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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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Chapter 1

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 
a robust 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].



7

Revolution in Plant Genetic Resources
DOI: http://dx.doi.org/10.5772/intechopen.107540

7. Cryopreservation

Cryopreservation is the storage of plant materials at ultra-low temperatures in 
liquid nitrogen (-196oC). 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 



Case Studies of Breeding Strategies in Major Plant Species

8

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].

© 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. 
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Chapter 2

Genomic Selection: A Faster
Strategy for Plant Breeding
Gizachew 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

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 ¼ Gþ 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 Pð Þ ¼ V Gð Þ þ V Eð Þ þ 2COV G,Eð Þ (2)

V Pð Þ ¼ V Gð Þ þ V Eð Þ þ 0 ¼ V Gð Þ þ V Eð Þ (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 (H2). It concentrates on
all genetic influences, including additive, dominance, and epistatic effects. Therefore,
it can be mathematically represented as

H2 ¼ V Gð Þ
V Pð Þ (4)

While the narrow-sense heritability (h2) captures only the proportion of genetic
variation that is due to additive genetic effect (V (A)) and the residual effect variance
denoted as V(ɛ). It is represented by h2 ¼ V Gð Þ

V Pð Þ. Therefore, for h
2, the genetic model

can be rewritten as:

V Pð Þ ¼ V Að Þ þ V εð Þ (5)

where V (ɛ) 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 howmany 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 (h2). This can be expressed numerically as:

BV ¼ m0 þ h2 yi �m0
� � ¼ m0 þ yi �m0

� �V Að Þ
V Pð Þ (6)

where yi 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 (yi, x1i), 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 β1, depending on their marker
genotype. The phenotype (yi) can be modeled using genetic value gi = x1iβ1 as a
parametric regression on marker covariate x1i as follows: yi = β0 + x1iβ1 + εi, where, β0
is the intercept (overall mean) and β1 is the marker effect (regression coefficient), x1i
is the genotype value of marker 1 for individual i. The values of β0 and β1 are the
parameters that need to be determined, and εi 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 εi2, that is an error
function E ¼Pi yi� βo� x1iβ1ð Þ2, 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.,

E ¼
XN
i¼1

yi�
XM
j¼0

xijβj2
 !

þ λ
XM
j¼0

βjj jqÞ (7)

where, effect of the penalty term is controlled by λ.
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]:

yi ¼ β0þ x1iβ1þ x2iβ2⋯xmiβmi þ εi (8)
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yi ¼ β0 þ
XM
j¼0

xjiβjþ εi (9)

where yi = the phenotypic value of the individual i and xji is the genotype value of
the jth marker in ith individual. The coefficient βj is the effect of marker j on the
phenotype or regression of yi on the jth marker covariate xij and εi is the random error
assumed [2]. X0i = 1 is a dummy variable. Similarly, the coefficients were determined
by minimizing the error function,

E ¼
XN
i¼1

yi�
XM
j¼0

xjiβj2
 !

(10)

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]:

yi ¼
XM
j¼0

xjiβjþ εi, (11)

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 : EBVð Þ ¼ r GEBV : TBVð Þ ∗ EBV : TBVð Þ (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 ¼ TBV þ e1 (13)

and

EBV ¼ TBV þ e2 (14)

where e1 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
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between individuals, as well as model performance, sample size and relatedness,
marker density, gene effect, heritability, and genetic design are all factors to consider.

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].

b. 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].

c. 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.

d. 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
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(particularly for h2 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, h2, is 0.2, it is expected
that the training population (TP) size will need to be 9000, however, if h2 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 (r2) of 0.15 is sufficient, but increasing the r2 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 C0, 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-parental 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 C0 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 r2 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 IVs.

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’s 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]. In a 
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 as a 
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 on a 
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 Française 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 
a repository 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 F2 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.
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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 at a 
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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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 

Figure 1. 
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.
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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 μmol/m2 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 CO2 levels [25]. Plants’ response to CO2 levels highly varies with the geno-
type of a species. The experimental genotype has to be evaluated with a critical range 
of CO2 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 CO2 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 in 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 CO2 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 (F2 and F3). 
A rigid selection for the trait under transfer and characteristics of the recurrent 
parent was made in segregating generations (F2 and F3) after the first and third 
backcross. Each F2 selected plant was harvested separately for the advancement of 
generation (F3) 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 F2 to F4 
generation instead of a single seed. Single-pod descent selection provides scope for 
maintaining each F2 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 (F2, 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 (BC3F3) 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’s 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 (lncRNAs) having nucleotide lengths of 
more than 200 nucleotides or the small RNAs (sRNAs), which are comparatively quite 
smaller in size. Again the sRNAs 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 lncRNA to be discovered [11]. The first 
plant lncRNA was discovered by Crespi in 1994. Long non-coding RNAs were first 
described during the whole genome sequencing and several types of lncRNA, 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 lncRNAs, 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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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.

Table 2. 
Classification of ncRNA.

S. 
No.

Type of 
ncRNA

Year of 
discovery

Scientists discovered Remark

1. tRNA Before the 
1960s

Paul C Zamecnik and 
Mahlon Hoagland

An adaptor molecule that mediates 
translation

2. rRNA Before 1965 Ribosomal RNA

3. snRNA 1966 Small nuclear RNA

4. snoRNA 1968 Small nucleolar RNA—U3 species—
first snoRNA discovered

5. siRNA 1999 Hamilton and 
Baulcombe

Small interfering RNA

phasiRNA Chen et al. [13]

tasiRNA 2004 Trans-acting siRNA

easiRNA Slotkin et al. [14] Epigenetically-acting siRNA

natsiRNA

6. miRNA 1993 Lee et al. [10] Micro RNA

7. piRNA 2006 Aravin et al. [15] PIWI: P-element Induced WImpy 
testis in Drosophila

8. lncRNA Pachnis et al. [11] H19, XIST, and HOTAIR

Table 1. 
List of ncRNA and their brief history.
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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].

4.5 lncRNA

lncRNAs 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 lncRNAs. Circular RNAs (circRNAs) generally develop from coding regions or 
intronic regions.

4.5.1 Linear-long non-coding RNAs

The lncRNAs, such as lincRNAs and IncRNAs are linear lncRNAs 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.

5.1 tRNA (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 II tRNAs included tRNASer, 
tRNALeu, and tRNATyr with more than 10 nucleotides [8].

5.2 rRNA (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 cruzi, a protozoan that causes Chagas disease. This structure was most 
likely involved in the binding of the ribosome to the 5’end 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/Snu13p 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, Gar1p, Nhp2p, and Nop10p 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].
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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, lnc-derived piRNA, and Caenorhabditis-specific piRNA [40].

5.6 lncRNA (long non-coding RNA)

As previously said, non-coding RNA is of two types, small and long. lncRNA 
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 lncRNA. They are synthesized from pre-mRNA by alternate splic-
ing, which consists of a 5′ cap and 3′ tail. In circular ncRNA, the 5’end and 3′ end are 
linked forming a circle-like structure [41]. It was found that the level of expression 
varies between different types of lncRNA, 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 lncRNAs 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 lncRNAs are well involved in phosphate metabolism and homeo-
stasis. miR399 suppresses phosphate homeostasis genes PHO2 leading to increased 
uptake of phosphorous [69]. Similarly, lncRNAs 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 ZmLAC5 [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. 
Jha et 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 
diseases

Potato HC-Pro (Potato virus-Y) Waterhouse et al. [80]

Silencing of viral coat protein Missiou et al. [81]

medicinally 
important 
papaya

Silencing of viral coat protein Kertbundit et al. [82]

Black gram Hairpin construct of the non-coding intergenic 
region of mungbean yellow mosaic India virus

Pooggin et al. [83]

Tobacco Tobacco mosaic virus asRNA CP Powell et al. [84]

Pepper PMMoV RNAi PMMoV replicase Dalakouras et al. [85]

Cassava siRNAs designed to the replicase (Rep)-coding 
sequence of African cassava mosaic virus

Vanitharani et al. [86]

Cassava brown streak disease (CBSD) Patil et al. [87]

Bacterial 
diseases

Arabidopsis 
thaliana

Crown gall disease management strategy that 
targets the process of tumorigenesis (gall 
formation) by initiating RNAi of the iaaM and 
ipt oncogenes

Dunoyer et al. [88]

Rice Leaf blight RNAi OsSSI2 Younis et al. [89]

Fungal 
disease

Nicotiana 
tabacum

Downregulation of GST (glutathione 
S-transferases) enzyme against Phytophthora 
parasitica var. nicotianae

Hernández et al. [90]

Apple Apple scab fungus RNAi GFP & THN Fitzgerald et al. [91]

Wheat and 
Barley

Powdery mildew fungi Blumeria graminis Nowara et al. [92]

Rice Sheath blight pathogen RNAi RPMK1-1/-2 Ila Mukul Tiwari  
et al. [93]

Banana Fusarium oxysporum f. sp. Cubense by RNAi-
mediated knockdown of vital genes of fungus 
(velvet and Fusarium transcription factor 1)

Ghag et al. [94]

Insect 
resistance

Cotton Cotton bollworm gut-specific-c cytochrome 
P450 gene CYP6AE14, which confers 
resistance to gossypol

Mao et al. [93]

Corn In plant expression of dsRNA against western 
corn rootworm larvae (Diabrotica virgifera)

Baum et al. [95]
Mao et al. [93]

Tobacco dsRNA against
EcR-USP (ecdysone receptor ultra-spiracle 
particle),
AChE (acetylcholinesterase) and HR3 involved 
in the regulation of molting and development 
in H. armigera

Zhu et al. [96]
Kumar [97]
Xiong et al. [98]

Nematode 
attack

Megalaima incognita mitochondrial ATP synthase 
b subunit) silencing of root-knot nematodes

Huang et al. [99]

Male 
sterility

Tobacco Downregulation of anther-specific gene TA29 
by RNAi

Nawaz-ul-Rehman 
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
(SAMDC), control of tapetal-specific A9 
promoter using RNAi

Sinha and Rajam [103]
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Application Crop Gene References

Quality Maize Downregulation of lysine-poor zein gene via 
RNAi

Angaji et 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

Liu et al. [106]

Potato Silencing the β-carotene hydroxylase gene 
(BCH) to enhance β-carotene content

Eck et al. [107]

Brassica 
napus

Silencing of DE-ETIOLATED1 (DET1) for 
increased levels of lutein, β-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 et al. [111]

Rice Reduce cadmium RNAi OsPCS1 Li et al. [112]

Brassica Reduce erucic acid RNAi BnFAE1 Shi et al. [113]

Wheat Reduce glutinin RNAi ɣ-gliadins Gil-Humanes et al. [114]

Secondary 
metabolites

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

Kusaba et 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

Gupta et al. [118]

Tomato SlSGR1 (encoding a STAYGREEN protein, 
retention of firmness and sustained cell 
membrane integrity and resulting in delayed 
fruit senescence

Luo et 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 lncRNA 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 lncRNAs is antisense lncRNAs 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 sRNAs, 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 sRNAs 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 Boccara et al. [126]

Regulate immune receptor targeting PPRL Katiyar-Agarwal et al. [52]

As transcription factor targeting GRFs Soto-Suarez et al. [127]

Regulate receptor-like kinase targeting ARLPK1/
ARLPK2

Niu et al. [57]

ROS accumulation, targeting genes; PPR1/PPR2 and 
At5g38850/At3g04220

Park et al. [128]
Nie et 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 Niu et al. [57]

Rice Act as transcription factor for the targeted genes 
NF-YAs, NAC60 and IPA1

Li et al. [133]
Wang et al. [134]
Liu et al. [135]

ROS accumulation; ASCORBATE OXIDASE Wu et al. [136]
Yao et al. [137]

PR gene expression; Nramp6 Campo et al. [138]
Sanchez-Sanuy et al. [139]

Callose deposition; ARF16 Li et al. [140]

Tobacco Trigger phasiRNA production, target is N-gene Li et al. [141]
Deng et al. [142]

Trigger phasiRNA production, target is EU713768 de Vries et al. [143]

Brassica Regulate immune receptor, targets BraTNL1 He et al. [144]

Medicago Trigger phasiRNA production, Medtr4g023400/ 
Medtr4g014580/ Medtr5g071220

Zhai et al. [145]

Soybean Regulate immune receptor Cui et al. [146]

Barley Trigger phasiRNA production, MLA1 Liu et al. [147]

Table 6. 
miRNA in plant immunity.

Crop Function and target References

Arabidopsis Regulate immune receptor targeting TOE1/TOE2 Zou et 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 Hong et al. [152]

ROS accumulation;
SIGRX21/SIGRX22 and
RBOH

Cui et al. [153]
Cui et al. [154]

PR-gene expression; miR168a Hou et al. [155]

Table 7. 
Other ncRNAs in plant immunity.
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of information. Instead, it is based on detecting the 5’end 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 a lot 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 (lncRNAs) 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. lncRNAdb 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 lncRNAs 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.
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Chapter 6

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



87

Pathogenesis-Related Proteins and Their Transgenic Expression for Developing Disease-Resistant…
DOI: http://dx.doi.org/10.5772/intechopen.106774

Fa
m

ili
es

T
yp

e m
em

be
r

Pl
an

t s
ou

rc
e

G
en

e a
cc

es
si

on
 

no
.

C
la

ss
es

/s
ou

rc
e

Si
ze

 
(k

D
a)

Pr
op

er
tie

s
Re

fe
re

nc
es

PR
-1

To
ba

cc
o 

PR
-1

a
N

ico
tia

na
 ta

ba
cu

m
YO

O
70

7
15

–1
7

A
nt

ifu
ng

al
[1

4]

PR
-2

To
ba

cc
o 

PR
-2

N
. t

ab
ac

um
M

59
44

3.1
Cl

as
se

s I
II

β-
1,

3-
G

lu
ca

na
se

[1
4]

I p
la

nt
 v

ac
uo

le
~3

3
[1

5]

II,
 II

I e
xt

ra
ce

llu
la

r 
pr

ot
ei

ns
~3

6
[1

5]

PR
-3

To
ba

cc
o 

P,
 Q

N
. t

ab
ac

um
X

77
11

1.1
Cl

as
se

s V
25

–3
0

Ch
iti

na
se

 ty
pe

 I,
 II

, I
V,

 V
, V

I, 
V

II
[1

6]

I
~3

2
[1

5]

II
27

–2
8

[1
5]

III
28

–3
0

[1
5]

IV
28

–3
0

[1
5]

V
41

–4
3

[1
5]

PR
-4

To
ba

cc
o “

R”
N

. t
ab

ac
um

N
W

_0
15

88
84

19
.1

Cl
as

se
s I

I
15

–2
0

Ch
iti

na
se

 ty
pe

 I,
 II

[1
6]

I
[1

5]

II
[1

5]

PR
-5

To
ba

cc
o 

S
N

. t
ab

ac
um

N
W

_0
15

79
30

16
22

–2
5

Th
au

m
at

in
, a

nt
ifu

ng
al

, o
sm

ot
in

, 
ze

am
at

in
[1

6,
 17

]

PR
-6

To
m

at
o 

in
hi

bi
to

r I
So

la
nu

m
 

lyc
op

er
sic

um
N

W
_0

04
19

60
01

.1
8

Pr
ot

ei
na

se
 in

hi
bi

to
r

[1
8]

PR
-7

To
m

at
o 

P6
9

S.
 ly

co
pe

rs
icu

m
N

C_
01

54
45

.2
75

En
do

pr
ot

ei
na

se
[1

9]

PR
-8

Cu
cu

m
be

r c
hi

tin
as

e
Cu

cu
m

is 
sa

tiv
us

N
C_

02
66

60
.1

28
Ch

iti
na

se
 ty

pe
 II

I
[2

0]

PR
-9

To
ba

cc
o “

lig
ni

n-
fo

rm
in

g 
pe

ro
xi

da
se

”
So

la
nu

m
 tu

be
ro

su
m

A
J4

01
15

0
35

Pe
ro

xi
da

se
[2

1]

PR
-1

0
Pa

rs
le

y “
PR

1”
Pe

tro
sel

in
um

 
cr

isp
um

N
C_

02
69

40
.1

Cl
as

se
s I

II
17

Ri
bo

nu
cl

ea
se

-li
ke

 p
ro

te
in

[2
2]



Case Studies of Breeding Strategies in Major Plant Species

88

Fa
m

ili
es

T
yp

e m
em

be
r

Pl
an

t s
ou

rc
e

G
en

e a
cc

es
si

on
 

no
.

C
la

ss
es

/s
ou

rc
e

Si
ze

 
(k

D
a)

Pr
op

er
tie

s
Re

fe
re

nc
es

I
11

 to
 3

0
[1

5]

II
~6

0
[1

5]

III
~6

0
[1

5]

PR
-1

1
To

ba
cc

o “
cl

as
s V

” 
ch

iti
na

se
N

. t
ab

ac
um

gi
|8

99
,3

42
—

40
Ch

iti
na

se
, t

yp
e I

[2
3]

PR
-1

2
Ra

di
sh

 R
s-

A
FP

3
Ra

ph
an

us
 

ra
ph

an
ist

ru
m

N
C_

02
52

09
.1

Cl
as

s I
V

3–
5

D
ef

en
sin

[1
5,

 24
]

PR
-1

3
A

ra
bi

do
ps

is 
TH

I2
.1

Ar
ab

id
op

sis
 th

al
ia

na
gi

|1
,18

1,
53

1
—

5
Th

io
ni

n
[2

5]

PR
-1

4
Ba

rle
y 

LT
P4

H
or

de
um

 v
ul

ga
re

gi
|1

,0
45

,2
01

—
8.

7–
9

Li
pi

d-
tr

an
sf

er
 p

ro
te

in
[1

5,
 26

]

PR
-1

5
Ba

rle
y 

O
xO

a (
ge

rm
in

)
H

. v
ul

ga
re

gi
|2

,2
66

,6
68

—
20

O
xa

la
te

 o
xi

da
se

[2
7]

PR
-1

6
Ba

rle
y 

O
xO

LP
H

. v
ul

ga
re

gi
|1

,0
70

,3
58

—
20

O
xa

la
te

 o
xi

da
se

-li
ke

[2
8]

PR
-1

7
To

ba
cc

o 
PR

p2
7

N
. t

ab
ac

um
—

—
27

A
nt

ifu
ng

al
 an

d 
an

tiv
ira

l
[2

9]

PR
-1

8
C

ar
bo

hy
dr

at
e o

xi
da

se
s

H
eli

an
th

us
 a

nn
un

s
A

F4
72

60
8

—
60

.9
C

ar
bo

hy
dr

at
e o

xi
da

se
s

[3
0]

PR
-1

9
an

tim
ic

ro
bi

al
 p

ro
te

in
Pi

nu
s S

yl
ve

str
is

A
F4

10
95

4
—

—
an

tim
ic

ro
bi

al
 p

ro
te

in
[3

1]

Ta
bl

e 
1.

 
C

la
ssi

fic
at

io
n 

an
d 

pr
op

er
tie

s o
f P

R 
pr

ot
ei

ns
.



89

Pathogenesis-Related Proteins and Their Transgenic Expression for Developing Disease-Resistant…
DOI: http://dx.doi.org/10.5772/intechopen.106774

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 β-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, viz. the PR-2 (endo-β-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. β-1,3-glucan (by 
the breakdown of β-1,3-glucosidic linkages) or chitin (by the breakdown of internal 
β-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/RAS2 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 PR9 is considerably reduced after infestation with the aphid-transmitted 
fusarium virus and hessian flies [47]. This showed that PR9 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 α-helices and β-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 H2O2 and CO2 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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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 
(Figure 1). As a result, 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 

Figure 1. 
Overview of the activation of defense response against the pathogen including induction of PR proteins locally as 
well as systematically.
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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, PR8, 
PR9 and PR10 [63]. The transcription studies (overexpression of PR genes), as 
well as mutational studies (SA mutants such as nim1, npr1, sai1, 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 arachidicola and Aspergillus flavus, demonstrating 
that fungal resistance is conferred via in planta transformation [120]. Transgenic 
Arabidopsis plants expressing grapevine b-1,3-glucanase (VvGHF17) 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 (AGLU1) [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, Exserohilum 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 VqTLP29 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 rDrr230a 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 F. 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 Serratia 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 littoralis [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 



99

Pathogenesis-Related Proteins and Their Transgenic Expression for Developing Disease-Resistant…
DOI: http://dx.doi.org/10.5772/intechopen.106774

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 β-1,3-glucanases 
and chitinases synergistically inhibited the growth of Fusarium oxysporum by using 
in planta transformation [135]. Transgenic potato plants co-expressing chitinase 
(BjCHI1) and β-1,3-glucanase (HbGLU) suppressed Rhizoctonia solani and showed 
healthier root growth [70]. In another study, transgenes carrying the chitinase 
gene (chi11) 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, β-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 
β-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 rip30 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 (OsOXO4), 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 β-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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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. G x 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 (Table 1).

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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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. 

Crop Genome sequence Germplasm lines resequenced

Soybean • 950 Mb of the 1115 Mb of Glycine 
max genome; comprised of 46,430 
protein-coding genes [8]

• A total of 106 soybean genomes were re-
sequenced, representing wild, landrace, and elite 
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; total of 48680 genes [12]

• Genome-wide variation in 292 Cajanus accessions, 
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 
Kabuli chickpea variety CDC Frontier 
contains 28,269 protein-coding genes 
[15]

• 35 chickpea genotypes (parental lines of 16 map-
ping populations); [16])

• 129 chickpea varieties, comprising 88 desi and 41 
kabuli [17]

Groundnut • 1081 Mb (89%) of Arachis 
duranensis and 1371 Mb (90%) of 
A. ipaensis [18]

• 50 324 protein-coding genes; A. 
duranensis var PI475845; [19]

• 11 genotypes including synthetics and their diploid 
parents [19]

• 41 groundnut accessions and wild diploid ances-
tors [20]

Common 
bean

• 473 Mb of the 587-Mb genome and 
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 
bean

• 75% of the 612 Mb size genome; 
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’, 
representing 88% of the estimated pea 
genome size.
Total number of protein-coding genes 
is 193,976 [26]

42 wild, landrace and cultivars [26]

Table 1. 
Summary of genome sequence and resequencing efforts in important legumes.
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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
FAD2-1 and 
FAD2-2 genes

Iron deficiency 
chlorosis
Oleate biosynthesis

Association mapping
Linkage mapping

Wang et al. [28]
Bachalva et al. [29]

Pigeonpea Hsf genes
candidate 
genes

Heat-response
Sterility mosaic 
disease (SMD), 
Fusarium wilt (FW) 
and photoperiod 
insensitivity

Genome-wide 
analysis
genome-wide 
association analysis

Maibam et al. [30]
[13]

Common 
bean

Co-1–Co-10
10 QTLs/
genes
Resistance 
gene analogs

Resistance to 
anthracnose
Resistance to 
anthracnose
Resistances to 
different pathogens

Linkage mapping
Associations 
mapping
Associations 
mapping

Kelly and Vallejo [31]
Choudhary et al. [32]

Cowpea Candidate 
genes
Hbs-1–Hbs-3
Major QTL

Resistance to root-
knot nematodes
Heat-induced 
browning of seed
drought tolerance
Resistance to root-
knot nematodes

QTL mapping
QTL mapping
QTL mapping

Santos et al. [33]
Pottorff et al. [34]
Huynh et al. [35]

Pea nod3
PsMlo
PsDREB2A

Hyper nodulation 
mutation
Powdery mildew 
resistance
Drought response

Comparative 
genomics
Comparative 
genomics
Comparative 
genomics

Bordat et al. [36]
Mohapatra et al. [37]
Jovanovic et al. [38]

Chickpea Aquaporins 
gene family
CarERF116
Major QTLs 
corresponding 
to
flowering time 
genes (efl-1,
efl-3, and 
efl-4)

Biotic and abiotic 
stresses
Abiotic stress 
responsive
Flowering time

Comprehensive
genome-wide 
analysis
Genome-wide 
association
Analysis
QTL mapping

Deokar et al. [39]
Deokar et al. [40]
Mallikarjuna et al. [41]

Adzuki 
bean

VaAGL, 
VaPhyE, and 
VaAP2

Flowering time and 
pod maturity

QTL mapping Li et al. [42]

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 Marker 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 CpMV 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, bc-12, bc-22, and bc-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’s 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)]. TALENs, ZFNs, 
and CRISPR/Cas9 are frequently used meganucleases.

2.9.1 TILLING

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 INDELs. The classical method of Eco-TILLING is based 
on the enzyme endonuclease (Cel1, Endo1), 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, cry1Ac and Cry2Aa. The transgenic pigeonpea expressed 
Cry1Ac 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) α-amylase inhibitor-1 (αAI-
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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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. 
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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 × 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, leaf-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 are 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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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) 1.90 2.40 *

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

Table 1. 
Growth and yield of soybean seeds in the complete tillage and zero tillage systems in South Sulawesi. Indonesia. 2015.

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.
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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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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 (P2O5) and Potassium (K2O), 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 liq-
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 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).

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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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%), P2O5 (5.589 mg/l), K2O (975.0 mg/l), 
Ca (25.5 mg/l). 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/l, while the urine of fresh cattle containing IAA is only 704.26 mg/l. 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 

Figure 7. 
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).
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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 
regency

Pangkep 
regency

Soppeng 
regency

Anjasmoro 14.36 11.24 12.30 10.94 2.71

Detam-2 16.24 12.32 17.01 15.54 2.21

Detam-1 13.24 12.11 16.20 12.53 1.90

Kaba 17.36 11.37 15.43 13.50 1.97

Gepak Kuning 13.29 10.39 10.40 12.30 2.00

Grobogan 10.38 9.87 12.32 8.83 2.10

Argomulyo 11.25 11.95 13.84 10.36 2.10

Gema 16.29 11.32 14.49 14.10 2.18

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.

Figure 8. 
Armyworm larvae (Spodoptera litura on soybeans) (a) and S.litura pests and symptoms of damage to soybean 
leaves (b).
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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, S.W. dan Marwoto [26] that the use of castor seed extract 
(Ricinus communis) as a vegetable antifertility ingredient in field rats with 2 ml/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 (Azadirachta 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) (Figure 9).

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

SlNPV 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 
SLNPV, 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 LC50SlNPV for the 
armyworm was 5.4 × 103 polyhedra inclusion bodies (PIBs)/ml [33], while for the 
pod-eating caterpillar, it was 6 × 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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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 l-lll) 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].

Figure 10. 
Ulat yang terinfeksi virus NPV (a), making process and biological insecticides and their application at the farm 
level (b).
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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.

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 subsequent1 crossing cycles [7]. In this regard, the char-
acterization of germplasm banks of legume crops1 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 were1 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,

158

Case Studies of Breeding Strategies in Major Plant Species



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
phenological1 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].

Figure 1.
Comparing conventional breeding and genetic engineering. https://www.isaaa.org/resources/publications/agric
ultural_biotechnology/download/
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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 resistant1 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 a1 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 in1 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 breeding1 programme. The Arabidopsis plant model has allowed the
study of metabolic and physiological1 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 conventional1 genetic improvement in an easy manner, however, the appli-
cation of MAS significantly reduces the1 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 countries1 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
year

ICAR Institute/
SAUs/

Organization
centre

Salient features

Chickpea Pant Kabuli
chana-1

2010 Pantnagar Irrigated condition, semi spreading, late
mature, large seeded, medium height.

Gujarat
Junagadh
gram 3

2010 Junagarh Rainfed area, medium plant height, semi erect
yellow large seeded,

early maturity, resistant to wilt and stunt.

MNK 1 2011 Gulbarga Irrigated area, erect plant, seeds are milky
white, extra-large seed.

Raj Vijay
Kabuli gram

201

2011 Sehore Irrigated, desi type, early maturity, resistant
to wilt.

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
2000-2016

2015 Modipuram Irrigated condition, long seeds, white color,
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.

CSJ 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
Ganganagar
(Rajasthan)

Irrigated condition, tolerant to fusarium wilt.

Pusa 3043 2018 IARI, Pusa (New
Delhi)

Timely sown, escaping terminal drought, heat
and stresses, resistant to wilt, tolerant to dry
root rot, collar rot, stunt, Ascochyta blight.

GNG 2207 2018 ARS, Sri
Ganganagar
(Rajasthan)

Timely sown, moderately resistant to
fusarium wilt.

IPC 2006-77 2019 ICAR-IIPR
Kanpur (U.P)

Late sown under rice fallow, moderately
resistant to wilt, dry root rot and stunt.

Haryana
Chana No 7

2019 CCS HAU, Hisar
(Haryana)

Late sown irrigated, tolerant to Helicoverpa
armigera.

161

Breeding of Major Legume Crops through Conventional and Molecular Techniques
DOI: http://dx.doi.org/10.5772/intechopen.109569



Crops Varieties Release
year

ICAR Institute/
SAUs/

Organization
centre

Salient features

Pusa Chickpea
10,216

2020 ICAR-IIPR
Kanpur (U.P)

Timely sown rainfed, First Marker Assisted
Backcross variety of chickpea in India,

drought tolerant.

Pusa Parvati 2020 ICAR-IIPR
Kanpur (U.P)

Timely sown irrigated, highly resistant to
wilt, dry root rot and stunt.

Kota Kabuli
Channa-2

2021 AU, Kota-ARS,
(Rajasthan)

Timely sown, resistant to wilt, dry root rot
and collar rot, moderately resistant to stunt

disease.

Pusa Chickpea
20,211

2021 ICAR-IARI &
ICRISAT

Rice-based cropping systems, moderately
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
Sehore

Indeterminate growth, medium mature,
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
Coimbatore

Indeterminate growth, bold seeded, resistant
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
year

ICAR Institute/
SAUs/

Organization
centre

Salient features

GT 104
(NPMK 15-05)

2018 NAU Navsari Intermediate growth, semi spreading, long
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,
Guntur

Disease reaction at natural field conditions,
resistant to wilt.

Soyabean NRC-77 2010 DSR, Indore Resistant to charcoal rot, Rhizoctonia root rot.

RKS-24 2011 AAU, Kota,
Rajasthan

Moderately resistant to bacterial pustule,
collar rot and YMV, moderately resistant to

girdle beetle, stem fly and defoliators.

GC-00209-4-
1-1

2011 UAS, Bangalore Vegetable type.

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
Pantnagar

Resistant to major foliar diseases, bacterial
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
(Pooja)

2014 VNMW Krishi
Vidyapeeth,
Parbhani

Resistant to bacterial pustule and leafspots,
leaf miner, stem fly and blue beetle.

KPS-344 2015 RRS, MPKV,
Sangli

Tolerant to rust, resistant to stem fly, pod
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
year

ICAR Institute/
SAUs/

Organization
centre

Salient features

Pant Soya 21 2017 GBPUA&T
Pantnagar

Resistant to Yellow Mosaic Virus (YMV),
SMV & bacterial pustule, tolerant to

Rhizoctonia Aerial Blight.

CG Soya-1 2018 IGKV, Raipur,
Chhattisgarh

Resistant to Indian bud blight, Rhizoctonia
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
Sangli

Resistant to rust, purple seed stain disease,
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
25

2020 GBPUA&T
Pantnagar

Resistant to bacterial pustule & BLB,
moderately resistance to RAB, BS & FLS.

Pant Soybean
26

2020 GBPUA&T
Pantnagar

Resistant to bacterial pustule & BLB,
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
Mung 2

2013 Srinagar centre,
SKUASTA

Early maturing, resistant to Cercospora leaf
spot, moderate resistant to aphid.

CO. (Gg) 8 2013 TNAU,
Coimbatore

Rainfed area, resistant to YMV.

SGC 16 2014 RARS,
Shilongani, AAU,

Assam

Resistant to CLS and YMV.

BGS 9
(Somnath)

2014 UAS, Raichur Moderately resistant to PM, bold seed and
long pod.

Pant Mung 8
(PM 9-6)

2016 GBPUAT,
Pantnagar

Resistant to MYMV, CLS and PM.

RMG 975 2016 RARI, Durgapura Kharif season, moderately tolerant to MYMV
and root knot nematode.

PUSA 1371 2017 IARI,
New Delhi.

Kharif season, multiple resistant to MYMV,
resistant to root rot, web blight and

Anthracnose.

DDG-1 2017 UAS, Dharwad Kharif season, resistant to powdery mildew.

Varsa 2018 IIPR, Kanpur Kharif season, resistant to MYMV and
powdery mildew.
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Crops Varieties Release
year

ICAR Institute/
SAUs/

Organization
centre

Salient features

PKV AKM 4 2018 IIPR, Kanpur Spring and Kharif season, resistant to MYMV,
green attractive and medium-large seed.

VBN 4 2019 NPRC, Vamban Suitable for all season, moderately resistant to
MYMV, ULCV and PM diseases.

Pant M 9 2019 GBPUA&T,
Pantnagar

Suitable for Spring and Kharif seasons,
resistant to MYMV.

KM- 2342 2020 CSAU&T,
KANPUR

Suitable for Kharif seasons, resistant to
MYMV.

IPM 312-20 2020 IIPR, Kanpur Suitable for Spring seasons, moderately
resistance to Anthracnose and powdery

mildew, resistance to MYMV.

Field Pea Aman (IPF
5-19)

2010 IIPR, Kanpur Resistant to PM disease, tolerant to rust,
moderately resistance to pod borer and stem

fly.

Gomati 2010 ICAR, Reas.
Compl., Agartala

Tolerant to pod borer and stem fly, tolerant to
M. incognita and M. Javanica.

IPF 4-9 2011 IIPR, Kanpur Resistant to PM disease, moderately resistant
to rust, pod borer and stem fly.

VL Matar 47 2011 VPKAS, NWPZ/
Uttarakhand

Resistant to wilt, rust and powdery mildew.

HFP-529 2012 CCS HAU, Hisar Resistant to rust, PM, Ascochyta blight, mod.
Resistant to PB, aphids, leaf miner and stem

fly, dwarf type.

Salimar pea 1 2013 Srinagar centre,
SKUAST

Resistant to powdery mildew, moderately
resistant to rust, pod borer, high protein

content.

IPFD 10-12 2014 IIPR, Kanpur Resistant to powdery mildew, dwarf type,
green dry seeds.

HFP 715 2014 CCS HAU Resistant to powdery mildew, dwarf type
plant.

Punjab-89 2015 PAU, Punjab Resistant to rust.

Pant pea 155 2016 GBPUA&T,
Pantnagar

Resistant to rust and powdery mildew
diseases, tolerant to pod borer pest, dwarf

type.

IPFD-6-3 2016 IIPR, Kanpur Resistant to powdery mildew, moderately
resistant to rust, tendril type.

Pant pea 250 2017 GBPUAT,
Pantnagar

Resistant to powdery mildew, moderately
resistant to rust, Ascochyta blight and root rot

diseases.

Pant pea 243 2017 GBPUAT,
Pantnagar

Moderately resistant to powdery mildew,
rust, Ascochyta blight and root rot diseases.

IPFD 2014-2 2018 IIPR, Kanpur Dwarf and early vigor, resistant to pod borer,
aphid, leaf miner & nematode.

TRCP 9 2018 ICAR res.
Complex Agartala

Resistant to rust, root knot and rust, dwarf
type.
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Crops Varieties Release
year

ICAR Institute/
SAUs/

Organization
centre

Salient features

Kota Matar 1 2020 AU, Borkhera
(Kota)

Moderately resistant against powdery
mildew, rust and root knot nematodes, ss

incidence of pod borer.

IPFD 12-8
(Aakash)

2020 IIPR, Kanpur Resistant to powdery mildew and rust disease,
moderately resistant to pod borer.

Pant Pea 250 2021 CCS, HAU Resistant to powderymildew, Ascochyta blight
and root rot and moderately resistant to rust.

HFP 1428 2021 CCS, HAU Resistant to powderymildew, Ascochyta blight
and root rot and moderately resistant to rust.

Table 1.
Central & State released varieties of Pulses in India.

