-derived peptide 1) [33]. Some PR proteins function as hydrolytic
enzymes, vig. the PR-2 (endo-f-1,3-glucanases) and PR-3, —4, —8 and — 11 (endo-
chitinases) [34, 35]. They function as antifungal proteins by catalyzing hydrolytic
cleavage of major components of fungal and oomycete cell wall, i.e. f-1,3-glucan (by
the breakdown of p-1,3-glucosidic linkages) or chitin (by the breakdown of internal
p-1,4-glycoside bonds) respectively, resulting in the breakdown of the fungal cell wall
[36, 37]. Different isoforms of glucanases and chitinases are produced depending
upon the plant-pathogen interaction.

Thaumatin-like proteins or Osmotin-like proteins such as PR5 inhibit hyphal
growth and spore germination by producing transmembrane pores leading to fungal
cell leakiness and blocking the function of plasma membrane receptors molecules
involved in cAMP/RAS?2 signaling pathways. Also, antifungal action has been dem-
onstrated in some family members, predominantly against oomycetes. PR-5 was also
demonstrated to exhibit potato cell’s defense against Phytophthora infestans by form-
ing a cytoplasmic aggregation through an actin-binding complex [38]. Proteinase
inhibitors (PIs) such as trypsin inhibitors and serine inhibitors) belonging to PR6
family proteins, implicated in broad-spectrum defense activity, including suppressing
pathogenic nematodes, insects and other herbivores, fungi and bacteria [39]. PIs can
provide defense against pathogens, decreasing the lyase activity essential for fungal
pathogenicity [40], inhibiting the viral replication cycle [41] and restricting the
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digestive enzyme activity of nematodes and insects, limiting amino acid release [42].
In addition, HyPep (proteinase inhibitor peptide) also causes cell aggregation and
pseudo-mycelia development by inhibiting amylase and serine proteinases [43]. Also,
PIs can block chitin synthesis in fungal cell walls by inhibiting endogenous trypsin that
is essential for chitin synthase, thus inhibiting fungal growth and development [44].

PR-7 is a major protein that has only been examined in tomatoes as an endopro-
teinase. It is an antifungal auxiliary protein that aids in destroying fungal cell wall
proteins, chitinases, and glucanases [45]. The PR-9 family of peroxidases is believed
to have a role in plant cell wall strengthening by facilitating lignin deposition in
response to microbial invasion [46]. In susceptible wheat varieties, the transcription
level of PR is considerably reduced after infestation with the aphid-transmitted
fusarium virus and hessian flies [47]. This showed that PR catalyzes lignin deposi-
tion to protect susceptible cultivars from BPH.

The members of PR10 protein families exhibit ribonuclease activity required
to inhibit the growth of pathogenic fungi. The antifungal activity of ribonucleases
develops due to penetration of the pathogen and the destruction of cellular RNAs due
to phosphorylation of PR10. It further leads to plant cell death at the inoculation site,
causing apoptosis and the hypersensitivity reaction [48]. These intracellular PRs may
be active against viruses due to their ribonuclease activity, although their ability to
cleave viral RNA has yet to be shown.

The PR-12 type defensins, PR-13 type thionins, and PR-14 type lipid transfer
proteins show antifungal and antibacterial activity, interacting with the target micro-
organism’s biological membrane, leading to altered membrane permeability [49, 50].
Plant defensins are divided into two groups based on the structure of their precursor
proteins: class I and class II. Class I defensins have endoplasmic reticulum (ER) sig-
naling sequences along with defensin domains. In contrast, class II defensins contain
an additional domain of 27-33 amino acid residues called C-terminal prepropeptide
(CTPP) [51]. Due to a lack of signal sequences, class I defensins do not undergo
post-translational modification or subcellular targeting. They accumulate in the cell
wall and extracellular space directly upon synthesis through the secretory pathway
[52]. However, class II defensins undergo proteolysis in the vesicles due to CTPP signal
peptides targeting vesicles and releasing mature short peptides. Mature defensins
consist of five segments of non-conserved loops, linking a-helices and $-strands to
form high-level structures. Differences in the loop sequences confer different func-
tions, including inhibition of protein synthesis, antimicrobial activity, heavy metal
tolerance, plant development, and blocking of ion channels [53].

Oxalate oxidases (PR-15 family) and oxalate-oxidase-like proteins (PR-16 family)
play an important role in plant defense [54]. These are essential enzymes to produce
reactive oxygen species (ROS) during apoplastic oxidative burst [55]. ROS are pro-
duced in the apoplast by an enzyme that produces H,0, and CO, when it reacts with
oxalic acid. Proteolytic enzymes of the PR17 family play an important role in defense
against fungi and viruses. PR19 protein binds to fungal cell wall glucans altering cell
wall structure, leading to morphological distortion of hyphae [31].

4. PR protein activation as a defense response

Plant cells have evolved to activate and recruit the cellular machinery in response
to various stresses to optimally utilize resources and sustain life. Accordingly, plants
modulate genes’ expression, activating a wide range of plant protectants and defense
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Figure 1.
Overview of the activation of defense response against the pathogen including induction of PR proteins locally as
well as systematically.

genes [56]. The pathogenesis-related (PR) protein activation and production are
crucial in response to an invading pathogen [57]. While healthy plants may produce a
trace amount of PR proteins, they are produced in higher concentrations in response
to pathogen attacks, elicitor treatment, wounding, or other stress.

Plants defend themselves against pathogen attacks by employing a variety of
defense mechanisms for their survival and fitness [58]. After the pathogen challenge,
plants trigger basal defense mechanism, i.e., pattern triggered immunity (PTI), by
recognizing the pathogen-associated molecular patterns (PAMPs) and induced defense
mechanism, i.e., effector-triggered immunity (ETI) [59]. PTI and ETI are accompanied
by a set of preformed defenses (structural and biochemical barriers) and/or induced
defense responses (hypersensitive reactions) that usually combat pathogen attacks [60].
Depending upon the plant-pathogen interaction, these defense responses are associated
with a coordinated and integrated set of metabolic alterations that lead to induction of
systemic acquired resistance (SAR) or induced systemic resistance (ISR) through acti-
vation of defense signaling pathways viz., salicylic acid (SA) and jasmonic acid (JA)/
ethylene (ET) respectively. The activation of SA or JA signaling pathway leads to down-
stream activation and accumulation of PR gene products locally as well as systematically
(Figure1). As aresult, PR proteins are related to the development of systemic acquired
resistance (SAR) or a hypersensitive response (HR) to pathogenic fungi, bacteria, and
viruses. Many plant species from many families have been shown to be induced by PRs,
implying that PRs have a broad protective effect against biotic stress [57].

5. Role of signaling pathways in PR protein induction

Depending upon the host-pathogen interaction, different signaling systems are
activated, producing different sets of PR proteins that provide disease resistance
in plants. Basically, pathogens can be categorized into two types depending on the
mode of infection: biotrophic and necrotrophic. Based on the type of pathogen, the
pathogenic elicitors induce the production of different secondary signals such as ROS,
jasmonates, salicylic acid or ethylene, which further induce the expression of differ-
ent PR genes. Within the plant species, these secondary signals’ spatial and temporal
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production vary depending on pathogen type [61]. Classically, the resistance against
biotrophic pathogens is conferred through the salicylic acid (SA) pathway, whereas
against necrotrophic pathogens is conferred through activation of jasmonic acid/
ethylene (JA/ET) pathways [62].

In plant-biotrophic pathogen interaction, the SA signaling system induces the

expression of signature PR genes related to this pathway viz PR1, PR2, PR5, PRS,

PR9 and PR10 [63]. The transcription studies (overexpression of PR genes), as

well as mutational studies (SA mutants such as nimi, nprl, sail, nahG), have pro-
vided evidence of the dependence of these PR genes on SA signaling pathway [64].
SA-mediated defense signaling regulates the expression of the PR genes through
binding with and activating the NPR1 (due to conformational changes). Activated
NPR1 interacts with transcription factors such as TGACG-binding factor (TGA), thus
inducing defense gene expression [65]. However, in plant-necrotrophic pathogen
interaction, it has been found through transgenic expression of PR genes as well as JA
mutant analysis that the JA/ET signaling pathway induces the expression of PR3, PR4,
PR10, PR11, PR12 and PR13 genes [64]. ET signaling pathway induces the expression
of PR genes by activating the ETHYLENE RESPONSE FACTOR (ERF) transcription
factor through activation of EIN2 and EIN3 proteins. However, in the JA signaling
pathway, JAZ (jasmonate ZIM domain) protein is degraded by COL1 (coronatine
insensitive 1) mediated 26S proteasome leading to activation of MYC2 transcription
factor and hence transcription of JA responsive genes [66]. Furthermore, applying
JA or SA hormones (defense hormones) increases the PR genes’ transcription level,
providing a broad spectrum of resistance [67]. During plant-pathogen interaction,
hormonal crosstalks also occur, which can provide novel insights for disease resis-
tance. PR-6 in tomato leaves generated by systemic and jasmonic acid was suppressed
by exogenous application of SA. When a pathogen infects tobacco, ethylene may
operate downstream of jasmonic acid to activate PR-2 and 3.

The ERF branch’s ET/JA-regulated transcription factors are inhibited by the nega-
tive regulators of the SA signaling pathway. Also, SA biosynthesis is inhibited upon
activation of the ET/JA signaling pathway, depicting these pathways’ antagonistic role
in defense response [68].

6. Pathogenesis-related proteins (PR-proteins) with their transgenic
expression

With the development of modern DNA technology, it is possible to engineer trans-
genic plants transformed with genes to provide resistance against specific diseases.
Recently the transgenic expression of various groups of PR proteins has enhanced
the resistance of the transformed plant against several plant pathogens (Table 2). PR
proteins are found in all organisms and are part of their innate immune systems. They
have a wide range of activities, including disrupting fungal cell walls, permeabiliz-
ing membranes, inhibiting transcription, and inactivating ribosomes [117]. Genes
coding for various PR proteins have been identified, cloned, and expressed in plants,
preventing the development of specific diseases and conferring resistance to affected
plants. Using modern biotechnology tools, various crops have been engineered to
express, or over-express the PR proteins from different sources, such as (i) that are
produced during the plant’s defense response, (ii) derived from microorganisms or
animal cells, (iii) synthetic peptides designed based on sequences of existing antimi-
crobial compounds [32, 118].
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7. Transgenic plants expressing antifungal activities

Fungi are one of the most harmful phytopathogens, resulting in considerable
production losses in most agricultural crops [119]. PR proteins have proven effective
in preventing fungal diseases in plants as many of these targets or hydrolyze fungal
cell walls, resulting in cell death. PR1, PR2, PR3, PR4, PR5, PR8, PR11, PR12, and
PR13 have been identified as plants’ most effective antifungal proteins. Transgenic
approaches using PR proteins are suitable for developing long-lasting fungal pathogen-
resistant crops [64]. Of the various antifungal PR proteins, glucanases and chitinases
are most widely used in transgenic technology to provide resistance against fungus.

The transgenic over-expression of glucanase and chitinase genes from differ-
ent sources has been shown to be effective against pathogens, specifically fungus.

It has been reported that overexpression of the tobacco glucanase gene imparted
groundnut resistance to Cercospora avachidicola and Aspergillus flavus, demonstrating
that fungal resistance is conferred via in planta transformation [120]. Transgenic
Arabidopsis plants expressing grapevine b-1,3-glucanase (VoGHF17) confers resis-
tance to Colletotrichum higginsianum and Botrytis cinerea [121]. Furthermore, tea with
transgenic overexpression of the endo-1,3-D-glucanase gene, which expresses a potato
glucanase, significantly improved tolerance to the blister blight fungus Exobasidium
vexans [122]. Recently, oil palm resistance to G. boninense was improved by transgenic
overexpression of M. sativa glucanase (AGLUI) [123]. Likewise, transgenic expres-
sion of chitinase genes have been reported to be antifungal generated transgenic
zoysia grass was generated which overexpressed Zjchi2 via Agrobacterium-mediated
transformation and hence showed disease resistance against Rhizoctonia solani

[124]. Currently, the overexpression of LcCHI2 gene was identified that increasing
the chitinase activity in transgenic tobacco and maize, resulting in improved resis-
tance to Pseudomonas tabaci, Alternaria alternata, Exsevohilum turcicum, Curvularia
lunata [80].

Some other antifungal PR proteins that have been reported to be used in transgen-
ics are thaumatin-like/osmotin-like proteins, defensin-like proteins, thionin, oxalate
oxidase and lipid transfer protein. In fungal cells, thaumatin-like proteins are known
to form transmembrane pores, whereas osmotin proteins are known to maintain the
osmolarity of suitable solutes in cellular compartments [88]. In Arabidopsis thali-
ana, overexpression of the TLP29 gene from grape VqgTLP29 improved resistance to
powdery mildew and the bacteria Pseudomonas syringae [125]. Under in vitro condi-
tions, transgenic poplars overexpressing PeTLP thaumatin genes showed enhanced
resistance to Marssonina brunnea [126]. Similarly, in potatoes, overexpression of the
osmotin gene (OsmWS) conferred resistance to the early blight fungus A. solani [88].
Many more transgenic plants have been generated that show increased resistance to
phytopathogenic fungi by expressing the TLPs and OLPs as listed in Table 2.

The successful developed and characterized transgenic peanut and tobacco plants
which overexpress the mustard defenisn gene and Raphanus sativa, RsAFP2 gene for
fungal resistance respectively [127]. The late leaf spot diseases Cercospora arachidi-
cola and Pheaoisariopsis personata were more resistant to transgenic peanut plants
whereas, Phytophthora parasitica pv. nicotianae and Fusarium moniliforme resistance
was higher in transgenic tobacco plants. Similarly, the »Dr7230a defensin protein
gene suppressed spore germination and growth of both Fusarium tucumaniae and
Colletotrichum gossypii var. cephalosporioides in transgenic Pichia pastoris [128]. The
antifungal thionin genes (AT1G12660 and AT1G12663) from A. thaliana had been
used to produce transgenic potato conferring resistance against pathogenic fungi such
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as Fusarium solani and Fusarium oxysporum [104]. Furthermore, the overexpression
of thionin increased canker resistance and decreased canker bacterial development
when transgenic Carrizo plants expressing the modified plant thionin were produced
by Agrobacterium-mediated transformation [129]. Peanuts with transgenic expression
of the oxalate oxidase expressing gene were more resistant to Sclerotinia blight [130].
Also, overexpression of oxalate oxidase genes has been developed to increase resis-
tance against Sclerotinia sclerotiorum in transgenic Glycine max [108].

Transgenic expression of LTPs has been shown to improve resistance to phytopatho-
genic fungi in some studies. As an example, antimicrobial protein gene (Ace-AMP1)
isolated from Allium cepa has been overexpressed in both Triticum aestivum and Oryza
sativa through Agrobacterium-mediated transformation, microprojectile bombardment,
in planta assays, conferring resistance against Sphaerotheca pannosa var. rosae [113],
Magnaporthe grisea, Rhizoctonia solani and Xanthomonas oryzae [116] respectively.
Recently, A. thaliana LTP overexpressing transgenics has been shown to increase resis-
tance toward pathogens Plasmodiophora brassicae and E. graminearum [112, 131]. Some
other examples of successfully generated transgenic plants with enhanced production of
hydrolytic enzymes and resistance against phytopathogenic fungi are given in Table 2.

8. Transgenic plant expressing bacterial resistance

Numerous bacterial pathogens causing massive yield losses have been isolated and
identified from different agriculturally important crops. Pathogenesis-related pro-
teins are well-known weapons to combat resistance against these bacterial pathogens.
Many in-vitro studies have shown the antibacterial properties of many PR proteins
viz PR10 (Ribonuclease-like proteins), PR12 (defensins), PR13 (thionins) and PR14
(Lipid-transfer protein) [90, 116, 132]. Among these, PR10 shows broad spectrum
of antibacterial activity against P, syringae, Agrobacterium tumefaciens, A. radiobacter,
Pseudomonas aureofaciens and Servatia marcescens [90, 133]. Overexpression of lipid
transfer protein (PR14) in rice plants showed increased resistance to bacterial as
well as fungal pathogens (Table 2) [116]. The antibacterial efficacy of additional PR
proteins and AMPs against a variety of bacterial diseases in economically significant
crops has to be further investigated.

9. Transgenic plant expressing insect resistance

Plants expressing PR genes have been engineered in several experiments, resulting
in enhanced pest resistance. The expression of both low and high levels of MTI-2 was
reported by using Agrobacterium transformation technique in tobacco and Arabidopsis
plants leading to resistance against Spodoptera littovalis [134]. The wound-inducible
expression of a Bacillus thuringiensis endotoxin gene which directed significant insecticidal
gene expression to protect transgenic rice from Chilo suppressalis Walker [94]. Transgenic
rice plants were developed by particle bombardment or Agrobacterium-mediated transfor-
mation of mpi gene leading to resistance against C. suppressalis (Table 2) [93].

10. Transgenic plant expressing viral resistance

Apart from their antifungal or antibacterial effects, PR proteins appear to be a
promising candidate gene for producing virus-resistant transgenic crops based on
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different studies of PR proteins, as given in Table 2. Antiviral activities of PR proteins
such as defensins, thionins, peroxidase and lipid transfer proteins have been observed
in vitro [115]. Antiviral activity has also been observed in ribosome-inactivating pro-
teins (RIPs), which suppress translation by enzymatically damaging ribosomes [115].
Plant resistance to plant viruses was improved by a transformation study involving
RIPs. In addition, CaPR10 from Capsicum annuum has been found to have increased
ribonucleolytic activity against the Tobacco mosaic virus (TMV) RNA, allowing it to
break viral RNAs [116].

11. Synergistic effect of transgenic PR proteins

In transgenic plants, the synergistic action of two or more PR genes reduces
susceptibility to various pathogens. Researchers have reported that §-1,3-glucanases
and chitinases synergistically inhibited the growth of Fusarium oxysporum by using
in planta transformation [135]. Transgenic potato plants co-expressing chitinase
(BjCHII) and p-1,3-glucanase (HbGLU) suppressed Rhizoctonia solani and showed
healthier root growth [70]. In another study, transgenes carrying the chitinase
gene (chill) and the thaumatin-like protein gene (tlp) from rice were introduced by
co-bombardment, and overexpression of these antifungal chi and tlp proteins pro-
vided resistance to fungal infections in barley [136]. Likewise, in transgenic carrots,
the synergistic action of three different PR-protein genes such as chitinase, -1,3-
glucanase and peroxidase, conferred disease resistance to necrotrophic pathogens
namely, Botrytis cinerea and Sclerotinia sclerotiorum [137]. Amian et al [138] reported
the development of transgenic pea plants with stable integration of two genes viz
p-1,3-glucanase (Hordeum vulgare) and chitinase gene (Streptomyces olivaceoviridis)
via Agrobacterium-mediated gene transformation and hence produced suppression
of fungal spore germination. Chhikara et al [139] used Agrobacterium-mediated
transformation to co-express the barley antifungal genes chitinase and ribosome-
inactivating protein in Indian mustard, protecting against Alternaria leaf spot disease.
Furthermore, transgenic potato plants expressing 7ip30 and chiA genes transformed
by A. tumefaciens strain GV3101 showed improved resistance to Rhophitulus solani
[140]. In the case of Oriental melon (Cucumis melo Makuwa Group), the fusion of
chitinase (CHI) and antifungal protein (AFP) genes confers enhanced protection
against Rhizoctonia solani and Fusarium oxysporum [141]. Rice plants co-transformed
with chitinase (OsCHI11) and oxalate oxidase (OsOX04), which are defense-related
genes, showed improved resistance to the pathogen that causes sheath blight [142].
Boccardo et al [143] suggested co-expression of PR proteins AP24 and f-1,3 gluca-
nase enhanced resistance against Rhizoctonia solani in greenhouse conditions and
Peronospora hyoscyami f.sp. tabacina and phytophthora nicotianae pathogens in field
conditions.

12. Challenges faced by transgenic expression with PR proteins

Since the advent of plant genetic engineering, PR proteins have consistently
been the top choice among scientists when creating transgenic plants to increase
disease resistance against a variety of diseases. PR proteins expressed either singly or
synergistically in transgenic plants can provide broader and more effective disease
resistance against different pathogens as described above.
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Aside from these successful outcomes, many studies have described the challenges
of using PR proteins in transgenic technology. In contrast to the above findings,
numerous studies have suggested that the transgenic expression of PR proteins did
not lead to increased tolerance to pathogens. Szwacka et al [144] reported no relation-
ship between transgenic protein expression level and increased tolerance against the
pathogen. Transgenic cucumber plants with stably integrated thaumatin II cDNA
under the control of the CAM35S promotor via Agrobacterium did not exhibit toler-
ance to Pseudoperonospora cubensis. Moravckova et al [145] co-introduced chitinase
and glucanase into Solanum tuberosum to increase resistance to R. solani infection, but
hyphal extension assay revealed that transformants did not affect R. solani growth in
vitro.

Various transgenic plant modifications have been described, with varying degrees
of protection against certain fungal and oomycete infections. However, the resulting
resistance levels were frequently insufficient for breeding [146]. Furthermore, con-
stitutive expression of PR proteins can lead to the spontaneous production of lesions
that look like HR lesions in the absence of a pathogen), which can be an unfavorable
outcome [147]. Disease resistance techniques must control specific diseases without
affecting crop yield and quality.

Moreover, most researchers have used constitutive promoters to control the
expression of PR genes in agricultural plants to enhance resistance, resulting in
homology-dependent gene silencing. As a result, unregulated and untimely activa-
tion of PR genes or AMPs harms plant growth and development. Human allergenic-
ity is one of the main issues hindering the success of transgenic technology with
PR genes. According to the current classification, there are 19 different classes
of PR-Proteins, and 8 of them have been confirmed to cause allergic reactions in
humans by using in-silco approaches. These proteins have been known to trigger
allergenic symptoms such as food allergens depending upon their mode of entry into
the human body [148], dermatitis, airborne, asthma, airway allergy etc. and if all
these allergens have been consumed in greater amount, the gastrointestinal symp-
toms are also triggered.

13. Conclusion

The goal of this chapter was to review the role of PR-proteins in plant defense and
how transgenic expression of PR-proteins in agricultural plants resulted in increased
resistance to stresses. Biotic stress has become a significant concern in modern agri-
culture and many research institutions are actively researching to generate resistant
cultivars using PR proteins. PR proteins have become a highlighted topic between
scientists because of their effectiveness against biotic agents. Genetic engineering is
considered the best way to develop transgenic resistant plants using PR proteins. To
increase agronomic characteristics worldwide, new inventions or novel approaches
in PR protein transgenic technology are necessary and will continue to improve
plant health in the future. Another future concern is that the formation of virulent
phytopathogen strains increases as the global climatic change rate increases. So, to
cope with such significant obstacles, it is necessary to define and identify novel PR
genes functionally. Advances in genomics, transcriptomics, phenomics, proteomics,
metabolomics, and ionomics, will substantially aid our understanding of the complex
network of PR genes and the interaction of PR proteins with other proteins from
plants and pathogens. Therefore, PR proteins could be utilized to develop crop plants
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more resistant to various stresses. They could also be employed as candidate genes for
genetically engineering crop multi-trait factors. Future research is needed to assess

the PR transgenic plants’ responses to various traits, including biotics, plant develop-
ment and yield.
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Improvement of Food Legume
Crops
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Abstract

Legumes are the second-largest source of food after cereals, all over the world, and
an essential protein source in the vegetarian diet. These crops remain essential to sub-
sistence production as they have the inherent capacity to survive in an adverse ecosys-
tem and require minimum investment for their management. The increasing challenge
of feeding a rapidly growing population places excessive pressure on current food
production systems, which can no longer be sustained by traditional plant breeding
alone. Therefore, modern breeding methods with increased genetic gains are required
to meet the food demand of the increasing population. In the past few decades, the
efficiency of legume crop breeding programs has increased considerably using novel
and multidisciplinary approaches in breeding programs. A multidisciplinary approach
combining conventional plant breeding, mutation breeding, plant biotechnology, and
molecular breeding is strategically ideal for production of new and improved crop
varieties. This chapter focuses on recent advancements in plant biotechnology, related
molecular methods, phenomics, and their application in breeding of legume crops.

Keywords: molecular marker-assisted backcrossing, molecular markers and genomics,
food legume crops, genetic improvement, genomic assisted breeding

1. Introduction

Legumes are present in the diet of millions of people worldwide because these
crops are associated with nutrition and health. Along with this, also have economic
and environmental benefits. These are safe for consumption, relatively inexpensive,
readily available, and the preferred food source after cereals. These crops have the
ability of symbiotic nitrogen fixation; as a result, they help in the efficient use of fer-
tilizers, lower emission of greenhouse gases and soil health enhancement. This ability
of legumes promotes the inclusion of these crops in cultivation systems, thereby
contributing to the diversified system and sustainability [1].

Food legumes are divided into two groups: 1) oil seeds and 2) pulses/ grain
legumes. Oil seed legumes have high oil/fat content such as soybean and peanuts and
pulses are dry seed legumes with low-fat content used as food (moong, urad, lentil,
moth, etc.). Grain legumes are grown in both tropical and temperate regions of the
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world and used with cereals as pulse (dal). These are one of the major sources of
income for smallholders who practise sustainable farming.

Today, malnutrition is more pronounced in developing countries due to the
increasing population, and the most troubling one is caused by protein deficiency.
Plant-based protein sources are the most desirable as they are nutritious, cheap, and
easily accessible to poor people. Cereal-based diet system is deficient in protein con-
tent and essential amino acid lysine. In contrast, legumes contain protein and lysine
amino acids, improving the nutritional status of diets based on cereals. Cereal diets
containing legumes are considered one of the greatest therapies for protein caloric
deficiency in developing nations [2]. In this way, legumes and cereals complement
each other, and they must be eaten in a 35:65 ratio for nutritional balance.

In recent years, more people have substituted animal protein with vegetable pro-
tein due to increased health awareness and nutrition. With the increasing demand for
vegetable protein, research on food properties and the utilization of indigenous food
crops like legumes for protein-rich supplements are significantly increased [3]. These
crops are also adapted to adverse climatic circumstances and are resistant to insect
pests and disease, so they may be cultivated in arid climates with low or irregular
rainfall.

In African and Asian countries, the primary contributors to protein and calories
are legumes due to their economic and cultural reasons [3, 4]. Even though legumes
crops have several benefits so far production is still less in comparison to cereals and
vegetables. Cereal crops clearly overshadow these crops. It is necessary to increase
awareness, spread the knowledge among the people, and encourage the farmers to
grow legume crops along with cereals to increase their production.

1.1 Constraints in genetic improvement of legumes

Although legumes are a very useful protein source for humans and livestock, the
research efforts to increase the productivity of legumes are lesser than the cere-
als. The poor yield of legumes may be due to growing these crops as subsistence in
marginal lands with local varieties that do not tolerate biotic and abiotic stresses.
Concerted attempts have been made during recent decades to enhance the yield
potential of legumes with conventional methods, but genetic progress is poor
compared to cereals [5].

The key challenges facing plant breeders in genetic improvement of legumes are
discussed shortly below.

1.2 Genotype and environment interactions

Crops are largely determined by climatic conditions, and even minor changes
from optimal conditions can severely affect plant growth and yield. Differential
responses of improved cultivar strains are expected in different environments due
to unpredictable climatic factors encountered at various sites and/ or years. Gx E
interactions then become a big challenge for any crop breeding program as they
restrict effectiveness of breeding programs and selection responses. Legume crops
show phenotypic instability due to environment (70-80%) and genotype x environ-
ment (17-27%) interactions for economically important quantitative traits, result-
ing in variable yield potential. The genotypic effects contribution is very less that is
1.5-7%. As a result, the environment has a crucial role in the stagnation of legume
crop progress [6].
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1.3 Multiple stress

Legumes are mainly cultivated in rainfed conditions on marginal lands with mini-
mum inputs. In these risk-prone environments, legumes encounter multiple stresses
such as various diseases (wilt, rust, Ascochyta blight, powdery mildew), erratic rainfall,
prolonged dry spell, extreme temperatures, salinity stress, alkalinity and acidity. Most
legumes are susceptible to different stresses, affecting morphological and physiological
processes of plants that hamper plant growth. To ensure consistent performance of
pulses in these areas, it is essential to develop multiple stress-resistant varieties.

1.4 Limited genetic diversity

The genetic enhancement of crops largely depends on the genetic diversity available
in that crop for exploitation. The variability present in legumes for selection is compara-
tively limited. However, India is rich in available genetic diversity for legume crops, but
the production and productivity are poor compared to global production and produc-
tivity [7]. To develop new cultivars, breeders use the same germplasm repeatedly in
breeding programmes, and the rate of incorporation of new germplasm is less. Extensive
use of the same genotypes with common ancestry in breeding programmes is the prime
reason for the narrow genetic base of developed cultivars. Thus, the developed varieties
are more susceptible to insects, pests, diseases and unpredictable climatic factors.

2. Recent techniques for genetic improvement of food legumes
2.1 Genotyping-by-sequencing of food legumes

The 1st genome sequencing of Arabidopsis (Arabidopsis thaliana) was completed
in 2000; after this achievement, it has been proved that information about the
genome of any crop species is a major and necessary step to the advancement of that
crop species (Table1).

Our knowledge of different crop plant traits, including food legumes, has
expanded during the past few decades due to advances in plant biotechnology and
genomic technologies [27]. Genome sequencing enables crops to be improved on the
basis of genomic gains and the selection of genes that possess desirable characteristics
that increase the quality and quantity of produce. This also provides detailed informa-
tion on genome structure and mutagenic changes due to deletions and insertions and
discloses the pathways linked to different stress responses. In legumes, Lotus japonicus
(Japanese trefoil) and Medicago truncatula, these two species with small genome
sizes were selected as reference genomes. The genome sequence of the majority of the
legume crops is now available; for soybean, groundnut proginator, chickpea, pigeon-
pea, common bean, and adzuki bean. Completely sequenced legume species (with
completed and annotated genomes): Cajanus cajan (833 Mb genome), Cicer arietinum
(738 Mb), Glycine max (1,112 Mb), Lotus japonicus (472 Mb), Medicago truncatula (373
Mb) and Phaseolus vulgaris, respectively (588 Mb). These species have between 28,269
and 48,680 genes and 25,640 to 243,067 transcripts, respectively.

In addition to revealing the genome sequences of different legume crops, different
research institutes re-sequenced legume germplasm lines because draft genomes are
now available, so it is easy to deploy whole genome re-sequencing-based approaches
in legumes. This approach will help to learn more about genome architecture,
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Crop Genome sequence Germplasm lines resequenced
Soybean * 950 Mb of the 1115 Mb of Glycine * A total of 106 soybean genomes were re-
max genome; comprised of 46,430 sequenced, representing wild, landrace, and elite
protein-coding genes [8] lines of the crop. [9]
« 89 lines [10]
* 286 soybean accessions (14 wild type, 153 landrace
and 119 bred accessions) were sequenced; [11]
Pigeonpea 605.78 Mb of the 833.07 Mb pigeonpea  * Genome-wide variation in 292 Cajanus accessions,
genome; total of 48680 genes [12] including breeding lines, landraces, and wild
species. [13]
* 20 Cajanus spp. accessions comprising two wild;
species and 18 cultivated species accessions; [14]
Chickpea ~738-Mb whole genome sequence of * 35 chickpea genotypes (parental lines of 16 map-
Kabuli chickpea variety CDC Frontier ping populations); [16])
contains 28,269 protein-coding genes * 129 chickpea varieties, comprising 88 desi and 41
[15] kabuli [17]
Groundnut * 1081 Mb (89%) of Arachis * 11 genotypes including synthetics and their diploid
duranensis and 1371 Mb (90%) of parents [19]
A. ipaensis [18] * 41 groundnut accessions and wild diploid ances-
* 50 324 protein-coding genes; A. tors [20]
duranensis var P1475845; [19]
Common * 473 Mb of the 587-Mb genome and
bean genetically anchored 98%;
26 279 protein-coding genes [21]
Mung bean * 543 Mb (84.48%) size genome (V.
radiata var. radiata VC1973A); 22
427 predicted genes [22]
Adzuki * 75% of the 612 Mb size genome;
bean 26857protein coding genes [23]
* 450 Mb (83% of the genome)
sequenced; 50 accessions including
11 wild, 11 semiwild, 17 landraces,
and 11 improved varieties; 34 183
predicted genes [24]
Cowpea * 36 diverse cowpea accessions [25]
Pea 3920 Mb of pea cultivar ‘Caméor’, 42 wild, landrace and cultivars [26]
representing 88% of the estimated pea
genome size.
Total number of protein-coding genes
is 193,976 [26]
Table 1.