Crops Traits QTL/candidate Reference

Chickpea Ascochyta blight QTL-1 and QTL-2 [56]

heat tolerant CaLG05 and CaLG06 [57]

Days to flowering initiation CaDFI_LS6.1, CaDFI_LS8.1,
CaDFI_LS6.1,
CaDFI_LS8.1

[58]

Days to maturity CaDM_LS1.1,
CaDM_LS1.2,
CaDM_LS1.3

[58]

Days to pod initiation CaDPI_LS7.2,
CaDPI_LS7.1,
CaDPI_LS6.1,
CaDPI_LS6.1,
CaDPI_LS6.1,
CaDPI_LS1.1

[58]

Days to pod filling CaDPF_LS8.1,
CaDPF_NS4.2,
CaDPF_NS4.1

[58]

Number of filled pods CaFP_NS6.1 [58]

100 seed weight Ca100SW_LS7.1,
Ca100SW_LS1.1,
Ca100SW_LS4.1,
Ca100SW_LS7.1

[58]

Seed yield/plant CaSYPP_LS2.1,
CaSYPP_LS6.1,
CaSYPP_NS6.2,
CaSYPP_NS6.3

[58]

Biological yield/plant CaBYPP_LS6.5,
CaBYPP_NS6.1,
CaBYPP_NS6.1,
CaBYPP_LS6.3,

[58]
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Crops Traits QTL/candidate Reference

CaBYPP_LS2.1,
CaBYPP_LS6.4,
CaBYPP_LS6.5,
CaBYPP_NS6.2

Harvest index (HI, %) CaHI_NS5.1,
CaHI_NS7.1,
CaBYPP_NS6.3,
CaHI_LS6.2,
CaHI_LS8.1,
CaHI_NS7.2,
CaHI_NS6.1,
CaHI_NS7.1

[58]

Pigeon
pea

Plant height qPH4.1a, qPH5.1 [59]

Primary branching qPB4.1a, qPB5.1 [59]

Secondary branching qSB5.1 [59]

Number of pods qPD3.1, qPD4.1, qPD5.1a [59]

Flowering qFL4.1a, qFL5.1 [59]

Maturity qMT4.1, qMT5.1a, qMT10.1 [59]

Fertility restoration QTL-RF-1, QTL-RF-2, QTL-RF-3, QTL-RF-4a [60]

SMD resistance qSMD4 [61]

Determinacy Six DArT and 19 SNP markers [62]

Fusarium wilt qFW11.1, qFW11.2 and qFW11.3 [63]

Soyabean

Seed weight swHCA2-1, swHCC2-1, swHCD1b-1, swHCA2-2 [64]

Early-maturing cl1, cl2, cl3 and cl4, [65]

Branch number qBN-1 [66]

Drought tolerance qPH2, qPH6, qPH7, qPH17, qPH19-1, qPH19-2,
and qPH19-3

[67]

Plant height qSWPP2, qSWPP6, qSWPP13, qSWPP17, and
qSWPP19

[67]

Water-logging Satt160, Satt269, Satt252,
Satt485, and
Satt385

[68]

Mungbean Yellow mosaic virus 2015
(qMYMV4-1 and qMYMV5-1),
2016
(qMYMV4-1,
qMYMV6-1
and
qMYMV10-1)

[69]

Bruchid resistance SS1, SS2, and SS3, [70]

Days to first flower Fld2, Fld4.1, Fld4.2, Fld11 [71]

Days to first pod maturity Pddm2, Pddm4.1, Pddm4.2 [71]

Days to harvest Pddh2, Pddh4.1, Pddh4.2 [71]
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4. Conclusions and prospects

The importance of legume crops for the agriculture and the environment is consid-
ered1 ancestral; however, the invention and the breeding constraints have led to their
current lower relative1 significance compared to cereals. Currently, we are witness and
significant boost of legume crops-associated research where abundant studies from
conventional breeding to advanced genomics, are1 being carried out and published to
address and overcome the various constraints faced by the1 production of legumes.
Conventional breeding has made significant contributions to legume genetic1 develop-
ment, especially by developing lines with superior monogenetic traits such as resistance
to1 fungi and insects. Considering the accumulation of published information, it is
feasible to forecast1 similar achievements for lentil crop in the near future. MAS in
legumes have also shaped opportunity1 for the use of pyramiding approaches and the
introgression of quantitative traits for resistance of1 certain diseases.

Furthermore, the dominant entry of legumes to the genomics period has endorsed
their breeding programs to adopt new biotechnological and bioinformatics tools such
as GWAS, which are hopeful in augment the effectiveness and efficiency of modern
breeding techniques.

Legume breeding programs may also consider food superiority parameters as
important traits to expand materials of high nutritional and commercial value, meet-
ing the needs of both consumers and the food industry.

The application of genetic modification in legumes shows remarkable progress as
reflected in the two successful cases discussed in this article. As the effects of GM
crops are still well thought out and public acceptance is not well established, editing
tools appear to be more appropriate. Scientist must develop the alternative tools of
GM crop.

Crops Traits QTL/candidate Reference

100 seed weight (g) Sd100wt2.1, Sd100wt2.2,
Sd100wt4,
Sd100wt8,
Sd100wt9,
Sd100wt11

[71]

Number of seeds per pod Sdnppd1.1, Sdnppd1.2 [71]

Pod length (cm) Pdl7,
Pdl8

[71]

Pea Bleaching resistance LG II, LG III, LG IV and LG V [72]

Sclerotinia sclerotiorum
resistances

PRIL17
and PRIL19

[73]

Height Le** [73]

Drought adaptation A6, AA175,
AC74, AD57,
AB141, AB64,
Psblox2, PsAAP2_SNP4, and Dipept IV_SNP1

[74]

Ascochyta blight abIII-1, abI-IV-2, abI-IV-2.1 and abI-IV-2.2 [75, 76]

Table 2.
QTL mapping.
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The strong efforts to accelerate and augment legume breeding and their current
global production status show great potential to increase their relative importance in
the alimentation and the nourishment of the world population. Presently, cereals
exceed pulses as well as legumes 6.7 times in harvested area and 6.0 times in
production.

This manufacture boost states a precedent and shows actual possibilities of
increasing legume crops production to unexpected levels by genetic advances and
improved cultivars, linked to advances in farming technology and agronomic
practices.
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Chapter 10

Soybean Molecular Design 
Breeding
Xianzhong Feng and Muhammad Hafeez Ullah Khan

Abstract

Soybean is a globally important crop being rich source of edible oil and protein. 
Traditional phenotypic-based breeding procedures have contributed significantly to 
the development of several improved soybean varieties. In this context, molecular 
breeding technology, is seen as a viable way to address the issues and providing great 
opportunities to accelerate the process of soybean breeding. Hence, marker-assisted 
breeding (MAB) has been greatly applied in the soybean breeding to accelerate the 
improved soybean cultivars, transgenic breeding technology achieves great success in 
the soybean production. New genomics approaches and the development of genome 
editing technologies have increased soybean genetic diversity in its germplasm and 
have created new possibility to make precise genes modifications to controlling essen-
tial agronomic traits in an elite background Besides, the establishment of genotype 
driven phenotypic design breeding model has become a great challenge for soybean 
molecular breeding in the future. These approaches have the potential to expand 
the practical utility of molecular design breeding and speed up the germplasm and 
breeding materials in soybeans. This chapter goes into great detail about how current 
advances in genomics and phenomics can increase the efficiency and potential of 
MAB, transgenic technology, molecular design breeding and gene editing technology 
in soybean improvement.

Keywords: soybean, molecular design breeding, phenomics, genomics, genome editing

1. Introduction

Around 5000 years ago, cultivated soybean (Glycine max [L.] Merr.) had been 
domesticated from wild soybean (Glycine soja Sieb. & Zucc.). This crop has origi-
nated in China, and it spreads gradually around the different parts of the world [1]. 
Soybeans is now one of the most economically important oilseed and biodiesel crops, 
as well as a major source of protein and oil for human and animal consumption [2]. 
Early soybean breeding relied primarily on farmers selecting preferred seeds from 
the planted population. Artificial hybridization has been used since the early 1900s. 
In the 1940s, North American breeding programs published the first modern soybean 
cultivar developed through hybridization [3, 4]. Artificial hybridization became more 
commonly used in soybean breeding, after that it is investigated that artificial hybrid-
ization dramatically enlarged the genetic basis of established lines and increased 
soybean adaption as well as productivity [5]. Soybean is largely crushed into soy oil 
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and meal, and it can be found in a variety of edible and nonedible goods, includ-
ing cooking oil, animal grains, vegan food, and milk, as well as biodiesel and other 
industrial applications. Soybean oil is the most widely used cooking oil in the world, 
second only to palm oil [6].

The major objective of the most plant breeding projects/programs in soybean is to 
increase the yield and quality [2]. However, in the field of plant breeding, measuring 
primary traits such as yield or quality, which are mostly complex quantitative traits 
in a large breeding populations with thousands of genotypes, is time-consuming and 
labor-intensive [7, 8]. Due to genetic and environmental influences, breeding for 
yield is recognized to be a highly complicated and nonlinear process [9]. To this end, 
plant breeders can efficiently identify the promising lines at early growth stages using 
secondary traits for selection (e.g., yield component traits and reflectance bands), 
which are strongly correlated with the primary trait [10, 11].

The recent advances in sequencing technology have triggered a data boom in the 
biology field, propelling molecular biology into a stunning postgenomic era. From 
structural characterization to functional analysis, genomic research has progressed 
[12]. Despite the fact that genomic mapping, bioinformatics prediction, and other 
technologies aid in inferring gene function; however, any theory in life science 
requires ultimate confirmation. This inference is required for genetic transforma-
tion and vice versa; and it appears to be a powerful tool in functional genomics. 
Transgenic breeding is other important approach used to introduce genetic changes 
for specific plant traits. This method has been successfully used to increase crop 
productivity, production of biofuels, improve food quality and plant resistance 
against severe environmental conditions by breaking species limits. Furthermore, the 
implementation of genome-editing tools such as CRISPR/Cas9 relies on transforma-
tion procedures, demonstrating the necessity and importance of this technology.

Marker-assisted selection (MAS) has speeded up the breeding process especially 
in the production of disease and insect pest-resistant cultivars [13]. Linkage and 
physical maps are created using various types of genetic markers [14, 15]. Consensus 
Map 4.0 was created to combine known genetic and physical maps [16]. Large num-
bers of quantitative trait loci (QTLs) associated with different crop traits have been 
identified in soybean using genetic markers. However, the efficiency and precision 
of QTL location were restricted by limited number of molecular markers and their 
uneven distribution. To this end, the advances in the high-throughput genotyping and 
phenomics have greatly enhanced the precision and resolution in the gene mapping 
[17, 18]. Although, the advances in high-throughput genotyping were significant 
to alleviate the challenges in the plant breeding [7, 19, 20], but the advances in the 
high-throughput field phenotyping, is far lagging behind the genomics. Hence, the 
phenomics is a major bottleneck in current breeding programs [19].

The mechanism of genome editing technology is to introduce double-strand 
breaks (DSBs) within the genome at targeted sites using sequence specific artificial 
nucleases (SSNs), which are then repaired using nonhomologous end joining (NHEJ) 
or homologous recombination repair (HR) mechanisms, resulting in targeted 
mutagenesis by adding, removing, or replacing DNA bases [21]. Zin finger nucleases 
(ZFNs), transcription activator-like effector nucleases (TALENs), and clustered regu-
larly interspaced short palindromic repeats/CRISPR-associated protein (CRISPR/Cas) 
are the most common SSNs at the moment [22, 23]. Despite their early development, 
ZFNs and TALENs are complex and expensive, which has limited their use. Since 
its inception, the CRISPR/Cas system has gained popularity in biological science 
due to its simplicity. The CRISPR/Cas9 system is the most well-known and has been 
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increasingly used in the crop plants in the last few years [24]. The genome editing 
toolset has been broadened after the CRISPR/Cas9 system by selecting Cas9 orthologs 
and created variations [25–27]. Dead Cas9 and Cas9 nickases are two of them, and 
they have been employed extensively in base editing, gene expression regulation, 
epigenome editing, cell imaging, and other domains [28].

2. Marker-assisted breeding in soybean

Marker-assisted breeding (MAB), also known as molecular-assisted breeding, is 
the use of molecular tools, primarily DNA markers, in conjunction with linkage maps 
and genomics to change and enhance plant as well as animal characteristics using 
genotypic tests [29]. The term MAB is used to explain the various novel strategies 
including MAS, marker-assisted backcrossing (MABC), marker-assisted recurrent 
selection (MARS), and genome-wide selection (GWS) or genomic selection (GS) 
[30]. MAB is recognized as a unique technique and a potent methodology for agricul-
tural plant genetic modification, and it has been widely applied in a variety of crop 
species to date [29, 31].

Classical markers and DNA markers are two types of genetic markers used in 
plant breeding [32, 33]. Morphological, biochemical, and cytological indicators are 
examples of traditional markers. Random amplified polymorphic DNA (RAPD), 
amplified fragment length polymorphism (AFLP), microsatellites or simple 
sequence repeats (SSRs), restriction fragment length polymorphism (RFLP), and 
single-nucleotide polymorphism (SNP) are all examples of DNA markers (SNP). 
Marker-assisted breeding (MAB) is the most promising of the many applications 
of DNA markers in plant science for cultivar creation. MAB has huge potential to 
increase conventional plant breeding efficiency and precision by using DNA markers 
that are firmly related to critical genes or loci [33]. Several allele-specific functional 
markers for essential soybean features such as blooming and maturity, pod dehis-
cence, aroma, salt tolerance, soybean cyst nematode oleic acid content, raffinose 
content, and Kunitz trypsin inhibitor have recently been discovered [33, 34]. Phytic 
acid content, glycinin, conglycinin concentration, fragrance, and lipoxygenase 
were also discovered as strongly connected markers for seed nutritional value, 
which could help with the selection of novel varieties that are free of antinutritional 
chemicals [33].

MAB allows selection of plant features (that are expressed late in the plants geno-
type) at the seedling stage based on the genotypic data; hence, reducing the time it 
takes to identify the phenotypic of a single plant. MAS can swiftly remove unwanted 
genotypes for features that are displayed at later developmental stages. This trait is 
very significant and valuable for backcrossing as well as recurrent selection breeding 
programs, which require crossing with or between chosen individuals [17, 30]. MAB 
is unaffected by the environment, allowing selection to take place in any setting 
(e.g., greenhouses and off-season nurseries). This is particularly useful for improv-
ing qualities that are only expressed in the presence of favorable environmental 
circumstances, such as disease/pest resistance as well as stress tolerance [30]. MAS 
is based on reliable markers that are strongly connected to the QTLs associated with 
particular trait of interest and is more effective and efficient than phenotypic selec-
tion for low-heritability traits that are highly influenced by the environment (PS). In 
the heterozygous state, MAB utilizes the codominant markers (e.g., SSR and SNP) 
to allow effective selection of recessive alleles of desirable features. To detect quality 
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controlled by recessive alleles, no selfing or test-crossing is required; hence, MAB 
may save time and speed up breeding process [29].

The MAB method significantly accelerates the accurate and efficient intro-
gression of targeted genes into recipient varieties, as well as the recovery of the 
recurrent parent genetic background. With just two backcrosses (BC2F2:3), marker-
assisted background selection in wheat was able to transfer Yr15, a stripe rust 
resistance gene in a recurrent variety and recover 97% of the genetic background of 
the recurrent parent, whereas phenotypic selection could only recover 82% of the 
background in BC4F7 plants [35, 36]. In this case, the MAB successfully saves the 
time it takes to obtain advanced breeding lines in half when compared with tradi-
tional approaches.

MAS and MABC have been frequently used to increase disease resistance and 
other relatively basic qualities [33, 37, 38]. MAB has been used successfully in a few 
soybean breeding programs to introduce single genic as well as polygenic traits into 
the desired genetic background (Table 1). Moreover, MAB has been proven to be 
effective in improving quantitative features that contribute to soybean nutritional 
value, such as seed protein content and oil quality. MAB for seed protein content 
(SPC) in soybeans using SSR markers yielded up to 9% transgressive segregation in 
the trait after two cycles [48, 49].

3. Transgenic breeding in soybean improvement

Transgenic soybeans are one of the few vegetable-based foods that contain all nine 
necessary amino acids. As a result, the transgenic soybean has grown in importance 
as a human and animal protein source, with 85% of its production going to animal 
feed, and the rest is going to direct human consumption [55]. Transgenic crops have 
been embraced by key soybean-growing countries such as the United States, Brazil, 

Target trait Gene/locus Type of marker References

Resistance to soybean mosaic virus Rsv1, Rsv3, and Rsv4 SSR [39, 40]

Resistance to soybean mosaic virus RSC4, RSC8, and 
RSC14Q , SC7

SSR [41, 42]

High oleic acid content FAD2–1A, 
FAD2–1B

Gene-specific 
Simple Probe

[43–45]

Grain yield Yield QTL SSR [46]

Resistance to soybean cyst
Nematode

rhg1, Rhg4 SSR [47]

Seed protein content (SPC) (QTL Prot-08-1) SSR [48, 49]

Salt tolerance GmSALT3 SSR [50–52].

Elimination of Kunitz trypsin inhibitor (kti) Ti3 SSR [33, 34]

Elimination of off-flavor and improvement 
of seed Longevity

lox2 lox2 specific [53]

Low raffinose family oligosaccharides 
content

RS3 Gene-specific 
Simple Probe

[54]

Table 1. 
Details of marker-assisted breeding conducted for improvement of soybean for various traits.
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and Argentina, and they now account for about 85–95% of total soybean in terms of 
crop harvested area. The major markets for genetically modified agricultural seeds 
are North America and South America, which together account for more than 90% 
of the global GM seed industry. Nearly 85–95% of the soybean crop grown in North 
and South America is genetically modified. Demand for America’s produced corn 
and soybean produce from other countries (particularly China) is a major factor in 
determining planted acreage and seed demand [56].

The landmark products of transgenic soybean’s genetic composition allow it to be 
used for a wide range of purposes, which keeps it in high demand. Initially, manufac-
turers only wanted to use transgenics to grow more soy at a low cost in order to meet 
this demand, as well as to fix any problems in the growing process. But eventually it 
was discovered that soybean can be genetically modified to contain healthier compo-
nents or even focus on one aspect of the soybean to produce in larger quantities. The 
first and second generations of genetically modified (GM) foods were named after 
these periods. The benefits of first-generation GM foods were oriented toward the 
manufacturing process and companies, whereas the second generation of GM foods 
offers a variety of advantages and added value for the consumer, including improved 
nutritional composition or even therapeutic effects [57]. The main and important 
landmark products of soybean are Roundup ready soybean, Generic GMO soybean, 
and genetic modification in soybean to improve soybean oil. Roundup Ready soybeans 
(the original variety was also known as GTS 40–3-2 (OECD UI: MON-04032-6)) are 
a series of glyphosate-resistant soybean cultivars developed by Monsanto. Glyphosate 
is a herbicide that kills plants by interfering with the production of phenylalanine, 
tyrosine, and tryptophan, which are all necessary amino acids. These amino acids are 
referred as “essential” since only plants and microorganisms can produce them, and 
mammals are dependent on the plants for these amino acids [58].

Soybean transgenic technology is an essential tool for validating the soybean 
gene function. Soybean genetic transformation has been explored for over two 
decades, but progress has been slow and inefficient, which is why some studies used 
Arabidopsis instead of soybean for functional validation. Several transformation 
systems have been developed, including shoot meristems [59], hypocotyls ([60], 
embryo [61], immature cotyledons, half-seed explants [62, 63], and cotyledonary 
nodes [64]. Agrobacterium-mediated cotyledonary node (CN) soybean transforma-
tion is currently widely employed due to its ease of usage, reproducibility, quantity 
of copies of foreign DNA, and low cost of experimentation [63, 65]. The overall 
average efficiency of transformation was 3.8–8.7% [63, 64]. Recently, the average 
transformation efficiency of soybean had been improved to 18.7% [66]. However, 
it is still lower than the 23% as reported in rice [67] and more than 30% found in 
maize [68].

Seed sterilization and germination followed by Agrobacterium infection, cocul-
tivation of soybean explants and Agrobacterium, shoot induction, shoot elongation, 
rooting, and finally, moving the plants to pots containing soil are the different steps 
involved in the general transformation process. Many factors affect the transforma-
tion efficiency at the above different steps. For example, the soybean genotypes 
used in the transformation are the initial effector. The transformation efficiency 
and regeneration rate of 20 soybean varieties have been studied, and it was reported 
that transformation efficiency varied greatly (0.31–4.59%) among the different 
genotypes [69]. Second, all Agrobacterium concentrations, soybean explant status, 
Agrobacterium suspension medium, and cocultivation time will affect the infection 
efficiency during the Agrobacterium infection process, which is one of the most 
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significant processes. Explant regeneration is another important factor in affecting 
transformation efficiency. Plant hormone has been found to have a vital function 
in promoting explant regeneration, and the right dose could boost efficiency [64]. 
Previously research studies have showed that the combination of L-glutamine and 
L-asparagine in culture media increases the transformation efficiency by inhibiting 
GmPRs expression [70].

4. Soybean molecular design breeding

For molecular design breeding, the breeders could design the superior genotypes 
with particular breeding objectives based on the molecular networks regulating the 
agronomic traits. The breeding process can be simulated and optimized “in silico” 
before going to the field, which enhanced breeding accuracy and efficiency. Recent 
advances in genomics and phenomics have opened up new possibilities for more 
efficient molecular design breeding [71, 72]. Several soybean databases have been 
created for genomes, transcriptomics, proteomics, and germplasm analysis. SoyBase 
is a USDA-ARS database for genetics and genomics [73, 74]; SoyTEdb is a database 
of transposable elements [75]; SoyNet is a database for cofunctional networks [76]; 
SoyProDB is a database for seed proteins [77]; SoyPro [78]. These databases are quite 
useful for soybean molecular design breeding, which could provide the multiple levels 
of soybeans (Table 2).

4.1 Applications of genome selection in soybean design breeding

The genomics-assisted breeding (GAB) is one of important tools for molecular 
design breeding, which has allowed for higher genetic gain for complex traits at a 
lower cost, but it requires a molecular understanding of the trait [86]. MAS and GS 
are the two basic techniques used in GAB [87]. MAS is dependent on the presence 
of markers linked to the trait of interest, which can be discovered by linkage map-
ping or genome-wide association studies (GWASs). Many previous studies have 
shown that MAS may be successfully used in soybean by adding significant genes 
and large-effect QTLs for many attributes [88, 89]. Minor genes, on the other hand, 
control the majority of inheritance in complex characteristics, but they have never 
been studied because of the limitation of MAS [90]. Furthermore, the influence 
of the environment, epistatic interactions, and the effect of genetic background 
have made breeding complex traits extremely difficult. As a result, plant breeders 
have concluded that MAS is not an appropriate method for breeding complex plant 
characteristics [91].

GS uses the entire genome-wide marker profile of breeding lines to predict the 
genomics- estimated breeding value (GEBV) using several models, preventing 
the loss of a significant percentage of variation dictated by modest impact QTLs/
genes [90]. However, precise genotyping and phenotyping analyses are required for 
accurate detection of marker-trait relationships and determination of GEBV, which 
determines the effectiveness of GAB. Manual low-throughput phenotyping and geno-
typing frequently result in the identification of false positives or negatives [37]. In 
this sense, high-throughput genotyping and phenotyping based on next-generation 
sequencing (NGS) enables for successful MAS and GS, as well as greater molecular 
design breeding programs success [92, 93]. The availability of high-throughput 
NGS-based genotyping methods has significantly speeded up the gene identification 
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and GS, particularly in agricultural plants with bigger and more complex genomes, 
such as soybeans [87]. In this regard, phenomics and genomics are equally important 
for accurate gene identification and the development of a GS model to quantify the 
breeding population’s GEBV (BP). Consequently, integrating these methodologies 
with suitable genetic diversity, soil and meteorological data, analytical tools, and 
databases, new varieties with improved yield, quality, and stress tolerance might be 
developed quickly [91].

MAS has not yielded satisfactory results in soybean for minor genes that con-
tribute only a modest amount of obvious phenotypic variation for the complex trait 
[48, 87]. Most economically important soybean traits, including as yield, oil and 
protein content, and stress tolerance, are complex in nature, with modest effect 
genes controlling the majority of phenotyping variance for these traits [94]. The 
GS develops a prediction model by combining marker profile and phenotypic data 
from the training population, which is then used to estimate the GEBV of all BP 
individuals [95, 96]. Cross-validation on subsets of the training population is used to 
assess the accuracy of the prediction model before using it to select individuals from 
BP [87]. Following successful validation, this model can be used to select desirable 
plants from the BP based on GEBVs estimated solely from marker/genotypic data; 
hence, only genotypic data are utilized to predict the phenotypic performance of BP 
individuals [97]. The main benefit of GAB is that genotypic data collected at an early 
stage of plant development (such as seedling) can be utilized to predict phenotypic 
performance in mature individuals. As a result, it can significantly reduce the amount 
of time, money, and labor required for broad phenotypic examination across many 
habitats and years [98]. GAB also allows higher number of breeding selection cycles 
and genetic gain per unit time [87].

4.2 NGS-based genotyping for soybean design breeding

In recent decades, the total dependence on phenotypic selection has gradually 
shifted to a greater use of genotypic-based approaches for plant selection, facilitated 
by NGS-based genotyping platforms [99–101]. NGS technology has boosted through-
put, speeed of genome-wide genotyping, and cost-effectiveness [109] (Table 3). 
NGS-based genotyping technologies have tremendously aided in enhancing the resolu-
tion of gene mapping and tagging the gene/QTL extremely closer to the neighboring 
maker. In GWAS analysis, for example, the use of NGS has made it feasible to genotype 
huge populations of plants with a greater density of markers than was previously pos-
sible, which directly leads to better mapping resolution [110, 111]. In GWAS analysis, 
using a varied and big population allows for the discovery of more recombination 
break sites, which aids in the identification of candidate genes with greater precision 
[112]. Many studies have used NGS-based genotyping for GWAS analysis in soybean 
for various traits, and these studies have shown significant success in identifying 
candidate genes for specific traits of interest. For instance, previous study used the 
RAD-seq method to find a candidate gene underlying the main QTL controlling 
flooding tolerance in soybean [113]. Many other studies have shown that NGS-based 
genotyping facilitated candidate gene identification in areas such as nitrogen fixa-
tion [114], soybean plant height and primary branches [115], agronomic traits [116], 
disease resistance [117], and protein content [118]. The NGS-based WGRS has greatly 
improved the power of bulk segregant analysis (BSA) and its modified techniques, 
and it is now extensively employed in a variety of plant species, including soybean. For 
example, in another study, WGRS was employed to resequence different DNA pools 
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in the BSA study, and they discovered two significant genes that regulate cotyledon 
color in soybeans at the same time. Furthermore, many studies have used NGS-based 
techniques in the BSA approach to identify candidate genes for various soybean traits, 
including soybean mosaic virus [119], charcoal rot resistance [120], flowering time 
[121], phytophthora resistance [122], and powdery mildew resistance [123].

5. Genome editing provides the powerful tool for soybean design breeding

Genome editing has emerged as more powerful approach for functional study 
and molecular design breeding compared with traditional genetics approaches, 
namely mutagenesis, transgenic RNAi, or overexpression in obtaining plant cul-
tivars with predictable and desired traits [124, 125]. CRISPR (clustered regularly 
interspaced short palindromic repeat)/Cas (CRISPR-associated) is one of the most 
efficient genome editing systems and has been widely used in various plant spe-
cies [126]. In 2015, the first knockout and DNA homology-directed recombination 
(HDR) in soybean plant was successfully obtained using CRISPR/Cas9 technology 
[127]. Du et al. discovered that altering the AtU6–26 promoter of the CRISPR/
Cas9 system to the GmU6-16g-1 promoter might considerably improve the efficacy 
of targeted mutagenesis in soybean [128]. Nearly 75% of the genes in soybean are 
duplicated, thus knocking out a single gene usually does not result in a mutant 
phenotype. It is critical to create a CRISPR/Cas9 system that can edit several 
homologous genes at the same time to obtain the desired phenotype. The CRISPR/
Cas9 system that can achieve multiplex mutagenesis with better efficiency was 
established by refining the phases of vector synthesis, sgRNA assessment, pooled 
transformation, and sgRNA identification [129]. Naturally, single-nucleotide poly-
morphism (SNP) variants account for a major portion of phenotypic variability in 
agronomic traits, in addition to alleles induced by loss-of-function mutations. When 
a gene function is disrupted by utilizing a gene-editing technique, mostly it results 
in undesirable phenotype that is difficult to optimize for agronomic trait improve-
ment [27]. As a result, in molecular breeding, generating point mutations at specific 
locations impacting crucial agronomic properties is extremely valuable [130]. 
The CRISPR/Cas9 system has recently been used to develop “base editing,” which 
changes single bases into another without the use of DNA DSBs or a donor template 
[131]. Cai et al. successfully used the technique to generate the point mutants of 
GmFT2a and GmFT4 in soybean  [132].

Currently, CRISPR/Cas9 is being frequently used in soybean functional studies 
[128, 133, 134]. For example, to identify the genes that are responsible for flowering 
time, frame shift mutations created by CRISPR/Cas9 revealed that GmFT2a functions 
primarily during short day (SD), while GmFT5a has more substantial impacts under 
long day (LD) [132, 135, 136]. Similarly, knockout of GmPRR37 by the CRISPR system 
suggested that it can repress flowering under LD [137]. Male sterility was seen in two 
CRISPR/Cas9 gene-editing mutants of Glyma.13G114200, showing that it was the 
casual gene GmMS1 responsible for male sterility [138–140].

5.1 The advantages of genome editing for soybean molecular design breeding

A key issue and important research goal for soybean researchers since the comple-
tion of the soybean genome sequencing project is to elucidate the function of 46–56 
thousand identified genes [129]. Transgenic technology is a great tool for functional 
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genomic research and crop genetic enhancement, but it has certain drawbacks when 
used in soybeans. Agrobacterium-mediated transformation and particle bombardment 
have been widely utilized to make transgenic soybean plants in recent decades. When 
considering its easy technique, low cost, single or low copy number of insertions, 
and relatively infrequent rearrangement, Agrobacterium-mediated transformation is 
a superior alternative [141]. However, because soybean is a refractory crop as far as 
the transformation and regeneration are considered, no sustained soybean genetic 
transformation has yet been developed, regardless of whatever technique is used. 
Furthermore, the efficacy of Agrobacterium-mediated transformation is affected by 
soybean tissue, cultivar, or species [142], resulting in a restricted number of soybeans 
types that may be enhanced directly by genetic modification. Transgenic technology 
is used to investigate gene function by integrating foreign DNA sequences into the 
plant genome, which results in either overexpression or silence of the target gene 
[142]. As a result of potential risks such as unintended gene insertions, endogenous 
gene disruption, and unpredictable gene expression that arise during transformation 
[127], transgenic plants frequently cause potential bio-safety issues and are subjected 
to regulatory restrictions on genetically modified organisms (GMOs).

Furthermore, being a diploid that developed from palaeotetraploid, soybean has 
a highly duplicated genome, with around 75% of projected genes possess multiple 
copies, resulting in substantial genetic redundancy and complicating the elucida-
tion of soybean gene function. On the one hand, conventional random mutagenesis 
methods (physical, chemical mutagenesis, or T-DNA insertion) make it difficult to 
link genotype and phenotype because the loss of one homolog can be fully compen-
sated by redundant homologous copies [143]. On the other hand, RNA-silencing-
based technology frequently silences the entire gene family and is difficult to silence a 
single gene copy [144], and due to partial gene product depletion, the phenotype may 
be unstable [145]. To accelerate soybean gene function and breeding research, more 
accurate and efficient genetic engineering technology is required. Current genome 
editing technology has provided opportunity to overcome the aforesaid difficulties, at 
least in part. For starters, genome editing technology can not only alter a single gene 
without impacting other members of the gene family, but it can also edit many genes 
of interest at the same time using a single transformation, making it ideal for soybean 
and other polyploid crop studies [126].

Secondly, unlike transgenic technology, genome editing technology incorporates  
sequences that are genome editing components rather than foreign genes of  
interest into plant genomes. These genome editing components may be 
deleted once the target gene has been edited to yield transgene-free mutants, 
which are safer to employ in breeding and easier to commercialize under 
tight GMO rules. For example, in the United States, a gene-edited soybean oil 
with a different fatty acid profile was recently released (https://calyxt.com/
first-commercial-sale-of-calyxt-high-oleic-soybean-oil-on-the-usmarket/).

Finally, because the soybean genetic transformation is inefficient, one possible 
approach is to do direct genome editing without transformation or tissue culture. 
The standard procedure is to edit a variety with a high transformation efficiency to 
enhance one or more characteristics and then utilize the modified plant as a donor, 
which contains editing components. By hybridization with donor plants and subse-
quent backcrossing, the modified target gene or genome editing components can be 
introgressed into elite lines resistant to transformation. In conclusion, genome editing 
technology is a strong tool that has a lot of potential for speeding up soybean breeding 
[137, 146].
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5.2 Applications of genome editing in soybean improvement

Hairy-root transformation mediated by Agrobacterium rhizogenes is a simple and 
rapid technique for studying soybean gene function, and it only takes a few weeks to 
get transgenic hairy root [142, 147]. When ZFNs, TALENs, and CRISPR/Cas9 systems 
were initially employed in soybean, researchers preferred to use the hairy-root trans-
formation technique to quickly assess the efficiency of these genome editing tools 
before undertaking the time-consuming soybean whole-plant transformation [142, 
147]. As a consequence, ZFNs technology delivered the first example of genome editing 
in soybean in 2011, producing heritable mutations in two homologous DICER-LIKE 
genes, namely DCL4a and DCL4b [144]. In 2015, five research groups successfully 
evaluated the mutation efficiency of the CRISPR/Cas9 system in soybean endogenous 
or exogenous genes in hairy roots, establishing a precedent for using CRISPR/Cas 
technology to study soybean genes [127, 148, 149]. One of these teams used NHEJ to 
accomplish about 76% targeted mutagenesis, and they also used HR to create mutant 
plants with targeted gene integration at the target location, as well as a chlorsulfuron-
resistant soybean with a mutated acetolactate synthase1 (ALS1) gene [127]. All of these 
early successes have highlighted the genome editing systems’ remarkable potential to 
develop useful features in the near term through focused gene alterations.

Scientists evaluated the effectiveness of TALENs and CRISPR/ Cas9 in editing two 
phytoene desaturase genes in hairy roots, namely GmPDS11 and GmPDS18 [128]. The 
results demonstrated that CRISPR/Cas9, particularly CRISPR/Cas9 employing the 
GmU6-16g-1 promoter, was far more effective than TALENs at concurrently targeting 
two alleles. Another study was carried out to examine a variety of GmU6 promoters 
in soybean hairy roots and Arabidopsis thaliana to determine which ones were best 
for driving sgRNA production and discovered that GmU6-8 and GmU6-10 promot-
ers had high activity, which improved editing effectiveness [150]. Both results are 
beneficial in the development of an effective CRISPR/Cas9 system for use in soybean 
research. In addition, the CRISPR/Cas9 method in combination with the hairy-root 
transformation technique has been used to edit and explore soybean storage protein 
genes [134], and the candidate gene governing nodulation specificity [151].

NHEJ has generally been used to delete target genes by tiny insertions or dele-
tions, whereas HR is primarily utilized to replace or integrate targeted genes [152]. 
Using dual-sgRNA to cleave two neighboring loci on the same chromosome, two 
research studies recently showed that massive genomic deletions might be generated 
in soybeans [135, 153]. Due to the two editing chances, the dual-sgRNA design can 
not only boost gene mutation rates, but also construct substantial fragment deletion 
to ensure that the target gene is completely eliminated. Other fields of research will 
benefit from the substantial loss, such as understanding the role of regulatory ele-
ments or noncoding genes. Unlike prior HR-mediated donor integration, one study 
claimed that two large multigene donors (7.1 kb and 16.2 kb) were inserted into a 
target genomic location of soybean utilizing NHEJ and ZFNs, with donor heritability 
verified in T1 progeny plants [152]. This study found that NHEJ might be used instead 
of HR to induce accurate insertions of numerous transgenes in soybeans while avoid-
ing the drawbacks of inefficient HR [154].

In addition to the abovementioned developments in genome editing systems to 
permit better application in soybean research, several researchers have used genome 
editing technology and entire plant transformation to investigate gene function or 
enhance agronomic features. The single and double mutants of the soybean genes, 
namely DCL1a and DCL1b using ZFNs-based mutagenesis techniques were created 
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to investigate their roles in the soybean miRNA system [143]. Only the dcl1a/dcl1b 
double mutants showed a morphological phenotype, which was characterized 
by shrunken and shriveled seed as well as seedling developmental abnormalities, 
whereas both dcl1a and dcl1b single mutants showed a normal phenotype, suggesting 
that GmDCL1 homologs have functional redundancy. Besides, the two homologous 
genes, namely GmPPD1 and GmPPD2, coding for Arabidopsis PEAPOD orthologs 
were edited with a single sgRNA [155]. As a result, double mutants with frame shift 
mutations displayed a severe phenotype of developmental abnormalities in leaf and 
pod development.

Previous results revealed that homozygous mutants produced by CRISPR/Cas9-
mediated mutagenesis in FLOWERING LOCUS T2a (GmFT2a) delayed soybean 
flowering [133] and male sterile soybean lines [156]. They also used the CRISPR/Cas9 
system to alter GmFT5a and then crossed it with ft2a mutants to get ft2aft5a double 
mutants. This double mutant bloomed 31.3 days later than wild-type plants and pro-
duced more pods as well as seeds under short day circumstances [136]. The research-
ers employed a multiplex genome editing method based on CRISPR/Cas9 to change 
four SQUAMOSA PROMOTER BINDING PROTEIN-LIKE9 (GmSPL9) genes and 
generated several soybean mutants with different mutated locus combinations. These 
mutants revealed altered node number on the main stem and branch number [157]. 
CRISPR/Cas9 technology has also enhanced soybean seed oil profile [158], offensive 
beany flavor of soybean seed product [159], and isoflavone content and resistance to 
soybean mosaic virus [160]. The experiments mentioned above showed that genome 
editing technology has a lot of potential for improving soybeans.

Despite the fact that CRISPR/Cas9 technology has become the standard for 
genome editing, NGG PAM’s fundamental restriction limits its use in highly precise 
genomic areas. ZFNs and TALENs have crucial tools as a complement to the CRISPR/
Cas9 system since their target range is infinite. The combined usage of these systems 
will aid the soybean breeding and functional genomics projects. For example, a group 
of genes were mutated that encode the main machinery proteins involved in small 
RNA processing in soybean and Medicago truncatula using CRISPR/Cas9 and TALENs 
[161]. Together with the previously reported mutants induced by ZFNs, the resultant 
mutant plants established a collection of mutant resources for future studies of short 
RNA biology in legume plants [143].