Summary of genome sequence and resequencing efforts in important legumes.

structural variations, genome evolution, and genome dynamics during domestica-
tion. As a result, different genotypes/lines/accessions were chosen for these legumes
based on their priority in respective crop improvement programmes.

2.2 Trait mapping from diverse legumes germplasm

Several traits that are agriculturally important are complex. These traits are con-
trolled by many genes and affected by environment and gene-environment interactions.
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Over the past few decades, to understand the genetics of complex traits has become a
major concern. With the progress made in the area of molecular markers as well as in
genomics significant number of QTLs have been found in various crops. In legumes
also, several genes/ QTL controlling the target traits have been mapped (Table 2). The
efficiency and accuracy of breeding practices have been improved significantly with the
help of molecular marker-assisted selection of important traits. Further, the mapped
gene(s) or QTLs can be introduced individually or pyramided in an improved variety.

Crop QTL/Gene Trait Method References
Soybean IDC QTL Iron deficiency Association mapping Wang et al. [28]
FAD2-1and chlorosis Linkage mapping Bachalvaet al. [29]
FAD2-2 genes Oleate biosynthesis
Pigeonpea Hsf genes Heat-response Genome-wide Maibam et al. [30]
candidate Sterility mosaic analysis [13]
genes disease (SMD), genome-wide
Fusarium wilt (FW) association analysis
and photoperiod
insensitivity
Common Co-1-Co-10 Resistance to Linkage mapping Kelly and Vallejo [31]
bean 10 QTLs/ anthracnose Associations Choudharyet al. [32]
genes Resistance to mapping
Resistance anthracnose Associations
gene analogs Resistances to mapping
different pathogens
Cowpea Candidate Resistance to root- QTL mapping Santoset al. [33]
genes knot nematodes QTL mapping Pottorff et al. [34]
Hbs-1-Hbs-3 Heat-induced QTL mapping Huynhet al. [35]
Major QTL browning of seed
drought tolerance
Resistance to root-
knot nematodes
Pea nod3 Hyper nodulation Comparative Bordatet al. [36]
PsMlo mutation genomics Mohapatraet al. [37]
PsDREB2A Powdery mildew Comparative Jovanovicet al. [38]
resistance genomics
Drought response Comparative
genomics
Chickpea Aquaporins Biotic and abiotic Comprehensive Deokar et al. [39]
gene family stresses genome-wide Deokar et al. [40]
CarERF116 Abiotic stress analysis Mallikarjunaet al. [41]
Major QTLs responsive Genome-wide
corresponding Flowering time association
to Analysis
flowering time QTL mapping
genes (efl-1,
efl-3, and
efl-4)
Adzuki VaAGL, Flowering time and QTL mapping Liet al. [42]
bean VaPhyE, and pod maturity
VaAP2
Table 2.

QTL mapping in different legume crops.
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There are two approaches for marker-trait associations identification in plants:

(1) Linkage mapping and (2) Association or linkage disequilibrium (LD) mapping.
Linkage mapping is a conventional mapping approach based on genetic recombina-
tion between two loci, whereas association mapping is a new approach and based on
linkage disequilibrium.

Currently, candidate gene and whole-genome association mapping methods are
used in crop plants. As a new approach to conventional linkage analysis, association
mapping has the advantages of increased mapping resolution, research speed, and
greater allele number. Different loci for iron deficiency chlorosis in soybeans have
been effectively mapped using the candidate gene-based method [28].

Similarly, Bachalva et al. [29] mapped several candidate genes in soybean involved
in oleate biosynthesis and examined their co-segregation with oleate, linolenate
quantitative trait loci (QTLs). Whole-genome association mapping has been used in
several legume crops; for example- Medicago truncatula, common bean, soybean,
chickpea, cowpea, peanut etc. In pigeonpea, 292 accessions were characterized using
genome-wide association analysis for the purpose of accelerating genetic gains and
identifying associations between several candidate genes and agronomically signifi-
cant traits [13]. In a diversity panel including 96 Middle American genotypes of com-
mon bean, Hoyos-Villegas, Song, and Kelly [43] studied the genetic basis of variation
for drought tolerance and related traits, and the GWAS analysis enabled identification
of important marker-trait associations for traits related to drought tolerance and can-
didate genes associated with wilting. Salinity stress, which is intensified by changing
climatic conditions, has a negative impact on cowpea at the germination and seedling
stages. Ravelombola et al. [44] conducted research to identify SNP markers linked to
salt tolerance through association mapping.

2.3 Pan-genomes of legume crops

It is clear that a single individual’s genome does not adequately represent the
diversity of genes in a species. Pangenome assemblies, which capture sequence and
structural variation in a species more comprehensively, can be developed as a remedy.
Pangenome includes the core complement of genes common to all individuals of the
species. The variable genome contributes to species diversity and provides functions
that are not essential, but which may. While the availability of reference genomes has
significantly supported plant breeding and research, these reference genomes capture
only a portion of the species diversity. These reference genomes provide a selective
advantage under some circumstances like; biotic and abiotic stress resistance. Tettelin
et al. developed the pangenome concept [45] and developed the first-ever pange-
nome for a bacterial species, Streptococcus agalactiae. The first legume pangenome
was generated by sequencing and de novo assembly of seven phylogenetically and
geographically representative accessions of the wild relatives of cultivated soybean.
The soybean pangenome indicates a faster evolution and greater diversity in dispens-
able genes than core genes related to adaptation to environmental stresses. Recently,
the Pigeonpea pangenome was developed, based on 89 accessions mostly from India
and the Philippines. This reveals that in Philippine individuals, there is a substantial
genetic variation that is not present in Indian individuals.

Existence of a large number of repeats and several rounds of polyploidy, genome
and pangenome assembly in plants is always difficult. The traditional de novo assem-
bly and comparison approach was first used to demonstrate significant genomic
differences between individuals. It has the benefit of providing the physical position
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of genes. During the breeding of certain crops, a decline in genetic variation has been
observed, especially associated with the selection of important characteristics. This
approach will help identify genes lost during breeding and selection that can be bread
back into elite germplasm.

2.4 Mutmap technique in legumes

MutMap is a recently developed method based on whole-genome resequencing of
pooled DNA from a segregating population of plants with a useful phenotype. The
MutMap scheme to identify rice genes responsible for agronomically significant traits
in a rice mutant pool that had been mutagenized by ethyl methane sulfonate (EMS).
A recessive mutant from a mutant pool is backcrossed to a wild plant type in MutMap
technique. The F1 plant is self-fertilized and the F2 progeny (>100) are screened for
plants (>20) with a segregated mutant phenotype. In this method, only a small F2
population (>100 plants) is required for gene identification from crop plants so this
is easy to maintain small population in the field. MutMap is particularly useful for
identifying genes that control quantitative minor effect phenotypes, which is a chal-
lenging thing in crop improvement. This method is being used in the field of legumes
to find candidate genes for leaf and plant type mutants in chickpea.

2.5 Genomic assisted breeding

The world’s population is rapidly growing and is expected to hit 9 billion by 2050.
This massive pressure on population would contribute to a serious food shortage.
Pulses in the vegetarian diet are essential sources of proteins, for pulses improvement,
extensive breeding programmes have been done through conventional breeding
and significantly developed several high-yielding varieties [46]; however, the pace
of genetic improvement of pulse crops is very slow. Limited success was achieved
through conventional breeding even after continuous and systematic breeding efforts
due to several constraints. One of the major constraints on expression of quantitative
traits is high G x E interaction leading to slow genetic gain [6]. For strengthening
conventional breeding programmes, integration of novel breeding strategies and
techniques is required for revolutionary changes. During the last decade, the per-
formance of legume breeding programme has increased significantly, as a result of
novel genomic tools and techniques incorporated with the conventional breeding
methods. In order to incorporate genomics in breeding, genomics-assisted breed-
ing was suggested, and it has been effective for many traits in cereals and legumes.
Genomic-assisted breeding will accelerate the genetic enhancement of pulses which
leads to development of cultivars with higher yield and multiple stress tolerant.

The availability of molecular markers such as simple sequence repeats and SNPs has
enabled the dissection of complex characteristics that limit crop production, In the
case of pigeonpea and soybean, genome-wide SNPs focused on resequencing of many
germplasm lines were also used to establish marker-trait associations.

2.6 Marker assisted characterization of germplasm

In the twenty-first century, food, water and land are biggest challenges for increas-
ing population. Agricultural activities need to expand, become sustained, and be
more adaptive to climate change. To improve sustainability in agricultural systems,
new paradigms are required, to explore the genetic potential of the huge although
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unfortunately underutilized resources of genetic diversity available for different
crops. For breeding of climate-resilient varieties, a better understanding of evolution-
ary genetic variability is essential. Genetic diversity is the precious wealth for any crop
improvement programme but due to climatic changes, it is reducing continuously. In
last century, 75% decline in genetic diversity was witnessed in farmers’ fields and it
would further decline by about 20% by 2050.

Besides that, genetic resources can be excellent breeding material to develop
superior variety in future breeding programmes. They can also be used in different
breeding programs in order to increase the genetic base of cultivated crop varieties.

It has been observed that wild relatives have several desirable characteristics like
resistance to biotic and abiotic streses, nutritional characteristics, cleistogamy, photo
insensitivity and cytoplasmic male sterility (CMS).

In the past few decades, revolutionary approaches and systems have offered a great
wealth of genetic and genomics resources that revolutionized research in both model
and crop legumes.

A recent study on chickpea presents evidence of severe domestication bottleneck.
Efficiency of cultivated population of chickpea is 100 times lesser than that of wild
chickpea (Cicer reticulatum and C. echinospermum). In legume crops, study on
landraces and wild relatives are significantly benefited by advanced technologies of
genomics, phenotyping and computational biology.

The Vavilov Institute of Plant Genetic Resources (VIR), which houses a special
genebank in St. Petersburg, Russia, using a mixture of genomics, computational
biology and phenotyping to classify the 147 accessions of chickpea from Turkey and
Ethiopia. The combination of high-density genotyping data with historical pheno-
typic information on these VIR landraces allowed chickpea genomes to enter ‘agro
islands’ or ‘domestication islands’ that display significant associations with multiple
phenotypes. These “genomic gems” have also been identified in chickpeas containing
co-adapted and co-localized gene complexes. These are LG4 and LG2 in chickpea
containing multiple genes/ QTLs related to drought and disease resistance, respec-
tively. WGRS/RADSeq of 90 Cicer accessions, including cultigens, landraces and wild
accessions, previously identified a wide collection of 54 genes on LG3 that could have
been targeted during modern breeding efforts to manipulate salient characteristics
such as flowering time.

Similarly, a genomic segment with an excess of MTAs for agronomically significant
traits was observed on LG9 after re-sequencing of 292 accessions in pigeonpea [13].

In a recent study, to understand the genetic relationships between various lentil
species/subspecies, a lentil collection comprised of 467 wild and cultivated genotypes
originating from 10 different geographical regions was evaluated. A total of 422, 101
high-confidence SNP markers were identified against the reference lentil genome (cv.
CDC Redberry). Phylogenetic analysis clustered the germplasm collection into four
groups, namely, Lens culinaris/Lens orientalis, Lens lamottei/Lens odemensis, Lens
ervoides, and Lens nigricans. Results of this study indicated that L. nigricans is most
distantly related to L. culinaris and major differences were observed in six genomic
regions with the largest being on Chromosome 1 (c. 1 Mbp) and further additional
structural variants are likely to be identified from genome sequencing studies. In
order to improve germplasm and for introgression of novel genes, this will provide
further insights into the evolutionary relationship between cultivated and wild lentil
germplasm.

Guar (Cyamopsis tetragonoloba (L.) Taub.) is primarily grown as an industrial
crop due to its high-quality galactomannan gum used as a thickener, flocculant,
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emulsion stabiliser and gelling agent. Therefore, the novel set of molecular markers
(nSSR) could be adopted as a useful tool to characterize the guar accessions for future
breeding programmes.

2.7 MarKker assisted backcrossing (MABC)

Research on legumes has greatly benefited from different available molecular
markers in crop plants. Association between molecular markers and plant traits in
these crops has introduced a novel approach to breeding that is based on the crossing
of selected genotypes and selection of suitable progenies based on associated mark-
ers/QTL(s) rather than depending solely on phenotypes. Over the past three decades,
the advancement and development of molecular marker technologies have been
steady, such as low-throughput restriction fragment length polymorphisms (RFLPs)
in the 1980s, high-throughput array-based markers in the 2000s and next-generation
ultrahigh-throughput sequence-based marker systems in the 2010s. RFLP, RAPD,
AFLP and SSR markers are low-throughput marker systems and are also considered
past molecular markers. Besides these, next-generation sequencing (NGS) and
genotyping by sequencing (GBS) are high and ultrahigh-throughput marker systems.
These are based on low-cost and high-throughput sequencing technologies and are
considered as present marker systems.

In cereals, so many outstanding achievements of marker-assisted breeding are
available, but in legumes, negligence and lack of genomic resources adversely affected
their initial establishment in the field of molecular breeding. Now recent advances in
pulse genomics have led to the launch of several marker-assisted breeding projects.

RAPD and RFLP markers were used in five wild lentil taxonomic groups to under-
stand their genetic makeup [47]. A genetic linkage map was also constructed in lentils
with RAPD, AFLP and RFLP markers [48].

For shielding the varieties against various biotic and abiotic stresses and for ensur-
ing crop productivity; gene mapping, tagging and marker-assisted selection have
vital importance. Identifying and deploying molecular markers/QTLs in a desired
background would be a priority. Marker-aided selection (MAS) greatly reduce the
time and effort required to recover high levels of resistance from the donor and
simultaneously recover the genomes of the recurrent parent. It has become more
easier to transfer desirable genes/QTLs from wild relatives to existing cultivars due to
MAS and transgenics.

Fusarium wilt (FW) and Ascochyta blight (AB) are two major constraints in
chickpea (Cicer arietinum L.) production. The most affordable approach for long-
term control of ascochyta blight and fusarium wilt in chickpeas is known to be the use
of varieties with high resistance levels.

The availability of molecular markers associated with QTL for ascochyta blight
resistance provided an opportunity to introgress the traits into adapted chickpea
cultivars. backcrossing between moderately resistant donors (CDC Frontier and
CDC 425-14) and the adapted varieties (CDC Xena, CDC Leader and FLIP98-135C)
resulted in a variety with improved resistance to ascochyta blight [49].

More recently, five resistant lines representing foc2 gene introgressed into the
background of Pusa 256 were reported with the help of foreground selection aided
by two SSR markers (TA 37 and TA110). Cultivar Vijay was used as a donor of foc2
gene [50]. Annigeri 1 and JG 74 are elite high-yielding desi cultivars of chickpea, in
Karnataka and Madhya Pradesh. in recent years, have become susceptible to race 4 of
Fusarium wilt (FW).
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A widely grown cowpea variety in Africa was improved by adding drought
tolerance, striga and root knot nematode resistance QTLs using SNP markers. The
major QTL region on LG 8 was introgressed from cultivar V-16 into the bacterial
leaf blight susceptible variety C-152 through marker-assisted backcrossing (MABC)
[51]. Similarly, By backcrossing resistance to CpMv gene was transferred into variety
C-152. Cowpea mosaic virus (CpMV) was responsible for 80-100% yield loss in
cowpea. SSR markers were used for linkage map construction and indicated that two
markers MA15 and MA 80 were linked to CpMYV resistance.

At ICRISAT in hybrid pigeonpea programmes, markers associated with fertility
restoration and CMS are being used. This improved the selection efficiency of hybrid
breeding and accelerated the breeding work [52]. In addition, a range of markers,
including SSRs and SNPs are now available to enable genetic purity testing of pigeon-
pea hybrids and their parents. Recently, ICRISAT has launched a collaborative effort
with ICAR-IIPR and other NARS institutions/universities to accelerate and target the
improvement of ruling mega varieties of pigeonpea in India.

In groundnut breeding, the use of molecular markers in backcross breeding
programme accelerated selection of recombinant progenies bearing nematode
resistance and high oleic acid. Selection for high oleic acid content in ground-
nut was facilitated by one CAPS marker along with gel-free SNP assay using
HybProbe design for the selection of nematode resistance SCAR, SSR and CAPS
marker were used.

Recently in peanuts, two ahfad2 alleles from SunOleic 95R were introgressed into
ICGV 05141 using marker-assisted selection. Marker-assisted breeding effectively
increased oleic acid and oleic to linoleic acid ratio in recombinant lines up to 44% and
30%, respectively as compared to ICGV 05141. Subsequently, In the marker-assisted
backcrossing-introgression lines, a 97% increase in oleic acid, and a 92% reduction in
linoleic acid content were observed in comparison to the recurrent parent [53].

As opposed to traditional breeding, gene stacking or pyramiding is a useful strat-
egy for transferring multiple desired genes or QTLs from various parents into a single
genotype in the shortest possible time (two to three generations). Molecular markers
that may be beneficial for marker-assisted selection and gene pyramiding have been
identified through genetic linkage analyses and QTL mapping. The most effective and
inexpensive means of combating plant diseases is the use of genetic resistance. Gene
pyramiding is thus a sensible approach to creating multiple and enduring resistance.
Most successful approach in common bean for wide spectrum control of common
mosaic virus is to combine I, bc-u, be-12, be-22, and be-3 genes. SCAR marker was
used for MAS. In lentils, molecular marker-assisted gene pyramiding was used for
resistance to ascochyta blight and anthracnose. In this research, two genes for resis-
tance to ascochyta blight and the gene for anthracnose resistance in lentil breeding
lines were pyramided using linked RAPD marker [49].

2.8 Genome editing

Crop plant genome editing is a faster-growing technique for inserting specified
changes into the genome precisely and with great accuracy. Genome editing has
emerged as an alternative approach to conventional plant breeding, and transgenic
(GMO) approaches to improve food legumes and their sustainable production. Instead
of spontaneous non-specific changes caused by radiation or chemical mutagenesis,
crop researchers have long required mutations at specific sites in the genome. This
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approach allows for site-specific DNA insertion, deletion, modification, or replace-
ment in a living organism’ genome. The plant research community has not been
widely involved with earlier SSN-specific (sequence-specific) genome-based editing
technologies, because of the complex design and labour-intensive assembly of par-
ticular DNA binding protein for each target gene. A relatively new and comparatively
easier technique for genome editing is CRISPR (clustered regularly interspaced short
palindromic repeats) technique which is based on a simplified version of the bacterial
CRISPR-Cas9 antiviral defence system. CRISPR genome editing technique is based
on Cas9 protein which is an endonuclease. This endonuclease induces double-strand
breaks using a guide RNA that is complementary to a target gene [54]. In order to cre-
ate mutants for inaccessible genes, CRISPR-Cas9 would be a very useful technique. It
can mutate multiple loci and make large deletions, thereby speeding the plant breeding
without directly adding any transgene. The sequence-specific nucleases-based plant
genome editing has a great potential to develop modified crops which can address the
increased global food requirements and sustainable agriculture production. CRISPR/
Cas9 was applied first in model legume plants to induce targeted mutagenesis.

A web tool was designed to identify potential CRISPR/Cas9 target sites and also
a soybean codon-optimized CRISPR/Cas9 platform to induce mutation at target
sites in somatic cells of Glycine max and Medicago truncatula [55]. In a recent study,
an efficient CRISPR/Cas9 system was developed for targeted gene mutations in the
model legume M. truncatula. A specific sgRNA was designed that targeted medicago
phytoene desaturase (MtPDS) gene involved in the carotenoid biosynthesis. Very
recently in Cowpea, the representative SNF gene has been effectively disrupted with
an efficient CRISPR/Cas9-mediated genome editing. Guide RNAs (gRNAs) for the
symbiosis of receptor-like kinase (SYMRK), reached ~67% mutagenesis efficiency
in plants with hairy roots, and the formation of nodules in both mutants was totally
prevented [56]. Conventional breeding is based on natural genetic variation and
rigorous back-crossing systems are needed to incorporate the selected traits into an
elite genotype. Unlike conventional breeding techniques, the present diversity does
not limit CRISPR because it can directly integrate new mutations. This approach will
benefit particularly those crops which have narrow genetic diversity and low vari-
ability for traits. Therefore, genome editing can speed up plant breeding programmes
by inserting correct and predictable modifications directly in desirable backgrounds.
The CRISPR/Cas9 system is especially beneficial because multiple traits can be modi-
fied simultaneously.

2.9 Mutation breeding in legumes improvement

The basis for any crop improvement programme is the variations present in the
concerned crop. For generation of new variations, mutation is a prerequisite. These
mutations are caused by various factors and are broadly divided into two major categories:
spontaneous and induced mutations. Natural causes like as ultraviolet (UV) irradiation,
reactive oxygen species, and transposable elements may generate spontaneous mutations
in nature. On the other hand, physical and chemical mutagens cause artificial mutations.
Different mutagenesis techniques have been successfully utilized in molecular plant
breeding to study gene functions. The alterations induced can be random or particular
to the target. Chemicals and physical mutagens cause random mutations. Unfortunately,
random mutagenesis is costly, time-consuming and also difficult to screen desirable
mutants from a large, mutated population. In addition to conventional plant breeding and
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GMO techniques, targeted mutagenesis has arisen as an alternative for improving crop
plants. This approach relies on the use of nucleases that allow for precise double-stranded
breaks to occur at certain sites within the genome. The specific methodologies for targeted
mutagenesis include PCR-based techniques for in vitro mutation generation and analysis,
transposon mutagenesis, RNA interference (RNAi), TILLING (Targeting Induced Local
Lesion IN Genomes), and programmed meganucleases [also called homing endonucle-
ases, site-directed nucleases (SDNs) or site-specific nucleases (SSNs) ]. TALENSs, ZFNs,
and CRISPR/Cas9 are frequently used meganucleases.

2.9.1TILLING

Identifying a mutation in a particular gene and relating this mutation to the
phenotypic alteration in the mutant organism is one of the most straightforward ways
of determining gene function. TILLING (Targeting induced local lesions in genomes)
is a non-transgenic, high throughput, general reverse-genetic strategy which aims to
identify SNPs (single nucleotide polymorphisms) and/or INDELS (insertions/dele-
tions) in a gene/gene of interest from a mutagenized population. TILLING has devel-
oped a few decades ago as an alternative to insertional mutagenesis in Arabidopsis
thaliana. High-throughput TILLING provides a quick and cheap diagnosis method
of induced mutations in artificially mutagenized populations. The important feature
of TILLING is that it can be applied to any species, regardless of its genome size and
ploidy level.

2.9.2 Eco TILLING

EcoTILLING (Ecotype Targeting Induced Local Lesions IN Genomes) is the modifi-
cation of TILLING, which identifies natural genetic variations in populations in contrast
to induced mutations in TILLING. This has been successfully used in animals and plants
to discover SNPs and small INDELSs. The classical method of Eco-TILLING is based
on the enzyme endonuclease (Cell, Endol), which cleaves at the point of mutation by
detecting mismatches in double-strand DNA. EcoTILLING is convenient for those plant
species in detection of natural mutations where chemical mutagenesis is not suitable.

So far, TILLING and EcoTILLING have been implemented in many legume crops.
In soybean, Tilling was used to screen more than 40,000 mutant lines and to create
novel mutant alleles [57]. In chickpea, TILLING was also used to diagnose mutations
in the M2 generation. Recently, in mungbean, five exon residing mutations were
identified by TILLING and confirmed the potential role of each mutation in altering
mungbean plant architecture to develop an ideal plant type [58].

2.10 Transgenic approaches/genetically modified legumes

Traditional breeding is tedious and success rate of obtaining desirable gene/
genes or gene combinations from a large number of crosses is very less. These limi-
tations hamper the desirable changes in crop plants. Therefore, biotechnological
approaches are complementary to traditional breeding methods for addressing global
food demands. Today we have access to vast gene pools due to new biotechnological
approaches, which can be utilized in food crops to add favourable features. In this way,
Genetically-modified (GM) crops can contribute to satisfying the food demand by
developing varieties which are high yielding, good in quality, nutrition-rich and differ-
ent kinds of stress-tolerant. Genetically modified crops are plants in which one or more
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genes have been introduced using genetic engineering techniques to produce desirable
traits for agricultural purposes. Genetic engineering facilitates the direct gene transfer
not only within the species and between the different plant species but also from
unrelated organisms as well as also resolves the problem of linkage drag. Soybean was
the first grain legume for which transgenic plants were developed [59]. Glyphosate-
resistant soybean was developed by transferring gene derived from Agrobacterium sp.
strain CP4, which encodes a glyphosate-tolerant enzyme EPSP synthase. Genetically
transformed other legume species have successfully developed glyphosate-resistant
lines for example- narrow-leaf lupin (Lupinus angustifolius L.) [60]. This is an easy
way of weed control, reduces the cost of production and has a positive impact on the
environment. Water stress causes significant yield losses in soybean crops; to resolve
this problem, transgenic soybean was developed by transferring a gene encoding an
osmotin-like protein extracted from Solanum nigrum var. americanum [61].

Helicoverpa armigera, a food legume insect, causes significant yield losses in
pigeonpea. To minimize the losses caused by Helicoverpa armigera; transgenic
pigeonpea was developed by transferring two synthetic Bacillus thuringiensis insecti-
cidal crystal protein genes, crylAc and Cry2Aa. The transgenic pigeonpea expressed
CrylAc and Cry2Aa proteins exhibited 80-100% mortality of insect [62]. Chickpea
crop often encounter terminal drought stress that affects its production. Desi chick-
pea variety C235 that has 120 days of crop cycle, a transcription factor DREB1A was
transferred and observed better root and shoot partitioning as well as higher transpi-
ration efficiency in transgenic chickpea under drought stress [63]. In storage, cowpea
seeds are severely damaged by storage pests (Callosobruchus maculatus and C.
chinensis). Introduction of the bean (Phaseolus vulgaris) a-amylase inhibitor-1 (xAl-
1) gene into a commercial Indian cowpea cultivar (Pusa Komal) strongly inhibited the
development of these insects [64].

Genetic engineering, however, has excellent potential to maximize crop per-
formance coupled with conventional methods, even though there is somewhat risk
related to the effects of transgenic crops on the environment and human health. To
overcome these risks, each product should be critically examined. Appropriate bio-
safety and food safety measures should be strictly followed.

2.11 Phenomics

A better understanding of the biological processes is required to increase yield
potential and multiple stress tolerance. Any crop for its improvement majorly
depends on favourable genetic changes in the crop genome, but the current pace of
crop improvement is incapable of meeting future food demands. Therefore, crop
improvement requires introducing new approaches for genetic changes in crop
plants and their breeding. Marker-assisted breeding/ molecular breeding gives more
importance to genotypic information of a crop, but phenotypic information is also
equally important. Plant phenotyping is now a bottleneck in advancing crop yield. To
enhance the selection efficiency of crop plants, phenotyping is also important, along
with genotyping. The rapid and accurate evaluation of the phenotype of breeding
lines and different crop populations is required for new variety development.

Phenomics is the investigation of phenomes, which are the collection of phe-
notypes (physical and biochemical traits) that a given organism may generate
during development and in response to environmental effects. Crop phenomics is
a multidisciplinary approach which integrates agronomy, life sciences, information
science, math and engineering sciences and combines high-performance computing
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and artificial intelligence technology. This technique provides non-destructive and
non-invasive ways of imaging, including colour imaging, near-infrared imaging,
far-infrared imaging and fluorescence imaging for different phenomena like; plant
structure, biomass, leaf health, for measuring soil and tissue water content, canopy/
leaf temperature measurement etc. High-throughput phenotyping has been widely
used, offering automated digital analyses of large data samples. The main benefit of
high throughput phenomics approaches is the speed at which data can be collected:
field data that could take several days to collect using conventional methods can be
collected in a matter of hours using several sensors installed on a phenotyping plat-
form. This saves time and allows several observations of a given plant/plot in a single
day. These phenomics tools and techniques are making way for crop plant genetic
improvement by using the potentiality of genomic resources.

2.12 Rapid generation advancement approaches in legumes

The biggest challenge for breeding higher-yielding and more resilient crops is
the inability to complete more generations in lesser time. Generally, legume crops
complete one or two breeding cycles in a year, so developing a new variety is time-
consuming. Speed breeding is a rapidly emerging method among plant breeders
to develop new varieties in a short period of time. This technique greatly enhances
breeding and research speed by reducing generation time. Plants are grown in
controlled growth chambers or greenhouses with optimal light intensity and quality,
as well as specific day length and temperature (22 h light, 22 °C day/17 °C night, and
high light intensity), to speed up different physiological functions; especially photo-
synthesis and flowering, and thus reduce generation time. Under normal glasshouse
conditions, 2-3 generations can be produced per year, while speed breeding can
produce up to 4-6 generations per year. Chickpea was induced to flower early by Gaur
et al. [65] using 24-hour photoperiod, which, with the aid of offseason nurseries,
allowed the production of three generations per year. Similarly, early and late flower-
ing genotypes of pea, chickpea, faba bean, lentil and lupin were grown by Croser
et al. [66] in controlled environments under different light spectra (blue and far red-
enriched LED lights and metal halide). The time it took for the first seed to germinate
was reduced significantly in half, and pollen viability was enhanced. In addition, costs
for speed breeding are also reduced by combining this with genomics-based breeding
and high-throughput phenotyping.

3. Conclusion and future perspectives

Legumes have a lot of potential to offset the effects of climate change by contrib-
uting to sustainable cultivation and expanding the crop spectrum, which is largely
controlled by a few major cereal crops. Furthermore, in legumes, considerable
advancement has been made in identifying novel genes for useful traits; however, the
full potential of legume crops is still unknown. A range of tools and techniques have
been provided by advancements in biotechnology, molecular breeding and genomics
that can significantly enhance the hereditary gains in legume breeding programs.
Genome sequencing allows the improvement of legume crops based on desirable gene
selection and now the genome sequence of most legume crops has been sequenced.
Marker-assisted breeding also significantly improved the accuracy and efficiency of
crop breeding practices. Different loci have been mapped in several legume crops.
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The high-throughput genotyping platform would undoubtedly allow for low-cost,
large-scale screening of segregating individuals to select suitable genotypes. In the
future, it will increase the utility of MAS breeding for legume crops, being produc-
tive, and cost-effective. Marker-assisted breeding/ molecular breeding gives more
importance to genotypic information of a crop, but phenotypic information is also
equally important. This gives the information about phenome of an organism eventu-
ally increasing the selection efficiency and reducing the time required for evaluation.
CRISPRs allow the development of novel cultivars containing multiple genes in just
one generation. Besides these, the availability of the reference genome, combined
with high-density genotyping and sequencing assays, opens new possibilities for
harnessing genetic variations for climate-resilient traits. These modern techniques are
significantly accelerating the pace of legume crop development, ensuring overall food
security.
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Abstract

South Sulawesi is one of the centers for soybean development in Indonesia and
farmers generally plant it on paddy fields. Soybean cultivation technology innovation
in paddy fields in general, farmers use a cropping system without tillage, rice fields
after planting rice are directly sprayed with herbicides 3 times and then planted
with soybeans. The varieties that are favored and widely planted by farmers in South
Sulawesi have large seeds (weighing 100 seeds around 15.0-19.5 g) such as Detap-1,
Devon-2, Derap-1, Dega-1, and Dena-2. The spacing used by farmers is 20 x 40 cm
with double rows and single-row models. Types of pests that mostly damage soybean
plants in South Sulawesi include Spodoptera litura, pod borer Etiella zinckenella,
whitefly Bemisia tabaci, aphid Aphis glycines, leat-rolling caterpillar Lamprosema
indicata Fabricius, caterpillar Helicoverpa Heliothis armigera, pod ladybug Riptortus
linearis F. green Nezara viridula L., soybean beetle Phaedonia inclusa and grasshop-
per Locust migratoria. To control these pests, farmers combine the use of vegetable
insecticides and chemical insecticides.

Keywords: soybean, paddy field, technology, cultivar, variety, pests control, farmer

1. Introduction

South Sulawesi is one of the soybean development centers with a land potential of
around 586,492 ha. The average soybean production achieved in South Sulawesi ranges
from 1.10 to 1.50 t/ha [1]. This production is still much lower than the potential that is often
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achieved from research results of 2.0-3.0 t/ha [2]. The low production was due, among
other things, to high pest attacks and the use of fertilizers that had not been optimal.

In the cultivation of soybeans in paddy fields after rice, the timeliness of planting
greatly determines the success of farming because of the limited time for land prepa-
ration. Soybean planting is immediately carried out 2-4 days after rice harvesting
with a no-tillage system (zero tillage) because it is associated with soil moisture con-
ditions, in addition to saving energy and production costs. To produce well, soybean
crops need to be irrigated 3-4 times, water can come from irrigation networks and
groundwater with a pumping system.