Many scientists used CRISPR/Cas9-based high-throughput mutagenesis to create 
a genome-wide mutant library or mutant collection related to certain functions for 
pooled functional screen, which provided a wealth of resource in mammalian cell, 
rice, and tomato [162–164]. The success of creating these CRISPR libraries, however, 
is strongly reliant on a reliable genetic transformation mechanism. The creation of a 
CRISPR library in soybean is not only a massive task, but it is also extremely impor-
tant for research and breeding. A first soybean CRISPR library targeting over 100 
candidate genes was recently developed. A collection of mutant soybean lines was 
also created utilizing an enhanced process at several important steps, demonstrating 
the feasibility and usefulness of using CRISPR/Cas9 technology to execute large-scale 
mutagenesis in soybeans [129]. Following the CRISPR/Cas9 system, new genomic 
editing tools such as the CRISPR/Cas12a system, BE systems, and other CRISPR/Cas 
variants have been developed. However, to our knowledge, most of these have yet to 
be employed in soybean, with the exception of one work [165] that used Cas12a-RNP 
in soybean protoplasts to induce gene editing. RNP-based genome editing may not be 
the best option for soybean research due to a lack of updated information on success-
ful protoplast regeneration (Figure 1).
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6. Conclusion and future prospective

Traditional breeding has made important contributions to soybean improvement 
and the generation of soybean varieties with enhanced yield, quality, and tolerance 
to numerous stressors throughout the last century. Traditional crop development 
technologies, on the other hand, are unable to keep up with the world’s rapidly rising 
population and climate change [166, 167]. Reduced generation time allows for faster 
soybean breeding, which may be accomplished by the quick creation of homozygous 
lines employing the doubled-haploid (DH) production process. The creation of a 
high-throughput DH production program in soybean would be tremendously benefi-
cial in achieving the crop’s targeted genetic gain. Soybean androgenesis, root develop-
ment, and unusual shoot induction have all shown slight advancements. However, 
there is currently no efficient, repeatable way for producing doubled haploids in soy-
bean. One of the primary impediments to the development of a commercial DH pro-
duction procedure in soybeans may be the tissue’s resistance to in vitro regeneration 
[168, 169]. To achieve a sustainable yield, it is necessary to identify genetic resources 
in the form of water-stress-resistant soybean genotypes and genomics-assisted water-
stress mitigation approaches. Several techniques, such as QTL mapping, genome-wide 
association mapping, and comparative transcriptome analyses, are being used to 
determine the genetic basis for water-stress tolerance in soybean [170, 171].

Recent advances in NGS-based genotyping technologies and powerful compu-
tational pipelines have significantly reduced the cost of WGS/WGRS, allowing the 

Figure 1. 
Genome editing platforms and editing outcomes. Each editing platform (arrow) and its outcomes (rectangular) 
are coded with the same color. ZFN, zinc-finger nuclease; TALEN, transcription activator-like effector nuclease; 
CRISPR, clustered regulatory interspaced short palindromic repeat; DSB, double-strand breaks; SSB, single-
strand breaks; outcomes of GE created by site-directed nucleases (SDN) include: SDN1 – The approach involves 
DNA breaks repair through DNA repair mechanisms in the host cellular without using an added repair template; 
SDN2 – The approach involves the break repair via HR using an added homologous repair template; and SDN3 –  
The approach involves DNA break repair via either HDR or NHEJ pathway using an added DNA template 
containing no homologous sequences but with homologous ends: Progress and application of genome editing in 
soybean improvement.
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discovery, sequencing, and genotyping of hundreds of thousands of markers in 
one step. For large-scale marker identification, NGS-marker technologies based on 
reduced representation sequencing are the ideal solution, especially for the huge 
and complex soybean genome. These NGS-based marker approaches represent the 
soybean’s partial genome, and they can even be used without a reference sequence. 
RAD-seq (or its variations) and GBS are two NGS technologies that have previ-
ously proven to be efficient and effective procedures for GAB and have been widely 
employed for GS investigations in various agricultural plants. Furthermore, the NGS 
has enabled the fabrication of high-density SNP chips for HTG in soybean. The low 
cost, genome-wide marker coverage, better speed and throughput, and higher marker 
density of NGS-marker technologies have allowed geneticists to explore the inheri-
tance of numerous traits at the nucleotide level accuracy.

On the other hand, GS employs a number of markers spread over the entire 
genome to forecast the breeding value of a breeding line for selection. GS can quantify 
Mendelian sampling without phenotyping the entire population thanks to genome-
wide dense markers. It shortens cycles to save time while also increasing genetic gain 
per unit of time. GS was compared with traditional phenotypic selection in soybean 
to see if it has any advantages in terms of accuracy and time savings.

GE technologies, particularly CRISPR-based systems, have advanced quickly, 
with the majority of them being implemented to give effective tools for soybean 
improvement. If this technique is properly implemented in plant breeding pro-
grams, a recent field trial of high oleic soybean employing TALENs has indicated the 
bright future of soybean improvement. Currently, the discovery of more GE target 
genes associated with agronomically important traits, the adoption of newly devel-
oped GE technologies, the simplification and renovation of editing reagent delivery, 
and the improvement of target mutant recovery method in soybean will improve 
editing outcomes, save time, and lower product development costs. The develop-
ment of GE products will be aided by the cost-effective preparation of intellectual 
property for GE technologies, as well as breeders’ and farmers’ comprehension of 
GE-related government regulation. In several countries, transgene-free or DNA-free 
edited plants are considered nongenetically modified events, making GE soybean 
production easier. In future, more applications of “base editing” for single genes 
or several genes at once would substantially aid functional research and molecular 
design breeding in soybean.

Next-generation GAB in agricultural plants has been enabled by recent advances 
in crop phenomics and genomics, which have provided several high-throughput 
platforms, as well as statistical approaches and computational tools. When these 
modern technologies are integrated, they can precisely and accurately identify genes/
QTLs, as well as their beneficial usage in soybean breeding [172, 173]. Despite the fact 
that high-throughput SNP genotyping technologies have completely revolutionized 
marker application in soybean breeding, they have enabled research groups to apply 
GWAS and GS for soybean improvement on a regular basis. These marker technolo-
gies, however, must be paired with HTP to produce meaningful genetic gain from 
complex features in order to reap the full benefits of genomic investigations. So far, 
only a few studies involving the use of both HTP and HTG in soybean have been 
reported. This is because large-scale field-based HTP has a greater cost. New advances 
in crop phenotyping technology are expected to make HTP more inexpensive for 
commercial application in soybean breeding projects in the near future. This would 
undoubtedly increase the scope of germplasm assessment and facilitate the develop-
ment of better soybean cultivars. WGRS-based genotyping will become increasingly 
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viable and cost-effective as the cost of DNA sequencing falls. Sequencing-based 
genotyping employing genome-reduction methods such as GBS and RAD-sequencing 
appears to be more cost-efficient for breeding-based applications such as GS at the 
moment. Since the cultivated soybean has a limited genetic basis, genome editing and 
TILLING can be used to produce a variety of changes in these orthologs, from knock-
down to knockout alleles. For quick deployment of these alleles in breeding programs, 
it should be combined with the speed breeding facility.

The ZFNs, TALENs, CRISPR/Cas9, CRISPR/Cas12a, BEs, and other CRISPR/Cas 
variations provide a robust genome editing toolkit that will aid future functional 
genomic and genetic improvement studies in soybeans and other plants. CRISPR/
Cas9 technology may become the preferred method for soybean breeding due to its 
efficiency, multiplex editing, and high-throughput mutagenesis capabilities, as well 
as its maturity. With the progress of additional genome editing methods, however, 
soybean genome editing will become more versatile. Despite the fact that substantial 
effort may be required to employ these techniques, given the enormous potential of 
genome editing and the economic importance of soybean, we anticipate that these 
issues will be resolved in the near future.
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Accelerated Generation of Elite 
Inbreds in Maize Using Doubled 
Haploid Technology
Suman Dutta, Vignesh Muthusamy, Rajkumar U. Zunjare  
and Firoz Hossain

Abstract

The creation of homozygous parental lines for hybrid development is one of the 
key components of commercial maize breeding programs. It usually takes up to 6 to 
7 generations of selfing to obtain homozygous inbreds from the initial cross using 
the conventional pedigree method. Using doubled haploid (DH) method, concur-
rent fixation of all the genes covering entire chromosomes is possible within a single 
generation. For generation of DH lines, haploids are generated first by several means 
such as in-vitro method using tissue culture technique and in-vivo method using the 
haploid inducer (HI) lines. Of which, tissue culture-based methods have shown little 
promise for large-scale DH production as it needs good infrastructures and technical 
requirements. In contrast, inducer-based method provides more optimistic solutions 
for large-scale DH lines production. Due to its rapidity, DH technology is now being 
adopted in many countries including India for reducing the breeding cycle.

Keywords: doubled haploid, homozygous line, maize, and haploid inducer, inbreds

1. Introduction

Maize breeding strategies rely heavily on the creation of homozygous parental lines 
for hybrid breeding. Using the traditional pedigree approach, it might take up to 7 
generations of selfing to achieve homozygous inbreds from the first cross (Figure 1). In 
this context, because of its economic and logistical practicality, the creation of doubled 
haploid (DH) has received a lot of attention for varietal development in the last two 
decades [1]. The DH approach allows for simultaneous fixation of all genes across com-
plete chromosomes in a single generation [2]. Haploids are initially created by a variety 
of methods, including an in-vitro way utilizing tissue culture techniques and an in-vivo 
method employing haploid inducer (HI) lines. On the other hand, Tissue culture-based 
approaches have not shown much promise for large-scale DH production since they 
necessitate adequate infrastructure and technical requirements. In contrast, because of 
its viability for large-scale DH line production, the inducer-based technique is deemed 
more hopeful and cost-effective [3]. According to the parent from which the haploids 
are being formed, inducer-based haploids may be divided into maternal haploid and 
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paternal haploid [1]. With the exception of their cytoplasm, the genetic constitu-
tions of both forms of haploids are identical. Once haploids are created, their genetic 
constitutions can be duplicated in a single step to produce homozygous DH lines. DH 
technique has recently been implemented in commercial maize breeding programs in 
various countries because of its speed in decreasing the breeding cycle.

2. Genetic factors involved in maize haploid induction

The inheritance of haploid induction rate (HIR) has been extensively investigated 
during the last two decades. In-vivo haploid induction in maize is accomplished 
using three approaches (Figure 2). The first method uses a mutation originating 
from ‘Stock 6’ to induce maternal haploid induction, and it is commonly employed 
in commercial maize breeding programs [3]. On chromosome 1, a pollen-specific 
phospholipase-A gene known as Matrilineal (MTL) was discovered with a 4-bp 
insertion in the final exon of the gene, causing a flame shift mutation and prema-
ture stop codon [4–6]. When coupled with the MTL gene in homozygous recessive 
form (mtl/mtl), a second mutant gene called ZmDMP (encoding DUF679 domain 
membrane protein) on chromosome 9 increases the haploid induction rate [7]. As 
a result, mutations in the MTL and ZmDMP genes are required for maize maternal 
haploid induction. The second strategy, on the other hand, entails a mutation in the 
indeterminate gametophyte1 (ig1) gene, which was identified in Wisconsin-23 (W23) 
inbred for paternal haploid induction [8]. It was previously recognized that ig1 on 
chromosome 3 encodes a lateral organ boundary (LOB)-domain protein, which 
is part of a wide family of transcription factors important for plant lateral organ 
development [9]. Because the underlying determinants for both procedures (mater-
nal and paternal) were different, the mechanisms of haploid induction in both ways 
differed greatly in the commercial breeding programs. Aside from these two key 
changes, induction of haploids in maize is influenced by several variables, including 

Figure 1. 
Conventional breeding method for obtaining inbred lines.
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the maternal genetic background of the donor germplasms and the environment in 
which the induction crosses are made [1, 10, 11]. Another approach for generating 
both maternal and paternal haploids from a single inducer is CENH3-based haploidi-
zation [12]. CENH3 gene codes a histone H3 protein variant found in centromeric 
nucleosomes that have two primary domains. In CENH3 protein, the N terminal tail 
domain has little in common with regular histone H3, but the C terminal histone fold 
region has a lot in common with normal histones [13]. At the homozygous stage, a 
mutation in CENH3 is fatal because chromosomes fail to segregate to poles during 
cell division due to the lack of functional centromeres [14].

3. Haploids identification after induction crosses

During an induction cross, haploids appear at a frequency of ~10% depending 
on the HIR, while the remaining 90% of seeds are diploid with no utility [3]. As 
a result, distinguishing haploids from diploid offspring at the seed, seedling, or 
mature plant stage is critical. Reducing the number of progenies would be helpful 
since it would lower the cost of developing DH lines. Different morphological and 
molecular indicators can be included in the inducer genotypes utilized in the DH 
development process [15, 16]. The dominant genetic marker produced in the seed or 
seedling stage can be included in mother haploid inducers, allowing haploids formed 
from induction crosses to be differentiated [1]. In most maize breeding programs 
across the world, haploid inducer with R1-nj (Navajo) allele is commonly utilized for 
haploid identification [1, 15]. The purple color of the scutellum of the embryo and 
the aleurone layer of the endosperm in diploid seeds influence the Navajo phenotype. 
Anthocyanin, on the other hand, is exclusively found in the endosperm of haploid 
seeds, not in the embryo. R1-nj marker makes it easier to distinguish haploids from 

Figure 2. 
Production of haploids using in-vivo induction system. A: Maternal haploid induction using mtl mutant;  
B: Paternal haploid induction using ig1 mutant; C: Both maternal and paternal haploid induction using cenh3 
mutant.



Case Studies of Breeding Strategies in Major Plant Species

208

diploids based on visual inspection due to the different colors of the embryo  
[17, 18]. The existence of a dominant inhibitor allele C1-I in tropical elite inbred lines 
inhibits anthocyanin production on seeds, which is a fundamental restriction of 
the R1-nj marker-based method [16]. When identifying haploids exclusively based 
on the R1-nj marker is challenging, the Pl1 gene is employed as an alternative [19]. 
Pl1 gene induces light-independent anthocyanin synthesis in seedling roots, allow-
ing haploids and diploids to be identified that were previously misclassified by the 
R1-nj marker. The Pl1 gene, on the other hand, can frequently lead to misinterpreta-
tion due to the formation of red roots in seedlings after exposure to sunlight [19]. 
Furthermore, in the adult stage, recessive phenotypic mutations such as liguleless can 
be utilized to identify haploids [1].

Because of the numerous drawbacks of phenotypic morphological markers, mul-
tiple attempts have been made to use genetic markers based on the xenia effect of high 
oil content for haploid identification [20]. The use of a haploid inducer with a high oil 
content would be advantageous since the high oil marker is not genotype-dependent, 
allowing it to be applied to practically all genotypes, including landraces and wild 
cousins like teosinte [1]. As a result, the genes that cause high oil content may be 
targeted in order to create inducers with high oil content. The effectiveness of the oil-
based identification technique, on the other hand, is dependent on a large difference 
in oil content between source germplasm and inducer, since a little difference would 
result in a higher number of false positives and false negatives [21, 22]. Automating the 
process of haploid identification would be a cost-effective and practical solution since 
it would considerably cut the cost of wages for those participating in the haploid iden-
tification process [23]. Several mechanical approaches have been altered based on R1-nj 
marker expression on embryo and endosperm employing multispectral, hyperspectral, 
and fluorescence imaging techniques (Figure 3). In this case, an imagining-based auto-
mated approach powered by machine learning and deep learning understanding might 

Figure 3. 
Development of automation system based on hyperspectral spectroradiometer using a machine learning algorithm.
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be a feasible option since it decreases the time and effort required to identify haploids 
[23, 24]. As a result, numerous approaches for haploid identification employing in-vivo 
HI are available. The main task is to create an HI with a mix of appropriate markers 
that can solve all of the problems associated with the identifying procedure. No marker 
method can give a universal strategy that is applicable to all germplasm [1]. As a result, 
developing an inducer with a proper marker system for the desired breeding program 
is critical before starting any DH programs. As a result, it is often recommended to 
create a set of HI with distinct marker systems appropriate for different types of source 
germplasms.

4. Chromosome doubling of identified haploids

The next objective is to create DH lines from the haploids after a successful 
induction cross using an appropriate inducer [3]. Haploids are normally infertile 
since they only have one copy of each chromosome, thus they must be chromosom-
ally duplicated. Chemicals that prevent haploid seedlings from mitotically duplicat-
ing are used to achieve artificial chromosomal duplication (Figure 4). Colchicine is 
the chemical of choice in DH pipelines for artificial chromosomal doubling [1, 3]. 
Initially, haploid seeds are recognized using any of the markers and then germinated 
on paper towels until the coleoptiles reach a length of 2 cm. Before submersion in 
colchicine, the coleoptile tip is cut off, and the seedlings are rinsed out under tap 
water. The seedlings were then placed in trays filled with peat moss and kept at 
room temperature until they reached the three-leaf stage. Viable seedlings were 
then transplanted to a DH nursery field with suitable row-to-row and plant-to-plant 
spacing [3].

Figure 4. 
Pipeline for doubled haploid production following colchicine treatment.
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5. Application of doubled haploid technology

Visual selection based on classic pedigree breeding methods within segregat-
ing populations for numerous generations is the most common strategy for inbred 
development in maize [25]. Recurrent selection is another method for improving 
the breeding population mean by recombining superior progeny after selection [26]. 
However, using these approaches takes longer to obtain the appropriate amount 
of homozygosity. In comparison to other approaches, the DH method may achieve 
homozygosity in a single generation (Figure 5). As a result, DH production would 
be a feasible alternative to conventional methods for rapidly generating homozygous 
lines [3]. Because they are 100 percent homozygous, DH lines meet all of the DUS 
(Distinctness, Uniformity, and Stability) requirements for varietal development [1]. 
The DH population may also be used to gain knowledge on the genetic architecture 
of complex characteristics through breeding. Because the DH population is made 
up entirely of additive genetic variation due to homozygosity at all loci, the selec-
tion response is substantially higher than in other segregating populations [27, 28]. 
Additionally, DH breeding can be used with a marker-assisted backcrossing program 
to transfer the favorable allele of the concerned trait through either phenotypic or 
marker-assisted procedures, or a mix of both, by omitting the self-pollination stages 
at the end of the program [29]. Many commercial breeding programs have recently 
combined DH technology with genomic selection to improve genetic gain, especially 
for characteristics governed by a large number of QTL with low heritability [30]. 
Individual haploid plants are genotyped to find superior haploids, followed by self-
pollination to establish homozygous lines using genomic selection [1]. Recently, after 
genetic alterations of three essential genes involved in meiotic recombination (REC8, 
PAIR1, and OSD1 genes) and a single gene involved in haploid induction (MTL), 

Figure 5. 
Chromosome constitution of various stages during homozygous lines development in a single generation.
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parthenogenesis was designed to fix heterosis [31–34]. Therefore, there are plenty of 
opportunities to combine these strategies in order to boost breeding yield.

6. Conclusion

In summary, DH technology has revolutionized commercial maize breeding 
programs by offering economic viability. This technology can also be integrated with 
the other major crops of economic importance to fast-track their breeding program. 
Integration of recent biotechnological approaches in the DH program further 
enhances the output of the breeding cycle per unit of time.
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Accelerating Breeding for Drought 
Tolerance in Sorghum (Sorghum 
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Abstract

Sorghum (Sorghum bicolor) is the main food crop for people living in marginal 
areas. They are faced with a number of production challenges including; drought, 
insect pests, diseases, soil fertility and striga weeds. To adapt to current and future 
stresses, there is a dire need to develop tolerant cultivars using multistress lines and 
varieties from wide genetic backgrounds. Toward better integrated approaches; 
we conducted participatory field screening in hot spot locations for drought, striga 
weed and major leaf spot fungal diseases on the 20 lines making mini-core sorghum 
germplasm. Lines carrying key traits of resistance to stresses have been recycled 
into the breeding program. The study also identified biochemical traits that could 
potentially be used as surrogate traits for the selection of tolerant genetic resources 
with improved yields. Nuclear male fertile crosses have been derived for exploiting 
differences in the cytoplasm for enhancing resistance. It also integrated variability 
in phytochemicals and cytoplasmic resistance to develop multi-parent sorghum lines 
and populations possessing potentially favorable adaptive alleles. In conclusion; 
unique traits and breeding strategies for sorghum adapted to the dry lowlands have 
been identified to lay a foundation for a modernized and market-oriented sorghum 
breeding program to the advantage.

Keywords: integrated, multi-parent, multi-stress, Sorghum bicolor, participatory 
evaluation

1. Introduction

Sorghum (Sorghum bicolor) is the main food crop for people living in marginal 
areas. They are faced with a number of production challenges including; drought, 
insect pests, diseases, soil fertility and weeds such as striga. Of recent, drought has 
been the major production challenge limiting sorghum production in Uganda by 
preventing improved cultivars from expressing their full genetic potential. Three 
mechanisms namely; drought escape, drought avoidance and drought tolerance are 
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involved in drought resistance. Functional drought resistance categories are based on 
unique morphological, physiological and biochemical traits working together with 
genetic factors determined under growth chamber/controlled screening. Nevertheless, 
morphological and physiological characters show different types of inheritance pattern 
(i.e., monogenic and polygenic) and different gene actions (additive and non-additive). 
This implies that the heritability of drought resistance from different genotypes is not 
consistent so cannot be relied on. The breeding procedure commonly practiced for 
handling segregating generations affects the rate of genetic progress that can be made 
under stress that is, yield. Therefore drought resistance is best selected using secondary 
traits which depict the interaction between water stress, weather variables and the plant 
[1]. For example, the stay green color is a secondary trait resulting from biochemical 
adaptation to water stress leading to a change in chlorophyll content. There are geno-
types expressing various degrees of stay green traits identified from screening experi-
ments [2–5]. For that reason, a large amount of genetic variability has been reported 
among sorghum germplasm for their reaction to drought stress necessary for setting 
a breeding scheme. Therefore innovative breeding as an aspect of forward-looking 
approach is critical while exploiting wide genetic variation of relevant plant character-
istics with farmers who support the plant breeding industry. The approach is inspired 
by [6, 7], who have described steps and methodologies involved in setting priorities in 
the breeding program/breeding scheme. They argue that the views of farmers need to 
be considered to come with a deeper understanding about how yield and quality can be 
increased within the local production system and its specific risk management strate-
gies. Therefore, incorporated resistance to drought must improve positively agronomic 
characteristics as well as the quantity and quality of harvested products. To address the 
availability of suitable varieties in the long term, the sorghum improvement program 
in Uganda has considered the following integrated approaches, in line with the early 
stages of product profile development under the dry lowland agroecology. Research 
objective 1: Participatory exploration of sorghum breeding targets. Research objective 
2: Identification of genotypes with broad adaptation. Research objective 3: Profile elite 
germplasm on the basis of phytochemical defense compounds to exploit major factors 
of the evolution of the crop. Research objective 4: To test pollen fertility restoration of 
selected parents in cytoplasmic male sterile (CMS) background, to exploit heterosis for 
productivity and resistance to stresses in the derived lines and populations.

1.1 Participatory exploration of drought tolerance breeding targets in sorghum

The approach was through engaging farmers using a system approach in product 
profile development, to ensure practical actions by beneficiaries exposed to drought 
stresses are contextualized. This will contribute to harnessing opportunities and 
generate context-based technologies and innovations for dry lowland agroecologies 
of Uganda. This chapter compares farmers’ sorghum traits and breeding targets by 
breeders/scientists.

1.2 Materials and methods

1.2.1 Sorghum varieties and breeding process

The current six popular sorghum varieties in Uganda were developed between 
2011 and 2017 and are phenotypically distinct. There exists a number of other elite 
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cultivars from the breeding program following six year breeding program to release. 
That is; from germplasm evaluation through initial screening, making crosses, 
advancing populations (F1–F5) as single plants selections under the pedigree system. 
This is followed by stages of preliminary yield trials (PYT) and advanced yield 
trials (AYT) in designated places. It is then followed by adaptation trials, national 
performance tests and release. Yield improvements currently have stagnated and 
there is a need to replace the current varieties released five years ago but suitable to 
dry lowland agroecology. Therefore participatory evaluation of potential candidate 
cultivars for replacement was done in 2017 B (short rain season), to set better targets 
for innovative breeding and selection approaches. This was to enhance the germ-
plasm base for key traits that stabilize production and could increase genetic gains 
in farmers’ fields (Table 1). This summarizes the priority traits related to drought 
tolerance and drought escape given by the two groups of sorghum farmers, during 
the field day organized for the Teso and the Lango farmers of Uganda in the 2017 B 
season. These groups of farmers are from different sorghum production systems. 
The participants were encouraged to screen the on-station field experiment block 
and pick up the eye-catching ones for in-depth discussion. The scores and ranks 
for each group were summarized into four categories. The prioritization of drought 
tolerance and escape were mentioned along with the description of traits that will 
contribute to the stability of production (Table 1). Specific ranking based on value 
for use (Table 2) and ranking based on gender following focus group discussions in 
the field (Table 3).

Priority Plant traits Explanation/Description Breeders related views

High 
priority

Robustness Both groups rated high1
Robustness is associated with 
(Vigor, Leafy, stout stem, 
plant health, seed yield, 
less lodging). The traits are 
indicative of high tolerance to 
drought or can escape drought

Biological-yield
Selection based on selection-index
Heterosis/genetic distance of parents
Leaf area/stay green
Node diameter
Tillers

Medium-
High 
priority

Large seeds /Yield
(Table 2)

One group rated high1 and 
other medium2
Large seeds are attractive and 
marketable

Harvest-index
Threshing percentage
Seed size(weight)
Good agronomic practicesPanicle-width

panicle length

Medium-
Low 
priority

Uniform
Early maturity
Non-senescent

One group rated high1 and 
other medium2

-Genotype by environment 
interaction
-Production areas
-Agroecology
-Certified seed

Low-
priority

Plant color/Seed 
color

One group rated high1 and 
the other low4

Anthocyanin/alkaloid
Content
Stem sugar
Agromorphological characters
Quality flour

Table 1. 
Prioritization of identified selection traits by two participatory groups. Each group consisted of a random mix of 
six researchers and 30 farmers male and female. The farmers ranked groups of perceived drought tolerance traits 
from 1 to 4 and rated from 1 to 4 in order of priority.
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1.3 Results and discussion

High-valued traits considered for drought tolerance and escape by farmers are 
high plant vigor and robustness to nurture the seeds of high quality and hence high 
yield. These traits were identified from three genotypes; KAK-7780, IESV 24029SH 
and SESO3. Further description of the robustness trait takes care of plant health and 
associated responses to biotic and abiotic stresses (pests, diseases, drought and soil 
fertility). Additionally, it dictates the maturity and uniformity of the crop and hence 
was rated highly by participating farmers. Drought is a complicated trait to screen; 
robustness and vigor show good nutrition and good germination. This is how farmers 
quickly demonstrate yield potential. Furthermore, farmers emphasized morphological 
traits that breeders do not systematically select for. Breeders, on the other hand, rely on 
quantitative measurements but are aware of the heritability of specific traits and the 
influence of genotypes by the environment on plants growing under optimal condi-
tions. Therefore, observed selection goals of farmers and breeders fit into the descrip-
tion of [8], who stated that science takes a reductionist approach toward breeding that 
is, to reduce the number of variables considered but study them in detail. Farmer’s 
positive selection in favor of healthy, good germinating, vigoros, large panicles and 
large seeds demonstrate their ability to select stable genetic responses. These selection 
traits have actual advantages on yield under rain-fed conditions. Number of factors 
have been found to be associated with resistance in sorghum and include; seedling 
vigor, glossiness, morphological and biochemical characteristics. Any condition such as 
drought, low fertility and temperature makes the plant susceptible to attack by insect 
pests and diseases [9]. Besides involving farmers in target setting and selection, it is 
important to consider the selection environment. Selection is more efficient when the 
correlation between selection and the target environment is high and increases selec-
tion efficiency for direct and indirect selection for broader or specific adaptation [10]. 
This study recommends selection indices that will help in selecting seedlings at a very 
early stage without losing important information. The farmers and scientists preferred 
selections made from advanced lines to be planted in regional adaptation trials to 

Genotype Females
N = 15

Males
N = 15

Average Rank

SESO1 8 10 9 9th

IESV24029SH XICSB479-1 6 7 6.5 6th

NAROSORGH 2 4.5 1 2.8 4th

NAROSORGH3 9 6 7.5 8th

SESO3 1 5 3 3rd

IESV24029SH 3 2 2.5 1st

SEREDO × SRN 39H2-2-1 4.5 4 4.3 5th

IESV92207DL 7 8.5 7.7 7th

IESV92034DLSEL2 10 8.5 9.7 10th

KAK7780 2 3 2.5 1st

Highly ranked candidate varieties; KAK-7780, IESV24029SH, SESO3.

Table 3. 
Ranking based on gender following focus group discussions in the field.
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analyze genotype by environment interaction to prove the need for more varieties to 
be released with certainty. This will help define clusters of target environments based 
on differences in environmental parameters, production systems, and farmer prefer-
ences [11]. From the participatory study; drought resistance is best measured in terms 
of robustness (vigor) and plant health traits as priority traits when designing product 
profiles (Table 2).

1.4 Sectional conclusion

Several relevant traits are often considered simultaneously in plant breeding, par-
ticularly when selection is done by farmers. The relationship among them determines 
breeding strategies and response to selection (study 2). There is a need to develop an 
index which when applied to sorghum seedlings during the first eight weeks of develop-
ment in the field (at anthesis), will indicate the best progenies and best plants within the 
progeny. The possible vigor parameters associated with drought tolerance include; Plant 
height, node diameter, basal stem sugar, internode length, Leaf area, leaf dry weight 
and stay green from where correlations can be calculated from non-senescent geno-
types. Some of these traits identified can reasonably be bred depending on their level 
of expression. Therefore, it is a need to conduct multi-location trials to help to monitor 
levels and expression of adaptive associated traits in plants that will be incorporated into 
the model while taking account of environmental variance in the expression of traits.

2.  Determination of yield stability of rain-fed sorghum and GGE biplot 
analysis of multi-environment trials

2.1 Materials and methods

Drought, yield and biotic stress traits are quantitatively inherited and highly 
environmentally interactive and require multi-environment testing to accurately char-
acterize them. Therefore integrating the yield and stability of genotypes tested in very 
unpredictable environments is an important breeding strategy to identify superior sor-
ghum genotypes for the rain-fed areas of Uganda. It helps to determine the existence of 
different mega-environments for maximizing genetic gains. This was achieved by test-
ing 20 elite genotypes identified in study 1, in four locations via GGE (genotype + gen-
otype-by-environment) biplot analysis. Data from two seasons (2019b–2020b) of 
rain-fed sorghum were used in this study. The materials consist of elite germplasm; 
landraces, advanced breeding lines and popular cultivars within crop improvement pro-
grams and introductions which contribute to variation and differentiation. Table 4 is a 
representative sample of all the diversity in the large collection and would facilitate the 
enhanced use of sorghum germplasm in the breeding programs for major economic and 
production traits. They were selected together with farmers as having the best attributes 
for food and niche markets. The information on genotype-environment interaction was 
a useful supplement for classifying genotypes. The nature of genotype-environment 
interaction helps in the development suitable procedures for selection and the nature of 
stability for vital characters. Meanwhile, multivariate analysis was used to offer a more 
complete examination of data by looking at all possible independent variables and their 
relationships to one another. Finally, levels of similarity were computed as percentages 
among genotypes for key variables useful for planning crosses.
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2.2 GGE analysis

In GGE biplot analysis, the first two principal components (PC1 and PC2), 
derived by subjecting the environment-centered yield bi-plot (Figure 1), to sin-
gular value decomposition (SVD). Principal component (PC1) was significant and 
location accounted for 17% of the total sums of squares. Genotype by environ-
ment variation was greater in the two seasons confirming that food productivity is 
threatened by environmental variables. The small yield variation due to location 
is relevant to cultivar evaluation. The yield obtained from across environments 
selected the following genotypes as they combine yield and stability and this 
should be considered during genotype selection. Genotypes with the above mean 
performance were; IESV 92207DL, IESV92024SH × ICSB 497-1, on the basis of the 

Entry/
NPT

Genotype Origin Pedigree Traits

1 NAROSORGH 3 Uganda IS8193 × SEREDO Midge resistance

2 NAROSORGH 4 U.S.A-
Perdue

GE17/1/2003A Striga + Early

3 SILA Kenya SILA Malting

4 NTJ2 Ethiopia NTJ2 Malting + Grain size

5 IESV24029SH Ethiopia GADAM × IS8193 Food grain

6 IESV92172DL Ethiopia IESV92172DL Drought + Dwarf

7 ASERECA 13-3-1 Sudan GADAM Striga, Drought

8 ASERECA 15-2-1 Sudan GADAM Striga

9 IESV24029SH × ICSB479-1 Uganda IESV24029SH × ICSB479-1 Stemborer 
resistance + Male 
sterility

10 KAK-7780 Kenya Landrace Grain quality 
(food), drought

11 IESV142001 Ethiopia IESV142001 Grain yield

12 ICSV142012 India ICSV142012 Grain Yield

13 SEREDO X
SESO1

Uganda SEREDO X
SESO1

Striga + grain Yield

14 IESV92207DL Ethiopia IESV92207DL Drought

15 IESV92034DLSEL2 Ethiopia IESV92034DLSEL2 Drought

16 ICSL71052 India ICSL71052 Yield

17 EPURIPURI Uganda Tegemeo Grain Yield

18 SESO2 Uganda SRN39 Striga + grain yield

19 IESV23007DL Ethiopia IESV23007DL Drought + grain 
yield

20 SEREDO Uganda SEREDO Drought + striga

Table 4. 
Genetic materials.
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ATC (Average Tester coordinate X-axis) or (Average Tester coordinate Y –axis, the 
stability axis). The research identified two mega environments for sorghum under 
rain-fed areas. This has several implications for future breeding and genotype evalu-
ations of sorghum that is, warm-dry ecology (Kumi) and sub-humid environments; 
(Namutumba, Pallisa and Iganga). The closer an environment is to this virtual 
environment (ATC axis); the better it is as a test environment [11]. Thus Pallisa 
and Namutumba are relatively favorable test environments and most representative 
and as well discriminative, suitable for multiple stress evaluation with a yield above 
2000 kg/ha. Kumi was a most discriminative environment, probably due to the high 
level of striga from low fertile sandy soils which enhance water stress, hence strong 
genotype by environment interaction. The large part of the genotype × environ-
ment interaction was also indicated by a positive correlation between different yield 
components (Figure 2).

2.3 Cluster dendrograms based on grain yield

A dendogram with clusters was created from 12 elite lines based on their level of 
similarity in grain yield/ha (Figure 3). This is important for planning a crossing pro-
gram; for example, using IESV24029SH × ICSB 497 and KAK-7780 could have a good 
combination of favorable alleles. They were also among the best four highly ranked 
genotypes from Additive Main effects and Multiplicative Interaction (AMMI) analysis 
(Table 5). Genotype KAK-7780 was selected from a landrace population that could 
possess both major and minor gene systems for stress protection which contributes to 
yield.

Figure 1. 
Environment-focused comparison bi-plot shows the performance and stability of genotypes.
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Figure 2. 
Dendogram showing how sorghum founder lines can be clustered together in groups on the basis of important 
biochemical composition.

Figure 3. 
Dendrogram with clusters based on level of similarity (%) in grain yield (Kgm/ha).

Number Environment Mean Score 1 2 3 4

1 IGANGA 2517 24.63 NPT 21 NPT 9 NPT 14 NPT 5

4 PALLISA 2125 5.71 NPT 21 NPT 23 NPT 14 NPT 22

3 NAMUTUMBA 2664 1.26 NPT 15 NPT 5 NPT 14 NPT 9

2 KUMI 2612 −31.61 NPT 23 NPT15 NPT 1 NPT 5

NPT 1 = NAROSORGH3, NPT 5 = IESV24029SH, NPT9 = IESV24029SH × ICSB479-1, NPT22 = SESO1.
NPT14 = IESV92207DL. NPT15 = IESV92034DLSEL2, NPT21 = NAROSORGH 2, NPT23 = SESO3.

Table 5. 
AMMI ranking of the best four selections.
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2.4 Cluster dendogram based on plant height

Using IESV92034DLSEL2, KAK-7780, NAROSORGH 2 and IESV92207DL will be 
very useful for improved yield components. These differences could have resulted from 
differences in biomass production and seed weights and hence they are the best ranking 
candidates for rain-fed areas (Figure 4). Since the genotype cannot restrict their heights 
significantly across environments, it implies resistance operates against major sorghum 
production challenges (drought, disease and pests) contributing to stability. More 
research needs to be conducted to unravel the underlying principles for plant-stress 
interaction with respect to plant height so that they can be incorporated into breeding.

2.5 Correlation between traits

Genetic variability for yield and seedling vigor components exits and they include; 
seed size, days to flowering (maturity), plant height, panicle length, panicle width, 
pest and disease resistance. They are a result of active physiological processes driven 
by active translocation and they influence dry matter accumulation. Plant height is 
strongly positively correlated to panicle length (PL) and moderately to days to flower-
ing (DF) and hundred seed weight (HSWT). On the other hand, stem borer (SB) 
resistance is moderately positively correlated to stay green (SC), plant height (PHT) 
and days to flowering (Figure 2), where the correlation is low (R = 0.2) or negative, 
or both, little progress can be made. For example, the relationship between hundred 
seed weight and stay green could be due to competition for sink source relationship. 
So grain yield may not be true determinant for drought tolerance [12].