According to the Report of the Indonesian Horticultural and Food Crop Protection
Agency [3], the area of attack by pod borers, pod suckers, and armyworms for 5 years
ranging from 7182 ha. The main pest attack rate on soybeans in 2008 was around
15-35% [4]. Furthermore, the results of research by Fattah and Hamka [5], conducted
in Panincong Village (soybean development center in South Sulawesi), the intensity
of pod borer attacks (9.59-13.16%), the intensity of pod suckers (6.17-22.55%), and
armyworm intensity (8.61-17.26%). Control efforts carried out by farmers generally
use insecticides with high doses and a spraying frequency of 1-2 per week. The use of
these chemical pesticides has impacts including (1) polluting the environment includ-
ing pesticide residues, (2) poisoning humans and animals, (3) killing natural enemies
and other useful organisms such as bees which are plant pollinators, (4) creating new
pests strains that are resistant to pesticides, (5) causing pest resurgence or an increase
in pest populations after excessive application of pesticides. To avoid the negative
effects of the use of chemical pesticides, the main soybean pest control is directed to
the use of bio-pesticides or insecticides.

Biopesticides or insecticides from plant materials are not something new but have
been used by farmers for a long time, even at the same time as agriculture itself was
born. Farmers in Indonesia are already using vegetable materials as pesticides, includ-
ing using soursop leaves to control locust pests and rice stem borers. Meanwhile,
farmers in India use neem seeds as an insecticide to control insect pests. In addition
to vegetable materials which are widely used by farmers as vegetable insecticides, the
use of biopesticides is also used, such as the use of NVP from armyworms.

This book is structured to provide information on environmentally friendly
soybean cultivation technologies including the use of crop residues such as straw as
organic fertilizers and also to provide information about the importance of using
natural ingredients in pest control and the use of biopesticides in soybean farming
systems carried out by farmers in South Sulawesi.

2. Technology of soybean cultivation at the farmer level
2.1 How to process land

Farmers in South Sulawesi generally plant soybeans in rainfed lowland areas

with no-tillage systems. Planting soybeans after rice in rainfed lowlands with a no-
tillage system (TOT) has several advantages such as; saving costs, energy, and time.
Conversely, if the rainfed lowland paddy field is perfectly processed (OTS), it will

be less profitable due to a delay in planting time, in addition to the land losing water
because the soil surface is open. Other benefits obtained from soybean planting with a
non-tillage system in paddy fields can break the pest cycle, use the remaining fertilizer
that is still left in the soil, and make the remaining soybean plants green fertilizers [6].
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Rice field preparation is crucial so that soybeans grow and produce well. There are
two kinds of rice harvesting models, namely those that harvest rice manually (human
labor) and those using a Combine Harvester. The two methods of harvesting cause
differences in straw residue in paddy fields.

2.1.1 Land preparation in paddy fields whose solids ave harvested manually, using
human power

Planting soybeans in paddy fields harvested by paddy using a manual scythe, the
rice stems are cut off at the base of the rice stems so that they do not separate the rice
stalks that stand on the paddy fields making it easier to grow soybeans (Figure 1a). In
a non-tillage system to kill grass in paddy fields, farmers use herbicides both contact
and systemic. Contact herbicides that are widely used by farmers are herbicides with
active ingredients of paraquat dichloride. This herbicide is a full-grown herbicide to
control weeds in rainfed lowland fields, while a systemic herbicide that is widely used
by farmers is an active ingredient of isopropyl amine glyphosate (Roundup Max 660 SL).
Herbicide spraying was carried out on paddy fields.

Rice that has been harvested and straw stumps are cut about 20-30 cm from the
ground which aims to prevent the growth of new shoots and facilitate the planting of
soybeans. In addition, it also functions to block the seeds of pea fly pests from laying
eggs on pieces of seeds so that the dead and attacked plants become reduced. Because
soybeans are not resistant to drought and waterlogging, a drainage canal is needed
before planting with a distance of 3-5 m and a depth of 20-30 cm. This channel beside
flowing water so that it is not flooded also functions for irrigation if the plants experi-
ence drought, especially if irrigation water is available. The straw which is still present
in paddy fields should be spread over the surface of the land (Figure 1b). The results of
research in Indonesia show that soybean yields that are planted after paddy fields with-
out tillage are better than those with perfectly cultivated soil because perfectly treated
soils can cause evaporation so groundwater supplies are not sufficient for plant growth.
In addition, perfect soil processing can cause delays in planting time so that the plants
will experience drought in the stage of development and filling of seeds, especially in
the dry season. Planting soybeans immediately after harvesting rice, at which time the
rainfall has been reduced but still enough for soybean growth [6].

The harvesting system uses Combine Harvester to separate pieces of straw which
are about 50-75 cm high so that when planted directly soybeans will be disrupted.

In rice fields that are still high in the hay, farmers use two ways to prepare soybeans,
namely, some farmers cut back the straw to the base of the stem and some farmers

Figure 1.
Rice field that has been cut with straw: (a) spraying herbicides, (b) making canals with a hoe, and (c) making
canals using a hand tractor.
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Figure 2.
Former rice plantations were then planted with soybeans: (a) straw stalks, (b) soybean plants mixed with rice
stalks, and (c) soybean growth after the rice stalks were removed.

do not cut the straw again but immediately sprayed the herbicide 2-3 times until the
straws die and dry like Figure 2a. The advantages of soybean plants that are planted
between rice stalks are not attacked by peanut fly pests. This is probably caused by the
imago of the bean fly being blocked by rice stems when they want to lay their eggs on
soybean cotyledons. Another advantage of soybean plants planted between rice straws
is straw stems that have been extracted and then immersed in the soil so that the soil
becomes fertile and the soybean grows fertile as shown in Figure 2b and c.

The way farmers grow soybeans in paddy fields with this system can create an
environmentally friendly organic farming system because all the remaining rice straw
stems are immersed in organic fertilizer. This makes farmers not use chemical fertilizers
in their farming systems, moreover, the land used for planting is still fertile because it
contains a lot of fertilizer from residues during fertilization in the rice planting period.

Soybean cultivation techniques that are appropriate after paddy is without tillage
(TOT), also known as “zero tillage”. This technology is appropriately developed in
anticipation of the limited workforce in South Sulawesi and at the same time utilizes the
remaining availability of groundwater at the time of rice harvesting, especially in areas
with simple irrigation or rainfed rice fields. Components of growth and seed yield in
soybeans grown with a system without tillage are better than those with perfect tillage
systems (Table 1). Components of growth such as plant height, number of branches,
number of pods, and seed yields were significantly different between systems without
tillage with tillage systems. Weaknesses in a perfect tillage system will result in a delay
in planting time, so that in areas with a short period of rain it will cause plants to lack
water, the plants will experience drought, and seed yield will decrease.

Parameter Complete tillage No tillage t-Hitung
Plant height (cm) 79.80 86.30

Number of branches (branches) 3.30 4.00

Number of pods 205.00 235.00

Weight of 100 seeds (g) 28.80 29.10 Ns
Seed yield (t/ha) 190 2.40

‘Explanation = significant at 5% level.
Ns = no significant at 5% level.
Source: Idaryani and Yusmasari [7].

Table1.
Growth and yield of soybean seeds in the complete tillage and zevo tillage systems in South Sulawesi. Indonesia. 2015.
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2.1.2 Land preparation using perfect tillage carried out by farmers

The process of harvesting rice in paddy fields using combine generally compacts the
soil, making it difficult to plant soybeans using the zero tillage method. To fertilize their
land, some farmers use tractors. The use of 4-wheel tractors for tillage is only carried out
by farmers who have a lot of farming costs. This is because the cost of cultivating the land
using a 4-wheel tractor costs Rp. 1,350,000 per hectare. Meanwhile, planting soybeans
using the zero tillage method only costs around IDR 450,000-600,000 per hectare.

2.2 How farmers plant soybeans in paddy fields

The remaining straw in paddy fields is spread over the soil surface (Figure 3b).
This method can inhibit the growth of weeds and reduce the evaporation of ground-
water and prevent the attack of fly pests on peanut seeds (Figure 4).

2.3 Ways for farmers to control weeds and soil loosening of soybean plants

The way farmers control weeds in soybean cultivation generally uses traditional tools
such as hoe. Farmers do not use herbicides in controlling weeds in soybean plantations
because they can cause soybean death or leaf. In controlling weeds in soybean cultivation in
paddy fields, farmers usually also loosen the soil. Weeds that have been honed are collected
and then processed into organic fertilizer (fermentation). The fermented weeds after they
become weathered are used for organic fertilizer on soybean plantations (Figure 5).

Figure 3.
How to cultivate the land using a tractor (a) and cultivated land (b) in paddy fields where the rice is harvested
using a combine.

Figure 4.
How farmers plant soybeans on uncultivated land (a), how farmers grow soybeans on cultivated land (b), and
how farmers grow soybeans using soybean planting tools (c), and Soybean planting tool (d).
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(a) (b) (c)

Figure 5.

The way farmers control weeds manually and the application of organic fertilizers on soybeans (a), growth of
soybeans that had been given organic straw fertilizer at the age of 25 days after planting (b), and growth of
soybeans that had been given organic straw fertilizer at the age of 35 days after planting (c).

2.4 Application of organic fertilizer
2.4.1 Application of organic fertilizer from straw fermentation

Composting straw increases the levels of macro and micronutrients, especially
Phosphorus (P205) and Potassium (K20), as well as Magnesium (Mg) and Potassium
(K) (Table 1). The main nutrient elements that need to be added to fertilizing cocoa
plants include Nitrogen, Phosphorus, Potassium, and Magnesium [8] (Figure 6).

The results of soil analysis after immersion of rice straw into the soil and fertiliza-
tion showed an increase in the percentage of clay mass in the soil. After most of the
material has decomposed in the composting process, the temperature will gradually
decrease, and at this time advanced compost maturation occurs, namely the forma-
tion of a humus clay complex [9].

2.4.2 Application of liquid organic fertilizer from cow urine (Biourin)

This ceremony uses the means of plant destruction as a vegetable pesticide.
However, this is forgotten by subak member farmers in Bali [10]. Biourine is a lig-
uid organic fertilizer derived from the urine of fermented livestock. Fermentation
technology is used in processing cow urine into bio urine. This process can cause
changes in the properties of materials into simpler molecules so that they are easily
absorbed by plants. Based on research conducted by Sutari [11], there was an increase

Figure 6.
How farmers make fermented straw for organic fertilizer (a) and how farmers apply organic fertilizer from
fermented straw (b).
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Figure7.
Liquid organic fertilizer from cow urine (Biourine) (a), liquid organic fertilizer application on soybean (b), and
growth of soybeans that have been given biourine liquid fertilizer (c).

in macronutrient content, micronutrients, and pH in the urine of cattle that had
been fermented into bio urine. Cow bio urine can improve plant growth because,

cow urine contains elements of N (0.36%), P205 (5.589 mg/1), K20 (975.0 mg/1),

Ca (25.5 mg/1). and C-organic (0.706%) [12]. Besides that, cow bio urine can
improve the physical properties of the soil because beef bio urine is fermented using
Azotobacter and Bacillus sp. Biourine contains the hormone Indo Acetate Acid (IAA)
of 1197.6 mg/1, while the urine of fresh cattle containing IAA is only 704.26 mg/1. IAA
hormone functions as the main auxin in plants [11].

MOL (local micro-organisms) can function as decomposers and also as liquid
organic fertilizer. According to Septiana et al. [13], plant residues such as kale, spinach,
mustard greens, cabbage, and bamboo shoots can be made into liquid organic fertil-
izer by adding a biocatalyst. The addition of 60 ml of the biocatalyst is very good for
increasing the phosphorus content to 79.26 ppm in the manufacture of liquid organic
fertilizer from mustard greens and spinach waste. Baharuddin [14], agricultural waste
such as municipal waste, straw, corn waste, sugarcane waste, and livestock manure can
be processed using biotechnology to produce liquid organic fertilizer/MOL and biopes-
ticides. The results of research by Suhera et al. [15], microbes as a type of MOL are quite
effective for increasing the weathering process in plant residues. Giving Microbat 20%
can inhibit Phytophthora palmivora by about 50%. Furthermore, it was said that giving
Microbat 10% could accelerate weathering (92%) compared to using EM-4 10% (75%).
Giving 10 cc/l of Microbat water can increase potato production 30-45% (Figure 7).

According to Widhiastuti et al. [16], some other agricultural wastes are good
enough to make liquid organic fertilizers such as palm oil mill waste as soil biodiver-
sity fertilizer. The waste can function as organic fertilizer by increasing the physical,
chemical, and biodiversity properties of the soil, and increasing the total soil bacteria.

2.5 Types of caterpillars found in soybean planting and how to control them at the
farmer level

2.5.1 Spodoptera litura armyworm pest

The pests that attack soybeans in the districts of Maros, Pangkep, Wajo, and
Soppeng are armyworms with varying intensities. The intensity of each variety is
different. The highest attack intensity of armyworm attacks was found in Detam-2
(16.24%) and Gema (16.29%) varieties in Wajo District and the lowest in Grobogan
(10.38%) and Argomulyo (11.25%) varieties, while in The highest attack rate of
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Figure 8.
Armyworm larvae (Spodoptera litura on soybeans) (a) and S.litura pests and symptoms of damage to soybean
leaves (b).

armyworm pests in Maros was the Burangrang variety (15.26%) and the lowest was
the Grobogan variety (9.87%) (Figure 8) [17].

Spodoptera litura is an important pest that damages soybean leaves compared to other
leaf-damaging pests [18]. Yield losses due to Spodoptera litura pest attacks can reach 80%,
even puso if not controlled [19]. The rate of yield loss depends on the variety used, the
growth phase, and the time of attack [18]. Spodoptera litura is known as a polyphagous
pest and migratory insect which causes serious damage to soybean crops (Table 2) [20].

2.6 How to control soybean pests at the farmer
2.6.1 Use of botanical insecticides

Botanical pesticides are pesticides that are produced from plant parts. Several
types of plants can be used as vegetable pesticides: Srikaya seeds (annonacin)
which are stomach poison and contact to control aphids, jicama (pchyrrhizid) to
control (Plutella zinckenella), tuba roots (Derris), Lantana cedar (salira), Fragrant
Lemongrass (Andopogon), Patchouli (Pogostemon cabilin), Clove (Euginia sygium),

Variety The intensity of S.litura attack on soybean leaves (%) Seed yield(t/ha)
Wajo regency Maros Pangkep Soppeng
regency regency regency
Anjasmoro 14.36 11.24 1230 10.94 271
Detam-2 16.24 12.32 17.01 15.54 221
Detam-1 1324 1211 16.20 12.53 1.90
Kaba 1736 11.37 15.43 13.50 197
Gepak Kuning 1329 10.39 10.40 1230 2.00
Grobogan 10.38 9.87 12.32 8.83 210
Argomulyo 11.25 11.95 13.84 10.36 210
Gema 16.29 11.32 14.49 14.10 218
Burangrang 14.36 15.26 13.85 12.12 2.08

Source: Abdul Fattah et al. [21].

Table 2.
Average intensity of soybean leaf damage due to S.litura pest attack.
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Neem (Azadirachta indica), tobacco leaves and pork nuts (Kphrosia candida). Of
all these vegetable ingredients, pork and neem nuts have the highest ability and are
almost comparable to carbaryl insecticides in controlling weevil pests [22].

Neem extract should be sprayed at an early stage of insect development, sprayed on
the leaves, and sprinkled on the roots so that it can be absorbed by plants and control
insects in the soil [23]. Furthermore, it was said that 50 g of neem seed extract was dis-
solved in 1 liter of water and added 0.5 ml/l grading agent effectively suppressed mite
populations on sweet potatoes with a mortality of 70%. neem 50 g/l water can reduce
yield loss of Maruca testulalis by 13—-45%. The results of research by Sukorini [24], the
application of vegetable pesticides from amethyst leaves gives the lowest attack inten-
sity (0.53-0.89%) and the highest on butrowali plants (1.02-1.94%) in cabbage plants
clove leaves contain eugenol between 70 and 95% which can kill microorganisms such
as Bacillus subtillis, Staphylococcus aureus, and Escherichia coli. In addition, eugenol can
also kill or suppress the development of plant pathogens such as Fusarium oxyspora,
Phytopthora capsici, Rhizoctonia solani, and Sclerotium rolfii [25].

Based on their origin, biopesticides are divided into two: Botanical pesticides,
which are extracts from certain parts of plants, including leaves, fruit, seeds, and
roots, which have toxic properties against certain pests and diseases. Botanical
pesticides are generally used to control pests (insecticides) and diseases (bactericidal
or fungicide). Several types of plants are capable of controlling pests such as the
Meliaceae family (Neem) and the Anonaeceae family (Srikaya seeds and Soursop
seeds). The results Indiati, SW. dan Marwoto [26] that the use of castor seed extract
(Ricinus communis) as a vegetable antifertility ingredient in field rats with 2 m1/100 g
of rat body weight/day given for 5 days, causes infertility in female field rats and has
the effect of reducing 64.2-90.70% active sperm temperature in male rats compared
to controls. The results of Balitsa Lembang research [27], several types of plants
that can be used as vegetable pesticides: sugar apple seeds (annonain) which are
stomach and contact poisons for controlling aphis, yam seeds (pchyrrhizid) for
controlling (P, zinckenella), tuba roots (Derris), Cypress lantana (salira), Fragrant
citronella (Andopogon), patchouli (Pogostemon cabilin), cloves (Euginia sygium),
neem (Azadirachta indica), tobacco leaves and pork nuts (Kphrosia candida). Of
all these vegetable ingredients, pig beans and neem have the highest ability and are
almost comparable to carbaryl insecticides in controlling weevils [27].

According to Thamrin et al. [28], extract from the bark of kapayang (Pangium
edule) can kill the puith stem borer (Scipopaga innotata) around 80% after application,
while controls using synthetic insecticides (BPMC) have a mortality of around 100%.
Furthermore, it is said that rose, papaya, jengkol, lemongrass, noni, pepper, and gadung
plants can kill caterpillars (Plutella xylostella) around 65-100%. The use of kedondong
leaf extract can kill Plusia sp. larvae around 26.7% at 36 hours after infestation (jsi),
66.7% at 48 hrs, and 77.0% at 72 hrs, while the control (chlorpyrifos (control) kills
83, 3% at 36 jsi, 100% at 48 isi. Similarly, Luwa leaf extract (Ficus glomerata) can kill
plutella caterpillar plants (Plutella sp) by about 70%, parang red beans, green severe
beans, and soursop are quite effective in killing pariah fruit caterpillars by about
75-80%. Betel leaf contains saponins, flavonoids, and polyphenols, while galangal rhi-
zome contains benzyl benzoate, —methoxycinamal and xanthorhizal which can be used
to control neck disease in rice (Pyricularia oryzae), and leaf spot disease in peanuts.

Neem (Azadivachta indica) contains the active compounds azadirachtin, meliant-
riol, and salanin. It is in the form of powder from leaves or liquid oil from seeds/
fruit. Effectively prevents eating (antifeedant) for insects and prevents insects
from approaching plants (repellent) and is systemic. Neem can make insects sterile
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because it can interfere with hormone production and insect growth. Neem has

a spectrum effective for controlling soft-bodied insects (200 species), including
grasshoppers, thrips, caterpillars, white butterflies, etc. Besides that, it can also be
used to control fungi (fungicides) at a preventive stage, causing fungal spores to fail
to germinate. Controlled fungi include powdery mildew, rot, leaf smallpox/scab, leaf
rust, and leaf spot. And prevent bacteria in powdery mildew (powdery mildew).
Neem extract should be sprayed at an early stage of insect development, sprayed on
the leaves, and sprinkled on the roots so that it can be absorbed by plants and control
insects in the soil.

Tuba root (Deris eliptica) is a compound that has been found, including rotenon.
Rotenone can be extracted using ether/acetone to produce 2-4% rotenone resin, made
into water concentrate. Rotenon works as a very strong cell poison (insecticide) and
as an antifeedant that causes insects to stop eating. Insect death occurs several hours
to several days after rotenone exposure. Rotenone can be mixed with pyrethrin/sulfur.
Rotenone is a broad-spectrum (non-systemic) contact poison and a stomach poison.
Rotenone can be used as a molluscicide (for mollusks), insecticide (for insects), and
acaricide (for mites).

Rotenone can be used as a molluscicide (for mollusks), insecticide (for insects),
and acaricide (for mites).

The compound tobacco contains is nicotine. It turns out that nicotine is not only
toxic to humans but can also be used to poison insects. Dry tobacco leaves contain
2-8% nicotine. Nicotine is a fast-acting nerve poison. Nicotine acts as a contact poison
for insects such as caterpillars that destroy leaves, aphids, triphs, and control fungi
(fungicides).

In addition to being able to kill plant-disturbing insects, vegetable insecticides
can also function as (1) Reference, which repels the presence of insects mainly due to
their smell or the substances they contain, (2) Antifidants, causing insects to dis-
like plants, for example, because they taste bad, (3) Preventing insects from laying
eggs and inhibiting the process of hatching eggs, (4) Poisons that can interfere with
the nervous system and insect hormones, and (5) Attractants, as attractants for the
presence of insects that can be used as a trap plant. Natural ingredients that contain
bioactive compounds can be classified into three, namely (1) natural ingredients
containing anti-phytopathogenic compounds (agricultural antibiotics), (2) natural
ingredients containing compounds that are phytotoxins and plant growth regulators
(phytotoxins, plant hormones, and the like) and natural ingredients containing com-
pounds that are active against insects (insect hormones, pheromones, anti-oxidants,
repellents, attractants, and insecticides that poison plants) (Figure9).

Figure 9.
The process of making vegetable insecticides by farmers (a-c) and the extract vesults for vegetable insecticides (d).
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2.6.2 Use of pathogens

SINPV propagation was carried out by taking several armyworms instars 4
and 5 which died naturally due to virus infection in soybean plantations with the
characteristics of the caterpillars being elongated/expanding, not shrinking when
massaged emitting a foul-smelling liquid, and sometimes hanging on the lower sur-
face of the leaves.. The armyworm then made an emulsion using sterile aqua dest.
The armyworm NPV emulsion was then diluted with sterile aqua dest and rubbed
on the surface of the mulberry leaves. The caterpillars were kept until they died.
After death, the armyworms were collected, extracted, mixed with distilled water,
and then filtered using nylon gauze to obtain a pure coarse polyhedra suspension.
According to Bedjo [29], the use of SLNPV (Spodoptera liture Nuclear Polyhedrosis
Virus) 150-200 g/ha can kill around 80-100% of the S liture armyworm. S LNPV
multiplies in its host’s cells, so the transmission is through food. Symptoms of
SLNPV transmission in armyworms appear 1-3 days after application. Instar-1
caterpillars infected with SLNPV will look milky white. Symptoms in instar cater-
pillars 3 and 4 will appear brownish white on the abdomen (abdomen), while on the
back it is blackish milk brown. If the 5th and 6th instar caterpillars are infected with
SLNPYV, then at the pupal stage they will rot. In caterpillars that are infected with
the SLNPV virus, their feeding activity is reduced, movement is slow, and the body
swells due to the replication or multiplication of SLNPV virus particles. The cater-
pillar’s integument usually becomes soft and brittle and easily torn. If the body of
the caterpillar is broken, it will emit a very pungent odor. The death of caterpillars
infected with this virus in the field is characterized by symptoms of the bodies of
the larvae hanging or clinging to leaves or twigs of plants. Armyworm death usually
occurs 3-7 days after contracting the virus. Furthermore, Sanjaya et al. [30], stated
that a dose of 438 PIB/ml SINPV is sufficient. Effective for killing Instar-5 larvae in
armyworms.

Biological pesticides are formulations that contain certain microbes in the form
of bacteria, fungi, or viruses that are antagonistic to other microbes (causing plant
diseases) or produce certain compounds that are toxic to both insects and nematodes.
Some examples of biological insecticides include: (1) Nuclear polyhedrosis virus
(NPV), (2) Beuveria bassiana (sunflower isolate) which is capable of controlling
noncong beetles, the main pest of orchids and ticks on chrysanthemum plants, (3)
Bio-PF contains Pf to control wilt, (4) Bio-GL contains (Gliodadium spp) to control
soil-borne diseases, and (5) Prima—BAPF contains Bacillus spp. to control root swell-
ing, wilt disease and root rot [31]. To distinguish between armyworms that die due to
virus infection and pesticide poisoning in the field, it can be seen the characteristics
and differences that arise, namely the death of caterpillars affected by the virus,
they tend to elongate or not shrink, whereas if they die from pesticides, they tend to
shrink. Larvae that die from the virus, when they are massaged or pricked, tear easily
and secrete mucus like pus which smells bad, while caterpillars that are exposed to
pesticides do not smell bad [32].

The results of laboratory experiments show that NPV has a high biotic poten-
tial, indicated by its level of pathogenicity which is expressed by the LC50 value
(the concentration that kills 50% of the population). The LC50SINPV for the
armyworm was 5.4 x 103 polyhedra inclusion bodies (PIBs)/ml [33], while for the
pod-eating caterpillar, it was 6 x 103 PIBs/ml [34]. The NPV infection process
begins with the ingestion of the polyhedra by the caterpillar with the feed. In
the digestive tract, which is alkaline (pH 9.0-10.5), the polyhedra coat dissolves,
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Figure 10.
Ulat yang terinfeksi virus NPV (a), making process and biological insecticides and their application at the farm
level (b).

freeing the virions. Virions penetrate the wall of the digestive tract to enter the
body cavity, then infect susceptible cells. Virion replication occurs in the cell
nucleus. Within 1-2 days after the polyhedra are ingested, the hemolymph which
was originally clear turns cloudy. The caterpillar looks greasy, accompanied by
swollen integumentary membranes and changes in body color to pale-reddish,
especially on the stomach. Its ability to eat decreases, so its growth is slow. The
caterpillar tends to crawl to the top of the plant and then dies hanging upside down
with the pseudo limbs at the end of the plant. The integument of the dead caterpil-
lar undergoes lysis and disintegration, making it very fragile. Polyhedra. Young
caterpillars (instars I-11I) die within 2 days, while old caterpillars (instars IV-VI) in
4-9 days after the polyhedra are ingested [35].

Considering that it is susceptible to sun exposure, especially ultra-violet rays, and
the behavior of caterpillars that are active in the evening and at night [36].

The Nuclear Polyhedrosis Virus (NPV) bioinsecticide is one type of patho-
genic virus that has the potential as a biological agent in controlling armyworms
because it is specific, selective, effective for pests that are resistant to insecticides,
and safe for the environment. NPV has been developed in vivo in the Balitkabi
laboratory, for biological control of Lepidoptera pests. As a bioinsecticide, the
virus can control target insect pests precisely because it is specific, has a fairly
high killing ability, is relatively inexpensive, and does not pollute the environ-
ment. The results of NPV engineering with carrier materials can maintain NPV
virulence so that it can suppress armyworm populations on soybean plants in the
field by up to 90% [29] (Figure 10).

To distinguish between armyworms that die due to virus infection and pesticide poi-
soning in the field, it can be seen the characteristics and differences that arise, namely
the death of caterpillars affected by the virus, they tend to elongate or not shrink,
whereas if they die from pesticides, they tend to shrink. Larvae that die from the virus,
when they are massaged or pricked, tear easily and secrete mucus like pus which smells
really bad, while caterpillars that are exposed to pesticides do not smell bad [32]. NPV
application should be done in the afternoon or evening under favorable weather condi-
tions, considering that it is susceptible to sun exposure, especially ultra-violet rays, and
the behavior of caterpillars that are active in the evening and at night [36]. The results
of other studies regarding the use of NPV to control armyworms in rice can cause 53%
mortality at 3 days after inoculation and 95% at 9 days after inoculation [37].
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3. Types of soybean varieties in Indonesia according to the description of
new superior varieties of soybeans in Indonesia

Several high-yielding soybean varieties that have been produced by researchers in
Indonesia are according to the Description of Soybean Varieties [38].

3.1 Derap-1

Growth type: Determine Flowering age: + 34 days Ripening age: + 76 days
Hypocotyl color: Purple Epicotyl color: Green Leaf color: Green Flower Color: Purple
Hair color: White Pod skin color: Yellow Seed coat color: Yellow Cotyledon color:
White Hilum color: Light brown Leaf shape: Round Leaf size: Medium Branching:
2-4 branches/plant number of pods per plant: +45 podsPlant height: +59 mourn-
ing: Moderate lodging resistantPod break: Slightly resistant to splitting pods Seed
size: Large100 seed weight: +17.62 gramSeed shape: RoundBrightness of seed coat:
ShinyYield potential: 3.16 tons/ha of dry beans (at 12% KA) Average yield: +2.82 tons/
ha of dry beans (at 12% KA) Protein content: +39.17% BKFat content: +18.10% BKPest
resistance: and disease (Phakopsora pachirhyzi Syd), sensitive to SMV virus disease,
resistant to pod sucking pest (Riptortus linearis), resistant to pod borer (Etiella zinck-
enella), and moderately resistant to armyworm (Spodoptera litura F.) Breeder: Ayda
Kri snawati, M. Muchlish Adie, Apri Sulistyo Researchers: Marida Santi Yudha Ika
Bayu, Kurnia Paramita Sari, Erliana Ginting, Joko Susilo Utomo, Eriyanto Yusnawan
Technician: Arifin Proposer: Research Institute for Various Beans and Tubers.

3.2 Detap-1

Growth type: Determine Flowering age: + 35 days Ripe age: + 78 days Hypocotyl color:
Purple Epicotyl color: Green Leaf color: Green Flower Color: Purple Feather color: White
Pod skin color: Yellow Seed skin color: Yellow Cotyledon color: White Hilum color: Yellow
Leaf shape: Slightly round Leaf size: Medium Branching: 3-6 branches/plant Number of
pods per plant: +51 pods Plant height: +68.70 cm Bedding: Slightly resistant to lodging
Split pods: Resistant to the splitting of pods Seed size: Large 100 seed weight: +15.37 great
shape: Round Yield potential: 3.58 ton/ha Average yield: +2.70 ton/ha Protein content:
+40.11% PCFat content: +16.16% PCPest resistance: Resistant to leaf rust disease, sensitive
to SMV virus disease, resistant to pod-sucking pests, moderately resistant to pod borers,
and sensitive to armyworm pest Breeders: M. Muchlish Adie, Ayda Krisnawati, Gatut
Wahyu AS. Researchers: Erliana Ginting, Eryanto Yusnawan, Marida Santi YIB, Kurnia
Paramita Sari, Didik Hanowo Technician: Arifin Proposer: Research Institute for Various
Nuts and Tubers, Agency for Agricultural Research and Development.

3.3 Deja-1

Growth type: Determinite Flowering age: +39 days Ripe age: + 79 days Hypocotyl
color: Purple Epicotyl color: Purple Leaf color: Green Flower color: Purple Fur color:
Brown Pod skin color: Dark brown Seed coat color: Yellow Cotyledon color: Yellow
Hilum color: Light brown Leaf shape: Oval Leaf size: Medium Branching: 3 branch/
plant Number of pods per plant: +36 pods Plant height: +52.7 cm Creeping: lodging
resistant Split pods: Not easily broken Seed size: Medium 100 seed weight: +12.9 gram
Seed shape: Oval Yield potential: 2.87 tons/ha Average yield: +2 .39 ton/ha Protein
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content: +39.6% PCFat content: +17.3% PCPest resistance: Moderately resistant to
armyworm pests, resistant to pod borers, resistant to pod suckers and moderately
resistant to leaf rust disease.Remarks: Very tolerant to water stress from 14 days to
maturity. Breeders: Purwantoro, Suhartina, Gatut Wahyu A.S., Novita Nugrahaeni
and Titik Sundari. Researchers: Abdullah Taufiq, Suh arsono, A. Ghozi Manshuri,
Eriyanto Yusnawan, and Kurnia Paramita. Proposers: Research Institute for Various
Nuts and Tubers, Agency for Agricultural Research and Development.

3.4 Deja-2

Growth type: Determine Flowering age: + 37 days Ripe age: + 80 days Hypocotyl
color: Purple Epicotyl color: Purple Leaf color: Green Flower Color: Purple Fur color:
Brown Pod skin color: Light Brown Seed coat color: Yellow Cotyledon color: Yellow
Hilum color: Brown Leaf shape: Oval Leaf size: Medium Branching: 3 branches/
plant Number of pods per plant: + 38 pods Plant height: + 52.3 cm Mortality: lodging
resistant Split pods: Pods do not break easily Seed size: Large 100 seed weight: + 14.8
gram Seed shape: Oval Yield potential: 2.75 ton/ha Average—average yield: +2.38
ton/ha Protein content: +37.9% PCFat content: +17.2% PCPest resistance: Susceptible
to armyworm pest, moderately resistant to pod borer, moderately resistant to pod
sucker, and slightly resistant to leaf rust disease. Description: Tolerant of water
saturation stress from 14 days old until the cooking phase. Breeders: Suhartina,
Purwantoro, Gatut Wahyu AS, Novita Nugrahaeni and Titik Sundari. Researcher:
Abdullah T aufiq, Suharsono, A. Ghozi Manshuri, Eriyanto Yusnawan, and Kurnia
Paramita. Proposers: Agency for Agricultural Research and Development (Figure 11).