This could be because hundred seed weight is calculated after seed cleaning. For 
breeding purposes, it is therefore important to compare hundred seed weight (seed 
size) among genotypes with respect to the standard check/commercial varieties. The 
data should be interpreted based on physiological time of maturity, growth patterns, 
dry matter accumulation, partitioning of sink and genetic differences. Although 
many traits have been studied for their use in breeding for drought resistance, there is 
a general consensus among breeders that only a few of them can be recommended for 
use in practical breeding programs at this time. The study identified maturity (50% 
flowering), plant height, stay green [13].

Figure 4. 
Level of similarity (%) based on plant height.
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2.6 Sectional conclusion

It is possible to select stable genotypes combining the number of yield compo-
nents since genetic merit for these traits exist. For example, tall plants of a height of 
above 170 cm (centimeters) can be used to select improved grain yield components. 
Considering the strong weak negative correlation between turscicum leaf blight (TLB) 
infection with plant height and days to flowering, implies delayed flowering is associated 
with decreased diseased levels and is common among tall plants. The key traits are plant 
height, stay grain and days to 50% flowering which are most likely to improve the rate of 
genetic gains for drought tolerance. There is a need to exploit information gained from 
correlated traits and pedigree for the selection of parents with multiple traits [14, 15].

3.  Determination of grain quality profile and phytochemical content of 
elite lines

3.1 Introduction

Adaptation to drought is a result of biochemical adaptation to water stress leading 
to a change in chlorophyll content, production of antioxidant scavenging enzymes, 
increase in proline content, production of secondary metabolites such as; alkaloids, 
terpenes, flavonoids, mevalonic acid, shikimic acid among others [4, 5]. Drought 
like other environmental changes can bring about marked differences in the defense 
chemistry of the plant. These qualitative traits (secondary metabolites) also control the 
aroma, taste and acceptability of products and can be integrated into the breeding pipe-
line at the priority setting and trait discovery stage. Variations in phytochemicals could 
be used to broaden the genetic base in the three current gene pools; food, feed, fodder 
through introgression to generate desirable genetic complexes (linkage groups). From 
breeder point of view, these phytochemicals can be grouped as valuable or useful and 
sometimes negative hampering the application of germplasm in a breeding program.

3.2 Materials and methods

The study evaluated the hypothesis that alkaloid content reduce in advanced 
generations as result of selection. They are however associated with serious side 
effects on products at high levels. This was investigated among the 20 breeding 
materials in study 2. The genotypes included; (7 cultivars, 4 progeny lines, 8 Varieties 
and 1 Landrace populations) making minicore-germplasm. There are from different 
gene pools and breeding history. Biochemical analysis was carried out at the National 
Crops Resources Research Institute (NACRRI) Bio-Nutrition Laboratory in 2019. 
Principles and methods of biometrical designs were applied according to the protocol 
developed by [16]. Absorbance was read at wavelength 470 nm. The variation with 
respect to chemical composition in genotypes was attributed to genetic differences. 
Canonical correlation analysis was used between sets of independent variables for 
data interpretation and cluster analysis for grouping genotypes.

3.3 Variability for biochemical contents in grain sorghum

The multivariate analysis utilized all the variations of traits in generic way to group 
genotypes with similar sets of traits and quantify the importance of various traits in 
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grouping/clustering genotypes. Results revealed statistically significant (P < 0.001) 
differences among the sorghum accessions profiled for biochemical contents, dem-
onstrating the influence of genotype with respect to checks (Table 6). The subset of 
sorghum minicore germplasm has been categorized into four clusters. This could be the 
influence of physiological and biochemical processes in modifying the plant in response 
to abiotic and biotic stresses [4, 17]. Cluster 1 in red (Figure 5), with the largest number 
of genotypes displayed more scope for selection against water stress as supported by 
positive and significant correlations (Figure 6). The coefficient of genotypic variance 
was above 80% indicative of substantial genetic diversity and prospects for improve-
ment through chemical selection (Table 6). Low levels of phytochemicals of less than 
4 mg/100 g were consistent as all released varieties were clustered together with checks 
supporting the hypothesis (Figure 5). Polyphenols were positively correlated among 
themselves but negatively associated to the levels of carbohydrates. The level of tannins 
was important in establishing groups and contributed a lot to the total variability among 
the accessions. Landraces and their derived lines and hybrids clustered together, hence 
exploitation of this material require a lot of chemical selection due to probably strong 
linkages with the wild (i.e., NPT 10, NPT 5 and NPT 9). Improvement of genetic gain 
for these plant chemical defense compounds might be possible through hybridization.

Entry Flavs Carbh Color Pheno Amylose Tannins

NPT4 0.172 A 1.337 Cd 1.182 h 0.039 E 0.5817 b 0.2747 F

NPT 8 0.183 A 1.944 I 0.152 a 0.00500 A 0.737 h 0.225 E

NPT 6 0.207 B 1.773 H 1.432 j 0.00633 A 0.6037 c 0.0273 A

NPT 20 0.221 C 1.973 I 0.289 b 0.01367 Bc 0.7297 h 0.0677 Bc

NPT 18 0.237 D 1.735 H 1.008 f 0.024 D 0.6693 e 0.086 C

NPT 2 0.242 D 1.893 I 0.745 e 0.01533 C 0.733 h 0.025 A

NPT 12 0.265 E 1.928 I 1.915 m 0.077 G 0.8775 j 1.1453 I

NPT 7 0.29 F 1.776 H 1.105 g 0.00333 A 0.692 f 0.4253 G

NPT 14 0.326 G 1.763 H 1.334 i 0.16183 I 0.631 d 1.2475 J

NPT 13 0.332 G 1.693 Gh 1.5 jk 0.01067 B 0.9717 k 0.9553 H

NPT 16 0.35 H 1.261 Bc 1.355 i 0.15217 H 1.0715 m 1.1215 I

NPT 15 0.356 Hi 1.079 A 1.646 l 0.0695 F 0.9782 k 1.8665 Lm

NPT 3 0.358 Hi 1.488 Ef 1.191 h 0.014 Bc 0.5567 a 0.122 D

NPT 17 0.361 Hi 1.514 F 0.594 d 0.00667 A 0.7363 h 0.02 A

NPT 19 0.365 I 1.269 Bc 1.551 k 0.07133 F 0.8882 j 1.3975 K

NPT 11 0.395 J 1.611 G 1.648 l 0.00533 A 0.7103 g 0.0387 Ab

NPT 1 0.436 K 1.226 B 1.983 m 0.2915 J 0.8608 i 1.8372 L

NPT 10 0.562 L 1.496 Ef 0.506 c 0.0145 Bc 1.0525 l 0.9725 H

NPT 5 0.724 M 1.974 I 1.306 i 0.02267 D 1.5667 n 1.9015 M

NPT 9 0.884 N 1.402 De 0.749 e 0.01217 Bc 1.0787 m 1.9598 N

Checks NPT 3 = SILA, NPT 17 = EPURIPURI a, b, c, d, e, f, g, h, I, j, k, l, m, n = Mean separation.

Table 6. 
Variability for biochemical contents in grain sorghum in Serere in 2017 based on observed values of absorption 
spectrophotometer.
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3.4 Correlated response to selection and indirect selection

A high level of carbohydrates was negatively correlated to the levels of poly-
phenols. Therefore, selection for large seed size of ≥3 gms/100 seed could reduce 
the concentration of polyphenols relative to the increase in water and carbohydrate 
(starch) content in the seed. In nature, the association among desirable traits can 
be negative as for the case of maize, (e.g., increasing grain yield is associated with 
lower protein content [18]. The variation for biochemical traits was represented 

Figure 5. 
Correlation among key trait.

Figure 6. 
Correlation among variables in grain sorghum in Serere in 2017 with their corresponding coefficient values and 
probabilities potential.
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by the two-dimensional scatter diagram that accounted for 70% of the variance. 
Genotypes; NPT15 (IESV92034DLSEL2) and NPT 19 (IESV23007DL), were plotted 
in the upper right quadrat. Meanwhile genotypes; NPT 5 (IESV24029SH), NPT 9 
(IESV24029SH × ICSB 479) and NPT10 (KAK-7780) are intermediate occupying the 
lower right quadrant (Figure 7). The differences could reflect breeding, selection his-
tory and complex interrelationships between ecological factors important for parental 
selections for multiple traits [14, 15]. Diversity among genotypes has been catego-
rized into groups of similar characteristics that can be used for designing optimized 
crossing strategies. Released varieties clustered together support the argument that 
selection and hybridization among themselves have taken place (Figure 5). The key 
traits that are most likely to improve the rate of genetic gains for grain quality traits 
are levels of tannins and carbohydrates since they are negatively correlated.

3.5 Sectional conclusion and recommendations

Chemical factors such as high carbohydrate content, less intensive color and 
tannin content are good attributes for better quality products. This study showed the 
value of exploiting the information in correlated traits that will contribute toward 
improving the accuracy of breeding values of the products such as bread and malt 
quality. Accurate selection of sorghum breeding lines can accelerate annual genetic 
gain for these correlated traits when used to generate an optimized crossing design 

Figure 7. 
Scatter plot showing the best selections on the upper right hand.
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(study 4); where there is a high and positive correlation between secondary traits such 
as color and target traits such as tannins and phenolic, then greater selection intensi-
ties can be applied to the secondary trait during screening in big populations. Positive 
results will be expected when the information is integrated with the pedigrees during 
breeding. Furthermore innovative research is important into processes that mitigate 
ant nutritional factors while enhancing bio-availability of proteins, amylose starch 
among the high tannin genotypes in the utilization of such materials in feed, food and 
beer value chains.

4.  Pollen fertility restoration in diverse cytoplasmic sterility lines for 
improved populations

Superimposed on the major forces of evolution is variation due to the interaction 
of the mitochondria (cytoplasm) and nuclear genes in mediating resistance to some 
major stresses and physiological processes in the plant that needs to be exploited to 
enhance genetic variation. This material is useful in developing hybrids, inbred lines 
and gene pools based on combining ability for specific traits (components of grain 
yield). The study identified testers and restorers for extraction of lines from improved 
populations for yield-related traits such as; seed size, plant height panicle length, 
panicle width and resistance to stem borers.

4.1 Population development

The experiment was designed to make improvements in quantitative traits to 
maximize as much as possible the additive effects, maternal, as well as to gather genes 
with complementary dominant and epistatic effects in genotype. The hypothesis 
tested was that Hybrids derived from inbred lines (A-lines) with complementary 
heterotic groups have superior performance. (Table 7). A two-way cross hybrids were 
generated from seven pollinator testers of (Sorghum bicolor) with drought tolerant 
backgrounds mated to A2 cytoplasmic sterile lines using an appropriate model [17]. 
The lines used were selected from previous studies (1–3) perceived to be containing 
favorable alleles for the prioritized traits of; robustness (vigor), large seeds, disease 
resistance and high threshing percentage. Data was analyzed using NCII model 
appropriate to line × tester crossing design with two reps in the 2022 A season. The 
variance between the testers was subdivided into variance within cytosteriles and that 
due to interaction.

4.2 Combining ability

Testers varied significantly for all characters (Tables 7 and 8). The differential 
behavior of the genotypes was reflected in general combining ability (GCA) effects. 
Variance for GCA is greater than the variance for specific combining ability (SCA) 
implying large additive gene effects and over-dominance effects. There is a possibility 
of deriving superior lines from such populations containing balanced cumulative effects 
of genes. Lines with highly significant positive GCA effect such as DINKIMASH-17 for 
grain yield could be useful for contributing favorable alleles for breeding for improved 
grain yield under drought conditions. Female inbred lines; ICSA 12, CK60A, P 9518A 
and ICSA 90001 and the male lines GE30, KAK-7780, NAROSORGH4, IESV98038/2SH 
and DINKIMASH-17, were selected for their desirable GCA effects for agronomic traits. 
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Test cross F1-derived F2 families have been developed by exploiting differences in the 
cytoplasm (Table 8). The identified lines have a positive effect on fertility restoration. 
The effect of genes carried was likely large enough to influence the full seed set of the 
panicles among many families. The Partial sterility observed among some F1S does not 
present a serious problem because the F1 may be either selfed/backcrossed to recurrent 
parent Populations. This permits the best exploration of the intricate assortment of both 
major genes and genes with small effects for the traits under consideration [19]. The 
breeding products from this study are important in enhancing sorghum germplasm base 
by contributing favorable alleles for expressing vigor of yield and cytoplasmic pest and 
disease-mediated resistance [20].

Parents PHT PANL PWD 100 GNW GRN YLD

ICSA 12 × DINKIMASH-17 7.92** 0.8** 0.5 ns 0.5** 2.94**

ICSA 1630139 × DINKIMASH-17 5.44** 0.31** 0.35* 0.14** 0.3.07**

ICSA 1630139 × IESV92038/2SH 7.25 1.24 0.19* 0.61* 1.05

P9518A × NAROSORGH4 −6.75 1.29. 0.63* 0.89* 1.87

ICSA9 × GE30/1/1-2-2 11.24* 1.29* 0.1* 0.55* 1.87*

ICSA9001 × IESV92021DL-1-9-2-1 26.55* 1.04 0.17 7.42 0.44*

ISCA 6 × IESV 92038/2SH -2-1 0.87* 2.24 1.06** 0.47** 0.5*

ICSA8 × GE30/1/2013A-1-1-1-3 3.36 0.53 0.47 0.52 0.77

P9518A × NAROSORGH4 11.38* 3.24* 0.91 34.64* 2.68

ICSA × KAK-7780-1-5-1-3 2.34* 2,‘46** 0.37 6.72** 3.57*

Probability, **p = 0.1, *p = 0.05, ns = not significant, PHT = Plant height, PANL = Panicle Length, GNW = Grain 
weight, GRNYLD = Grain yield per hectare.

Table 8. 
Estimates of general combining ability for top 10 ranking genotypes.

SOURCE DF PHT PANL PWD 100 GNW GRN YLD

Hybrids 21 251.5** 102.5** 18.8** 18.6** 1029.9**

Lines 5 7408*** 296*** 38.** 39.8** 2708**

Testers 8 4820*** 166*** 104.2** 62.9** 1589.9*

Between genotypes with A-lines 6 8641*** 382*** 147.6** 142.1*** 654.1 ns

A-Line × Testers 30 636.3*** 30.9*** 2.9*** 6.6 ns 408.3 ns

Hybrids × Replication 42 129** 30.9*** 0.7*** 5.5 ns 423.5.5**

Error 360 178.6 7.4 0.45 1.88 152.1

Var GCA 78.31 0.95 0.33 0.43 8.21

var SCA 46.35 0.4 0.07 0.01 0.51

VarGCA:Var SCA 1:0.59 1:0.42 1:0.21 1: 0.65 1:0.06

SCA = specific combining ability, GCA = General combining ability, Var = variance, ***=significant at 0.01 
probability, **p = 0.1, *p = 0.05, ns = not significant, DF = degrees of freedom, PHT = Plant height, PANL = Panicle 
Length, GNW = Grain weight, GRNYLD = Grain yield per hectare.

Table 7. 
Analysis of variance for key yield components.
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5. Perspectives: Toward breeding to for drought resistance

Drought resistance is a complex trait controlled by many linked genes. Therefore, the 
probability of selecting drought-tolerant lines increases measurably as the percentage of 
adapted genotypes in gene combination increases. This progressively will increase the 
rate of genetic gains. The account below gives a summary of components (insights) of a 
breeding strategy for drought resistance for a practical breeding program.

5.1 Identification of important secondary traits from multi-locational trials

Analysis of genotype-by environmental interaction (GEI) was carried out in 
selected elite breeding material using nine characters including grain yield. The 
study has highlighted important secondary traits well expressed under field screen-
ing conditions because of good interaction of genotype × environment with other 
weather variables. Such traits; stay green, plant height, vigor (size), day to flowering, 
disease and pest response. The secondary traits can be used to increase progress made 
with primary traits (functional resistance) that is determined under growth chamber 
conditions. Therefore toward better integrated approaches, field screening of elite 
sorghum lines was carried out in hot spot locations for key sorghum production con-
straints; that is, drought, striga, pests and leaf spot diseases. This is because incorpo-
rated resistance to drought must have a positive effect on agronomic attributes as well 
as the quantity and quality of harvested products (study 1). Therefore the research 
captured a wide genetic variation of relevant plant characters to include in designing a 
breeding scheme. The GEI was approached through variance components, regression 
and multivariate methods (study 2 and study 3). Through these analyses, genotypes 
and environments were grouped, and stable genotypes were identified and ranked. 
The GEI for yield was attributed to various traits and genotypic correlations deter-
mined between plant height, panicle length, panicle width, days to 50% flowering, 
hundred grain weight, grain yield/ha, pest and disease response. The correlations 
ranged from negative, low, moderate, and positive and this guided selection. These 
analyses helped to design optimal crossing design (study 4).

5.2  Development of multi-parent population using cytoplasmic male sterile 
system (CMS)

The selected good parents from study 2 and study 3 were evaluated to determine 
their effectiveness in a breeding scheme through line × tester (North Carolina II) mating 
design. General combining ability for agronomic characteristics and full fertility resto-
ration ability was tested under A2 form of CMS which is easily transmissible to the prog-
eny. The use of such derived progenies helped to exploit diverse nuclear backgrounds to 
enhance stability. The use of CMS-derived crosses/progenies has improved; grain sets, 
hundred seed weight, germination capacity and vigor which are components of drought 
resistance. This will permit selection for drought resistance but guarantee essential gene 
recombination necessary for the stability and adaptability of breeding lines.
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Chapter 13

New Perspectives in Grapevine 
(Vitis spp.) Breeding
Arif Atak

Abstract

Many grape varieties or genotypes of Vitis species are grown for different purposes 
in various parts of the world. However, despite a large number of cultivars, there 
is a demand for different grape cultivars due to changing consumer expectations. 
Grapevine breeding programs are carried out by scientists in different countries in 
order to meet these expectations. Breeding studies, which used to take a long time 
with traditional crossbreeding methods, have become studies that achieve the desired 
results in a much shorter time with the development of molecular methods and 
biotechnology. One of the most important developments in grapevine breeding is that 
the relevant gene regions in hybrid populations developed from breeding programs 
can be identified in a very short time. In recent years, the demand for cultivars that 
are more resistant or tolerant to biotic and abiotic stress conditions has increased, and 
for this purpose, there has been a significant increase in breeding studies on cultivars 
and rootstocks that are resistant or tolerant to different stress conditions. Considering 
the current breeding programs, genetically manipulated new cultivars with desired 
characteristics and interspecies hybrid cultivars will soon become the main study 
subjects of grapevine breeding programs.

Keywords: Vitis spp., breeding, molecular methods, tissue culture, biotic and abiotic 
stress

1. Introduction

Grapevine is one of the most widely grown crops in the world and covers about 
seven million hectares. According to the data of 2020, approximately 78 million tons 
of grapes are obtained from this area. The countries with the highest production, 
respectively, are China, Italy, Spain, France, and USA. Half of the world’s total grape 
production is made in these five countries [1]. Grapevine cultivation is in high com-
mercial demand on a global scale due to its high yield and different consumption pat-
terns. In 2020, grapes were the world’s 289th most traded product, with a total trade 
of $11B. Between 2019 and 2020 the exports of grapes grew by 2.27%, from $10.8B 
to $11B. Trade in grapes represent 0.066% of the total world trade. In 2020, the top 
exporters of grapes were Chile ($1.18B), China ($1.09B), United States ($1.02B), 
Peru ($1.01B), and Italy ($831M). In 2020, the top importers of grapes were United 
States ($1.36B), Germany ($943M), China ($817M), Netherlands ($816M), and 
United Kingdom ($812M). The countries with the highest import tariffs for grapes are 
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Turkmenistan (100%), India (73.9%), Iran (55%), and Turkey (54.6%) [2]. Grapes 
are the world’s third most valuable horticultural crop (after potatoes and tomatoes). 
Cultivation of grapes for fruit and wine began at least 7000 years ago in the Near East, 
and over the millennia, thousands of cultivars have been developed and selected for 
different purposes. Nowadays, grapes are used to produce diverse consumer products 
including wine, table grapes, raisins, grape juice concentrate, and distillate for various 
industrial uses as well as making fortified wine and brandy. While wild Vitis spe-
cies are very valuable to breeders, new cultivars developed from particular different 
breeding programs are important for grape growers to sell their quality products at 
high prices. With the rapid change in consumer preferences, different government 
policies, increased awareness of human/environmental health, global warming, and 
some other factors, it has become more important for researchers to better examine 
and understand the grapevine genome and, as a result, to develop new varieties that 
will meet all these expectations with the help of modern methods. Grapevine is not 
only an economically valuable species but also a highly preferred model for both 
cultivation and breeding studies due to its genetic characteristics [3]. In addition, for 
many countries, the culture of viticulture is a cultural heritage that has great mean-
ing. For all these reasons, the grapevine plant (Vitis spp.) is among the most impor-
tant plant species in which research and investment are made [4].

Grapevines (Vitis spp.) are members of the Vitaceae and include two subgenera, 
Euvitis (38 chromosomes) and Muscadinia (40 chromosomes), with about 60 species 
in total. The Vitaceae family is the most important agricultural species in the genus 
Vitis. Especially the varieties belonging to the V. vinifera species are the most widely 
cultivated species all over the world and dominate the markets. However, this species 
has some disadvantages of its own. Especially, the cultivars of this species are highly 
susceptible to biotic and abiotic stress factors. As a result of this susceptibility, there 
are significant quality losses [5].

In each country, grape production can be done for different purposes. Grapes are 
grown for wine, table, raisins, juice, jam, concentrate, seed oils, and other purposes. 
According to these different growing purposes, market demands, and expectations 
are changing rapidly and, in this case, the demand for new grape cultivars increases 
[6]. Controlled grape breeding is thought to start almost 200 years ago. Henri and 
Louis Bouschet de Bernard are believed to have begun generating hybrids between 
“Teinturier du cher” and “Aramon” cultivars in 1824 in southern France [7]. The birth 
of modern grape breeding is connected with the arrival of North American diseases 
(downy mildew, powdery mildew, and black rot) and insects (mainly phylloxera) to 
Europe. These diseases and pests caused substantial losses on the highly susceptible 
V. vinifera vines in European vineyards.

Several major progress in viticulture and grapevine breeding occurred as a 
result of the epidemics spreading through Europe in the late nineteenth and early 
twentieth centuries. Especially, the advent of rootstock breeding as an effective and 
immediate means to control phylloxera. Wild vines (V. riparia and V. rupestris) from 
North America were first imported to be used as rootstocks and provided phylloxera 
resistance [8].

Although, the cultivars obtained as a result of the hybridization of V. labrusca, 
V. aestivalis and V. vinifera species with each other and with V. vinifera, they started to 
be used for different purposes both in America and Europe in the following years. But 
the hybrids obtained from crosses made especially the hybrids obtained from crosses 
with wild species did not receive much demand in wine production due to their 
intense aromas [9].
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First grapevine breeding studies started with wine grapes, and later on, at the end 
of the nineteenth century, also table grapes were included in these breeding studies. 
With the phylloxera pest affecting vines in the European continent, studies on root-
stock breeding started at the same time (late nineteenth century). In the twentieth 
century, different institutions and organizations in the USA (such as the University, 
the private sector and the USDA) started breeding studies on table grapes and many 
new grape cultivars with superior characteristics were developed as a result of these 
studies. These cultivars, which were developed as a result of breeding programs in the 
USA and grown by grape growers, led to the development of the table grape industry 
all over the world. Afterwards, grape breeding programs started rapidly in different 
countries (Far East, South America, Europe, Turkey, Israel, Argentina, and many 
other countries) [10]. The main purpose of these breeding studies is to obtain new 
cultivars that will meet the expectations, taking into account the changing consumer 
demands, as soon as possible by using the opportunities provided by technology. 
Especially in recent years, demand for large berry, seedless and high-yielding culti-
vars that are resistant to different biotic and abiotic stress conditions for table grapes 
has increased and more emphasis has been given to these issues in breeding studies. 
Among the wine grapes, cultivars that are resistant to different biotic and abiotic 
stress conditions and have the desired wine quality criteria have also become promi-
nent selection criteria in breeding studies. Most of the commonly grown Vitis species 
and cultivars are not resistant to biological agents (virus, bacteria, fungi, nematode, 
and others) that significantly affect yield and quality. The main causes of diseases 
that cause the most important losses in vineyards are viruses, fungi, and microorgan-
isms such as fungi, oomycetes, and so on. A remarkable resistant cultivar has not yet 
been detected in economically important cultivars of V. vinifera [11]. Compared to 
other perennial plants, the number of viruses infecting grapevines is quite high [12]. 
Abiotic stress factors that are effective in grapevine include especially water avail-
ability, temperature, and light. In recent years, breeding studies have focused on these 
issues [13]. Most grapevine breeding programs were initially publicly funded (such as 
Universities and Research Institutes), but nowadays different private sector compa-
nies are also involved in these breeding programs. Since many of the new cultivars are 
protected by intellectual property rights, growers or organizations that want to grow 
them must first agree with the right holders. It is also seen that growers who want 
to grow these new cultivars have come together and created a new model in recent 
years. Because of this new “breeder club system”, many countries and companies 
have started their own special breeding programs. Many grape varieties developed as 
a result of breeding studies are protected by strict breeder rights in many countries. 
Grape producers or companies that want to grow these varieties must first negotiate 
with the people or organizations that have the breeder’s rights. In addition, in recent 
years, a system has started to spread for the cultivation of newly bred cultivars which 
have breeder’s right in a limited area and with a club system to guarantee certain 
quality conditions. In addition to this, today companies, grower unions, or coopera-
tives sometimes cooperate with some government organizations for these breeding 
programs and try to jointly develop new grape varieties by financing their breeding 
programs. In recent years, especially in table grape breeding, this system is increas-
ingly in demand and is spreading all over the world [14, 15]. It is among the important 
problems of breeding studies to reach correct results by analyzing many data obtained 
in the field, especially in grape breeding programs. After the integration of smart 
agriculture models into breeding studies, complex data that takes a lot of time can 
be obtained in a much shorter time and with high accuracy [16–18]. The challenges 
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are given by large field sizes with thousands of plants that need to be phenotyped 
today by laborious, manual, and subjective classification methods. For this purpose, 
scientists in Germany have developed systems that take images of different growth 
stages of plants and process them. The images taken in this system can be processed 
according to different scenarios and adapted for extreme conditions. These six dif-
ferent RGB images can be used in breeding studies with very high accuracy results in 
terms of applicability and transferability [19].

In this review, it is aimed to inform scientists from different fields who are inter-
ested in grapevine breeding by summarizing the remarkable techniques, methods, 
and developments in grape breeding studies carried out for different purposes in 
recent years.

2. New advances in grapevine breeding studies

2.1 Genomic and transgenic researches

Grapevine growing areas are increasing worldwide due to the understanding that 
grapes and grape products are beneficial for human health. Biotechnology research 
is increasingly playing a role in improving the yield and quality of grapes. Grapevine 
breeding and genetics researches increased after the 1950s and spread all over the 
world. Molecular markers have facilitated research in Vitis genetics. It is now possible 
to map the grapevine genome and to create unique DNA profiles for each genotype. 
The first plant linkage maps were based on visually scored morphological markers, 
isozymes, and DNA-based markers, which are virtually limited in number were used 
to create densely saturated maps. However, in recent years, much more information 
has been gained about the grapevine genome for breeding studies with much more 
sensitive SNP and genome sequencing applications. Nowadays, the results of differ-
ent Vitis spp. genome sequencing has led to more innovative and targeted studies in 
grape breeding studies. Especially in parallel with the developments in biotechnol-
ogy, it has become possible to obtain different transgenic vines with these innovative 
approaches. Significant progress has been made in the development of transgenic 
vines with the development of gene regions and markers associated with desired 
traits, the development of transformation systems, the use of genetic engineering 
against biotic and abiotic stress conditions, and the improvement of grape quality 
characteristics by identifying flavor and aroma components. Considering the results 
obtained from these studies; While some of them offer positive results for different 
Vitis species and varieties by providing direct application, it has been determined that 
some of them are far from increasing the quality conditions of the grapes as desired in 
breeding studies [10]. Very important progress has been made thanks to the Vitisgen1 
and Vitisgen2 projects initiated with the participation of different institutions in the 
USA in order to determine different characteristics in the grapevine genome and to 
use these important characteristics related markers in breeding programs. The goals 
of these projects are to develop novel methods to improve production efficiency and 
profitability long-term throughout the table grape, raisin, and wine industry, such 
as through plant breeding and genomics. Also, they aimed to identify and address 
threats from diseases and insect pests, and develop novel methods to improve 
resistance to these pests and diseases. Projects (VitisGen1 and VitisGen2) are multi-
disciplinary, collaborative projects focused on decreasing the time, effort, and cost 
involved in developing the next generation of grapes. Incorporating cutting-edge 
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genomics technology and socioeconomic research into the traditional grape breeding 
process will speed up the ability to identify important genes related to consumer-
valued traits like disease resistance, low-temperature tolerance, and enhanced fruit 
quality. Identifying these genes will help grape breeding programs from around the 
world to more rapidly develop new grape varieties that will appeal to a wide range 
of consumers, while also addressing grape grower and producer needs [20]. Genetic 
transformations offer many innovative solutions for grape breeding studies. They 
can be used successfully to transfer regions associated with particularly important 
traits to traditional varieties. However, researchers still lack the desired success rate 
in identifying high-throughput regeneration protocols. Positive results were obtained 
in the development of transgenic plants obtained by transferring different charac-
teristics to some important grape cultivars [21, 22]. Embryogenic tissues are mostly 
preferred in transformation studies due to their morphogenetic competence. Various 
explant sources, such as leaves [23] and anthers [24] have been studied under induc-
ing conditions to explore the possibilities of obtaining somatic embryos. In the initial 
transformation studies, leaf tissues of different V. vinifera cultivars [25] and different 
rootstocks [26–28] were studied, resulting in non-regenerating transgenic callus. 
Somatic embryogenesis has been used by different researchers in micro propaga-
tion and genetic transformation studies of various woody perennial plant species. 
However, in these studies, it has been reported that the efficiency of somatic embryo 
induction is generally very low and the success rate varies depending on the develop-
mental stages of the explant [29]. Among the genetic transformation studies carried 
out with grapevines, the most successful results were obtained from Agrobacterium-
mediated transformation coupled with proembryonic masses together with somatic 
embryos. Studies have reported that some factors (explant source, culture medium, 
cultivar/genotype, culture medium, and others) affect the efficiency of grapevine ini-
tial inducing embryogenic callus and adventitious buds for plant regeneration. Photos 
of the embryogenesis development of different grapevine (V. vinifera L.) organs are 
given in Figure 1. Until today, several grapevine cultivars have been transformed with 
genes associated with various functions by biolistic bombardment, Agrobacterium-
mediated transformation, and transgenic grapevine lines have been obtained using 
established regeneration systems. However, a healthy plant regeneration is affected by 
many factors. Especially explant source, variety/genotype, and environment are the 
most important ones. Furthermore, the selection and use of acceptor materials, cell 
density, bacterial strain, selectable markers, and selection methods also affect conver-
sion efficiency. In many of the studies, it has been reported that the regeneration 
capacity of rootstock varieties in organogenesis and somatic embryogenesis is higher 
than hybrids and varieties belonging to the V. vinifera species [30].

Badouin et al. [31] generated a high-quality de novo reference genome for 
V.  sylvestris, onto which they map whole-genome re-sequencing data of a cross to 
locate the sex locus. They described the genomic and evolutionary characterization 
of the sex locus of wild and cultivated grapevines, providing a coherent model of 
sex determination in the latter and for the transition from dioecy (separate sexes) to 
hermaphroditism during domestication.

With the help of RNA sequencing, one of the next-generation sequencing systems 
developed in recent years, short readings of cDNA sequences that can be quantified 
absolutely can be made by aligning them with reference sequences [32]. With the 
development of this technology, it has become possible for many researchers working 
on grape breeding to conduct important studies on the grapevine genome. In particu-
lar, the RNA sequencing technique has been widely used to identify single nucleotide 
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polymorphisms and new cultivar-specific transcripts, also splicing variants [33–35]. 
As a result of the latest advances in plant biotechnology, full-length cDNA sequencing 
readings can now be made with much higher accuracy. In addition to all these, it is 
seen that this developed system is also used to accurately detect alternative transcripts 
that play a role in different biological processes and stress responses [34, 36–39]. 
While the reference genome was needed before the full-length cDNA sequencing 
technique, it is no longer needed thanks to this technique. Thus, it has become pos-
sible to obtain healthy information about many traits related to plant breeding, in a 
much shorter time.

Integration of data banks with the results obtained in genomic studies is of great 
importance in terms of using the obtained results in breeding studies. In particular, 
studies on the grapevine genome in different countries and the collection of exist-
ing data in different databases continue. Standing out as the most comprehensive 
of these studies, VitisGDB provides the most comprehensive information of Vitis 
genomic data. The Vitis genome and genetic database (VitisGDB) is an integrated 

Figure 1. 
Photographs of various regeneration systems during somatic embryogenesis of Vitis vinifera cv. “Thompson 
seedless” grape [30].
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genomic resource and a global web of Vitis resources. This platform contains up-to-
date genomic data and very important information for Vitis agronomy, breeding, and 
genomic development studies. VitisGDB is a platform created to make vine research 
results widely available. As genomic data from sequencing studies become clear 
and available, they are constantly updated on VitisGBD and presented to relevant 
researchers VitisGDB provides long-term support to grapevine researchers on a 
variety of grapevine genomics issues [4]. Schematic information about the working 
system of this platform is given in Figure 2.

Transferable DNA markers are of great importance for the success of breed-
ing and genetic studies. Although grapevine breeders have been using the disease 
resistance-related alleles of closely related species for many years, it has been reported 
that the interspecies transmission rates of the current Vitis markers are quite low. 
Zhu et al. [40] in their study with the Vitis core genome of 40 accessions, they were 
able to identify PCR primary binding sites of conserved nuclei with high informa-
tion content surrounding polymorphic haplotypes. Researchers developed markers 
(2000 rhAmpSeq) as PCR multiplexes from target sites and confirmed this in four 
biparental populations, also increased the transferability to a very high rate.

2.2 Polyploidy and embryo recovery researches

Polyploidy refers to the condition in which a diploid organism has an excess of 
chromosomes as a result of the addition of one or more sets of chromosomes. A 
general classification of polyploids is made as allopolyploids, auto-polyploids, and 
segmental allopolyploids [41]. In order to obtain polyploid structures, triploid or 
tetraploid new genotypes were tried to be obtained with different applications and 
mutations by increasing the chromosome numbers in grapevine and other plant 
species. However, a high success rate could not be mentioned in these techniques, and 
sequence-specific mutations were mostly dependent on chance [42].

Figure 2. 
Schematic VitisGDB platform. (A) Species information for species, (B) data type and source, (C) data processing 
explanation (D) framework of VitisGDB, (E) main modules, (F) VitisGDB overview [4].
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Somatic embryogenesis is one of the methods preferred by many researchers for 
the micro propagation of different plant species. It is also used for the removal of 
many phytopathogens that have infected different plant organs under in vitro condi-
tions [43]. However, abnormalities may be encountered during somatic embryogen-
esis due to some somaclonal variations. These mutations are desirable in some cases 
as they sometimes allow the formation of polyploid forms. In particular, induced 
polyploidy and natural polyploidy are frequently used to obtain new genotypes for 
polyploidy breeding studies. Because it is reported that new polyploid genotypes 
have more resistant structures against many biotic and abiotic stress conditions. 
It is known that plants with polyploid form have some advantages compared to 
plants with diploid form. Especially polyploid plants are among the most important 
advantages with their ability to tolerate harmful mutations, larger structures, high 
heterozygous, and heterozygous structures [44–46]. Polyploid seedless cultivars are 
obtained in polyploid structure due to some errors during meiosis, and this is com-
mon in grapevines. It also allows the reproduction of hybrid genotypes in a sterile 
structure by doubling the genome [47, 48].

One of the most used methods to provide polyploidy in plants is the application 
of colchicine to the apical meristem, and it is reported that it is not very effective in 
applications made on grapevines [49]. Many studies have been carried out to obtain 
polyploid genotypes by using different species and cultivars belonging to the Vitis 
species. It has been tried to obtain tetraploid genotypes, especially in American grape 
rootstocks (Vitis rupestris and Vitis riparia) and Muscadinia species [50]. In some 
studies, on the somatic embryoids and polyploidization of shoot tips of seedless 
grape cultivars, it has been reported that non-chimeric autotetraploid plants can be 
obtained [40]. Different studies on the effect of colchicine on proembryogenic cells 
have reported that it can lead to the regeneration of true utopolyploids [51, 52]. In 
addition, researchers have identified and published the most effective protocols for 
the induction of polyploidy [53]. Recently, a significant relationship has been found 
between the frequency of polyploidy detected in the meristem tissues of plants grown 
under in vitro conditions and the number of chloroplasts in the stomata of grape 
somaclones. However, it has been reported that there is a reverse relationship or 
correlation between the frequency of polyploidy and the stomata number in the leaf 
area [54]. Cross-breeding between cultivars/genotypes with different ploidy is one of 
the effective methods to create new germplasms. Most of the triploid fruit plants are 
sterile and their fruit is seedless.

Triploid breeding researchers have presented a new method for seedless grape 
breeding as it allows high sterilization and obtaining of parthenocarpic fruits, and 
ultimately facilitated the achievement of desired results [55]. Seedless is generally 
desired by breeders, and it has become a more important issue, especially for table 
grape breeding researchers in recent years. Because the demand for seedless grape cul-
tivars is much higher than the seedless cultivars [56, 57]. However, there exists some 
mating obstacles in crosses between diploid and tetraploid grape cultivars. Embryo 
rescue or embryo recovery technique has been used with increasing success rate in 
recent years to overcome these obstacles. The embryo rescue technique may prevent 
the early-stage abortion of triploid young embryo, so triploid plants can be produced 
[58]. The majority of the studies on grape embryo rescue involved studies using seed-
less or early ripening grape cultivars as the female parent and cross-breeding studies, 
also the research of a cross between subgenus. There are few studies on embryo rescue 
from an interspecific cross between diploid and tetraploid grape species. There was 
a very limited number of studies on cross-breeding and embryo recovery between 
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diploid and tetraploid grape cultivars, including interspecies, but these studies have 
begun to increase with the techniques and technologies developed in recent years 
[55, 59–61]. Different studies have been carried out to obtain triploid and tetraploid 
new genotypes that have larger berry and seedless from different Vitis species. It has 
been stated that the tetraploid grapes obtained as a result of colchicine application 
have weak vegetative growth, low resistance to cold, and also not at the desired level 
in terms of yield. Although artificial tetraploids have these disadvantages, they have 
been successfully used in breeding studies where different Vitis species (especially 
Vitis rotundifolia, Vitis vinifera, and Vitis labrusca) are crossed with each other. In these 
studies, especially the tetraploid “Kyoho” cultivar (4x = 76), which is an interspecies 
hybrid, was widely used. Apart from “Kyoho” cultivar, Osuzu (3X) and King Dela 
(3X) cultivars were also obtained as triploid cultivars as a result of breeding studies. 
Intensive breeding studies are still continuing on polyploidy breeding, especially in 
the Far East [62].

Triploid genotypes usually have strong plant formation with seedless berry [63]. 
Researchers reported that some superior hybrid genotypes were obtained in triploid 
breeding studies carried out on grapevines. It has been reported that especially larger 
berry formation is frequently seen in triploid individuals. For this reason, it is seen 
that both natural and artificial polyploidy studies have increased in recent years 
[64, 65]. Despite all these studies, the commercial use of polyploid genotypes is still 
far from the desired levels. Polyploidization can change some phenotypes in plants, 
but without affecting the appearance of many of the fundamental characteristics of 
the cultivars. Due to these advantages, polyploidy breeding studies allow the devel-
opment of some important characteristics (such as quality, yield, and resistance to 
stress conditions). Researchers still cannot fully explain the genetic and physiological 
mechanisms affected in the plant as a result of polyploidy. It can also increase the 
adaptation of artificial tetraploid (4x) grapevine rootstocks to the conditions of biotic 
and abiotic stresses in Vitis spp. Studies on synthetic polyploidy in plant species are 
still very limited. Due to the high adaptability of polyploid cultivars to different stress 
conditions, it has become an important study subject in breeding programs. In addi-
tion, the importance of polyploid cultivars and rootstocks for sustainable agriculture 
and their use in production has begun to increase [66].

Sequence-specific nucleases that generate double-stranded DNA breaks in tar-
geted genes are the most important parts of site-specific genome editing in some 
plants. Induction of knockout mutations to inactivate undesirable features in 
genome editing has become the preferred method in many plant species in recent 
years. Different applications of sequence-specific nucleases have come to be used 
as robust tools for introducing functional mutations in many polyploid species, 
including grapes. The main approach here to utilize knowledge of biological mecha-
nisms for targeted induction of double-stranded DNA breaks and their error-prone 
repair. Moreover, these regions may allow very specific changes at designated 
genome loci [41].

2.3 Biotic stress researches

The main phytopathogenic organisms that cause biotic stress in vines are organ-
isms such as bacteria, nematodes, fungi, oomycetes, and viruses, which cause dif-
ferent infections in the vine and adversely affect many of their functions. All these 
pathogens get what they need for growth and reproduction from the host plant. Plant 
pathogens are divided into three different classes based on their infection strategy. 
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In this classification, the differences of the pathogens according to their feeding 
 patterns and the necrosis they form in the plants are based [67].

Fungal diseases are among the most important biotic stress factors in grapes. 
Among the fungal diseases, downy mildew (P. viticola), powdery mildew (E. necator) 
and botrytis (B. cinerea) are the most common and most damaging diseases. Most of 
the grape cultivars consumed in different ways (such as table grapes, wine grapes, 
and raisins) belong to V. vinifera species whose gene source is Eurasia. This species is 
mostly preferred because of its unique taste, aroma, and better fruit quality. However, 
this species has a very high sensitivity to fungal pathogens despite these superior 
properties, and therefore, grape growers apply very intense fungicides for quality 
cultivation [68, 69].

Since this intensive fungicide application poses a great risk for both human and 
environmental health, grape breeding studies have focused on breeding more resis-
tant varieties to diseases that will not need such intensive spraying in recent years. 
In grape breeding programs, many breeding studies are carried out by researchers in 
different countries to determine gene regions that are resistant to these diseases and to 
develop new wine and table varieties that carry these gene regions [13].

Although many of the North American origin wild Vitis species show varying 
levels of resistance to powdery mildew, unfortunately, the fruit quality is not at the 
desired level. These species are used as a very important genetic resource as a natural 
resistance source in grapevine breeding programs. To date, many resistant species 
have been described within these species. These species include Vitis V. aestivalis, 
V. cinerea, V. riparia, V. berlandieri, V. labrusca and Muscadinia rotundifolia [70, 71]. 
However, some cultivars such as “Dzhandzhal kara” and “Kishmish vatkana” belong 
to the V. vinifera species, which are known to be susceptible to diseases, were found to 
be resistant [72, 73].

As a result of revealing the characteristics and related gene regions related to 
resistance in grape breeding studies, much more successful results have been obtained 
in breeding programs. To date, some resistance loci related to fungal diseases have 
been identified and their mapping has been done. In recent years, not only fungal 
diseases but also numerous genetic loci associated with a particular phenotype have 
been identified in the grapevine. Regions associated with these diseases are very 
important in grapevine breeding studies as they are determined with the help of 
marker-assisted selection (MAS) and provide a great advantage in achieving results. 
Gene regions associated with many traits in grapevines have been reported by the 
Vitis International Variety Catalog [74].

Overall, the table reports potential gene regions found to be related to 20 differ-
ent traits. In particular, the table includes loci and alleles associated with downy and 
powdery mildew diseases. Eight sites associated with non-mildew diseases, five with 
metabolites, five refer to morphology traits, and four with phenology. This table is 
updated regularly to provide accurate access to loci and markers associated with many 
of the commercial traits and stress factors required by grapevine research. It also helps 
the researchers in correct naming and following the same systematic (Figures 3–5).

The resistance of hybrid genotypes obtained from different grape breeding studies 
against downy and powdery mildew diseases has been compared in several stud-
ies [6, 73, 76–80]. According to the studies conducted by the researchers so far, 31 
genomic regions have been associated with downy mildew resistance (Rpv loci) and 
13 with powdery mildew disease resistance (Run/Ren loci) (Figure 3). In order to 
determine the presence of these loci in hybrid genotypes, marker-assisted selection 
(MAS)  studies have been successfully performed [76–78, 81–84].
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Figure 3. 
Table of loci for diseases and pests traits in grapevine relevant for breeding and genetics (details in www.vivc.de/
data) [75].
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However, the presence of these gene regions alone often does not prove that the 
variety is resistant to diseases. In addition, the resistance of the genotypes should be 
tested in the field and under controlled greenhouse/laboratory conditions [85–90]. 
New downy and powdery mildew resistant cultivar “Regent” was obtained in 
Germany, its pedigree includes American species carrying Ren3, Ren9, Rpv3, Rpv4, 
and Rpv11 [91–93]. In recent years, new resistant loci have been identified in different 
species, especially in relation to resistance to fungal diseases from biotic stress factors. 
In one of these studies, [94] discovered the REN11 locus from Vitis aestivalis for stable 
resistance to grape powdery mildew.

Figure 4. 
Downy mildew (P. viticola) and grapevine powdery (E. necator) resistance loci position in the genome. Scale is in 
megabases (Mb) [74].

Figure 5. 
Genomic positions of morphological, phenological, metabolic trait loci, non-mildew disease, and pest resistances. 
Scale is in megabases (Mb) [74].
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After determining the gene regions associated with resistance and thus the resis-
tant genotypes, another problem may be encountered in resistance breeding studies. 
New pathogen races may break this resistance. In order to solve this problem that may 
arise, one of the methods that breeders usually resort to is to try to collect more than 
one gene region associated with resistance into new genotypes. Thus, the resistance 
of the new genotypes is further increased. For example, even if the vine plant is 
infected with a new virus, it limits the development of the pathogen and shows more 
resistance against it. Marker-assisted gene pyramid applications have been a highly 
preferred application by researchers in grape breeding studies in recent years. With 
the use of molecular markers in grape breeding programs, genotypes that may exhibit 
the same phenotype in appearance but carry more than one resistance gene in their 
genomes can be determined [75, 95, 96]. In recent years, breeders and pathologists 
have worked together to achieve significant success in grape breeding, especially in 
studies related to resistance. In one of them, with the VitisGen project carried out in 
partnership with different organizations in the USA, they collected different isolates 
against powdery mildew disease and identified complementary resistance loci sets to 
evaluate the phenotypic and genetic resistance gene stacks against them [97].

It has been reported as a result of studies that different chemicals have important 
effects on defense mechanisms in plants also grapevines. Among them, ethylene, 
jasmonic acid, and salicylic acid are the most important ones. These chemicals can 
act synergistically or vice versa, depending on the pathogen. While jasmonic acid and 
ethylene help plants to defend themselves against necrotrophic pathogens, defense 
against biotrophic pathogens is mediated by salicylic acid, unlike them. Cultivars of 
V. vinifera species have very low resistance to many pathogens of fungal origin. This 
is probably related to their insufficient defense systems against these pathogens. 
However, although studies have been carried out with the details of this defense sys-
tem in recent years, more information is needed regarding the interaction of cultivars 
with grapevine diseases. In recent years, researchers have been working intensively 
on these interactions to obtain useful information for breeders, especially in parallel 
with the advances made in molecular methods. In one of the studies conducted for 
this purpose, it was reported that the modulation of chloroplast-associated lipids in 
the first hours of interaction with downy mildew is important for the protection of 
photosynthetic machinery and for the biosynthesis of jasmonic acid [67].

Cavaco et al. [98] identified subtilisin-like proteases as strong resistance-associ-
ated candidates. The relationship between fungal diseases and phenolic components 
has become increasingly important in recent years. Researchers evaluated changes in 
total phenolics, total antioxidant activity, and phenolic compounds in different Vitis 
species and genotypes. After fungal diseases, it has been reported that there is an 
increase in the amount of total phenolics, total antioxidant activity, and some phe-
nolic compounds [99–101]. Resistance mechanism of V. vinifera cv. “Mgaloblishvili”, 
which was grown in Georgia and resistant to downy mildew, was investigated by 
Ricciardi et al. [102] Researchers explained the disease resistance of the cultivar with 
low disease density, low sporulation, damaged mycelium, production of antimicro-
bial compounds such as volatile organic compounds (VOCs) whose activity on the 
pathogen was evaluated by leaf experiments. These results contain data that can assist 
and accelerate future resistance breeding programs.

Chibutaru et al. [103] first examined the reaction of mono-locus resistant geno-
types against downy mildew after the first and second infection, and also evaluated 
the pyramid resistance genotypes. Researchers especially investigated different 
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metabolites (not stilbenes and stilbenoids), which accumulate significantly in resis-
tant and susceptible genotypes as a result of disease infection and can be used as 
potential resistance-related markers. Also, they investigated whether these metabo-
lites could be markers of infection. In their study, it was aimed to provide a better 
understanding of the different resistance mechanisms of hybrid-pathogen interaction 
that can affect different Vitis species and to find previously undetected resistance bio-
markers. As a result of their studies, they determined the components that increased 
after downy mildew and could be used as biomarkers.

The development of highly reproducible genetic engineering methods for grape-
vine rootstocks, cultivars, and genotypes now allows the identification, screening, 
and/or introduction of grapevine-derived genes related to desirable traits, such as 
disease or pest resistance. It has been reported that genetically modified grapevines 
constitutively expressing rice chitinase genes have been screened for the responses 
of pathogenesis-related proteins to fungal pathogen infection, and show increased 
resistance to powdery mildew disease. As a result of studies, it has been revealed that 
other grape-derived genes such as polygalacturonase inhibitor protein and other lytic 
peptides increase resistance to fungal diseases [104, 105].

Grapevine breeding programs have been started in order to develop new resistant 
hybrid genotypes against powdery mildew and downy mildew diseases in different 
countries [106]. In one of these, Ruiz-García et al. [107] evaluated the degree of 
phenotypic resistance or susceptibility for downy and powdery mildew of 28 new 
genotypes obtained from crosses between “Monastrell” and “Regent”. In particular, 
three genotypes from the hybrid population showed strong combined resistance, 
and they could be used as a very important source of resistance parents in future 
breeding studies in terms of both powdery mildew and downy mildew. As a result of 
their study, they reported that multi-resistant lines provide very valuable material for 
obtaining resistant genotypes and help to characterize the molecular basis of downy 
and powdery mildew resistance.

Wild grapevine species are widely recognized as an important source of resistance 
or tolerance genes for diseases and environmental stresses. Recent studies revealed 
partial resistance to powdery mildew (Erysiphe necator) in V. sylvestris from Central 
Asia. Lukšić et al. [108] investigated the resistance of in situ V. sylvestris seedlings col-
lected from different regions of Croatia against powdery mildew. Ninety-one in situ 
individuals and 67 V. sylvestris seedlings were evaluated for Powdery mildew resis-
tance according to OIV 455 descriptor. Three SSR markers (SC47-18, SC8-071-0014, 
and UDV-124) linked to Powdery mildew resistance locus Ren1 were used to decipher 
allelic structure. As a result, they determined that there were varying numbers of 
resistant genotypes in individuals in different V. sylvestris populations. Thus, in their 
study, powdery mildew resistance was proved for the first time in the germplasm of 
V. sylvestris in the eastern Adriatic region.

In order to increase the resistance to different biotic and abiotic stress conditions 
in grapevine, research programs have increased primarily on the determination of the 
responsible gene regions and then the introgression of these regions into susceptible 
cultivars or the mutation of the genes that cause the susceptibility in recent years. 
Sometimes the resistance obtained as a result of mutation of the genes can provide a 
longer-term protection. Especially in breeding studies, genotypes with genes contain-
ing resistance are selected as parents and it is aimed to transfer these characteristics 
to new genotypes. According to Pirello et al. [109] used Arabidopsis as a model in 
their study, worked with resistant mutants, and investigated the effectiveness of 
DMR6 and DLOs genes that could confer downy mildew resistance in grapevines. 
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By examining the relationships between genes and the links between the VviDLO1, 
VviDMR6-1, and VviDMR6-2 gene groups, they reported that they are associated 
with genes sensitive to pathogenesis. In particular, the researchers concluded that the 
VviDMR6-1 region may be a candidate that can be used to produce resistant cultivars 
by gene editing.

2.4 Abiotic stress researches in grapevine breeding

As a result of climate change affecting the whole world, the development of new 
grape genotypes with high adaptability to abiotic stress conditions has become a more 
important priority in recent years. Successful programs are carried out for sustain-
able viticulture, with the aim of grapevine breeding studies and the transfer of many 
 resistance-related genes in wild grapevine species to new genotypes through interspe-
cies cross-breeding. Different studies are being conducted to identify these alleles 
in the grapevine genome and understand how they can be used to manipulate phe-
notypes. The diversity of abiotic constraints (heat stress, drought, salinity, mineral 
deficiency, etc.) and their timing, duration, and intensity must be taken into account. 
It is seen that topics such as the type of factors causing abiotic stress (extreme temper-
atures, salt stress, excessive water, heavy metals, and others), duration, and intensi-
ties are taken into account in these studies. It is necessary to clearly identify these by 
thoroughly examining the characteristics and sensitive development stages underly-
ing the adaptation of the vine plant to different stress factors. Targeted traits are 
often quite complex and under the control of various genetic mechanisms. Especially 
in the last decade, various researches on grapevine genome (sequencing, genetics, 
phenotype development, modeling) and functional characterization of related genes) 
and significant results have been obtained by carrying out successful projects. In the 
light of recent developments in grape physiology and genome, molecular mechanisms 
related to adaptation processes to changing climatic conditions and the gene regions 
controlling them are explained. The physiology of the vine is actually quite complex, 
and this complex mechanism is polygenically controlled. However, in recent years, 
very important information has been obtained about new grapevine genotypes that 
are more tolerant/resistant to different abiotic stress conditions. Responses to extreme 
temperatures, heavy metals, droughts, and some other stress conditions have been 
extensively studied by different researchers in order to obtain new more compatible 
hybrid genotypes [110].

Grapevine (Vitis spp.) can adapt well to environments under different stress 
conditions. It has even been reported that moderate abiotic stress has a positive effect 
on the quality of grape products such as wine. In addition, as a result of the high 
variation in Vitis vinifera cultivars and their combination with different rootstocks, 
it becomes possible for grapevine cultivation in different ecology and soil types 
[111]. Grapevine plants are considered drought resistant when compared with other 
horticultural plant species. However, most of the time, as a result of insufficient 
irrigation, significant decreases in yield and quality can be observed [112, 113]. By 
utilizing the wide variation in drought tolerance within the Vitis species in breed-
ing studies, new varieties more tolerant to the desired drought can be developed 
[114–117]. There is very limited information about the mechanisms related to 
drought tolerance, but promising studies have been carried out in recent years. In 
order to develop longer-term sustainable irrigation programs for drought, which has 
become a growing problem in many parts of the world, new drought-resistant/toler-
ant varieties must be developed.
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In a study investigating the response of grapevine plants to temperature, Luchare 
et al. [118] studied the effects of increases in temperature on carbon balance using 
microvine mutants. The grapevine plants under controlled conditions studied in 
detail the photosynthesis, respiration, and carbon allocation in different parts of the 
plants at different temperature ranges. As a result of the study, they reported that 
especially net photosynthesis decreased after peaking at 25–30°C, and that respira-
tion at night increased steadily with the increase in temperature. In addition, a less 
favorable carbon balance was formed at higher temperatures compared to lower 
temperatures. In another similar study, it was reported that although organogenesis 
and leaf area was stimulated by high temperature, there was a decrease in carbon 
balance [119].

In case of exposure to high temperatures, there can be significant changes in the 
amount of compounds in the content of grapes, especially aroma compounds [120]. 
For example, in a study with “Gewürztraminer” × “Riesling” hybrids, it was observed 
that high temperature had different effects on geraniol content linalool and linalool 
content in grape berries. While geraniol content increased with the high temperature 
in all genotypes used in the study, linalool content decreased. This was interpreted as 
the regulatory pathways for the deposition of the components were different for both 
components. This also showed that high temperatures increased the complexity of the 
quality control parameters [121].

Roots are vine organs that play an important role in biotic stress factors. Despite 
the fact that they are less studied due to their underground location, there has been 
a significant increase in the studies on roots in recent years due to the understanding 
that roots have an important role in resistance against many stress conditions. Since 
most of the vines are grafted, rootstocks can be used especially for mineral deficiency/ 
toxicity or drought tolerance, and there is a chance to choose the best scion × rootstock  
combinations for different soil/climate types [122].

One of the most important problems in mineral nutrition and roots is that genetic 
variation cannot be fully characterized and the lack of extensive investigation of the 
genetic architecture of mineral nutrition-related traits. Important studies have been 
published on limestone tolerance [123] and recently salt tolerance [124] Since root-
stocks are often derived from interspecific crosses, it should reveal the extent to which 
different species possess the relevant alleles that define and differentiate their feeding 
activities. These alleles can be used successfully in breeding studies to grow highly 
efficient rootstocks. As a result of the evaluation of the variability between rootstocks 
from different genetic backgrounds, important data can be provided to achieve the 
desired goals. In one of these studies, it was reported that rootstocks with V. riparia 
among the parents had a lower phosphorus concentration than the others when their 
petioles were evaluated [110, 125].

With a full understanding of the conditions that cause abiotic stress, successful 
results can be obtained by applying the effects of this stress on plants and fruits to 
breeding studies with integrated approaches of ecophysiological and genetic model-
ing [126, 127]. With plant modeling, many complex traits can be divided into simpler 
traits, and as a result, complex traits adapt to the environment and growing environ-
ments much more stably with simple genetic control. For the grapevine, researchers 
are working on the details of the different models. In recent years, important stud-
ies have been carried out to describe the physiological and genetic mechanisms of 
grapevine responses to important abiotic stress conditions. These studies, the number 
of which has increased in recent years. The increasing development of modern phe-
notyping and genotyping tools with approaches in molecular physiology, modeling, 
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ecophysiology, and genetics, and their integration with each other, show how knowl-
edge on this subject can be further increased. With the help of these extensive studies, 
new components related to regulatory pathways have been found and the genetic 
structure of important traits has been analyzed. As a result, these data provided very 
important information for the breeding of advanced cultivars and rootstocks in the 
fight against different diseases and their agents. Despite all these developments and 
advances in technology, much remains to be done in order to describe the responses of 
plants to abiotic stress factors and to fully understand how to adapt to these extreme 
climates. There is still a large gap between the phenotypes and genotypes of newly 
developed cultivars. We are far from the desirable level of fully understanding and 
responding to the interactions of plants, both with the environment and with their 
own structures [110, 128].

2.5 Seedlessness researches in grapevine breeding

Seedless grape cultivars constitute a very important part of table grape produc-
tion. Especially in recent years, consumers have been demanding more seedless culti-
vars. This situation has led to the start of studies in many countries for the breeding of 
high quality, larger berry, long storage life, high yielding, and relatively more disease 
tolerant seedless cultivars. These breeding programs are carried out by state institu-
tions, private sector, and grower [129].

It is known that the seedless grape cultivars have two different types (partheno-
carpic and stenospermocarpic seedless). In stenospermocarpic seedless genotypes, 
the embryo fails to develop shortly after fertilization during seed development, and 
such cultivars are used as parents in breeding to obtain seedless genotypes with larger 
berry size [130]. Berries of parthenocarpic grapes have rather a small berry size that 
develops without fertilization. For this reason, the embryo rescue/recovery technique 
is widely used together with conventional breeding methods to obtain new seedless 
grape varieties.

In traditional hybridization studies on the breeding of seedless grape varieties, 
seedless parents are used as the father (pollinator) and the seed parent is used as the 
mother. However, the seedlessness rate in the genotypes obtained from these crosses 
varies between 0% and 49% depending on the parent combination [131]. As a result 
of the abortive embryos of stenospermocarpic vine cultivars to continue their devel-
opment in tissue culture, seedless x seedless hybridizations have been possible in tra-
ditional hybridization studies. This application (embryo rescue technique) increased 
the seedless rate observed in seedless x seedless hybrids in F1 plants between 16.7% 
and 92% depending on the parent combination. Has changed. For this reason, the 
embryo rescue technique is widely used together with traditional breeding methods to 
obtain new seedless grape cultivars [132–136]. Success rate in embryo recovery studies 
depends on the genotype of the parents [132], sampling time, and composition of 
the culture medium [137]. Embryo forming capacity and germination of embryos of 
hybrid genotypes may differ according to both their male and female parents [133]. 
Seed trace of stenospermocarpic grape cultivars can be in 3 different sizes (small, 
medium, and large). Generally, those with a larger seed trace have a higher rate of 
transformation into a living plant with the embryo rescue method [138].

Also, in another study, Li et al. [56] conducted studies to obtain seedless, disease-
resistant and high-quality grape cultivars by using the embryo recovery method and 
reported that the sampling time has a very significant effect on the development 
and recovery of the embryo. The genetic structure of seedlessness in grapes has been 
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studied by different researchers. Finally, a model of three recessive genes (independent 
and complementary) by a seed development inhibitor at the 18th linkage group on the 
dominant locus was proposed [139, 140]. In addition, it has been reported that two SSR 
markers (VMC7f2 and p3_VvAGL11) are very close to the seed development inhibitor 
region and can be used in marker-based selection breeding studies [141, 142].

It has been reported that VvAGL11, one of these two markers, is located in a 
region between the promoter region and can be used successfully to identify seedless 
genotypes. Two markers selected in association with the Seed Development Inhibitor 
locus region were selected as candidate markers because of their low number of false 
positives [143, 144]. The VviAGL11 marker belongs to the D-lineage of the MADS-box 
genes controlling the identity of the grape ovules and stands out as the major func-
tional candidate gene for seedless grape morphogenesis [145–147]. In addition, two 
SCAR markers (SCC8 and SCF27), which are related to seedlessness and could be used 
to identify seedless genotypes, have also been developed [140, 148]. Of these, the  
SCC8 marker was used to distinguish seedless from hybrid genotypes belonging 
to seeded × seedless combinations [129, 149]. Mejía and Hinrichsen [148], on the 
other hand, used both markers to determine seedless genotypes in Ruby seedless’ X 
“Sultanina” combination and reported that SCF27 marker can be used with a much 
higher percentage to identify seedless ones in F1 hybrid genotypes. Studies on seedless-
ness trait at the molecular level have shown that there is a very important relationship 
between the efficacy of the markers used and the genetic background when evaluating 
the seedlessness property of different hybrid genotypes. In the absence of lignified 
seeds in seedless grapes, the p3_VvAGL11 marker can accurately identify seedlessness 
in approximately 85% of hybrid genotypes [150]. When some seedless hybrid popula-
tions with different genetic backgrounds were evaluated with some markers (VvIn16, 
p3—VvAGL11, SCF27 andVMC7f2), it was reported that the VMC7f2 and p3—
VvAGL11 markers showed the most accurate allelic variability. In addition, researchers 
reported that each combination of parents should be evaluated specifically by markers 
related to seedlessness [144]. In Table 1, primers and their sequences used by different 
researchers to identify seedless hybrid genotypes are given.

2.6 Rootstock breeding

Grape rootstocks are used around the world, especially against phylloxera, but 
despite many difficulties in choosing a better rootstock, research is being carried out. 
The studies on rootstock breeding started after Phylloxera damage, especially in the 
vineyard areas in Europe towards the end of the nineteenth century [10]. The use of 
a very limited number of rootstocks in the viticulture industry is expected to change 
in the coming years. The large-scale application of microsatellite markers has become 
the preferred and most reliable tool for Vitis spp. identification, although data on 
rootstock genotyping are very limited. There are rootstock collections in different 
centers around the world and these are of great importance for rootstock and variety 
breeding studies. One of the richest of these rootstock collections is at the University 
of Milan in Italy. It was established to collect most of the genetic diversity of Vitis spe-
cies useful for rootstock genetic breeding programs. The idea was to select the most 
suitable parents for new breeding programs to develop sustainable viticulture models 
[157]. In another grapevine rootstock breeding study carried out in the same institu-
tion, a study was conducted on drought, which is an important problem for many 
vineyard regions. Although the grapevine is not very sensitive to drought, irrigation 
is very important in terms of fruit quality, especially in areas where table grapes are 
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grown. For this reason, a study was carried out to develop more suitable rootstocks 
for areas with drought problems. Researchers assessed the drought tolerance of 
M-rootstocks physiological (gas exchange and stem water potential) and transcrip-
tomic performances (genes involved in ABA synthesis and ABA-mediated responses 
to drought) were evaluated under well-watered and water-stressed conditions. In 
the study, drought-resistant genotypes were determined by using novel genotypes 
(M-rootstocks) developed by the University of Milan [158].

Due to the demand for new grapevine genotypes that are especially resistant 
to biotic and abiotic stress conditions, grape and rootstock breeding studies have 
increased in recent years and many studies have been carried out on gene regions that 
may be associated with these stress conditions, especially with the help of molecular 
methods. Due to their different advantages as rootstock, the most preferred species 
are V. berlandieri, V. riparia and V. rupestris. The rootstocks not only protect the grape-
vines from phylloxera pests but also provide the water and nutrients needed by the 
cultivar/genotype in different soil types. It has been reported that different rootstock 
species show differences in supply the nutritional needs of the grafted cultivars/geno-
types. Gautier et al. [159] investigated the extent to which rootstocks with different 
genetic backgrounds modify the mineral composition of the petioles of the scion. In 
a study conducted by grafting vines of the Cabernet-Sauvignon cultivar on 13 differ-
ent rootstock genotypes, it was reported that the mineral content of the petioles of 
the genotypes containing Vitis riparia in their genetic history can vary greatly. This is 
important proof that rootstocks can greatly affect mineral intake. An example of the 
effective use of rootstocks against different biotic stress factors is the study of Dalbó 
and Souza [160]. Researchers used rootstocks for grapevine decline and dieback, 
which is a big problem especially in Southern Brazil. This disease is characterized a 
set of symptoms that lead to the weakening and death of affected plants. In soils with 
insufficient aeration, root rot fungi can seriously damage the roots of vines and even 
cause death. The development of root rot resistant grape rootstocks is the one of the 
main goal in grapevine and rootstock breeding programs. In these breeding programs, 
first of all, resistant cultivars/genotypes should be determined. In one of the studies, 
some of the Vitis caribaea hybrids were resistant to root rot, while at the same time 
some undesirable characteristics such as overgrowth and absence of winter dormancy 
were detected. Vitis palmata and Vitis shuttleworthii species were also reported to have 
high resistance. But, the performance of the genotypes and their hybrids was very 
poor in dry soil conditions and further cross-breeding programs would be required to 
eliminate undesirable characteristics. Selected lines are evaluated for productivity and 
fruit quality in rootstock trials with different scion cultivars.

Resistance to phylloxera has been investigated for a long time at UC Davis, which 
has been working on grape rootstocks and breeding for many years. Recent studies 
here are investigating the evolution of possible phylloxera strains capable of aggres-
sive nodosite feeding against some resistant rootstocks and foliar feeding strains 
once rare in the region. In these studies, the reproduction of phylloxera strains was 
investigated and molecular markers were developed for physical maps associated with 
resistance genes. As a result of the studies, rootstocks resistant to aggressive root knot 
nematodes have been developed [161].

Different studies are carried out on rootstock breeding, especially in the USA, 
Brazil, Europe, Australia, Iran, and China. In these studies, crosses are made in order 
to develop new rootstocks that are tolerant or resistant to different biotic and abiotic 
stress conditions, and then their compatibility with the varieties grafted on these 
rootstocks and their effects on fruit quality are examined. Since rootstock breeding 
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studies are much more laborious and time-consuming than other cultivar breeding 
programs, they are preferred by a limited number of researchers. However, as the 
mechanisms that cause stress factors become more understandable at the physiologi-
cal and genetic level, much more successful breeding programs with promising results 
will become more preferable all over the world. In addition, with interspecies breed-
ing, there is an increasing number of studies in the world that these new interspecies 
hybrid genotypes can be used directly in growing instead of using rootstock. Because 
it is reported that new interspecies hybrids will be much more tolerant in terms of 
different stress conditions and therefore the need for rootstock usage may decrease.

3. Conclusion

Since grapes are among the most traded fruit types in the world, they have a signif-
icant impact on the agricultural economies of the countries. In particular, grapes are 
preferred by many people due to their different consumption patterns and important 
effects on human health. However, the demands of consumers can vary rapidly. In 
order to respond to these rapidly changing consumer demands, quality new grape cul-
tivars should be developed through breeding programs. In these breeding programs, 
while mainly trying to develop new table and wine grape cultivars, rootstock breeding 
studies have started to increase in recent years. As a result of research studies carried 
out by many researchers on the grapevine genome, many characters related to gene 
regions have been determined and it has become possible to reach the targeted results 
in grapevine breeding studies in a much shorter time. In recent years, the number of 
new grape cultivars that are more resistant to biotic and abiotic stress conditions has 
been increasing rapidly in parallel with climate change and consumer preferences. 
It is predicted that in the coming years, hybrid cultivars between species will have a 
greater share in the market with their more resistance to different stress conditions 
and more friendly characteristics in terms of human and environmental health. As 
a result of the intensive studies carried out by many scientists with the grapevine 
genome, it is expected that transgenic grapevine plants, which are more accepted by 
many parts of the society, will take their place in the markets in a short time. With the 
integration of biotechnology into breeding programs in a way that will address the 
ethical concerns of consumers, breeding studies will gain momentum and it will be 
possible to feed the growing world population and make more sustainable viticulture.
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Chapter 14

An Update on Radish Breeding 
Strategies: An Overview
Raman Selvakumar

Abstract

In tropical, subtropical, and temperate climates, radish (Raphanus sativus L.) is 
a popular root vegetable. Radish diversity is intense from the eastern Mediterranean 
to the Caspian Sea. Many radish varieties have varied leaf morphology, root color, 
size, shape, flavor, vernalization requirements, and maturity times. Early radish 
variants were long and tapered rather than cylindrical, bulbous, elliptic, or spherical. 
For black Spanish radish, European-cultivated variety, and Asian-cultivated radish, 
three separate domestication processes occurred. The original radishes were black, 
followed by white in the 1500s then red and round in the 1700s. These are R. sativus 
L. var. radicula (sativus) or R. sativus L. var. niger radishes. Because of protogyny, 
self-incompatibility, open architecture, and biennial bolting, radish crosses readily. 
The fundamental methods for using heterotic breeding potential are SI, CMS, and 
doubled haploids (DH). This chapter discusses the various breeding strategies like 
inbred line development by the use of self-incompatibility, hybrid development by 
using male sterility system, population improvement, mutation breeding, haploid 
breeding, breeding strategies for biotic and abiotic stresses, QTL mapping, and 
genome wide and genomic tool in radish. Rapid developments in our understanding 
of advanced biotechnology technologies will increase our ability to identify cultivars 
and parental lines, check seed genetic purity, analyze phylogenetic links and genetic 
diversity, and add specific transgenic traits.

Keywords: radish, breeding, genetics, F1 hybrid, Alternaria, Fusarium

1. Introduction

Radish (Raphanus sativus L.) is an annual herbaceous plant with two sets of 
nine chromosomes [1]. It is a member of the Cruciferae family and consumed raw 
as a salad component, garnish, and shredded radish [2]. Furthermore, radish has 
been used in cuisines all throughout the globe. Radish is often used in eastern Asian 
cuisines [3]. Priority is given to the creation of superior radish cultivars suitable for 
tropical and subtropical climates [4]. Furthermore, breeding research on a variety 
of agronomic qualities, such as disease resistance and suitability to human use, has 
been done. High yield, early maturity, late bolting, pungency, cold-hardiness, drought 
resistance, heat tolerance, and soil adaptation are all important features for radish 
breeding [2]. There are correlations between the consistency of the radish and its 
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sugar concentration, pungency, cell complexity, water content, and pore size [5]. To 
develop radish varieties, mass selection or pedigree techniques are being used, with an 
emphasis on the red globe, oval red, and white forms [6]. The most difficult problem 
has been adapting radish cultivation to many growth seasons [7]. For a successful 
radish breeding procedure, significant genetic data on chromosomes and inheritance 
information for numerous genes relevant for agronomic, biochemical, and biotic and 
abiotic stressors must be collected [8, 9]. It is required to undertake research utilizing 
novel methods, such as chromosomal or gene modification [10].

Physical attractiveness, including length, form, size, and skin tone, has a signifi-
cant influence on consumer desire and marketing judgment [11]. The skin is generally 
white, but it may take on pink, red, purple, yellow, and green tones. Red radishes, on 
the other hand, are around 40 cm long and have a mild flavor (not as spicy) [5]. The 
anthocyanin pelargonidin is responsible for red colors, whereas a cyanidin derivative 
is responsible for purple hues. Even while quality-related characteristics are highly 
heritable, cultivation practices often have a significant impact on them. Radishes’ 
swelling taproots may take the shape of an oval, tapering, or cylindrical object [12]. 
Furthermore, cylindrical root variations are often collected mechanically [13]. Radish 
roots are high in antler velvet, generate beneficial phytochemicals, have cancer-pre-
ventive effects, and increase the flavor of Brassica products greatly [14]. Furthermore, 
radishes provide us with complex carbohydrates, dietary fiber, and organic nutrients 
and minerals [15].

Omics methodologies based on next-generation sequencing (NGS) techniques 
provide a significant amount of genomic research [16], which also allows for the 
distribution and acquisition of positional markers on the chromosomes as well as the 
identification of new genes and sequences [17]. Furthermore, genome-wide studies 
show the genetic foundation of some characteristics [18]. The ability to re-sequence 
genomes allows for genome-wide investigation of important markers and higher-
throughput genotyping [19]. Less research has been generated that examines the 
most crucial historical events as well as current achievements in radish breeding. As a 
consequence, we have a wealth of information on all aspects of radish breeding and its 
countless accomplishments in this sector. We anticipate that vegetable breeders will 
benefit from this chapter in the future.