3.5 Gamasugeng-2

This variety has a determinate growth type, which means that the plant is upright
and flowers in unison. Some varieties have an indeterminate growing type, meaning
that the plant spreads and the flowers appear gradually. While the semi-determinate
type of growth is a plant that has an upright growth type the flowering is not simulta-
neous or the flowers appear gradually.

The Gamasugeng-2 variety has a flowering age of about 30 days and a ripening age
of about 68 days. Hypocotyl purple, epicotyl green, flowers purple, fur brownish white,
pod skin brown, seeds yellow, cotyledons green, plant height about 45 cm, number
of branches 4-5 stems per plant, yield potential 2.6 t/ha, average seed yield 2.4 t/ha,
medium seed size (11.5 g seed weight), 37.4% protein content and 13.2% fat content.

(@) (b) (©) (@

Figure 11.
Appearance of several Indonesian soybean varieties.
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Gamasugeng-2 variety, resistant to lodging, and resistant to leaf rust disease
(Phakospscora pachithyzi Syd), resistant to brown leaf spot/blight (Cercospora),
resistant to shoot borer (Malanagromyza sojae).

3.6 Gamasugeng-1

The Gamasugeng-1 variety is almost the same as the Gamasugeng-2 variety which
were both released in 2013. and is the result of radiation of the Tidar variety at a dose
of 200 gray. Determinate growth type with a flowering age of 30 days and maturity
of 66 days. The hypocotyl is purple, the epicotyl is green, the flower is purple, the pod
skin is brownish white, the seed coat is bright yellow, the cotyledons are green, and
the helium is green. The number of branches is 4-5 branches per plant, the number of
pods per plant is 52 pods, the plant height is 45 cm, it is resistant to lodging, and the
seeds contain 37.6 and 13.2% fat content.

Gamasugeng-1 variety has medium seed size (11.5 g in 100 seed weight), 2.60 t/
ha seed yield potential, round seeds, resistant to leaf rust disease (Phakospscora
pachithyzi Syd), resistant to brown leaf spot/blight (Cercospora), resistant to shoot
borer (Malanagromyza sojae).

3.7 Detam 4 prida

Determinate growth type, flowering age 36 days, harvest age 76 days, hypocotyl
purple color, epicotyl green color, flower purple color, fur color brown, pod skin color
brown, seed skin color black, cotyledon color white, helium color white, leaf shape
oval (triangular), oval seed shape, plant height 53.2 cm, number of pods per plant 55
pods, moderately tolerant to lodging and moderately tolerant to breaking of pods.

This variety has a medium seed size (11.0 g in 100 seeds), a potential seed yield of
2.90 t, an average seed yield of 2.50 t, the seeds have a protein content of 40.3%, and a
fat content of 19.2%.. Moderately resistant to pod-sucking pests, moderately resistant
to rust, early maturing and drought tolerant.

3.8 Detam 3 prida

The Detam 3 Prida variety was released in 2013 which was the result of cross-
selection between the W9837 and Cikuray lines. Determinate growth type, flowering
age 34 days, ripening age 75 days, hypocotyl purple color, epicotyl green color, flower
purple color, fur color brown, pod skin color brown, seed skin color black, cotyledon
color white, leaf shape oval (triangular), plant height 56.9 cm, somewhat tolerant of
lodging, moderately tolerant of pod splitting, oval seed shape and number of pods
per plant 51 pods. The potential seed yield per hectare is 3.20 t, while the average seed
yield per hectare is 2.90 t, has a medium seed size (100 seeds weigh 11.8 g), the seeds
have a protein content of 36.4% and a fat content of 16.7%. This variety is sensitive to
pod-sucking pests, sensitive to rust.

3.9 Dering-1

The variety was released in 2012 and is a single cross-product of the Davros x
MLG 2984 superior variety. It has a determinate growth type. Flowering age 35 days
after planting and harvest age 81 days after planting. Plant height 57 cm, brown fur
color, oval leaf shape, purple hypocotyl color, purple epicuticle color, purple flower
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color, brown pod skin color, yellow seed skin color, helium seed color, dark
cotyledon color, resistance to fall, number of branches 3-6 Batang per plant. Having
a medium seed size (weight of 100 seeds 10.7 g), the potential yield of seeds is
2.80 t/ha, the average yield of seeds is 2.0 t/ha, and the seeds have a protein content
of 34.2% and fat content of 17.1%.

These varieties are resistant to pod borer (Etiella zinckenella) and susceptible to
armyworm (Spodoptera litura), resistant to leaf rust disease (Phakospscora pachithyzi
Syd), and tolerant of dryness during the reproductive phase.

3.10 Gema

The Gema variety was released in 2011 which was the result of the crossing of
Shirome’s introduction with the Wilis variety. According to type, varieties have
determinate growth types with light brown feathers, purple cotyledon colors, purple
hypocotyl colors, green epicuticle colors, and white cotyledon colors. This echo vari-
ety has a plant height of 55 cm, a medium size (weighs 100 seeds 11.90 g), a flowering
age of 35 days, harvests 73 days, a yield potential of 3.06 t/ha, and an average yield of
2.47 seeds t/ha. Brown pod color, purple flower color, round seed shape, light yellow
seed skin color, and brown helium color. The seeds have a protein content of 39.07%
and fat content of 19.11%.

The echo variety is sensitive to leaf viruses (CMMV) and moderate rust. Besides
that, the variety is also rather sensitive to pod-sucking pests, rather resistant to pod
borer, and moderate to armyworm pests.

3.11 Varietas gepak kuning

The variety was released in 2008 which is a selection of local varieties of
Gepak Kuning. Determinant growth type, purple hypocotyl color, green epicu-
ticle color, purple flower color, greenish young yellow seed color, old brown pod
color, brown stem fur color, tagak branching, and oval leaf shape. Plant height
of 55 cm, age of flowering 28 days, age of cooking 73 days, have small seed size
(weight of 100 seeds 8.25 g), potential yield of 2.86 t/ha, and the average yield of
seeds 2.22 t/ha. In this variety, the seeds have a protein content of 35.38% and fat
content of 15.10%.

Gepak Kuning varieties are rather resistant to armyworms, Aphis sp., and leaf
scavengers of Phaedonia sp. Adapt well to paddy fields and tegal land both in the rainy
season and in the dry season.

3.12 Varietas grobogan

The Grobogan variety was released in 2008 which is a local population purifica-
tion of Malabar Grobogan. It has a determinate growth type, purple hypocotyl color,
purple epicuticle color, brown bark color, purple flower color, brown old pod color,
lanceolate leaf shape, and helium brown cocoa color. Plant height 50-60 cm, flower-
ing age 30-32 days, age of cooked pods 76 days, have large seed size (weight of 100
seeds, 18 g), seed yield potential of 3.40 t/ha, and an average yield of seeds 2, 77 t/ha.
The seeds have a fat content of 18.4% and a protein content of 43.9%. Adapts well to
several different growing environmental conditions. Having pods is not easily broken,
and at harvest, the leaves are shed 95-100%.
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3.13 Varietas Detam-2

The variety was released in 2008 which was a selection of intra-line crossings intro-
duced 9837 with Wilis. Determinant type of growth, purple hypocotyl color, green
epicuticle color, purple flower color, dark brown pod color, purple stem hair color,
black seed skin color, helium cocoa color, oval leaf shape, oval shape, and brightness
of dull seed skin. Age of flowering is 34 days, cooking age of pods 82 days, plant height
is 57 cm, medium size (weight 100 seeds 13.54 g), potential yield of 2.96 t/ha, and
yield of seeds 2.46 t/ha. The seeds have a protein content of 45.56% and fat content of
14.83%. The nature of resistance to pests, rather resistant to pod suckers, this variety is
sensitive to armyworms. Other properties are rather resistant to drought.

3.14 Varietas Detam-1

Detam-1 variety was released in 2008, which was the result of the selection of
crossing lines introduced in 9817 with Kawi. This variety has a determinant growing
type, purple hypocotyl color, green epicuticle color, purple flower color, light brown
stems, old pods of dark brown skin, black seed skin color, yellow cotyledon color,
slightly round leaf shape, skin brightness shiny seeds.

This variety also has a plant height of 58 cm, a flowering age of 35 days, a ripe pod
age of 84 days, a large seed size (weight of 100 seeds 14.84 g), a yield potential of 3.45 t/
ha, and an average yield of 2 seeds, 51 t/ha, the seeds have a protein content of 45.36%
and fat content of 33.06%. The nature of resistance to pests is sensitive to armyworms
and somewhat resistant to pod suckers and other properties rather sensitive to drought.

3.15 Varietas anjasmoro

Anjasmoro variety was released in 2001 which was the result of mass selection
from the population of the full-fledged Mansusia line. It has purple hypocotyl color,
purple epicuticle color, white stem hair color, purple flower color, yellow seed skin
color, light brown pod color, and helium color of brownish lining seeds.

This variety also has oval leaves, wide leaf size, determine the growing type,
flowering age 35-39 days, aged pod pods 82-92 days, plant height 64-68 cm, number
of branches 2-5 branches, has a large seed size (weight of 100 seeds 14.8-15.3 g). The
seeds have a protein content of 41.8-42.1%, a content is 17.2-18.6%, and does not hold
down. Anjasmoro varieties are moderate to leaf rust, and pods are not easily broken.

3.16 Varietas mahameru

This variety was released in 2001 which was the result of the mass selection of a
population of pure Mansuria strains. It has purple hypocotyl color, purple epicuticle
color, white stem hair color, purple color, yellow seed skin color, brown pod color,
brownish yellow helium color, oval leaf shape, wide leaf size, and determine growth
type. Flowering age 36-39 days, and the age of pod pods 83-94 days.

The Mahameru variety has a plant height of 62-64 cm, branches of 2-5 branches,
several books 12-15 books, size of seeds (large seeds) with a weight of 100 seeds
16.5-17.0, pods are not easily broken, and resistant fall down The seeds have a protein
content of 42.9-44.3%, and fat content of 17.3-18.2%. Another characteristic of this
variety is that it is moderate to leaf rust.
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3.17 Kaba

This variety was released in 2001 which was the result of a double crossing of 16
elders. It has purple hypocotyl, green epicotyls, yellow cotyledons, brown stems, purple
flowers, yellow seed coat, brown pods, brown helium seeds, and oval-shaped seeds..

The Kaba variety has a determinant growing type, a plant height of 66 cm, a flow-
ering age of 35 days, ages of mature pods of 88 days, medium-sized seeds (weight of
100 seeds 10.37 g), seed yields of 2.13 t per ha, have 44.0, 8.0% fat content, resistant
to fall, rather resistant to leaf rust disease, has pods that are not easily broken and
adaptive to paddy fields.

3.18 Burangrang

This variety released in 1999 originating from natural cross aggregates, taken from
farmers’ plants in Jember, is the result of pure line selection, three generations of segre-
gation. Burangrang varieties have purple hypocotyls, yellowish brown feathers, purple
flowers, yellow seeds, bright helium seeds, oblong-shaped leaves, and pointed edges.

Burangrang variety has determined growing type, the number of branches of
1-2 branches, age of 35 days of flowering, age of pods aged 80-82 days, plant height
of 60-70 cm, large size seeds (weight of 100 seeds 16 g), seed yields ranging from
1.6-2.5 t/ha, has a 39% protein content, 20% fat content, not easy to fall, tolerant of leaf
rust disease. This variety is suitable for raw materials for soy milk, tempeh, and tofu.

3.19 Argomulyo

This variety was released in 1998 from the introduction of Thailand by PT. Nstle
Indonesia in 1998 by the name of Nakhon Sawan 1. Has purple hypocotyl, brown fur,
purple flower color, yellow seed coat, bright white helium seed, determined growing
type, 35-day flowering age, 80-age harvest 82 days, plant height 40 cm, number of
branches per plant 3-4 stems from the main stem, having a large seed size (weight
100 seeds 16.0 g), having seed yield of 1.5-2.0 t/ha, has a protein content of 39.4%,
has a fat content of 20.8%, has resistance to falling. In addition, the Argomulyo
variety is tolerant of leaf rust and this variety is suitable for soy milk raw materials.

4, Conclusion

The soybean cultivation system carried out by farmers in paddy fields in South
Sulawesi using environmentally friendly technology has a quite high potential. This
is supported by the availability of organic materials which are quite widely available
around farmers’ fields such as straw, cow dung, and cow urine (bio urine). These
raw materials are processed by farmers into organic fertilizers for use in soybean
cultivation to reduce the use of chemical fertilizers. Similarly, in controlling pests
and diseases, farmers use raw materials from extracted plants to become vegetable
insecticides. This control technique has high potential because the raw materials are
widely available in nature, such as areca nut, cashew skin, clove flower, mengkuduh
fruit, betel leaf, srikaya leaf, neem seeds, yam seeds, saponins, pine lantana, and
tobacco leaves. The advantages of the soybean cultivation technology developed by
farmers in South Sulawesi include being more efficient because the raw materials are
from nature and do not need to be purchased at high prices such as using chemicals.
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Besides that, other advantages of the soybean cultivation technique used by farmers
are that it is more environmentally friendly because the organic fertilizers used by
farmers are the raw materials from plant residues and livestock manure such as straw
and cow urine (bio urine). Likewise, the control of plant pests carried out by farm-
ers in South Sulawesi uses raw materials from plants and biological microorganisms
so it is more environmentally friendly than using chemicals. However, there are also
drawbacks to the soybean cultivation technology used by farmers, including the time
needed for the manufacturing process and the availability of some raw materials used
by farmers in nature is limited, so they need to be developed through cultivation, such
as neem seeds, areca nut, and sugar apple seeds. In general, the soybean cultivation
technology used by farmers in South Sulawesi has greater prospects and opportunities
to be developed as a whole in Indonesia, which has a tropical climate.
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Chapter 9

Breeding of Major Legume Crops
through Conventional and
Molecular Techniques

Satya Prakash, Suhel Mehandi and Harmeet S. Janeja

Abstract

Legume crops are universally applicable for human and animal food and suste-
nance because of their relatively high protein and essential amino acid content. Fur-
thermore, they have been linked to sustainable agriculture, noting their ability to bind
to atmospheric nitrogen-fixing bacteria. Despite this, several technical limitations of
leguminous crops keep their world production far behind that of cereals. This chapter
of the book focuses on current developments in breeding and biotechnology of major
legume crops. Conventional breeding has primarily set out to recover a number of
vegetative and reproductive traits that are associated with different heritability
values, which reflect how susceptible each character is to genetic improvement. In
conclusion, legume breeding programs using classical breeding methods and biotech-
nological tools face a promising boost for further application of knowledge and infor-
mation that may boost their overall production. In plant breeding, the development of
improved crop varieties is limited by very long periods of cultivation. Therefore, to
increase crop breeding efficiency, they are using new strategies such as high-
throughput phenotyping and molecular breeding tools. In this chapter, recent findings
on various aspects of crop improvement, plant breeding practices, to explain the
development of conventional and molecular techniques.

Keywords: plant breeding, molecular techniques, pigeon pea, speed breeding,
conventional breeding

1. Introduction

Legumes are of particular nutritional and economic importance forming part of the
diet of millions of people worldwide. Legume seeds in human nutrition are important
cause of proteins and peptides, carbohydrates and dietary fibers, and a high-quality
source of some micronutrients such as vitamins, fatty acids, folic acid and minerals
that have significant health benefits [1].

Different approaches have been used to cut down the period of plant reproductive
cycles. Innovative techniques developed in this decade, such as genomic selection,
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high-throughput plant phenotyping and modern speed breeding, have been shown to
speed up plant breeding. Plant genetic engineering also played a precious role in
developing crops with desirable quality related traits using gene transformation [2, 3].

Conventional breeding techniques are not adequate for plant genome augmenta-
tion to develop new plant varieties. To overcome this hindrance in plant breeding
methods, molecular markers have been used for the assortment of superior hybrid
lines. Improving plant phenotype for an exact desirable trait involves the artificial
selection and breeding of this given trait by the plant breeder. Breeders always pro-
mote to use crops with shorter reproductive phase, which permit the production of a
number of generations in a single year as well as help in crop rotation generally wheat
rice cropping system. In this cropping system summer mung benefited as one extra
crop in a year as well as also get better the soil health [4]. Plant breeding combined
with genome studies increases the quality of breeding practices and saves time [5].
Research interest in genetically engineered crops has been increasing in legume crops
given the fundamental need to ensure food security for the growing whole human
population [6].