2. An overview of radish breeding

2.1 Origin and distribution

Radish is an annual vegetable in the Cruciferae family. From the Mediterranean 
to the Black Sea, the genus Raphanus was separated into the Raphanus DC. and 
Hesperidopsis Boiss sections. Each part has six species (R. sativus, Raphanus raphanis-
trum, R. microcarpus, R. rostratus, R. landra, and Rumex maritimus) and one species 
(Raphanus aucheri) [19]. Kitamura [19] also proposed that R. sativus may be grown in 
the Mediterranean region by natural or artificial hybridization of R. landra with  
R. maritimus. Banga [20] and Hida [21] proposed that four wild species (Raphanistrum 
raphanistrum, R. maritimus, R. landra, and R. rostratus) may have aided in the evolu-
tion of radish. Panetsos and Baker’s [22] study on wild R. sativus and R. raphanistrum 
confirmed the species differentiation. The wild R. sativus has a white or partially 
purple flower on a white background as well as a delicate, fairly thick pod made up 
of spongy parenchyma. R. raphanistrum, on the other hand, bears yellow blooms 
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and slender, robust pods. The ripe pods disintegrate into bits. The aforementioned 
two species flourished in California in intermediate forms that may have arisen from 
natural hybridization. The F1 plants produced by artificially crossing the two spe-
cies demonstrated intermediate features, including chromosomal configurations of 
1IV + 7II at initial metaphase (MI) of pollen mother cells (PMCs) and fertility of 50% 
in both pollen production and seed setting. Based on these findings, it was proposed 
that the F1 plants had reciprocal translocations in one pair of chromosomes. When 
R. sativus wild type was spontaneously backcrossed with cultivated radish, some 
progeny lacked quadrivalent chromosomes and had a high seed setting rate. It was 
therefore suggested that gene flow (or introgression) from R. raphanistrum into radish 
cultivars be encouraged. Eber [23, 24] found comparable findings in their study of 
hybrids between the wild R. raphanistrum and the cultivated R. sativus in France. 
In F1 hybrids of R. sativus and R. raphanistrum L. ssp. landra, Kato and Fukuyama 
[25] revealed correct chromosomal organization of 9II during meiosis and robust 
seed setting. Based on these findings, it was hypothesized that R. raphanistrum 
might undergo chromosomal reconstruction. Harberd [26] proposed that the genus 
Raphanus be classified as a cytodeme based on chromosomal number, chromosome 
layout at MI in PMCs, and fertility studies. This finding was corroborated by Prakash 
[27]. Tsunoda [28, 29] thought that all wild radish species belonged to R. raphanis-
trum and evolved around the Mediterranean-Black Sea coast. R. raphanistrum was 
common in Russia and the New World, but it was not found in China, Japan, or 
India [30, 31]. Raphanus was recently separated into two species, R. sativus and R. 
raphanistrum, the latter of which contains additional wild species as R. raphanistrum 
subspecies [31]. R.  sativus var. hortensis f. raphanistroides Makino [19], also known as 
Hama-daikon or R. raphanistrum ssp. maritimus [31], grew wild along the East Asian 
shoreline. Another kind of wild radish, Nora-daikon or No-daikon, thrived in areas 
far from the sea. It was thought that these wild radishes were the result of cultivated 
radishes escaping [19, 32–34] or the migration of weedy radishes tainted with cereals 
such as wheat and oat. Numerous research, however, support the first point of view. 
Germplasm resources for understanding the origins of farmed radish and improving 
the radish crop include Hama-daikon and Nora-daikon. Molecular studies of DNA 
and genomes, in addition to morphology, ecology, and cytogenetics, may provide 
insight into the origin, differentiation, and domestication of radish.

2.2 Botany of radish

Radish (R. sativus L.), an entomophilous flower, is an allogamous plant [35]. 
When it appears as three florets at the tip of each branch of the panicle during normal 
flowering, each flower is capable of producing a pod up to 1 to 3 inches long and 
holding one to six seeds [36]. The radish blossom’s fresh corolla blooms in the morning 
and lasts till the following day [37]. The flower’s pollen receptivity is present only for 
a brief duration each day, according to Kremer. Its clawed petals, four erected sepals, 
six stamens, and 1.5 to 2 cm broad, pink to purplish with purple veins, blooms in a 3 to 
4 cm long style [38, 39]. A siliqua, sometimes called a seedpod, is a radish seed capsule 
that is 1.5 cm wide and 3 to 7 cm long. It bears a long, conical, and seedless beak and 
6–12 seeds per pod [5]. The inflorescence of the radish is a typical Cruciferae raceme 
that is long, erect, and rectangular [40, 41]. Radchenko [42] studied the pollination of 
radish. When Crane and Mather [43] investigated how to cross-pollinate radish, they 
found that the “Icicle” and “Scarlet Globe” cvs were self-incompatible and pollinated 
by bees [44]. The research found that the number of honeybees visiting the radish 
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blooms significantly affected the quantity of seeds produced [37]. Honeybees pol-
linate radish blossoms at a rate of 77 to 99 percent on average, according to Radchenko 
[42], which increases crop yield by 22% and enhances seed quality. Consequently, it is 
thought that radish is almost entirely insect-pollinated [45]. While the fruit is devel-
oping, the color of the seeds is somewhat yellow, and they eventually become reddish-
brown [46, 47]. The lyrate, pinnately distinct mature radish leaves feature a larger 
terminal lobe and smaller lateral lobes. They are arranged in a rosette condition, and 
alternate form [48]. Longer root types include winter radishes, daikon or mooli, and 
oriental radishes, which may grow up to 60 cm in length and with leaves as large as 
45 cm by 60 cm in width [48].

2.3 Characteristics traits

It is a self-incompatible allogamous species. The considerable genetic variety 
of radish landraces and wild radish populations is paralleled in cultivar DNA 
polymorphism. Self-incompatibility may be overcome by bud pollination or high-
concentration CO2 treatment, permitting the development of self-compatible 
progeny [49]. However, they exhibit inbreeding depression, making it difficult to 
get inbred lines. S-receptor kinase (SRK) is the recognition molecule of the stigma, 
similar to the self-incompatibility of Brassica species, whereas SP11, also known as 
SCR, is the recognition molecule of pollen [50]. These recognition molecule genes, 
SRK and SP11/SCR, have several alleles and are passed down through generations as 
the S haplotype. There are numerous S haplotypes in R. sativus [51], and the nucleo-
tide sequences of some S haplotypes in R. sativus are similar to those of Brassica rapa, 
indicating that S haplotypes possessed by an ancient species were inherited by species 
in both Raphanus and Brassica without significant nucleotide sequence modification 
[50]. The majority of radish cultivars are root vegetables. The size, shape, and color 
of radish roots are all important. There has been evidence that quantitative trait loci 
(QTLs) influence root structure and color [52, 53]. Other factors, such as blossoming, 
influence root thickness. The QTL with the highest LOD score corresponded to a QTL 
for bolting time in our QTL analysis of root thickness using offspring obtained by 
crossing “Aokubi” with a white thick root and a rat’s tail radish cultivar. This might be 
natural since early blossoming is thought to reduce root thickness. The transcriptome 
of developing roots was studied, and genes involved in root thickening were found. 
The color of the radish root surface is caused by anthocyanins. Pelargonidin and 
cyanidin are the pigments responsible for the red and purple colors of radish variet-
ies. The finding of purple roots in a hybrid of a red root line and a white root line 
shows that the red and white had knockout mutations in separate genes involved in 
cyanidin synthesis and that the functional alleles in the red and white functioned as 
complementing genes. In red root cultivars, alleles of the flavonoid 3′-hydroxylase 
(F3′H) gene exhibit Ty3/gypsy transposon or helitron insertions [54]. A dihydroflavo-
nol reductase (RsDFR) and anthocyanidin synthase (RsANS) gene are expressed in 
the epidermal tissues of red-skinned cultivar roots but not in white-skinned cultivar 
roots [55]. The huge seed size of radish is a distinguishing feature among Brassicaceae 
species. Radish seeds weigh nearly five times as much as B. rapa seeds. Because of the 
large seed size, the cotyledons and hypocotyls of seedlings are larger than those of 
Brassica. The bigger seedling size allows for direct sowing in the field and produces 
sprouts that are larger than Brassica. The form of siliques is connected with the 
property of large seeds. Amphidiploid plants of intergeneric hybrids of R. sativus 
and B. rapa have intermediate siliques with a few seeds in both the beak and valvar 
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regions. Although the amphidiploid plants are mostly sterile, a small number of seeds 
may be obtained. Furthermore, the seed size is about midway between Raphanus 
and Brassica. Isothiocyanates, which are responsible for the pungent flavor of radish, 
are produced when glucosinolates are digested. The flavor of grated fresh radish and 
radish salad is significantly influenced by glucosinolates. The major glucosinolate in 
radish roots is glucoraphasatin (also known as 4-methylthio-3-butenyl glucosinolate, 
dehydroerucin), and the glucosinolate composition changes slightly. The glucorapha-
satin content in Japanese radish cultivars, on the other hand, varies greatly [56]. There 
have been reports of QTLs impacting glucosinolate concentration in the root [57], 
and the genes inferred are putatively involved. Ishida et al. (2015) identified a mutant 
with a high quantity of glucoerucin but no glucoraphasatin, and the gene responsible 
for this mutation was discovered [56]. Although most radishes are salt tolerant, R. 
sativus var. raphanistroides is especially so [58]. Although genetic research into the salt 
tolerance of R. sativus var. raphanistroides has not yet developed, radish salt tolerance 
genes will be significant in the evolution of Brassica crops. High-temperature stress 
has become a major concern in radish growing. High-temperature stress causes the 
center of a radish root to become reddish brown, resulting in unmarketable products. 
However, since sensitivity to high temperature stress varies, it should be possible 
to develop a resistant cultivar. When radishes bolt, their roots become fibrous and 
unsuitable for sale. As a result, the characteristic of late bolting is favored. On the 
other hand, cultivars for oil production or rat’s tail radish are needed to bloom even 
in tropical settings. Although vernalization is required for floral induction, rat’s tail 
radish may bloom without it. Radishes, like many other winter crops, have varying 
vernalization needs. A QTL with a significant LOD score in a region containing an 
FLC gene was found using progeny from a hybrid between “Aokubi” and rat’s tail rad-
ish. Although Plasmodiophora brassicae’s clubroot poses a serious danger to crop yield, 
there are techniques to control it [58].

Among Brassica crops, Japanese and South Korean radish cultivars are often 
resistant to clubroot. Radish may be used to breed resistance in Brassica plants [59]. A 
quantitative trait locus (QTL) promoting clubroot resistance has been found on LG1 
[60], which correlates with Rs5 [61]. Fusarium yellow, caused by Fusarium oxysporum, 
is one of the most serious diseases in radish production. This disease causes wilting 
of the leaves and browning of the vascular tissue in the root. Certain cultivars and 
landraces have a high degree of resistance to Fusarium yellow. Because of its low ability 
for plant regeneration, radish is difficult to produce in tissue and cell cultures. There 
have been few reports of successful protoplast, anther, or isolated microspore culture 
[62], and protoplast, anther, and isolated microspore cultures are unusual [63, 64]. 
The function of isolated genes in radish cannot be shown due to the intricacy of plant 
transformation. The development of an efficient plant transformation technique 
is critical for scientific and practical radish research. Because plant regeneration 
capability must be genetically diverse, the first step in developing in vitro culture 
techniques would be to find cultivars or lines with high regeneration potential.

2.4 Breeding goals

The strong nutritional value and chemical components of the Brassicaceae family 
have significantly improved human health and well-being [65]. Root length is highly 
valued by consumers, who constantly rate radishes in terms of root length, diameter, 
and color. These factors are all highly important throughout the purchasing experi-
ence, and therefore, visual signals like the label’s color and location on the product 
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are crucial. Too many gene-mapping studies have been devoted to the categorization 
of significant color-gene relationships in various plants [66]. The development of 
color genetics, which is essential to the success of radish crops, would be aided by the 
discovery and detection of key plant genes involved in radish color [67]. Numerous 
studies have been conducted thus far on the inheritance patterns of radish skin [68]. 
It was discovered that the most extensively studied varieties of radish, including red 
(30%), white (13%), and black (6%), had a total of 609 distinct chemical elements, 
distributed across 23 different groups [69]. The main plant sections from which the 
nutrients, anti-oxidants, and phytochemicals described in this study were derived 
were the roots, sprouts, and leaves [69]. Researchers have been interested in the natu-
ral red pigment that is abundant in red flesh radishes and is used widely in the food, 
wine, and cosmetics sectors [70]. Achieving uniformity in radish breeding in terms of 
color, size, and yield is becoming increasingly crucial [71]. Radishes’ esthetic appeal 
and health advantages are significantly influenced by color [72]. However, there is 
little study on the detection, characterization, and quantification of flavonoids in 
multicolor radish. Despite this, Zhang [73] discovered that the anthocyanin molecules 
that gave red and purple radishes their color pigment were relatively similar. These 
substances included pelargonin, callistephin, and red cyanidin [73]. Purple ZJL 
contains cyanidin o-syringic acid and cyanin, but dark red TXH has more callistephin 
and pelargonin. The metabolites that give colorful radishes their distinctive colors are 
more often associated with the secondary plant chemical biosynthesis pathway than 
SZB genes, in contrast. This approach could be useful for creating new, high-quality 
varieties of radish [73].

2.5 Breeding methods

The form of the leaves, the color of the petiole and leaf blades, and the quantity 
of surface hair are the important factors in radish breeding. Roots that are beyond 
their prime, on the other hand, are picked based on their internal solidity and outer 
morphology. Watts [74] formulated an immersion method for the solidity test in 
which the roots are immersed in water; acceptable solid roots sink and are selected 
for planting, but unsuitable pithy roots float and are discarded. In the nineteenth 
and twentieth centuries, mass and repeating selections were utilized to boost pro-
ductivity and uniformity. However, hybrid breeding began in the 1950s to examine 
the prospects of heterotic vigor. Twenty-first-century biochemical, molecular, and 
biotechnological tools facilitated and diversified breeding tactics for quality and stress 
tolerance. Population improvement techniques for radish, like those used for other 
crops, include mutation breeding, backcross breeding, hybrid breeding (synthetics, 
heterotic F1 hybrids), molecular and transgenic methods, gamete selection, family 
selection, line breeding, recurrent selection, and mass-pedigree breeding [75, 76].

2.6 Radish breeding by using self-incompatibility system

Self-incompatibility (SI) is a mechanism that promotes stigmatization of self-
pollen, prohibits self-fertilization and inbreeding, and demands outcrossing. Selfing 
may be prevented via embryo abortion; however, SI is pre-zygotic and precludes 
embryo development. The sporophytic type of incompatibility system causes pollen 
grains to fail to germinate and form pollen tubes on the surface of stigma epidermal 
cells (papilla) as well as the deposition of callose inside the papillae. Stout [77] discov-
ered sporophytic SI in radish, and Bateman was the first to demonstrate how it was 



277

An Update on Radish Breeding Strategies: An Overview
DOI: http://dx.doi.org/10.5772/intechopen.108725

inherited. SI is caused by the pollen tube’s inability to penetrate the papillae as well as 
a lack of adhesion, hydration, and pollen grain germination. Dickinson [78] reported 
that homomorphic SI is typically controlled by a single S-locus containing two 
multiallelic genes encoding the S-locus glycoprotein (SLG), S-locus receptor kinase 
(SRK), and S-locus cysteine rich protein/S-locus protein 11 (SCR/SP11), all of which 
are expressed on the stigma. So far, massive amounts of S-alleles have been discovered 
[79, 80]. A significant number of S-haplotypes in Brassica oleracea, B. rapa, and R. 
sativus have been discovered using a variety of techniques, including pollination tests, 
electrophoretic analysis of stigmatic proteins, DNA polymorphism in SLGs or SRKs, 
and determination of SLG, SRK, and SCR sequences [51, 81–83]. The SI technique has 
the benefit of enabling two parental lines to be homozygous for independent S alleles, 
allowing F1 hybrid seed to be produced. Unlike cole crops, most radish genotypes 
have brittle and unstable SI systems. The majority of Indian radish genotypes tested 
at the IIVR in Varanasi, Uttar Pradesh, India, are self-compatible to mildly self-
incompatible, with only a few genotypes, particularly red radish, exhibiting moderate 
self-incompatibility and a red genotype VRRAD-130 exhibiting severe self-incompat-
ibility. Raphanus has been related to genetic variances in SI levels [84, 85]. However, it 
is less reliable since hybrid seeds always carry the danger of generating an unwanted 
number of siblings and because reproducing SI lines by bud-pollination (BP) is dif-
ficult. The SI system in Brassica, including radish, must be broken down by BP, CO2 
treatment, and NaCl treatment in order to maintain and propagate self-incompatible 
lines. In contrast to cole crops, most radish genotypes have rather weak and unstable 
SI systems; as a consequence, hybrid seeds including sib-seeds are always possible.

Because radish is a self-incompatibility crop with significant heterosis, the generation 
of F1 hybrids based on self-incompatibility is desired to remove the time-consuming 
manual emasculation [86]. The basic purpose of a plant breeder is to identify S haplo-
type breeding lines. The plant breeder can keep the parental lines from crossing [87]. 
The S haplotypes of parental lines must be determined in order to achieve F1 hybrid 
breeding because each parental line’s S haplotype must indicate compatibility between 
parental lines [88, 89]. The abundance of S haplotype establishes a specific S haplotype 
using traditional procedures such as the test cross method, pollination, isoelectric 
focusing, immunoblot analysis, and pollen tube fluorescence analysis [85, 90]. The S 
alleles of the S haplotype are highly diverse [89]. In addition, Nikura and Matsuura 
found 37 alleles in Radish [91]. Raphinus sativus contains many S haplotypes, which 
are labeled S-1, S-2, S-3, and so on based on polymorphism in the SLG, SRK, and SCR/
SP11 sequences [91]. Despite the fact that radish is not a part of the Brassica genus, 
Brassica SP11, SRK, and SLG alleles are interleaved in the evolutionary trees of these 
genes, indicating that the diversification of these alleles predates the speciation of these 
taxa [87]. Some S haplotypes in radish feature SP11, SRK, and SLG alleles that are very 
similar to some S haplotypes in Brassica, and one S haplotype in radish has been shown 
to have the same recognition specificity as one S haplotype in B. rapa [87]. Comparisons 
of the nucleotide sequences of the SP11 and SRK alleles, as well as recognition specifici-
ties across related S haplotypes of radish and Brassica, may aid in understanding the 
molecular structures of SP11 and SRK proteins. However, different studies number 
S haplotypes in radish; therefore, the nucleotide sequence data on S haplotypes are 
uncertain (Nishio and Sakamoto 2017). S haplotype in Raphanus and Brassica is also 
identified using the PCR-RFLP (polymerase chain reaction-restriction fragment length 
polymorphism) approach, which examines SLG and SRK [47, 50, 86, 92]. However, 
PCR-RFLP has two inherent limitations: First, it is difficult to design a universal primer 
that can amplify SLG and SRK alleles, and second, the presence of several homologous 
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genes in Brassicaceae plants makes PCR amplification of specific SLG or SRK alleles 
more difficult [87]. To help in radish hybridization, the Ogura CMS approach created 
further advanced radish cultivars (cultivars with improved yield and quality) [13]. 
Because variety displays such as bulk selection, mixed mass pedigree selection, or bud 
pollination might take eight to twelve years to develop a new variety, new varieties must 
be created by different genetic processes [93].

2.7 Radish breeding by use of male sterility system

Male sterility (MS) is a condition in which plants are unable to produce viable 
pollen, which is required for efficient hybrid seed commercial production. It 
often manifests itself in floral development as an incompatibility of nuclear-
mitochondrial interaction in alloplasmic lines created by spontaneous mutation. 
It may also occur in wide crosses (intraspecific, interspecific, and intergeneric). 
Staminal MS systems are common in radish. Male sterility systems that contain 
nuclear and/or mitochondrial genomes include genic male sterility (GMS), 
cytoplasmic male sterility (CMS), and cytoplasmic-genic male sterility (CGMS). 
Transgenic male sterility (TMS), a new kind of male sterility, was developed 
using biotechnological technologies. Based on the process of male sterility induc-
tion and fertility restoration, all TMS systems developed to date may be classified 
into five kinds [94].

Plants with cytoplasmic male sterility, which is inherited from their mothers, 
are unable to generate effective pollen. The CGMS hermaphrodite state is restored 
by a collection of nuclear genes known as restorers of fertility (Rf), which inhibit 
the CMS genes’ activity. The Ogura CMS system has been applied in a number 
of contexts and is now commercially available. Ogura [95] found the CMS in a 
Japanese radish cultivar, giving rise to the term Ogura CMS. Ogura CMS is regu-
lated by a recessive nuclear gene (msms) in association with sterile cytoplasm 
(S-cytoplasm).

The genotype of male sterile plants is Smsms, whereas the genotype of the 
maintenance line is Nmsms. Several CMS systems have also been identified in the 
Brassicaseae family. Polima [96, 97], napus [98, 99], Ogura [95], and Anand [100] 
are well-characterized CMS systems from the Brassica genus; however, the fol-
lowing systems, such as Ogura CMS [101] Raphanus and Brassica species, lack Rf 
genes, but all fertile The Rf genes are widely distributed in the Japanese wild radish, 
regardless of cytoplasm type (R. raphanistrum). The bulk of cultivated radishes 
in Japan and India lacks restorative genes in their populations, although European 
and Chinese variations do [102]. However, the Rf gene is essential for crops that 
require pollination and fertilization for economic growth, such as chili, tomato, 
eggplant, and melon. CMS lacking the Rf gene benefits from simple transfer in 
diverse backgrounds and is utilized in a variety of vegetables where the vegetative 
element is economically valuable, such as root crops, cole crops, tuber crops, and 
leafy vegetables.

Similar to CMS, the genetic emasculation approach in radish allows for the 
harnessing of heterotic vigor for yield, uniformity, adoption, and earliest maturity 
as well as the production of high-quality seeds. Despite being one of India’s most 
important salad crops, the first CMS-based radish hybrids and Public Sector CMS 
lines were reported in 2018 from ICAR-IIVR, Varanasi, UP, (2018) by Singh and 
colleagues.
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2.8 Population improvement

Cross-pollinated crops and Brassica vegetables have benefited from popula-
tion improvement. In India, mass selection has been routinely utilized to enhance 
the genetics of radish. This approach is useful for genetic gain of simply inherited 
monogenic characteristics, but it is inefficient for qualities regulated by polygenes. 
Significant genetic variety for variables of relevance, as found by several studies in 
radish [103–108], is a precondition for crop development. Many cultivars have been 
produced across the globe with various goals in mind. Based on progeny appraisal, 
changes such as mass pedigree and family selection are superior to basic mass 
selection. The decision between these strategies is determined by the population’s 
homogeneity. Recurrent selection is a preferable choice for improving quantitative 
traits, particularly those controlled by additive gene activity. This approach is help-
ful for improving leaf morphology, root form, size, color, yield, and other economic 
features. Kashi Lohit, a red radish cultivar, was developed at ICAR-IIVR in Varanasi, 
Uttar Pradesh, using a simple recurrent selection to target red color root, tapering 
root form, and yield. Kashi Lohit has around 30–125% more nutrients such as ascor-
bic acid, total phenolics, anthocyanins, and antioxidants than white-rooted commer-
cial radish cultivars [109]. Inbred lines may be produced by breaking down SI barriers 
using either BP or chemical induction procedures (NaCl or CO2). Many cultivars have 
been released in India by public sector organizations including Kashi Hans, Kashi 
Sweta, Kashi Mooli-40, Kashi Lohit, and Kashi Aardra as some of the characters. 
VRRAD-150 (ICAR-IIVR, Varanasi); Pusa Desi, Pusa Reshmi, Pusa Chetki, and 
others. Pusa Himani, Pusa Mridula, Pusa Jamuni, and Pusa Gulabi [ICAR-Indian 
Agricultural Research Institute (IARI), New Delhi]; Hisar Sel-1 [Hisar Agricultural 
Research Institute]. Hisar University (HAU)]; Kalyanpur-1 [Chandra Shekhar Azad 
University of Technology] Kanpur’s College of Science, Agriculture, and Technology 
(CSAUAT)]; Chaudhary, Palam Hriday Sarwan Kumar Himachal Pradesh Krishi 
Vishvavidyalaya, Palampur]; Punjab Safed and Punjab Pasand [Punjab Agricultural 
University (PAU)]; as well as Arka Nishant [ICAR-Indian Institute of Horticulture 
Research] (IIHR), Bengaluru].

2.9 Mutation breeding

Mutation breeding refers to the technique of developing and using genetic varia-
tion via induced mutagenesis. It is an effective method for improving complex traits, 
especially in crops with limited genetic bases, vegetative reproduction, and self-
pollination. More than 3000 mutant cultivars of various crops have been published 
in more than 60 countries; of these, 776 mutants have been generated for various 
nutritional quality traits, including minerals [110]. When compared with wild-type 
radish, mutants displayed a 30% higher net photosynthetic rate and a 36% higher 
total chlorophyll content.

2.10 Breeding for biotic and abiotic stresses

Heat, rain, Alternaria blight, Fusarium wilt, white rust, aphids, and beetles are 
all major abiotic and biotic elements affecting radish cultivation. As a consequence, 
improving radish stress tolerance is an important breeding target. Radish takes a lot 
of breeding during the off-season. In India, breeding lines, cultivars, and hybrids 
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resistant to heat stress (38–43°C), such as cvs, have been developed. Despite the North 
Indian plains’ subtropical environment which has three seasons—summer, rainy, and 
winter—Pusa Chetki, Kashi Mooli-40, VRRAD-200, Chetki group, VRRADH-41, 
and VRRADH-42; and tolerance to high humidity make it feasible to produce rad-
ish commercially practically year-round. There are several sources of resistance to 
Fusarium wilt, according to Ashizawa [111], Peterson and Pound [112], and Soh 
[113]. Furthermore, after screening 260 accessions from 9 Asian and European 
countries, Jeon [114] discovered 54 radish accessions that were resistant to Fusarium 
wilt. Ghimire [115] also tested radish for Alternaria leaf spot.

2.11 Molecular markers to QTL breeding

Radish has been demonstrated to have a variety of economically important 
characteristics, such as yield, insect resistance, and disease resistance [2]. Yield is a 
complex trait governed by polygenic characteristics; it is difficult to discover these 
traits through standard breeding since they depend on phenotypic expression and 
interact with the environment and genotype. These challenges are addressed by 
the novel molecular breeding approach, which uses DNA markers for quantitative 
trait identification and linkage mapping [116]. Several DNA markers are utilized in 
breeding programs, including restriction fragment length polymorphism (RFLPs), 
random amplified polymorphism DNA (RAPD), simple sequence repeats (SSRs), 
and single-nucleotide polymorphism (SNPs) [117]. Raphanus hortensis var. sativus 
and var. niger were demonstrated to have distinct origins and to have descended from 
distinct progenitors owing to the application of molecular markers like as RAPD 
[118]. Several Asian varieties feature darker skin and flesh as well as variations in 
root size, length, and weight. It is therefore hardly unexpected that var. hortensis has 
genetic heterogeneity. Furthermore, Lee [119] performed phenotypic studies after 
genome-wide association analysis (GWAS) using genotyping-by-sequencing (GBS) to 
find FW resistance loci [119]. The GWAS study revealed 20 possible candidate genes 
and 44 single nucleotide polymorphisms (SNPs) that were significantly associated 
with FW resistance. Four QTLs were discovered in an F2 population derived from an 
FW resistant line and a susceptible line, one of which was co-located with the SNPs 
on chromosome 7. These markers are newly accessible tools for molecular breeding 
efforts and marker-assisted selection to generate resistant R. sativus cultivars Lee 
[119]. Furthermore, Yu [120] produced a genetic linkage map on the F2 population 
to detect the disease Fusarium wilt, and they identified a total of 8 loci conferring 
FW resistance that were spread across 4LGs, namely 2, 3, 6, and 7 of the Raphanus 
genome. Synteny analysis using the linked markers QTL found similarities to A. 
thaliana chromosome 3, which contains clusters of disease-resistance genes, show-
ing that resistance genes are conserved between both. The sites of important QTLs 
discovered in the radish are Crr3, Crs1, and Crs2 [121]. Researchers uncovered a novel 
QTL named qRCD9 that modulates root CD by using markers SRAP, RAPD, SSR, 
ISSR, RAMP, and RGA to generate a genetic map of an F2 population [116]. Resistance 
to cyst nematode (Heterodera schachtii) was discovered using RAPD, dpRAPD, AFLP, 
and SSR markers [122]. They identified 8 and 10 quantitative characteristics in radish 
for morphological aspects such as ovule number per silique, seed number per silique, 
plant shape, pubescence, whole plant weight (g), upper part weight (g), whole root 
weight (g), and main root weight using recombinant inbred lines (g) [53]. In the 
locations where QTLs were discovered, nine SNP markers were recently developed. 
The expression and nucleotide sequences of these genes suggested a possible function 
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in the production of 4MTB-GSL in radish roots [57]. Fan [123] discovered that the 
R2R3-MYB transcription factor, which is responsible for creating the anthocyanin 
pigment 2, is located on chromosome 2 (PAP2). The RsPAP2 gene, which encodes the 
amino acid sequence that gives radish its red skin color, was readily differentiated 
from previously identified RsMYB genes.

Biochemical- and DNA-based markers enable the identification and description of 
cultivars and parental lines of hybrids, assessing the genetic purity of seed, diversity 
in agricultural cultivars and their wild variants, phylogenetic analysis, and pinpoint-
ing the origin of the germplasm. The identification of isoenzymes was the first tool 
for genetic analysis [124]. This method was used by Tai-Young [125] to identify 
cultivars and validate the purity of radish seeds. DNA is now frequently examined by 
directly using PCR-based molecular approaches such as amplified fragment-length 
polymorphism (AFLP), random amplified polymorphic DNA (RAPD), and inter-
simple sequence repeats (ISSR). Wang [126] classified 65 cultivated radish accessions 
from 21 European, Asian, and North African countries into four groups based on 
their origin (Europe, Middle East, South Asia, and East Asia) in a neighbor-joining 
tree. Along with RAPD and ISSR marker information, reliable descriptors based on 
isoenzymes were established for the different stages of radish development [127]. 
Furthermore, Nakatsuji [128] generated 417 radish SSR markers utilizing cDNA data 
and SSR-enriched genomic libraries, which may be used for genetic research in radish 
and related species. The genetic diversity of the collection was studied using 144 rad-
ish cultivars. An SSR-enriched collection was used to generate genomic SSR markers 
[129]. Furthermore, the genetic diversity of 126 radish F1 cultivars was assessed using 
60 SSRs and 29 agronomic parameters [130].

The expression of the orf138 gene causes Ogura CMS in Brassicaceae [131, 132]. 
The orf138 gene contains at least nine known nucleotide sequence variants, includ-
ing one by Yamagishi and Terachi [133] with a 39-nucleotide deletion (Kosena 
type). Additionally, a primer pair at the 3′ region of the atp6 gene (5′-cgcttggac-
tatgctatgtatga-3′) and the 5′ area of the nad3 gene (5′-tcatagagaaatccaatcgtcaa-3′) 
produced a 2-kbp fragment that was unique to the NWB CMS type of male steril-
ity and absent from other CMS kinds of radish. Through de novo transcriptome 
analysis, Nie [134] found crucial genes involved for bolting and blooming in 
radish.

2.12 Haploid breeding

In traditional breeding, the inbreds that are selfed and chosen during 6–8 genera-
tions of selfing constitute a major component of the commercial seed production of 
F1 hybrids, which is detrimental to inbred vigor and inbreeding-depressive effects in 
Brassica crops, including radish. The microspore-produced doubled haploid (DH), 
which creates inbred lines with 100% homozygosity in only one generation, is an 
attractive tool because using DHs as parental lines may speed up breeding opera-
tions, create novel hybrids and varieties, conduct fundamental genetic research, and 
save time [135, 136]. Male gametophytic cells are cultured in vitro to form haploid 
plants, which are then treated with chromosome doubling procedures to produce 
haploid cells at the microspore or immature pollen developing stage. Since the initial 
report of effective isolation and culture of microspores in Brassica napus, microspore 
culture technology is being used in Brassica breeding [137]. Chun [138], Sugimoto 
[139], Takahata [62], and Tuncer [140] all successfully used microspore cultivation in 
radish.
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2.13 Genomics and genomics tools

Today, genomics drive crop production, and the radish crop has been employed to 
investigate the underlying genotypic differences. The rapid rise of genomic data has 
spurred research into the genetic basis of plant characteristics such as better produc-
tion, flowering, and disease resistance [141]. Several comprehensive studies on radish 
genome structure and chromosomal rearrangement during polyploidy events have 
been conducted [142], from which several genomic sequences have been generated 
[61]. Another research demonstrated that by combining the 454, Illumina, and PacBio 
sequencing technologies with bacterial artificial chromosome clones created by end 
sequencing, the whole genome of the Asian radish cultivar WK10039 was sequenced 
[143]. Numerous genetic investigations on the cultivated radish have been undertaken 
during the last 10 years [144]. A chromosome-scale genome assembly (rs1.0) of the 
Asian radish cultivar WK10039 was also generated, and the findings were compared 
to prior assemblies [145]. It provided more information than previously known due 
to increased genome coverage, contigs, and chromosomal anchoring [146]. However, 
radish mitochondrial genome sequences are now available in Radish Base, a genomic 
and genetic resource [147]. This resource now includes the mitochondrial genomes of 
two newly sequenced radish species, one from the normal cytoplasm and the other from 
the male-sterile cytoplasm of Ogura [148]. A recent study’s bioinformatics analysis of 
the radish genome discovered 54,357 coding genes and 20 COL transcription factors 
[149]. Each COL gene in the “Aok I daikon” cultivar had a match with its corresponding 
COL gene in the “kaz sa” cultivar. Furthermore, the cultivar “WK10039” was screened 
for a total of 20 radish COL genes [149]. Furthermore, BLASTP analysis of the radish 
genome revealed 35 different RsOFPs and five RsOFP-like genes (with no/partial OVATE 
domains), with the majority of genes being intron-less and containing the bulk of the 
genome’s coding sequences [149]. The HiSeq2000 technology was also used to generate 
whole-genome shotgun sequences on the R. sativus inbred line XYB36–2, a 119.75 GB 
dataset [150]. Based on 17-mer analysis, the estimated genome size was 530 MB. A 
387.73 MB was assembled into 44,820 high-quality scaffolds using SOAP denovo and 
SSPACE [151, 152]. This study’s assembly produced outstanding results using fosmid 
clones (98.86% coverage). The assembly was much greater in quality than the previ-
ously released entire genome of R. raphanistrum (254 Mb contigs) and two assemblies 
of R. sativus ‘Aok I (116.0 and 179.8 Mb). The “Okute-Sakurajima” genome was 
reconstructed from scratch, yielding an estimated haploid genome size of 498.5 MB. 
The de novo assembly showed a largely heterozygous genome [153]. Further, long-read 
sequencing produced 36.0 GB of data from 2.3 million reads with an N50 length of 29.1 
kB (60.7 coverage of the predicted genome size). The long-read assembly of 504.5 MB 
primary contigs, including 1437 sequences with an N50 length of 1.2 MB, and 263.5 Mb 
alternative contigs, including 2373 sequences with an N50 length of 154.6 kB, contains 
the other haplotypes with different alleles, also known as haploid sequences, after two 
rounds of data polishing [153]. Following polyploidy, research on the radish genome has 
revealed vital insights about the radish genome’s origin and evolution, providing deep 
knowledge on radish genetics and breeding [66]. The detailed information and genomic 
approaches obtained as a result of these studies help to a better understand the radish 
triplicated genome structure. Furthermore, these strategies improve radish breeding by 
increasing the use of marker-assisted collection, comparative genomic study, and the 
distribution of knowledge from reference data to new radish accessions [154]. As a con-
sequence, a gateway with a large volume of genomic data and many linkages to specific 
genome analysis methodologies is very useful for radish research and breeding.
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2.14 Genetic engineering

Genetic engineering is significant in agriculture since it improves agricultural 
characteristics and meets the needs of undernourished nations. The improvement 
of metabolic engineering methods and gene technology has sped up the develop-
ment of usable germplasms [155]. Plant approaches advance by enhancing attri-
butes; scientists have successfully developed transgenic radishes with a variety of 
agronomic qualities [156]. According to Tzfira and Citovsky [157] and Lacroix and 
Citovsky [158], some radish types contain beneficial features, such as better yield, 
that are passed on to the host plant. Gene transfer is carried out with the assistance 
of the pathogen Agrobacterium, which is widely employed as a strategy for plant 
hairy root lines, which seem to develop better than other types of root systems [159]. 
Herbaceous hairy roots are sought after because of their robustness, quick develop-
ment, and ability to promote root-up growth in plants [160]. Agrobacterium, which 
grows in nutrient solution and has unique capabilities such as biochemically and 
biotransforming different metabolites, produces hairy roots. Agrobacterium is the 
greatest choice for producing secondary metabolites since it aids growth regula-
tors [161]. New sources of natural chemicals may be identified by focusing on the 
hairy roots [162]. In a cultivated situation, chromosome disruption or amplification 
may potentially affect a plant’s fertility. Herbicides, antibiotics, metabolic mimics, 
and non-toxic substances all aid in the survival of changed cells. Radish regenera-
tion is inhibited by kanamycin and hygromycin B. Floral dipping is a process that 
might be used to genetically edit radish, according to current plant biotechnology 
breakthroughs. In this strategy, the photoperiodic gene GIGANTEA in radish is co-
suppressed, which helps the plant postpone bolting and flowering. It might be used 
to increase the medicinal potential of a crop [163]. It is addressed how to improve 
transformation efficiency and choose new characteristics to produce late-flowering 
radish [118]. Transgenic radish (R. sativus L. longipinnatus Bailey) was created in 
2001 using plants that had been dipped into an Agrobacterium solution containing 
both the beta-glucuronidase (GUSA) gene and the herbicide resistance gene (bar) 
between the flanking T-DNA border sequences [156]. Finally, Southern blotting data 
demonstrated that the GUSA and bar genes had been incorporated into altered plant 
genomes and were segregating as dominant Mendelian features [156]. The radish 
RHA2b gene encodes a transcription factor implicated in the abscisic acid (ABA) 
signal transduction process as well as preharvest sprouting and seed dormancy, 
according to one research [164]. The RsRHA2b gene was cloned and introduced into 
Zhengmai 9023 by Agrobacterium-mediated stem apex transformation, according 
to the researchers [164]. Agrobacterium-mediated transformation was found to be a 
superior method for genetic modification [165]. Transgenic radish (Raphanus sativa 
L., cv. Jin Ju Dae Pyong) grown on Murashige and Skoog medium was used to study 
the use of adventitious shoot development on hypocotyl explants for Agrobacterium-
mediated radish genetic transformation [64]. Furthermore, Northern blot find-
ings revealed that the GUS gene transcript was found in a few regenerated plants, 
indicating genetic alteration [64]. In his study, Curtis also investigates strategies for 
delivering therapeutic proteins into radish for on-site administration of consum-
able proteins [163]. Concerns have been raised about pollen-mediated gene transfer 
after the introduction of transgenic radish into the wild. Potential risks and the field 
planting of transgenic radish are sometimes raised in talks concerning transgenic 
crops [156, 166, 167]. Plant regeneration from hypocotyl explants and somatic 
embryogenesis from hypocotyls was used to produce branches in radish. By adding 
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aminoethoxyvinylglycine (AVG), an inhibitor of ethylene synthesis, and AgNO3, an 
inhibitor of ethylene action, to the regeneration medium, cultured radish hypocotyl 
explants were able to regenerate shoots at a rate of 40% [168].

3. Conclusions and future perspectives

A few of the crucial radish breeding features are higher yield, early maturity, 
late bolting, pungency, cold hardiness, drought resistance, heat tolerance, and soil 
adaptation. Self-incompatibility alleles found in the radish genome make it possible to 
produce F1 hybrids without the time-consuming and labor-intensive manual emascu-
lation necessary for radish. To prevent hand emasculation, it is essential to know the S 
haplotypes of the parental lines when creating F1 combinations. Inter- and intra-spe-
cific hybridizations are essential for the effective generation of radish yield because 
they allow the introduction of favorable agronomic features into the population. It is 
crucial to get comprehensive genetic data on chromosomes as well as the knowledge 
of inheritance. Researchers must comprehend the regulatory variables that synchro-
nize at different developmental stages for each of the above-mentioned features in 
order to better understand and predict resistance, yield characteristics, and fruit 
quality. It is still essential to create a reliable and long-lasting plan for plant disease 
resistance, which is now being thought about. This is due to the ability of diseases 
to produce new bacterial strains, which may evade resistance. Scientists will now 
have accurate knowledge on disease resistance genes for a range of diseases as well as 
genes encoding essential biochemical features of the plant thanks to the completion 
of large-scale sequencing of the radish genomes earlier this year. One such method is 
speed breeding; as the cost of genome sequencing decreases, RAD-sequencing and 
DNA microarrays will be used more often, allowing for quicker genome mapping and 
tagging of novel quantitative trait loci. In order to enhance the number of resistant 
radish genotypes, these quantitative trait loci (QTLs) may introduce resistance into 
high-yielding radish genotypes and combine them with important resistance genes. 
Additionally, to increase radish crop output and quality, GWAS (genome-wide 
association studies) may map traits to particular candidate genes on a genome-wide 
scale. Using trait-specific genetic resources, heterotic potential, hundreds of molecu-
lar markers, highly saturated genetic maps, and effective contemporary technologies 
will all contribute to the development of prospective radish varieties and hybrids with 
improved quality and stress tolerance. Significant genetic and metabolic variety has 
been found, opening the door to breeding for genetic improvement and controlled 
harvest variability in agriculture. Finally, the use of trait-specific genetic resources, 
as well as the availability of thousands of molecular markers, highly saturated genetic 
maps, and efficient modern tools, will undoubtedly aid in the development of poten-
tial radish varieties and hybrids with improved quality and stress tolerance. Future 
radish breeding strategies that are crucial for boosting output and productivity as well 
as the effective use of input resources include targeted breeding strategies to create 
model crop ideotypes, improve nutritional quality, increase sustainability of produc-
tion, increase adaptability to various climatic conditions, and increase tolerance to 
insects and diseases and efforts to pyramid two- or multi-tiered breeding approaches 
to widen the genetic base.
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Chapter 15

Pollination Biology and 
Environmental Water Pollution 
Indicator of Onion (Allium cepa L.)
Anup Kumar Sarkar

Abstract

Numerous genes in flowering plants, including onion (Allium cepa L.) govern 
morphological character differences in structure, shape, orientation, weight and 
number, etc. arising from their assortment and recombination due to pollination. 
Pollination in onion flower occurs mainly by insects (91%) and wind (9%), with grav-
ity also contributing to the pollination process. The hybrid vigour seeds through cross 
pollination as an essential input in enhancing crop productivity. The present study 
reveals that an onion plant generally takes around 63 days to attain flowering posi-
tion, and complete flowering condition in 70–72 days, which include 15–18 days for 
sprouting of the green hollow fleshy shoots along with about 45 days to complete the 
peduncle formation on the top small part of the bud. A. cepa L. takes around 160 days 
to produce mature seeds with life cycle completion. The onion bulb roots are used for 
the last 50 years to study chromosomal behaviour as an indicator of environmental 
water pollution. The presence of different impurities and heavy metals in the pol-
luted water causes reduction in reproductive capacity of cells due to the occurrence of 
peculiarity from the normal mitotic cell division in onion . Cytotoxicity influences all 
morphological characters, including root growth retardation, mitotic index, chromo-
somal aberration, etc. Thus, the present investigation explores the effect of pollutant 
water on pollination biology, cytotoxicity, root apical meristem cells in onion. We 
report a significant (p < 0.05) in the mitotic index in polluted water as compared to 
normal water.

Keywords: cross pollination, heavy metals, chromosomal aberration, cytotoxicity and 
environmental indicator, water pollution, pollination biology

1. Introduction

The Allium (family:Amaryllidaceae) is a large genus of onion or garlic fragrant 
perennial bulbous herbs and globally represents about 700 species, but only seven spe-
cies are cultivated. Members of the family are the world’s oldest cultivated plants after 
potatoes, yams, and tomatoes, comprising an important group of vegetables, except 
the tropics, New Zealand and Australia. Allium is a native to southern western Asia 
with cultivation throughout the world, predominantly in the temperate regions [1]. 
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There are different species of Allium which are grown in the field for the next genera-
tion in the form of flowers instead of bulbous structures. Generally, the seedlings are 
used for bulb production as vegetable. Two development phases occur to complete 
the life cycle of onions. One phase is entirely responsible for the production of seeds 
only whereas the other herbaceous annual phase is for the production of bulb from the 
seedling. Pollination in onion takes by an array of insects [2, 3]. The hermaphrodite 
onion flowers cannot fertilise themselves since the anthers exhibit protandry, releas-
ing sticky and wet pollens before the stigma becomes receptive [4]. Thus, a cross-
pollination between two flowers of the same plant (Geitonogamy) or two flowers 
from different plants (Allogamy) accomplishes seed production in the onion. The 
cross-pollinated seeds are used for the production of the onion bulb. FAO [5] reported 
that the production of onion in India is 12.5 ton/ha only whereas it is much lower than 
the production 41.12 ton/ha in the USA. Different sources of Municipal, Industrial, 
Agricultural, and advanced technological waste components ingredients can increase 
significant amounts of impurities in surface water and later on slowly deposited at 
a lower base as a consequence water pollution contributed a serious problem for the 
health of the biological organism along with human, those interact with this aquatic 
ecosystem in developed and developing countries. Those waste materials released from 
the different sources are mainly toxic metals and metalloids which are not converted 
into harmless nontoxic forms by the biological process but engaged in the environ-
mental system which react the suppression activity of metabolism and translocation 
of reserve food materials into low concentration and impose to damage of the growing 
regions cells of the living organism [6]. Living organisms encounter nasty toxic heavy 
materials responsible for damage/modification of the genetic materials happening 
in the cell cycle. Meristematic root tips of A. cepa L. are used all over the world for 
testing the level of environmental water pollution [7–10]. To evaluate water quality 
being used for cytological studies of A. cepa L. root tips squash technique offers one of 
the best and quick methods, which also provides a reliable estimate for the genotoxic 
effect of heavy metal and chloride interaction on the environment. The water samples 
from three locations, Preonagar, Mathpara and Harishnagar 24 Parganas (N), West 
Bengal, India have been assessed on the basis of mitotic cell activity (Mitotic Index) 
and different chromosomal abnormalities (CAs) in the meristematic root tips cells of 
A. cepa L. (Table 1). The effect was compared with distilled water. The wastewater 
from the above locations enters, in different ways, either the agriculture fields for 
irrigation or river flow which makes a hazard to the ecosystem of that environment. 
With this background, the hazardous elements in the water samples assumingly react 
with the chromosome of the meristematic part of root tip cells of A. cepa L. that acts 
as an indicator for natural water pollution.

2. Materials and methods

2.1 Selection of land

To avoid harbouring of root rot or wilt pathogen, the selection of healthy edaphic 
conditions is the first priority for a normal luxuriantly growing plant. Neutral pH 
with loam clay loam soil was selected for the experiment at the Village-Belu, P.O. 
Madhappur, Amdanga, North 24 Parganas (Latitude 22°11′6″ N to 23°15′2″ N and 
Longitude 88°20′ to 89°5′ E) West Bengal, India.
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2.2 Bulb selection and environmental condition

Onion bulbs around 5–6 cm in diameter were selected for sowing of the above 
field. The good flowerings were obtained by cool weather after bulb planting. It was 
also noticed that the good sunshine at the time of full blooming stages helped in 
attracting the beneficial pollinators for the higher rate of hybrid vigour seeds through 
cross-pollination. One more important parameter was kept in mind that relative 
humidity (RH) would be in the lower range during the time of seed development.  
As for the farmer’s concern, the experiment was started in the month of the middle of 
October for sowing the bulb in the field of the above area.

2.3 Experiential laying out

The buds were planted in beds of size 1×3 m with 20–25 cm spacing during 
October. The experiments were conducted in Randomised Complete Block Design 
(RCBD) with 3 replications.

2.4 Floral biology

Morphology, physiology and phenology of plant flowering play a vital role in 
the reproductive capability of individual plant species. A flower’s attractiveness to 
the visiting fauna and efficiency of pollen transfer to those visitors depend on the 
morphological characters, i. e. shape, colour and flower architecture [11]. The cross-
pollinated onion plants are completely dependent on the different types of insects 
for their pollination [12]. Complete field observation was conducted to invent the 
onion floral characteristics, flower (bud) initiation and duration, number of days 
for maximum flowering, number of peduncles per bulb. The number of florets per 

Sl. No. Heavy 
metals, 

Chloride 
and pH

Limit as per IS 10500: 2012 Different elements presence in the three 
locations waste water samples

Minimum Maximum Preonagar Mathpara Harishnagar

1 Mn (mg/l) 0.01 0.30 0.321 0.275 0.101

2 Cr (mg/l) 0.001 0.05 < 0.001 < 0.001 < 0.001

3 Cu (mg/l) 0.001 1.5 < 0.001 < 0.001 0.006

4 Cd (mg/l) 0.001 0.003 < 0.001 < 0.001 <0.001

5 Fe (mg/l) 0.001 0.30 0.340 0.501 0.520

6 Pb (mg/l) 0.001 0.01 < 0.001 < 0.001 < 0.001

7 Zn (mg/l) 0.001 15.0 0.450 < 0.001 0.002

8 Ni (mg/l) 0.001 0.02 0.006 < 0.001 0.002

9 Cl (mg/l) N/A 1000 89.19 79.55 269.98

10 pH - - 5.30 5.15 5.10

11 Colour - - Bluish Blackish Blackish

Table 1. 
Heavy metal, Chloride and pH analysis of three Experimental locations water samples (Preonagar, Mathpara 
and Harishnagar).
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inflorescence, life of single floret, colour of the florets and odour were observed in the 
field materials.

Phenology
Plant phenology is concerned with the timing of recurring events such as

• leaf flushing

• flowering and

• fruiting

• The timing, intensity and duration of the flowering among plants dictate effec-
tive successful insect visits and cross-pollination, resulting in the success of the 
plant reproductive cycle (Table 2).

Sl. No. Floral characters Remarks

1. Sprouting of the green fleshy shoots 15.67± 2.45 days

2. Days from showing to peduncle formation 45.03± 0.98 days

3. No. of days for maximum plants in flowering 62.21± 0.65 days

4. Bud breaking and Flower initiation 70.05± 1.09 days

5. Number of Peduncle per bulb 4.25 ± 1.00 cm

6. Length of Peduncle 68.45± 0.58 cm

7. Type of inflorescence Umbel

8. Number of Florets per inflorescence 306.78 ± 29.0

9. Life of single floret 7.01 ± 0.52

10. Colour of Inflorescence Dull white in colour

11. Type of overy Superior

12. Length of pistil 4.50 ± 0.58 mm

13. Length of style 3.01± 0.67 mm

14. Number of anthers per floret 6

15. Type of anther Bilocular

16. Length of Stamen 0.71 ± 0.19 cm

17. Length of Filament 0.52 ± 0.13 cm

18. Length of Anther 0.22 ± 0.10 cm

19. Mode of anther dehiscence Longitudinal

20. Time of Anthesis Early in the morning

21. Anther dehiscence Whole day

22. Mode of pollination Mostly done by insects

23. Type of Pollination Cross pollination

Table 2. 
Different morphological characters of the Allium cepa L.
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Volume of nectar

• Insulin-pushing syringes were used for the collection of nectar from 15 number 
of florets from each inflorescence of the 20 number peduncle of each replication 
of the experiment.

• The portable instrument Refractometer was used to quantify the total soluble 
solids (TSS) of nectar.

Pollinators

• In 15 number of randomly selected inflorescence were used for counting the 
pollinators in 10 minutes of an hour of the day.

• Visitors were observed under the dissection microscope for identification of the 
pollinators through trapping and killing by the rectified spirit.

2.5 Collection of effluents sample

The coloured polluted sewage water was collected from the municipality chan-
nel of the Preonagar, Mathpara and Harishnagar, North 24 Parganas (22.61680 N, 
88.40290 E), West Bengal, India in the winter season from three locations at the depth 
of 5–7 inches from five random points within the municipality drains of each loca-
tion. The dirty water was filtered by muslin cloth so many times to remove all visible 
muddy materials present in the water sample and later on storage having been done in 
a clean container for conducting physiochemical analysis followed by use in cytologi-
cal studies of the experimental onion crop.

2.6 Physiochemical parameters

The heavy metals (Manganese, Nickel, Copper, Zinc, Cadmium, Chromium, 
Iron and Lead) and chloride responsible for different chromosomal mutations were 
estimated for their concentration (mg/l) in the water sample of the different parts of 
North 24 Parganas (N), West Bengal (Table 1).

Sample assay.
Onion (A. cepa L.)
Onion (A. cepa L.) bulbs of about the same size (42 mm) weighing about 33 gm 

and 10 months old were selected by removing the loose outer scale, older roots with-
out damaging meristematic tissues and scrapped the bottom part with the help of a 
blade so that root primordia were formed in wastewater samples of different locations 
(treatments) and distilled water (control condition). Keep in mind that the bottom 
part of each bulb slightly emerged out of the water. The incubated time of the sample 
in each treatment was 48 hours at the temperature of 22°C in dark conditions.

2.7 Chromosome preparation

The squash preparation demonstrated by Sharma and Sharma [13] was used for 
the chromosome preparation of the treated onion roots. The following methods were 
used to investigate the root meristematic tissue exhibiting mitotic cell division:
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Pre-treatment

• The developing root tips 1 cm in length were cut and pre-treated with super-
saturated aqueous solution of pDB-Aesculine initially kept in an ice chamber 
(0°C) of a refrigerator for 10 minutes in the form of adequate fixation with good 
preserved chromosome structure.

• After that, the refrigerator temperature was changed to 10°C for 3 hours.

• After washing in distilled water, the onion roots were fixed in Carnoy’s fluid-I 
(Glacial acetic acid: Dehydrated alcohol = 1:3) for overnight at 20°C (about 
24 hours).

Staining

• Before staining, the treated root tips were kept in 45% acetic acid for 10 minutes 
at room temperature.

• The staining of all the roots were done in a mixture of 2% Aceto-Orcein (Sigma-
aldrich) acid and 1 N HCl (9:1) for 45 minutes after slightly warming at 60°C by 
a sprit lamp.

• The deeply stained tip portion of onion roots (1 mm size) were cut and placed in 
a drop of 45% acetic acid which has a very remarkable penetrating property even 
higher than alcohol due to its smaller ions.

• Squash preparation was made using thumb pressure on a clean grease-free slide.

Observation

• The slides were prepared from random samples each of five root tips for each 
treatment along with control.

• The five random microscopic fields were scored for each slide.

• The mean mitotic index for each sample and each treatment were compared with 
those corresponding to control and “t” test was applied to find out the significant 
difference, if any.

• The slides were temporarily sealed with paraffin wax for observation.

• The optical microscope used in the investigation was Olympus with the Prog-Res 
Capture Pro 2.1 photosystem.

• Mitotic index (MI) was computed using following formulae:

 ( ) = ×
Total number of dividing cells

Active Mitotic Index % 100
Total number of cells observe

AMI  



303

Pollination Biology and Environmental Water Pollution Indicator of Onion (Allium cepa L.)
DOI: http://dx.doi.org/10.5772/intechopen.111475

• Total Abnormality Percentage (TAP) % was computed using following formulae:

 ( ) = ×
Number of abnormal cellsTotal Abnormality Percentage % 100

Total number of cells scored
TAP  

2.8 Statistical analysis

The experiments were conducted according to randomised complete block 
design (RCBD) with three replications. Data were expressed as mean ± standard error 
(SEM) [14].

3. Result

3.1 Phenological and growth variable

The onion (A. cepa L.) is a biennial crop that completes the life cycle in 2 years i.e., 
1 year after plantation, using the nutrients from the soil, we get the onion bulb which 
is the vegetable. Second year that particular size of vegetable bulbs is used for the 
production of fleshy peduncles and seeds. In the study after sowing the onion bulbs 
the peduncle started flowering within 45.03 ± 0.98 days (Figure 1b and Table 2). 
The flowers are raised on the top of single very compressed hollow internode as a 
peduncle. Each plant contained around 4.25 ± 1.00 number of peduncles with many 
other chlorophyll less fleshy leaves and each hollow peduncle length was about 
68.45 ± 0.58 cm. Each peduncle held on the top of an umbel inflorescence consisted 
of 306.78 ± 29.0 florets (Figure 1f). Initially, small size inflorescence of A. cepa L. 
covered by 2 layers of white colour membrane called spathe. These spathes protect 
the juvenile buds of the umbel inflorescence. Due to the increase in the internal 
pressure of the florets, the spathe splits open which took 8–10 days. It was noticed 
that around 6 O’clock early in the morning anthesis takes place but the temperature 
is the crucial factor for the initiation of the anthesis. Fertility of the pollen along with 
stigma receptivity was observed the highest on the day of anthesis. In two whorls 
arrangement hold both the perianth and six number stamens. The stamen was found 
to be 0.71 ± 0.19 cm in length and consists of a bilocular anther 0.22 ± 0.10 cm long 
(Figure 1j). The anther splits longitudinally to release the pollen grains and takes the 
entire day for its dehiscence. Pistil length (with superior ovary) was 4.50 ± 0.58 mm 
(Figure 1i, j). In the normal condition, only one pedicel was carried by a single floret 
but in this experiment, it was observed that there were two florets attached to the 
single pedicel (Figure 1g, h). Different species of the genus Allium show the variable 
colour combination among the inflorescences (Figure 1c). The onion flower releases a 
very strong odour which attracts various insects for cross-pollination. The presence of 
nectar in flowering plants attracts insects which makes interspecific relationship for 
cross-pollination in the plants for hybrid vigour seeds production. Morphologically 
bowl-shaped florets of the onion inflorescence produce nectar with hidden nectarines 
(Figure 1o, p) thus act as a good food reward and attract a wide range of vectors 
among which few of them are pollinators. These vectors belong to different families. 
One of the family Apidae including honey bees such as Apis cerana and Apis florea 
were found in the field most of the time (Figure 1l). Another insect was noticed 
with elongated siphon which might help to suck the nectar from inside of the floret 
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(Figure 1 k, m, n). Very good relationships between pollinators and temperature were 
observed as the pollinator movement was maximum in first half of the day and slowly 
decreased when temperature increased.

3.2 Different elements present in the samples

Table 1 enlists the different types of toxic metals along with chloride in different 
water samples. Water samples from three locations attained a higher range of iron 
quantities as per the standard limits of iron concentration (0.001–0.30 mg/l). Heavy 
metals like Cd, Cr, Cu and Pb were found in all water samples, lesser than the permis-
sible limits (0.001 mg/l). Nevertheless, manganese (0.32 mh/l) was found in higher 
concentration in Preonagar water sample than Mathpara and Harishnagar samples as 
compared to standard limits (Figure 2).

3.3 Root growth inhibition

The onion root growth inhibition effect was clearly visible in plants receiving 
wastewater from the three locations compared with the healthy, elongated roots in 
distilled water (Figure 3).

3.4 Effect on mitotic phase frequency

A study of the mitotic phase frequency revealed that the total number of cells 
in wastewater of different locations was less than the cells present in distilled water 
treatment. It exhibited that dividing cells present in distilled water was higher than 
the remaining three sources of wastewater. In the anaphase stages, it was noticed in 
the sample of Mathpara to have a higher number of metaphase stages as compared to 
Preonagar, Harishnagar and distilled water samples (Figure 4).

Figure 1. 
Sprouting shoots along with floral parts of the A. cepa L. (a) Sprouting shoots of the onion (15 days old) (b) 
Cylindrical fleshy leaf with Peduncle (45 days old ) (c) Very good No. of Peduncle with Inflorescence (70 days 
Old) (d) Immature florets (e) Pedicel of a about equal length all arising from the apex of the Peduncle with single 
open floret (f) Onion inflorescence at mature bud and bloom stage 98% (100 days old) (g) Two florets are attach 
with single pedicel (h) Distinctly showing the two parts attached at lower part of pedicel (i) Pistil of the floret (j) 
Petals, Pistil and Stamens of the floret (k, l, m, n) Vector/pollinator (arrow) observed on the individual flower 
(o, p) Floral nectar (arrows).
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3.5 Chromosomal abnormalities (CA)

Meristematic cells present in root tips of A. cepa L. were exposed to 72 hours 
of the three different locations water sample and exhibited various chromosomal 
aberrations induced by chemical agents in the form of changes either in chromo-
somal structure or in the total numbers of chromosomes compared with distilled 
water as control. The different types of observed abnormalities included telophase 
with chromosome break, micronucleus, multipolar telophase with chromosome 
bridge, tripolar anaphase, anaphase bridge with laggard chromosome, fragmented 
chromosome, anaphase with multi chromosome bridges, bi-nucleus cell, multi 
nucleus cell, metaphase with chromosome adherence and chromosome break and 
c-metaphase chromosome (Figure 2). Studies indicated that all the toxic elements 
present in the different locations sample water caused a significant increase in the 
total aberrant cells except distilled water (Figure 3). The toxic elements in waste-
water samples induced the highest aberrant cells frequency of about 18% which was 
observed to be in Mathpara, whereas medium in Preonagar (11%) and the lowest 
frequency in Harishnagar (8%) water samples (Figure 3). The analysis of chromo-
somal abnormalities was made mainly on the anaphase and telophase stages of the 
cell cycle division.

Figure 2. 
Normal division and Chromosomal abnormalities observed in A. cepa L. (2n=16) meristematic cells exposed to 
three different polluted waters with control (distilled water) (a) Normal Late Prophase (b) Normal Metaphase 
(c) Normal Early Anaphase (d) Normal Telophase respectively treated with distilled water (e) Telophase with 
chromosome break (f) Micronucleus of large size in Interphase (g) Multipolar telophase with chromosome bridge 
(h) Tripolar anaphase respectively treated with Preonagar sample (i) Anaphase bridge with laggard chromosome 
(j) Fragmented chromosome (k) Anaphase with multi chromosome bridges (l) Bi-nucleus cell, respectively 
treated with Mathpara sample and (m) Multi nucleus cell (n) Fragmented chromosome (o) Metaphase 
with chromosome adherence and chromosome break (p) C-metaphase chromosome respectively treated with 
Harishnagar sample.
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The upward direction of Chromosomal aberrations (CA) of the A. cepa root tips 
meristematic cells reflected a significant decrease in the Mitotic Index (MI) due to 
taxological elements existing in the wastewater samples (Figure 3).

Figure 3. 
Effect of Distilled water, Preonagar, Mathpara, and Harishnagar water samples on Germination %, 
Disinhibition Root length %, Chromosomal Aberration (CA) frequency % and Mitotic Index (MI) % in 
A. cepa L.

Figure 4. 
Frequencies of different types of cells after treatment with different water samples (Distilled water, Preonagar, 
Mathpara and Harishnagar water samples).
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4. Discussion

Environment and its interaction with the genome help in the expression of 
physio-morphological characters of all organisms. The inflorescences A. cepa L. is of 
dull white colour whereas Allium aflatunense bears violet colour then slowly turned 
into purple colour [15]. Allium giganteum inflorescences produce red-coloured florets 
from the purple colour [16]. Nevertheless, the onion inflorescence displays a very 
strong flavour and odour due to the presence of chemical alteration of a volatile 
secondary metabolite like S-methyl cysteine sulphoxide compound [17]. Temperature 
strongly influences the reproductive structure of the onion [18]. Interspecies relation 
may be a cause of the very good method for cross-pollination in the different types 
of organisms [19]. It is no wonder that nectar offers as a food reward to the insect 
vectors pollinating the plant to their pollen vectors [20]. In the present investiga-
tion, different species of the Genus Apis viz., Apis dorsata, A. cerana, Apis mellifera 
and A. florea visit the onion inflorescence florets as a gatherer of pollens and nectar 
(Figure 4) [21].

The present study establishes a steady relationship between the wastewater heavy 
metal toxicity and abnormal cellular behaviour of onions having been indicated by 
frequencies of the different mitotic phases, MI and the types of structural chromo-
somal abnormalities. The cytological studies of the meristematic cells of the A. cepa 
L. roots assay provide one of the most reliable and useful protocols for the investiga-
tion of environmental pollution, biological monitoring and determination of the 
toxicity of the different elements present in the different sources.

The lower level of the MI in the A. cepa L. meristematic cells can be indicated as 
a reliable process to determine the presence of cytotoxic agents such as heavy metals 
in the environment and considered as a real test to evaluate the pollution level in the 
natural water bodies [22]. Our observation corroborates earlier investigations using 
the Mitotic Index evaluation as a tool for the detection of cytotoxicity mediators and 
pollution agents present in the environment [10, 23, 24].

Fiskesjo [25] has established drinking water contamination by copper using the 
A. cepa L. test. Subsequently, the author has successfully extended the same test for 
others to detect different toxic metals such as Hg, Ni, Cu, Cd, Ne, Al, Mn and Li, 
establishing chromosomal abnormalities in the form of C-metaphase to be associated 
with heavy metal Ni [26].

A. cepa L. meristematic root cells assay efficiently evaluates different aqueous con-
centrations of copper mine waste causing cytogenetic effects such as chromosomal 
abnormalities. The 100 percent concentration of copper mine waste i.e., raw sample 
presented the highest toxicity and exhibit a relationship with the inhibition of MI 
along with chromosome breaks, delay, bridges and adherence were the most frequent 
Chromosomal aberration (CA) observed [27].

Borboa and Torre [28] have assessed heavy metals Zinc and Cadmium genotoxicity 
linked with chromosomal abnormalities in the A. cepa L. test system with cadmium 
inflicting a greater genotoxic effect. Seth et al. [29], in evaluation studies of the 
genotoxicity effects of cadmium by the A. cepa L test, have revealed inhibition of CA 
with MN induction.

Contamination by tannery effluents found in river water causes significant fre-
quencies of chromosomal abnormalities and micronucleus in A. cepa L. meristematic 
cells noticed [30].
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5. Conclusion

A. cepa L. test in the present investigation emerges as the best model and gentle 
assay to detect the presence of environmentally hazardous elements, which causes 
genotoxicity and mutagenesis. Thus, this test provides an important tool for screen-
ing environmental contaminants and their result can be used as a warning signal for 
human health.
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Abstract

Stevia rebaudiana, a native of South America, is a perennial herb of the Asteraceae 
family, also known as a natural sweetener due to the presence of steviol glycosides 
(SGs) in the leaves. China is the largest producer and exporter of stevia, while Japan is 
the primary consumer. The increasing demand for natural low-calorie sweeteners in 
the medicine and food industry has increased the pressure over stevia cultivation. Still, 
its cultivation and region-specific agrotechnologies need to be developed. The major 
bottleneck in stevia production are the lack of region specific cultivation technologies, 
non-availability of quality planting material, and uncharacterized and not properly 
conserved plant genetic resources. All these constraints have limited the stevia produc-
tion to some specific regions of the world. Development of high-yielding cultivars with 
enhanced SGs content using modern breeding techniques is of prime importance to meet 
its increasing demand. Among the glycosides present in the leaves, rebaudioside-A is the 
most desirable glycosides having 250–300 times sweeter than sucrose, while, after bitter 
taste is due to the presence of stevioside and dulcoside. Therefore, the development of 
varieties with high rebaudioside-A and low stevioside content is highly desirable. This 
chapter focused on the improvement of propagation methods, characterization and con-
servation of genetic resource in stevia and its utilization in crop improvement programs.

Keywords: natural sweetener, rebaudioside-A, stevia, stevia rebaudiana, steviol 
glycosides

1. Introduction

Stevia rebaudiana Bertoni, also known as ‘candy leaf ’, ‘honey leaf ’ and ‘sweet 
herb’, is a zero-calorie source alternative to sugar or artificial sweeteners as a natural 
sweetener [1]. It is primarily grown in forests, mountainous areas, dry valleys and on 
the banks of rivers [2, 3]. There are ~230 species of the genus Stevia have been identi-
fied throughout the world based on their growth behavior and chemical compounds. 
Out of 230 species, S. rebaudiana and S. phlebophylla are two species that have been 
identified with higher steviol glycosides and a sugary taste [4–8].

SG (Steviol glycosides), including stevioside, Rebaudioside-A, B, C, D, M, and 
dulcoside, are secondary metabolites (diterpene glycosides), which are extracted 
from the leaves of the Stevia rebaudiana plant that are approximately 250–300 times 
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more sweet than sucrose or cane sugar [9, 10]. According to a WHO survey, approxi-
mately 500 million people worldwide will be diabetic by 2030 [11, 12]. The use of 
stevia extract in high concentrations results in a licorice aftertaste [13]. Most sugar 
consumers prefer low-calorie, natural sweeteners in their food to reduce the risk of 
cardiovascular disease, obesity, diabetes, and tooth decay [14, 15]. Because of its pH 
stability, stevia has no influence on blood glucose and insulin levels [16]. Nonetheless, 
no harmful effects have been documented with its usage [17, 18].

Steviol Glycosides (SGs) have been reported as safer to use as a sweetener in 
Japan after the demonstration of about 40,000 studies. Extract of stevia has also 
been reported to be antioxidant, reduce hypertension and reduce blood pres-
sure [7]. Stevia was formerly prohibited in the United States/Nations for com-
mercial usage as a food ingredient in food items or food industry, but in 1995, it 
was approved as a dietary supplement by Food and Drug Administration (FDA) 
throughout the world [19]. SGs have wide use in herbal medicine to make sugar-
free tonics for diabetic patients, cosmetic industries for making face creams, 
mouth-wash, toothpaste, and food industries for making ketchup, drinks, fruit 
juices sauces, desserts, and energy drinks [13]. Due to the high demand for natural 
sweeteners, farmers are growing Stevia rebaudiana on a large scale as commercial 
cultivation in different parts of the world from Asia to America [20]. In Europe, 
undefined varieties of stevia are propagated through traditional method, and they 
show high genetic diversity, which does not assure the production of good quality 
steviol glycosides.

Most of the steviol glycosides content is found just before the plant transitions 
from the vegetative phase to the reproductive stage and initiation of flower buds 
[21, 22]. Some efforts have been undertaken to alter the flowering time in stevia 
and the long day—short day relationship, leading to an increase in steviol glycoside 
content [21, 23]. According to certain research, the temporary production of SGs is 
also controlled by nutrient availability, temperature, and the plant’s requirement for 
their GAs/steviol glycoside with inter/intra genotypic variation [21, 23].

In the late 1990s, the Stevia plant was first imports to India by the University 
of Agricultural Sciences in Bangalore, where research on plant adaptation began. 
After that, the Institute of Himalayan Bioresource Technology (CSIR), introduced 
two accessions of Stevia rebaudiana for cultivation and domestication in Himachal 
Pradesh. The production of enhanced stevia varieties/cultivars is vital for boosting 
steviol glycoside chemicals (Rebaudioside-A, D, & M) with the breeding process to 
meet the industry’s continuously expanding demand. Selection of possible genotypes 
based on vegetative development and adequate characteristic for maximum accu-
mulation of steviol glycoside with an increase in ontogenetic period provide for high 
metabolic flux. Although incredible approaches are taken in the field of agronomic 
practices [24–26], purification and extraction of steviol glycoside [27], seed germina-
tion, self-incompatibility, cross-pollination, and a lack of wild germplasm to access 
inhibit breeding approaches to achieve genetic changes in [28].

1.1 Botanical description and systemic classification

S. rebaudiana is a 60–80 cm tall perennial herb that is part of the Asteraceae 
family. However, under certain climatic conditions, it behaves as both an annual and 
a perennial. It is typically grown in subtropical and tropical climates. It has a brittle 
stem, elliptical leaves with an alternate pattern of leaf arrangement on the stem [29], 
and a broad root system; yet, are more vigorous when compared to wild plants [2, 30]. 



313

Genetic Improvement of Stevia: A Natural Non-Calorie Sweetener
DOI: http://dx.doi.org/10.5772/intechopen.105510

Stevia plant bears small sessile leaves that are 1.2 cm wide and 3–8 cm long, serrated, 
lanceolate to oblong, irregularly curled upwards and elevated in the center [31]. In 
addition to growing procedures, the quality of stevia leaves is affected by environmen-
tal factors such as air purity, sunshine intensity, irrigation method, cleanliness, soil 
type during the cultivation and processing, and storage of dry leaves after harvesting. 
For the best growth of stevia plants, the soil pH ranges from 6.5 to 7.5 [32]. Stevia 
leaves have sweetness with a pleasant flavor that lasts for hours, but they also have an 
aftertaste of bitterness due to the presence of bitter constituents in leaf veins [33].

Stevia has a white inflorescence with pale purple corollas that are small in size 
and placed in an unequal sympodial cyme, loose paniculate head on the opposite 
side of the bract [31, 34]. “Stevia flowers have both reproductive organs are pres-
ent in corymbs and coated with small 2–6 white florets” with “Stevia flowers have 
both reproductive organs  present in corymbs coated with small 2–6 white florets” 
[35]. Because of the several stages of flower development, the plant takes more than 
30 days to achieve its full blooming [36, 37]. The stevia flower has five little anthers 
and carries extremely allergenic pollen with a viability of 65 percent [38], while, the 
stigma is bi-lobed/bifurcated in the middle part and style is covered with anthers. Due 
to self-incompatibility, stevia is a cross-pollinated (insect-pollinated) crop [39, 40]. 
For optimum seed production in the stevia crop, three to four hives per hectare with a 
high density of bees are recommended [41]. Stevia is a short-day plant whose bloom-
ing is affected by the photoperiod. As a result, a photoperiod of at least 12 hours is 
thought to be best for stevia flowering.

In the northern hemisphere, the months of September to December are favorable 
for blossoming whereas, in the southern hemisphere, it begins in January and lasts 
through March. Flowering takes 54–104 days following seedling transplanting in the 
field, depends on the cultivar’s day-length sensitivity, which ranges from 8 to 14 hours 
under short-day circumstances [39, 40]. A photoperiod of 8 hours is more favorable 
for flowering but does not allow for full vegetative growth due to the long dark period 
[42]. Stevia seeds are roughly 3 mm in size, with very little endosperm and 20 hairy 
pappus bristles that aid in seed distribution through wind [35]. Stevia seeds germinate 
poorly [43, 44] viable seeds are usually dark colored, whereas pale yellow/transparent 
seeds are sterile [35, 45, 46].