The use of molecular and conventional plant breeding techniques for many legume
crops, as well as the use of genome editing methods, modify and improve required
desired plant phenotypes. Moreover, the latent association between these approaches
used to formulate the future strategy for crop variety/ hybrid development will also be
explored.

2. Conventional breeding
2.1 Germplasm conservation and plant genetic diversity

Prebreeding performance as phenotypic and genetic appraisal of germplasm col-
lections are2 key functions of a breeding program to obtain basic information about
the genetic relationships1 amongst accessions, inheritance patterns of some important
traits and to select lines for subsequentl crossing cycles [7]. In this regard, the char-
acterization of germplasm banks of legume cropsl worldwide has been crucial for the
development of agriculture because they are the reservoirs of1 genetic diversity [8].

The genetic resources of other legume species are also a primary locus of genes
associated with biotic and abiotic resistance and agronomic traits of value to breeders.
1 The genetic diversity of legume species has been described, which has been
extremely useful for separating major collections of germplasm1 and genetically iden-
tifying different sets of parental lines used in breeding cycles/stages [8-11]. The
germplasm of major legume species has shown similar values when they werel ana-
lyzed using micro-satellites (SSRs) markers. This is not surprising because most of the
legumes are highly self-pollinate with low and very low out-crossing rate values
except pigeon pea [12]. Thus, they1 have tended to display low to moderate genetic
variability at intra-population and intra-group. However, most of their inherited
variability is spread amongst populations or groups of accessions,1 which is very
prominent for breeding purposes.

The technology makes it possible to insert genetic material from unusual sources. It
is now possible to insert genetic material from species, families and even kingdoms
that may not previously have been sources of genetic material for a specific species,
and even to insert custom-engineered genes which do not exist in nature. As a result,
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Figure 1.
Comparing conventional breeding and genetic engineering. https://www.isaaa.ovg/resources/publications/agric
ultural_biotechnology/download/

we can create what could be considered synthetic life forms, something that cannot be
done through conventional breeding (Figure 1).

2.2 Characterization of legumes

The legume genotypes have showed significant differences on morphological and
phenologicall traits such as pod curvature, days to flowering, hypocotyl color, growth
habit, number of nodes, number of flower buds and hundred or thousand seed weight,
which is significant for legume breeding [13].

They indicated that traditional breeding approaches have been particularly suc-
cessful in improving monogenic traits, such as color, size, texture, appearance of some
traits, although they are less specific and slow when it comes to quantitative traits,
which are controlled by many genes. Are strongly influenced by the environment and
are influenced by the environment and genetic interactions [14, 15].

3. Molecular and advance breeding method
3.1 Genomics-assisted breeding

Recent advances in the field of pulsed genomics deserve attention, for example,
the discovery of genome-wide genetic markers, high-throughput genotyping and
various sequencing platforms, high-density gene linkage1/QTL mapping, and most
importantly, whole-genome sequence access. With the genome sequence in hand,
there is considerable potential for using whole genome methods for trait mapping1
using correlation studies and selecting desirable genotypes through genomic selection.
It is anticipated that GAB will accelerate progress in pulse/legume breeding, leading to
rapid expansion of varieties with high yield, high stress tolerance and broad genetic
base [16, 17].

159



Case Studies of Breeding Strategies in Major Plant Species

3.2 Genetic engineering in legumes

The consequences that may result in the release of Genetically Modified crops (GM
crops) in agriculture are a matter of ongoing debate [18]. However, it is logical to
technically evaluate the risks1 of utilizing GM crops relative to their benefits and
evaluate them with the conventional methods of1 genetic improvement [19]. The
most successful case of public information is glyphosate resistantl transgenic soybean
[20], which has been commercializedc for over 20 years [21], and it is1 undoubtedly
the most important genetic modification in soybeans [22].

Genetic engineering opens the door for plant breeders to bring together useful
genes from al variety in one plant [23]. The development of glyphosate resistant
variety utilized the CP4 gene from1 Agrobacterium spp., which encodes a glyphosate-
resistant form of EPSPS, initially introduced inl soybean [20].

Although gene flow is a legitimate concern of GM soybean [24], trans genes
frequently represent gain of function, which might release wild relatives from con-
straints that limit their fitness1 [25-27]. This was a major breakthrough because no
practical resistance to BGMV was known in1 common bean genotypes.

3.3 Modern legume breeding tools

There are many modern breeding tools are available that can speed up the
legume breedingl programme. The Arabidopsis plant model has allowed the
study of metabolic and physiologicall processes during plant growth and in
responses to biotic and abiotic stress through genome-wide gene expression analysis
[28-30].

In parallel, the major version of the complete common bean genome sequence was
recently published [31] and the chickpea genome sequence is also available in “The
Cool Season 1 Food Legume Genome Database” [32]. References to legume genomes
have also opened the door to feature 1 RNA sequencing approaches to conduct global
transcriptomic profiling studies and discover new genes and ESTs [33-35]. Much
effort has been made to compare genomes between model plant species and legume
crops to correctly translate the information obtained [36].

These traits and their beneficial alleles can be introgressed in breeding lines
through conventionall genetic improvement in an easy manner, however, the appli-
cation of MAS significantly reduces thel time taken to select for resistant lines
[37-39].

3.3.1 Abiotic stress breeding

Stress by low and towering temperatures in legumes can harshly affect plant
growth, limiting1 yields and restricting the manufacture of certain regions and in
specific periods of the season [40, 41]. Most of legume crops are full-grown in arid to
semi-arid climate regions in India, and some countries] in Africa [42-45].

3.3.2 Breeding for biotic stress

A large wealth of advances in genomic resources of legumes are associated to such
as (1) Insects1 [46], (2) Fungi [47-50], (4) Bacteria [51, 52], Virus [53, 54] and
Nematodes [55] (Tables 1 and 2).
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Crops Varieties Release ICAR Institute/ Salient features
year SAU,
Organization
centre
Chickpea Pant Kabuli 2010 Pantnagar Irrigated condition, semi spreading, late
chana-1 mature, large seeded, medium height.
Gujarat 2010 Junagarh Rainfed area, medium plant height, semi erect
Junagadh yellow large seeded,
gram 3 early maturity, resistant to wilt and stunt.
MNK 1 2011 Gulbarga Irrigated area, erect plant, seeds are milky
white, extra-large seed.
Raj Vijay 2011 Sehore Irrigated, desi type, early maturity, resistant
Kabuli gram to wilt.
201
HK 4 2012 Hisar Irrigated area, large seeds and white color,
resistant reaction against wilt.
JSC 55 2012 Sehore Late sowing, suitable for sown under irrigated
and late sowing condition, resistant to wilt,
dry root rot and collar rot.
GLK 28127 2013 Ludhiana Irrigated condition, large old seeded variety,
tolerant to drought and wilt, good rooting
quality.
NBeG 3 2013 Nandyal Irrigated condition, long seed old variety,
tolerant to drought and wilt and good rooting
quality.
WCGK 2015 Modipuram Irrigated condition, long seeds, white color,
2000-2016 resistant to fusarium wilt.
Birsa chana 3 2015 BAO, Jharkhand  Normal sown condition, old type, tolerant to
gram pod borer, resistant to wilt disease,
shattering and lodging.
GNG 2144 2016 Sri Ganganagar Irrigated late sown condition, old and
medium bold seeded, tolerant to fusarium
wilt disease.
C§J 515 2016 Durgapura Irrigated area, resistant to dry root rot, wilt
and collar rot, tolerant to Ascochyta blight.
Indira chana 1 2017 IGKV, Raipur Rainfed and irrigated area, erect plant,
resistant to wilt, primary branches.
Meera 2017 ARS, Sri Irrigated condition, tolerant to fusarium wilt.
Ganganagar
(Rajasthan)
Pusa 3043 2018  IARI, Pusa (New Timely sown, escaping terminal drought, heat
Delhi) and stresses, resistant to wilt, tolerant to dry
root rot, collar rot, stunt, Ascochyta blight.
GNG 2207 2018 ARS, Sri Timely sown, moderately resistant to
Ganganagar fusarium wilt.
(Rajasthan)
IPC 2006-77 2019 ICAR-IIPR Late sown under rice fallow, moderately
Kanpur (U.P) resistant to wilt, dry root rot and stunt.
Haryana 2019 CCSHAU, Hisar  Late sown irrigated, tolerant to Helicoverpa
Chana No 7 (Haryana) armigera.
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Crops Varieties Release ICAR Institute/ Salient features
year SAU,
Organization
centre
Pusa Chickpea 2020 ICAR-IIPR Timely sown rainfed, First Marker Assisted
10,216 Kanpur (U.P) Backcross variety of chickpea in India,
drought tolerant.
Pusa Parvati 2020 ICAR-IIPR Timely sown irrigated, highly resistant to
Kanpur (U.P) wilt, dry root rot and stunt.
Kota Kabuli 2021 AU, Kota-ARS, Timely sown, resistant to wilt, dry root rot
Channa-2 (Rajasthan) and collar rot, moderately resistant to stunt
disease.
Pusa Chickpea 2021 ICAR-IARI & Rice-based cropping systems, moderately
20,211 ICRISAT resistant to dry root rot, collar rot, pod borer
and stunt.
Pigeon
pea TS 3R 2010 ARS Gulbarga  Indeterminate growth, semispreading, white
and bold seeded, resistant to fusarium wilt.
PKV, Tara 2011 PDKV, Akola Indeterminate growth, semi spreading and
tolerant to pod borer & pod fly.
Rajeev Lochan 2011 IGKV, Raipur Resistant to wilt & sterility mosaic disease.
WRG-65 2012 ARS, Warangal Indeterminate growth,
spreading medium, resistant to wilt, tolerant
to pod borer.
Phule T 0012 2012 MPKV, Rahuri  Resistant to fusarium wilt and tolerant to pod
borer and pod fly.
ICPH 2671 2013 RAK College Indeterminate growth, medium mature,
Sehore tolerant to wilt and sterility mosaic.
BRG 4 2014 UAS, Bangalore Indeterminate growth, semi determinate,
suitable for normal and delayed sowings.
IPA 203 2014 IIPR, Kanpur Resistant to sterility mosaic disease, tolerant
to fusarium wilt.
PRG 176 2015 RARS, Palem Indeterminate growth, suitable to low rainfall
conditions.
ICPH 2740 2015 ICRISAT Indeterminate growth, semi spreading,
resistant to sterility mosaic and wilt.
GRG 881 2016 ARS Gulbarga Indeterminate growth, semi spreading,
resistant to fusarium wilt, moderately
resistant to sterility mosaic disease.
CORG 8 2016 TNAU Indeterminate growth, bold seeded, resistant
Coimbatore to sterility mosaic disease, tolerant to
Helicoverpa armigera and Maruca vitrata.
LRG 52 2017 RARS, Lam Indeterminate growth, semi spreading, dark
purple pods, brown and large seeded and
moderately resistant to wilt.
BRG 3 2018 UAS Bangalore Intermediate growth, semi spreading, red

flowers, mottled seed, resistant to wilt.
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Crops Varieties Release ICAR Institute/ Salient features
year SAU,
Organization
centre
GT 104 2018 NAU Navsari Intermediate growth, semi spreading, long
(NPMK 15-05) pods cream color.
WRGE - 93 2019 SAU, Warangal Moderately resistant to wilt.
MPV-106 2020 MSSC, Akola Moderately resistance to wilt diseases,
resistant level for sterility mosaic is at par
with resistant check variety.
IPH 15-03 2020 IIPR, Kanpur Resistant to fusarium wilt, moderately
resistant to Phytophthora blight.
LRG 133-33 2021 RARS, Lam, Disease reaction at natural field conditions,
Guntur resistant to wilt.
Soyabean NRC-77 2010 DSR, Indore Resistant to charcoal rot, Rhizoctonia root rot.
RKS-24 2011 AAU, Kota, Moderately resistant to bacterial pustule,
Rajasthan collar rot and YMV, moderately resistant to
girdle beetle, stem fly and defoliators.
GC-00209-4- 2011 UAS, Bangalore Vegetable type.
1-1
DSb-1 2012 UAS, Dharwad  Better germination, resistant to rust, tolerant
pod shattering.
SL 744 2012 PAU, Ludhiana Timely sown irrigated areas, resistant to
yellow mosaic virus and soybean mosaic
virus.
PS-19 2013 GBPUA&T Resistant to major foliar diseases, bacterial
Pantnagar pustule and rhizoctonia aerial blight.
MACS-1188 2013 ARI, Pune High oil content, early maturity, resistant to
pod, shattering and Rhizoctonia aerial blight,
bacterial pustules, charcoal rot, stem fly, pod
borer, leaf folder, leaf minor and defoliators.
JS-20-34 2014  JNKVV, Jabalpur Resistant to charcoal rot, girdle beetle and
stem fly.
MAUS-2 2014 VNMW Krishi Resistant to bacterial pustule and leafspots,
(Pooja) Vidyapeeth, leaf miner, stem fly and blue beetle.
Parbhani
KPS-344 2015 RRS, MPKV, Tolerant to rust, resistant to stem fly, pod
Sangli borer and leaf roller.
Pusa 12 2015 IARI, New Delhi  Resistant to YMV, Rhizoctonia aerial blight
and bacterial pustules.
JS 20-69 2016 JNKVV Jabalpur Resistant to YMV, charcoal rot, bacterial
pustules, Alternaria leaf spot, pod blight,
Indian bud blight, Target leaf spot.
VL Bhat 201 2016 ~ VPKAS, Almorah  Highly resistant to frog eye leaf spot, target
leaf spot and moderately resistant to pod
blight, highly resistant to girdle beetle,
moderately resistant to stem fly.
Raj Soya-24 2017 RVSKVV, Sehore Resistant to YMV.
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Crops Varieties Release ICAR Institute/ Salient features
year SAU,
Organization
centre
Pant Soya 21 2017 GBPUA&T Resistant to Yellow Mosaic Virus (YMV),
Pantnagar SMV & bacterial pustule, tolerant to
Rhizoctonia Aerial Blight.
CG Soya-1 2018 IGKV, Raipur, Resistant to Indian bud blight, Rhizoctonia
Chhattisgarh aerial blight, Myrothecium leaf spot and
bacterial pustule disease, moderately resistant
to pod blight.
JS 20-98 2018 JNKVV Jabalpur  Resistant against most dreadful disease i.e.,
charcoal rot, blight, bacterial pustules, leaf
spots and insect pests.
KSD 726 2019 RRS, MPKV Resistant to rust, purple seed stain disease,
Sangli moderately resistance to Stem fly and
defoliators.
VL Soya 89 2019  VPKAS, Almorah Moderate resistance against frog eye leaf spot
and pod blight diseases, moderate resistance
against Chauliops and resistant against
defoliators.
Pant Soybean 2020 GBPUA&T Resistant to bacterial pustule & BLB,
25 Pantnagar moderately resistance to RAB, BS & FLS.
Pant Soybean 2020 GBPUA&T Resistant to bacterial pustule & BLB,
26 Pantnagar moderately resistance to RAB.
Mungbean  Pairy Mung 2010 IGKV, Raipur Rabi season, tolerant to YMV,
resistant to powdery mildew.
SML 832 2010 PAU, Ludhiana Spring and Summer term, tolerant to thrips.
DGGV 2 2012 UAS, Dharwad ~ Kharif season, resistant to shattering of pods
and suitable for mechanical harvesting.
Shalimar 2013 Srinagar centre, Early maturing, resistant to Cercospora leaf
Mung 2 SKUASTA spot, moderate resistant to aphid.
CO. (Gg) 8 2013 TNAU, Rainfed area, resistant to YMV.
Coimbatore
SGC 16 2014 RARS, Resistant to CLS and YMV.
Shilongani, AAU,
Assam
BGS9 2014 UAS, Raichur Moderately resistant to PM, bold seed and
(Somnath) long pod.
Pant Mung 8 2016 GBPUAT, Resistant to MYMV, CLS and PM.
(PM 9-6) Pantnagar
RMG 975 2016  RARI Durgapura Kharif season, moderately tolerant to MYMV
and root knot nematode.
PUSA 1371 2017 IARI, Kharif season, multiple resistant to MYMV,
New Delhi. resistant to root rot, web blight and
Anthracnose.
DDG-1 2017 UAS, Dharwad Kharif season, resistant to powdery mildew.
Varsa 2018 IIPR, Kanpur K