Stevia rebaudiana is one of the most important plants in Asteraceae family  
[44, 47–49]. In 1888, Moises Santiago Bertoni discovered S. rebaudiana for the first 
time in Paraguay [50]. In the honor of Paraguayan chemist Rebaudi, this plant was 
known as Eupatorium rebaudianum Bertoni. The name was later changed to S. rebau-
diana and also recommended in pharmaceutical as well as in food industries [51].

A systemic classification of Stevia rebaudiana according to hierarchy is given  
below [52].

Kingdom—Plantae
Division—Magnoliophyta
Class—Magnoliopsida
Group—Monochlamydae
Order—Asterales
Family—Asteraceae
Tribe—Eupatorieae
Genus—Stevia
Species—rebaudiana
Botanical name: Stevia rebaudiana Berto
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1.2 Origin and distribution

Stevia is a South American native plant, primarily found in Paraguay, Brazil, and 
Argentina [53]. It is grown commercially in Canada, India, China, Brazil, Japan, The 
United Kingdom, the United States, Spain, Australia, Belgium, South Korea, Taiwan, 
Israel, and Thailand [54, 55]. Japan and China are the world’s leading producers and 
exporters of stevia [53].

For the first time, Paraguayans and Brazilians employed the leaves of S. rebaudiana 
as a sweetener [56]. Dr. Rebaudi reported various sweetening agents such as stevioside 
and rebaudioside (white crystalline substance) in 1905 [57]. England attempted to grow 
stevia as a commercial crop in 1942, but they were unsuccessful. However, Paraguay 
became the first country to cultivate it commercially in 1964 [58, 59]. Following that, 
Japan made significant efforts to establish stevia and its cultivation as a commercial crop, 
as well as to conduct various studies to assess stevia’s potential [60]. Nowadays, Japan is 
the major market for the consumption of stevia all over the world [37] and China is the 
largest producer as well as exporter of stevia (approx. 2–3 billion/year) in the market 
[17]. Furthermore, it has become well-known as a crop in several nations, including the 
United States, India, Korea, Canada, Indonesia, Brazil, Mexico, and Tanzania [10, 61].

2. Propagation

2.1 Propagation through seeds

Stevia is mainly reproduced through seeds in its wild habitat. Stevia seeds are 
small in size, and approximately 40-gram seed is required for a one-hectare stevia 
plantation. Furthermore, 1 ha may produce approximately 8.1 kg seed, which is 
sufficient for a plantation of 200 ha area [44]. Nursery plants are typically cultivated 
from January to March, although in polyhouse conditions, they may be raised all year. 
Seedlings with 5–7 leaves that are two months old are put in the field. However, in 
temperate locations, seeds are frequently ineffectual in germination [62]. In the short 
growing season of the northern region, farmers use glasshouses or greenhouses for 
better establishment of stevia crop. The seeds should be sown up to a depth of 1–2 cm 
in soil and Irrigation should be necessary at regular intervals. Germination studies 
have revealed the presence of two types of seeds i.e. tan and black colored. Black seeds 
show more viability and germination in light as compared to tan seeds [38].

2.2 Vegetative propagation

Stem cuttings are used for vegetative propagation, which is an excellent strategy 
for multiplying stevia plants [30]. Because some plants do not produce viable seeds 
for germination, vegetative propagation is sometimes the only method of replication. 
During February, a hardy branch cutting from a fresh stem or shoot with three to four 
nodes is ideal for planting in the soil [30, 63–65]. A one-year plant’s leaf axials exhibit 
98–100 percent rooting [64] however cutting from other areas of the plant affects its 
roots and growth. In February, axial stem cutting with two pairs of leaves produces 
the best rooting results, while three pairs of leaves cutting produce outstanding results 
in April [66]. In comparison to other seasons, late winter is the greatest period for 
stevia rooting [67]. Growth regulators can sometimes encourage roots and sprouting. 
Several growth regulators raise the content of stevioside in leaves [68, 69].
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2.3 Micro-propagation

Propagation through tissue is a technique in which a single tissue (or explant), such 
as seeds, auxiliary shoots, leaves, sprouts, inter-nodal explant, and shoot primordia, 
is used for successful development of a new plant [39, 70–75]. Micro-propagation via 
tissue culture is a quick procedure of multiplying disease-free plants of a selected or 
bred clone, and it has also been recorded in the literature [39, 43, 74, 76–78]. Maximum 
shoot development and biomass growth occurred in Murashige and Skoog (MS) media 
improved with 0.25 mg/l kinetin and 0.5 mg/l BAP (6-benzylamino purine) solu-
tion, while roots developed well in MS (Murashige and Skoog) media supplied with 
1.0 mg/l IBA (Indole-3-butyric acid) solution [79]. The cultures were always incubated 
at 24 ± 2°C with 60–80 percent relative humidity and photoperiods of 16 hours with a 
light intensity of 3000 lux [80].

2.4 Conservation of plant genetic resources

The plant genetic resources include genetic stocks, active collection, general 
germplasm, pre-breeding material, base collection, breeder’s collection, interspecific 
derivatives, etc. Synthetic seed technology with added osmotic agents was used for 
germplasm conservation of Stevia rebaudiana Bert [81]. Synthetic seed production 
in Stevia rebaudiana with micropropagation may solve many problems [82]. In vitro 
propagation protocol of S. rebaudiana has been also established to meet the demand 
[83, 84]. Shoot tips obtained from in vitro shoot cultures of Stevia rebaudiana Bertoni 
encapsulated in 4% calcium alginate used as synthetic seeds. Synthetic seeds capsu-
lated with 0.05 M mannitol after 6 weeks are the most suitable for conversion [85].

Due to the presence of self-incompatibility, seeds produced from the individual 
plant would be representative of half-sib progeny [10]. Lack of homozygous popula-
tions due to self-incompatibility can be overcome by double haploid production which 
can be used for the further breeding program. The crucial restraint in stevia cultiva-
tion is the lack of evergreen plant cultivars. Germplasm for delayed flowering to attain 
a prolonged vegetative phase has been developed through mutation breeding and can 
be transferred to high Rab-A consisting varieties or any other desirable genotype. 
Diverse lines from various breeding institutions can be shared for hybrid production. 
Recovery of phytochemicals through processing technology precisely, green technol-
ogy should be boosted. The development of tetraploid and triploid germplasm can be 
used for hybridization and commercial exploitation.

2.5 Characterization and evaluation

The increasing rate of obesity and diabetes, people are getting admired to natural 
sweeteners as compared to sucrose. The sweet glycoside which is present in Stevia 
rebaudiana Bertoni is known as stevioside. Stevioside is a diterpenoid glycoside due to 
the presence of an aglycone with three molecules of glucose. Along with this, several 
other sweet compounds are also present which include stevioside, rebaudioside A, 
B, C, D, E, dulcoside and steviolbioside [13] while, another study defined steviol, 
stevioside, β-carotene, riboflavin, nilacin, austroinullin, rebaudi oxides, dulcoside 
and thiamine in stevia [86]. Previously, chlorogenic acid, caffeic acid, trans-ferulic 
acid and rutin presence in stevia leaves has also been reported by the process of soft-
ening [87]. Phytochemicals like, tannins, alkaloids, glycosides, flavonoids, saponins, 
triterpenes and quinone have also been reported from stevia leaf extract [88, 89]. 
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Ethanolic leaf extract’s chief constituents were the glycosides, followed by tannins. 
Though, alkaloids were also in greater quantities but significantly smaller compared 
to glycosides. The constituents like glycosides and tannins followed by alkaloids and 
flavonoids were extracted through leaf extracts in ethyl acetate, however they were 
present in lesser quantity than glycosides. The presence of triterponoids and flavo-
noids was observed in moderate quantity while quinine was in lowest quantity. Some 
studies have revealed that dehydrated extract from stevia leaves consist of xantho-
phylls, flavonoids, water-soluble chlorophylls, neutral water-soluble oligosaccharides, 
sweet diterpene glycosides, hydroxynnamic acid (Caffeic, and chlorogenic, among 
others), free sugars, amino acids, essential oils and lipids [90, 91].

Stevioside and rebaudioside-A, which are chief SG in stevia leaves, are stable 
molecules at wide range of temperatures and pH in aqueous solution. Stevioside 
is highly thermostable due to which the commercialization of stevia has nurtured 
worldwide [90]. The antioxidant activity of extracts is due to the presence of phenols 
[92]. Gas-chromatography the leaf oil validated the existence of linolenic, stearic, 
oleic, palmitic, and palmitoleic acids. The nutrient analysis of leaves through atomic 
absorption spectrophotometry had shown the amount of phosphorus, potassium, 
magnesium, calcium, sulfur and sodium. Minerals like cobalt, iron, manganese, 
molybdenum, selenium, copper, and zinc were found to be in trace amounts [93]. The 
GC-MS of leaves has shown their presence of phytol, β-amyrin, γ-sitosterol, heptatri-
acotanol, agatholic acid, dihydroxanthin, lupenone, 1-duvatrienediol and fatty acids. 
From the leaves of stevia many phenylethanoid glycosides like steviophethanoside, 
cuchiloside, icariside D, salidroside and tyrosol have also been separated [94]. Some 
phenolic compounds like caffeic acid, 4-O-caffeoylquinic acid, 3,4-O-dicaffeoylquinic 
acid, 3-O-caffeoylquinic acid, quercetin and quercetin-3-O-rhamnoside were 
extracted from stevia leaf residue [95]. The medicinal properties can be justified by 
the occurrence of composites of phenolic and flavonoid group and can be applied in 
food/nutraceutical and pharmaceutical industries. Rebaudioside A (2–4% total dry 
weight), dulcoside A (0.4–0.7%), Stevioside (5–10%) and rebaudioside C (1–2%) 
are the principal components present in stevia leaves [96]. The sweetness fold of the 
glycosides related to sugar are 250–450 in rebaudioside D, 300–350 in rebaudioside 
B, 250–450 in rebaudioside A, 150–300 in rebaudioside E, 100–125 in steviolbioside, 
300-fold in stevioside, 50–120 in dulcoside A and 50–120 in rebaudioside C [60]. 
Stevioside is hydrolyzed into glucose and steviol in gastrointestinal tract by the bacte-
rial activity [97]. Apart from being sweet, stevioside is also having a bitter aftertaste 
[98] which can be decreased through alteration of enzymes of stevioside by b-galac-
tosidase, isomaltase, pullanase [99] or dextrin saccharase [100]. Stevioside and stevia 
extract had been used even as a routine medicine by South Americans [47].

2.6 Development/identification of gene pools and core collections

Fifteen genes in Stevia [Stevia rebuadiana (Bertoni); family: Asteraceae] had 
been identified to produce diterpenoid steviol glycosides (SGs), which are ~300 
times sweeter than sugar. Several genes of the pathway, including SrDXS, SrDXR, 
SrCPPS, SrKS, SrKO, and three glucosyltransferases, SrUGT85C2, SrUGT74G1, and 
SrUGT76G1, have been identified in stevia. Seven more complete cDNA sequences 
were cloned, including SrGGDPS, SrMDS, SrMCT, SrCMK, SrHDR, SrHDS, and SrIDI. 
Except for SrDXR and SrKO, gene expression was highest in the first nodal leaf and 
lowest in fifth node’s leaf. The expression of SrKO was highest in the leaf at the third 
node, whereas SrDXR expression increased up to the third leaf and then decreased. 
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The highest concentrations of SGs were found in a sequence of leaf stem and root 
tissue, with a similar expression pattern of all 15 genes. The genes reacted to terpenoids 
biosynthesis modulators. Treatment with gibberellin (GA3) increased the expression of 
SrMCT, SrCMK, SrMDS, and SrUGT74 G1, whereas treatment with methyl jasmonate 
and kinetin decreased the expression of all fifteen genes in the pathway [101].

Genetic divergence plays an important role in any breeding program or selection 
of parents for target traits. For the flowering phase, stevia has shown significant 
genetic diversity. For a better understanding of the genotypic control of SGs, differ-
ence in their composition may be useful prior to breeding for it, some of the prelimi-
nary studies on SGs structure and their genotypic changeability in a given population 
have identified three clusters: (1) plants with primarily glucose (glc)-type glycosides 
(Stev and Reb-A); (2) plants with primarily rhamnose (rhm)-type glycosides (Reb-C, 
Dulc A); and (3) plants with almost equal amounts of glc- and rhm-type glycosides. 
Because of variable glycosylation, each SG has individual organoleptic and biological 
features. It is well known that a sugar unit or a carboxyl group in the C19 position, 
as well as a sugar with a hydroxyl group in the C13 position, are required for it sweet 
taste. Rhamnosylation, on the other hand, reduces the organoleptic qualities, and 
the resulting sweetness and taste quality of rhamnosylated SGs (such as Dulc A and 
Reb-C) is poorer to that of their glycosylated equivalents.

Leaf yield (h2 = 62.1), leaf-to-stem ratio (h2 = 78.8), and SGs content (h2 = 76.6) 
of stevia are economically important breeding traits with high variability within 
populations and heritability. Because of their high heredity, they can be adjusted 
through selection [18]. The genetic regulation of the quantities of Reb-A and Reb-C 
was investigated, and it was discovered that they were both made by the same enzyme 
and differed only in the composition of one sugar unit [102]. Barbet-Massin and col-
leagues evaluated genotypic inconsistency for SG content and structure in 96 stevia 
genotypes in multiple trials. At the INP-EI Purpan, five genotypes were transplanted. 
High variability was observed in SG content and composition, with high amount of 
Reb-A than Steviol content and a high proportion of minor SGs in some genotypes. 
Among the different environmental conditions, it was found that SG composition 
remained stable while SG content varied.

In the temperate European climatic conditions, six stevia genotypes were studied 
in comparison with Gawi [103]. Fifteen stevia clones were assessed for genetic diver-
gence in order to choose genitors in a hybridization procedure based on their total SGs 
performance and significant Reb-A to Stev ratio. Genetic variability was observed 
among the clones for fresh and dry matter, plant height and SG concentration and 
Reb-A/Stevioside ratio. Four clones were found to have considerable mean genetic 
divergence in comparison to the entire genotypic pool investigated. So the generation 
of the segregated population with high genetic potential can be produced from these 
four clones which could provide for superior individuals’ selection [104].

About 90 varieties have been developed throughout the world [29, 37, 105]. Criolla 
and Morita II are well studied and known varieties. Criolla is an original stevia 
variety native to Paraguay and Morita II is selected for high Reb-A content. Eirete is 
developed for intensive cultivation in Paraguay. A variety Katupyry, characterized for 
greater sweetening power was selected recently for cultivation in arid soils. Morita II 
was further improved and Morita III was obtained which is known for its low water 
requirement. Some more varieties like SW 107, AKH L4, AKH L1 and SW 201 have 
been released with improved traits. The selection of parents for a wider variety of dif-
ferent traits is determined by genetic divergence. For developing a breeding program, 
the genotypic and phenotypic diversity should be studied [106].
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Natural variations already existing within the species are used by breeders and 
need to observe variations in its expression to measure any character. This varia-
tion reflects genetic variation. Genetic variation, environmental variation and their 
interaction were found to be the source of variations. Breeders are supposed to 
understand the extent and nature of the genetic and environmental control to modify 
the quantitative and qualitative properties of stevia. Genotype selection is the major 
interest of breeders [107]. Program for successful Stevia breeding is dependent on 
the plant’s selection for desirable features in order to anticipate the genotypic value 
of the selected plants [108]. Growing conditions are the major factor affecting some 
characters. SGs accumulation and composition in stevia depends upon phenological 
stages and growth conditions such as irradiance, photoperiod, available nutrients and 
temperature [22, 37, 108–110].

2.7 Molecular characterization

Due to the availability of specific molecular markers the molecular evaluation 
of stevia is reported limitedly. The simple sequence repeats can be developed using 
Expressed sequence tags (ESTs). 5548 stevia EST sequence was studied by Kaur 
and co-workers (2015) from the leaf tissues. A non-redundant set of sequences was 
observed after clustering and assembly of ESTs in which 168 SSRs, 471 contigs and 
3845 singletons were identified. 82.2% of EST SSRs can be used for putative function. 
61.11% polymorphism from the 18 primers was found which were synthesized from 
SSR containing 18 singletons by using Primer3 software. As the EST-SSRs exhibit 
cross-species transferability so they can be used for the molecular work in stevia 
which would make the work simple and cost-effective.

Genetic diversity among 16 collections was assessed for efficiency comparison of 
two marker systems against one marker using RAPD and ISSR markers [111]. Sixty 
six scorable bands were observed in 22 selected ISSR primers, 54 (81.8%) of which 
were polymorphic. Forty nine bands were amplified in 23 ISSR primers, 44 (89.8%) 
of which were polymorphic. On analyzing pooled data of ISSR and RAPD using 
UPGMA revealed 0.365 to 0.887 variations among the accession for genetic similarity. 
A contrast for levels of rebaudiana-A and stevioside in genotypes A&B collected from 
Solan and singled out by dendrograms generated from different techniques. Both 
techniques could be used for evaluating genetic diversity, though ISSR results in more 
polymorphism.

Germplasm is a very significant material for crop development and notably in 
developing nations, the introducing accession to new areas is still a vital breeding 
strategy [109]. It is commonly utilized in breeding programs as a source of more genes 
and to increase genetic diversity among parental groups. Introductions are com-
mercial cultivars that can be used right away. Exotic germplasm adaptation, on the 
other hand, is a long-term endeavor. Intermating occurs over numerous generations, 
with incremental selection pressure exerted to desired gene pairings. Institutions 
worldwide that have conducted stevia research and/or evaluation experiment have 
acquired planting material from Paraguay wild, where stevia has adapted and become 
a hot spot for its diversity. The goal of seed collecting is to preserve genes rather than 
genotypes, because no genotype in stevia is real breeding owing to heterozygosity. 
The Institute of Himalayan Bioresource Technology maintains and multiplies many 
Stevia rebaudiana introductions that are morphologically varied in terms of growth 
habit and sweetness. Additional choices for desired plant types are being made by 
separating progenies of particular selections.
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3. Major constraints in crop production

Zaman and co-workers found that different soils types have significantly affected 
the growth and leaf yield. Maximum plant height, leaf area, fresh and dry weight, 
branch and leaf number were observed in the plants grown on non-calcareous soil 
and were similar to the plants grown on acidic soil. Leaf biomass yield was found to 
be maximum in non-calcareous soil. Díaz and co-workers [112] studied the effect of 
altitude and fertilizers on biomass production of stevia and found that the organo-
mineral fertilizer decreased the differences in nutrient uptake between different 
altitudinal gradients than the mineral fertilizers and increased biomass production 
by 49%. The highest stevioside yield of 30 g/m2 was gained before flowering during 
the starting of September with an increased yield of leaf biomass when the crop 
was raised during the optimal planting season of onset of spring [113]. Micro-
propagated shoots were exposed to drought stress by using polyethylene glycol 
(PEG) 6000 for four weeks and it was observed that 4% PEG 6000 concentration 
enhanced the growth dynamics and pharmaceutical compounds as a defensive 
response against reactive oxygen species produced in water deficit conditions [114]. 
Weeds are a common problem during agricultural operations which hinders crop 
production and requires a large number of synthetic chemicals for controlling the 
weed population.

Taak and co-workers [115] reported that the use of herbicides controlled the weed 
growth but the use of mulches like rice straw and eucalyptus leaves increased the 
plant growth characteristics as well. However, mulching not only control the weed 
proliferation in stevia but also have a significant effect on the dry weight and leaf 
biomass. The effect of different concentrations of titanium dioxide nanoparticles 
on physiological and phytochemical properties was investigated by Rezaizad and 
co-workers [116] and found that 400 mg/l significantly affected the rebaudioside-A 
and B content while 80 mg/l had maximum effect on rebaudioside-C and F content. 
Nitrogen content is negatively correlated with steviol glycoside in leaves while the 
increased steviol glycoside is correlated with a decreased ratio of rebaudioside A over 
stevioside [117]. Stevia cultivation in temperate climatic conditions depends mainly 
on the genotype’s ability to withstand the overwinter and is found that there is yield 
loss if crop is harvested in the first year where first-year harvest modality impacts the 
SG yield for three years [118]. Light favors germination and at least 20°C temperature 
are required. Germination can be accelerated at increased temperature for 24 h but it 
reduces the total germination [119].

3.1 Studies to overcome production constraints

About 2–25% yield loss is reported due to weeds, to overcome this problem 
stable transgenic stevia plants were produced through Agrobacterium-mediated 
genetic transformation of nodal explants derived in vitro using herbicide resis-
tance gene. The presence, expression, stability and copy number of the bar gene in 
putative trans-formants by various molecular techniques like- PCR, RT-PCR, qRT-
PCR and southern blot hybridization have been confirmed. This procedure can 
be used for the inter-kingdom transfer of genes into stevia genome [120]. Guleria 
and Yadav adopted the gene silencing approach for understanding the genetic 
regulation of steviol glycoside biosynthesis and found SrKA13H and SrUGT85C2 as 
carbon flux influencing regulatory genes between steviol glycoside and gibberellin 
biosynthesis [3].
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Taak and co-workers studied the use of different herbicides like pendimeth-
alin, atrazine, paraquat, and 2, 4-D against common weeds, Erigron sumatrensis, 
Parthenium hysterophorus, and Solanum nigrum found in the stevia field and recom-
mended 2,4-D as best herbicide for controlling weeds in stevia [121]. Better adapta-
tion in different environmental conditions is due to the role of SG as the highest 
amount of SG and phenolic compounds were found in the plants that showed the 
highest value of PS-II converted from the energy fraction photochemically [122]. To 
overcome the poor seed germination rate, an experiment was set up by Gorzi and 
co-workers under drought stress conditions by application of various seed priming 
techniques [123]. They found that the use of salicylic acid, zinc and iron or their 
integrated use at suitable concentrations can promote germination and seedling 
growth due to increased antioxidant capacity under drought conditions. Ameliorative 
treatment of stevia with sodium nitroprusside and putrescine or their combination 
decreased the negative effects of drought stress [124]. Melatonin is not only reported 
to increase the seed germination in salinity conditions but also in enhancing the 
production of SG in stevia plants, where the highest amount of stevioside and rebau-
dioside A were obtained with 5 and 20 μM melatonin [125]. Global warming and 
climate change are the biggest issues in the current century that affecting agriculture 
at a greater pace.

Tursun and co-workers studied the effects of high carbon dioxide and temperature 
effects on stevia and found non-significant changes in aromatic compounds [126]. 
Generally, aldehyde, ketone and alcohol concentration decreased on the other hand 
terpene concentration increased with increased carbon dioxide and temperature 
concentration. Vascular wilt caused by a soil-borne pathogen, Fusarium oxysporum is 
an emerging pathogen in the crop. UDEAGIEM-H01 strain of Trichoderma asperellum 
was found to be a preventive agent with high ability to control Fusarium oxysporum 
in stevia plants [112]. By controlling the quality of light, seed germination and the 
quality of plantlets produced can be improved. Blue LED light promoted the develop-
ment of roots and leaves, increased the number and opening of stomata whereas 
stem and root length increased under influence of red light while chlorophyll and 
carotenoid synthesis was least affected under red light [125]. Seeds germinate better 
in red light (660 nm) than white light (400–700 nm) [127]. Different media used for 
seed germination showed different results and it was found that soil and combination 
of soil and rice husk is better for seed germination while minimum germination was 
found in vermiculite [128]. Better germplasm can be maintained using synthetic seed 
technology. Nower encapsulated shoot tips of in vitro cultures in 4% calcium alginate 
and the highest multiple shoots from nodal segments were found in MS medium 
supplemented with 1.0 mg l−1 benzyl adenine [85]. A novel approach was developed 
using bacterium Bacillus safensis STJP extracted from rhizospheric soil of stevia for 
the formation of Paneer-whey based bio-formulation which increased the fresh, dry 
weight and stevioside content through nutrient(s) linked mechanism [129]. RITA, 
BIT and SETIS temporary immersion systems were studied for scaling up micro-
propagation for biomass evaluation in the field using different concentrations of 
calcium pantothenate, sucrose and gibberellic acid and it was found that temporary 
immersion systems can boost plant production [130].

The use of potential varieties will boost the yield in stress conditions as stevia is 
resistant to moderate stresses [131]. Seed viability can be maintained for up to 3 years 
if stored in darkness with low humidity [132]. Two types of seed colors are produced 
with 76.7% viability of black seeds against 8.3% of tan-colored seeds [133]. Jain and 
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co-workers used Moringa leaf extracts as a foliar spray and it was observed that 
the Jaffna variety of Moringa significantly improved the growth and physiological 
parameters of stevia [134].

3.2 Breeding options

The success of stevia breeding is determined by the selection of parents, the 
creation of crosses, the development of a sufficient population, and further selec-
tions. Most breeding programs are based on crossbreeding and selection in stevia. 
Stevia is self-incompatible species and cross-pollination is brought about by insects 
[10]. Ability to biosynthesize steviol glycoside is the most characteristic trait so the 
breeding program is mainly focused on content and composition modification. As the 
content of steviol glycoside is highest in leaves so the biomass and leaf yield is another 
modified trait.

Recurrent selection could be used for the improvement of quantitative traits in 
cross-pollinated crops like stevia which involves the selection followed by crossing 
between the desired recombinants. RSIT 94-1306 and RSIT 751 lines were produced 
with a crossing and selection approach [135]. AC Black Bird and PTA-444 are the 
synthetic and composite cultivars, respectively with altered glycoside content. 
PTA-444 could be reproduced with seeds [133, 136]. The method for obtaining seed 
was suggested by Sun (2001). Wang (2006) patented the method for breeding stevia 
hybrids which used the technique for vegetative hybrid production [135].

Through mutagenesis (potential tool to create and isolate the new variability for 
anticipated commercial characters) variability can be created and isolated in a shorter 
time period compared convention breeding. Genetic diversity can be obtained at a 
faster rate by the use of physical and chemical mutagens. Several mutagenic agents, 
such as X-rays, g-rays, fast neutrons, thermal neutrons and chemicals such as EMS, 
DES, MNUA, ENUA, MNU, ENU, can be used to produce useful mutations. The 
development of plants with desired traits can also be achieved through mutation 
induction. Induced mutations may be used for the improvement of traits with low 
variability within the population.

The induction of polyploidy to improve agronomic yields has been used success-
ful in many commercial crop plants. It improves the adaptability of individuals and 
vigorness by increased organ and cell sizes (associated with polyploidy). Higher 
content of rebaudioside can also be linked to triploidy. Stevia triploid plants can be 
obtained either by placing stevia seeds in colchicine solution or by breeding tetraploid 
females with diploid males. Tetraploid plants have bigger leaves which can increase 
the biomass yield, however, nonfunctional pollens are also found in all the Polyploids 
[137, 138]. Haploid plants can be obtained using the anther culture technique in which 
immature anthers are used for in vitro cultures which can be used for the formation of 
a double haploid plant or a population that is completely homozygotic. Plant from this 
homozygotic population can be used for hybridization. Anthers of stevia were cul-
tured in vitro in Murashige and Skoog’s liquid medium supplemented with 0.1 mg/L 
(−1) and 1 mg/L (−1) BAP and plants were regenerated. The diploid number of 
chromosomes was observed through the cytological studies of root tips [135]. A gain 
in steviol glycoside content was noticed by manipulating the photoperiod and flower-
ing time [22, 139, 140]. Controlled mutagenesis can be used for altering the flowering 
time through the identification of floral integrator genes while CRISPR-Cas and VIGS 
techniques can be used for gene silencing [141].
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4. Present status of use or incorporation of desired traits

Him Stevia is a registered variety at CSIR- Institute of Himalayan Bioresource 
Technology which was produced through the crossing of two parents CSIR-
IHBT-ST-2009-2 × CSIR-IHBT-ST-2009-4. This variety is characterized by large 
club-shaped, dark green leaves having serrated margins on the upper half and rugose 
leaf surface. It is rich in stevioside 5.87% and rebaudioside A 7.34% content. A mutant 
variety with accession number IHBT-ST-02 is produced through gamma irradiation 
method in which leaves are medium ovate with dark green color and serrate margin 
producing stevioside 7.02% and rebaudioside A 2.30% content.

A tetraploid stevia plant with accession number C-7-3-4 was formed through 
colchicine treatment which is having large ovate leaves with bluntly rounded leaf 
apex and is dark green in color with a serrulate margin. It is characterized by 8.40% 
stevioside and 4.33% rebaudioside content with a low Reb-A/stevioside ratio of 0.52. 
Colchicine treatment was used for the formation of polyploid plants having acces-
sion number C-8-3-4 with the same leaf characters as that of the tetraploid plant but 
differ in the percentage of stevioside (8.47%) and rebaudioside (2.19%) with lowest 
Reb-A/stevioside ratio of 0.26.

5. Looking forward or future perspective

The increasing demand for natural low-calorie sweeteners in the personal hygiene 
and food industry has increased the pressure over stevia cultivation. Bitter taste due 
to the presence of stevioside, a compound in leaf veins that need to be eradicated or 
the development of varieties with low stevioside content is highly desirable. Through 
the use of mutagenesis, molecular and biotechnological approaches the quantity of 
Rebaudioside-A should be increased as it is the most desirable glycoside compound 
in the leaves. The development of such varieties with improved tolerance to biotic 
and abiotic stress is a major need. Getting over the seed germination problems will 
require the improvement of methods for the germination and field stand of the crop. 
Identification of plants with best Rebaudioside-A: Stevioside ratio for generating 
optimum planting material through plant tissue culture techniques.
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Abstract

The volatile compounds of Vicia faba. L var. minor and var. major seeds were 
evaluated by headspace-solid phase micro-extraction (HS-SPME) coupled to gas 
chromatography-mass spectrometry (GC-MS). The total identification percentages 
of the extracted volatiles were 95.5% and 98.3%, respectively. The number of aroma 
compounds detected was 28. Among them, 15 compounds were determined in the 
emission of whole legume seeds of minor cultivar and 22 from the major one. The 
volatiles were classified into five chemical classes, i.e., monoterpene hydrocarbons, 
oxygenated monoterpenes, sesquiterpene hydrocarbons, apocarotenes, and non-
terpene derivatives. Aldehydes and alkanes were considered as the most abundant 
constituents in non-terpene derivatives, followed by esters, alcohols, phenols, phe-
nones, and hydrocarbons. A wide difference in term of volatiles was observed between 
major and minor faba bean cultivars. This study can provide useful information about 
the specific volatile characteristics for each cultivar and its possible use in the concep-
tion of legume-based ingredients and for pertinent breeding programs.

Keywords: HS-SPME-GC-MS, aroma, faba bean minor, faba bean major, chemical 
classes, specific compounds

1. Introduction

Vicia faba, also known in the culinary sense as the broad bean, fava bean, or faba 
bean, horse bean, field bean, bell bean, Windsor or tic bean is a flowering plant in 
the pea and bean family Fabaceae native to North Africa and south-western Asia, 
and extensively cultivated elsewhere [1, 2]. It is grown as a winter annual in warm 
temperate and subtropical areas. Hardier cultivars grown in the Mediterranean 
region can tolerate winter temperatures of −10°C without serious injury, whereas the 
hardiest European cultivars can tolerate up to −15°C [3]. Although usually classified 
in the same genus Vicia as the vetches, some botanists treat it in a separate monotypic 
genus Faba. Four subspecies including V. faba ssp. minor, V. faba ssp. equina, V. faba 
ssp. major, and V. faba ssp. Paucijuga were reported by Cubero [4]. However, in [5], 
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Muehlbauer and Tullu classified faba beans based on seed size. Botanically, faba beans 
were divided into two subspecies: paucijuga and faba. Faba subspecies was, also, 
subdivised into V. faba var. minor with small, and rounded seeds (1 cm long), V. faba 
var. equina with medium-sized seeds (1.5 cm) and V. faba var. major with large broad 
flat seeds (2.5 cm).

Faba bean seeds are very important crops due to their high protein content rang-
ing from 20% to 41%, depending on variety [6]. Using legumes in human diet could 
potentially prolong life and maintain well-being [7]. They also contain adequate 
proportions of carbohydrates and oil which increases their food value [8]. Recently, 
the consumption of legumes was increased over the world and that due to their high 
nutritional value and beneficial health effects. Neverthelss, the pulses off flavors, in 
general and in faba bean seeds in special, limit their use [9]. The undesirable aroma of 
legumes is due to their emission of volatiles developping from the fatty acid oxidation 
catalyzed by lipoxygense. Aldehydes, alcohols, ketones, acids, and pyrazines catego-
ries were responsible for the musty, beany, grassy, earthy, and leafy unwanted odors 
in faba bean seeds [10].

To enhance the use of pulses worldwide, it is necessary to define methods to 
ameliorate the flavor of legumes. In fact, an agreeable flavor is an important aspect for 
any successful product [11]. Technologies and methods such as control of oxidation, 
germination, dehulling, enzymatic treatment, heat processing, fermentation, milling, 
and cultivar selection has been described to prevent the off-flavors development and 
accumulation in pulses [12–14]. The off-flavors in faba bean seeds were released dur-
ing harvest, processing, and storage time [15]. To enhance the suitablity of legumes 
odors, it is relevant to start with raw pulses that emitted low desirable odors to guar-
antee that the development of off-flavors keeps at the lowest level during processing 
conditions [10, 16]. Because of the limited information available which dealing with 
the unwanted odors in faba beans, the purpose of this study was the monitoring of 
the volatiles emitted by faba bean seeds var. major and var. minor using the headspace 
solid-phase microextraction coupled to gas chromatography with mass spectrometry 
HS-SPME-GC-MS (Figure 1).

Figure 1. 
Graphical abstract of the presented study.
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2. Materiels and methods

2.1 Chemicals and reagents

A pure reference compounds including heptanal, benzaldehyde, octanal, (E)-
2-octenal, decanal, dodecanal, all n-hydrocarbons, butyl butyrate, 6-methyl-5-
hepten-2-one, naphthalene, acetophenone, phenol, β-pinene, p-cymene, limonene, 
γ-terpinene, 1,8-cineole, α-terpineol, verbenone, bornyl acetate, longifolene, gera-
nylacetone (E + Z isomers), 1-octanol, 1-decanol, ethyl benzoate, 2-undecanone, 
α-thujone + β-thujone mixture, and pulegone were purchased from Sigma, Aldrich, 
Supelco and Merck and used to compare retention times and mass spectra.

2.2 Sample preparation

Major and minor faba bean cultivars were used in this study, named Mamdouh 
and Najeh, respectively. The bean seeds were offred by the Field Crops Laboratory 
of the National Institute of Agricultural Research (INRAT). 5 g of similar size seeds, 
without any physical damages, were choosen. The seeds were stored at 4°C in an 
opaque aluminum bag until analysis.

2.3 Headspace solid-phase micro extraction (HS-SPME)

The headspace spontaneous volatile emissions of the two vicia faba cultivars were 
sampled by means of HS-SPME. Three replications were considered for each legume. 
The sample was kept at room temperature for 30 min. A Solid Phase Micro-Extraction 
(SPME) device (Supelco, Bellefonte, PA, USA) covered with poly-dimethyl-siloxane 
(PDMS, 100 μm) was used, adapted according to the fabricator instructions. After 
that, the fiber was removed and transmitted to the injection port of the GC-MS system. 
All the desorption conditions were the same for all the seeds. Furtheremore, blanks 
were conducted before starting the first SPME extraction. Quantitative comparisons of 
relative peaks areas were assessed among the same chemicals in the different samples.

2.4 Gas chromatography coupled with mass spectrometry (GC-MS)

Gas chromatography-electron impact mass spectrometry (GC-EIMS) analyses 
were assessed using an Agilent 7890B gas chromatograph (Agilent Technologies Inc., 
Santa Clara, CA, USA) equipped with an Agilent HP-5MS (Agilent Technologies Inc., 
Santa Clara, CA, USA) capillary of 12 column (30 m × 0.25 mm; coating thickness 
0.25 μm) and an Agilent 5977B single quadruple mass detector (Agilent Technologies 
Inc., Santa Clara, CA, USA). The conditions of sample analysis were as following: 
injector and transfer line temperatures 220 and 240°C, respectively; oven temperature 
programmed from 60 to 240°C at 3°C/min; carrier gas helium at 1 mL/min; split ratio 
1:25. The acquisition parameters were as follows: full scan; scan range: 30–300 m/z; 
scan time: 1.0 s.

2.5 Compounds identification

The determination of the volatile compounds was established by comparability of 
the retention times with those of the authentic samples, comparing their linear reten-
tion indices (LRI) relative to the series of n-hydrocarbons. Computer matching was 
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also used against commercial and laboratory-developed mass spectra library built up 
from pure substances and components of known mixtures and MS literature data [17].

3. Results and discussion

In total, 28 volatiles were detected by HS-SPME-GC-MS. Among them, 15 were 
identified in var. minor and 22 in var. major; accounting for 98.3% and 95.4% of total 
emission, respectively. The flavor constituents were divided into five chemical classes, 
including monoterpenes hydrocarbons (MH), sesquiterpenes hydrocarbons (STH), 
apocarotenes (AP), non-terpenes derivatives (NTD), and oxygenated monoterpenes 
(OM). Faba bean var. major emitted 61.4% of NTD, 19.4% of MH, 9.3% of OM, 4.8% 
of AP, and 0.6% of STH volatiles. On the other hand, 64.7% of NTD, 27.9% of MH, 
3.4% of STH, 1.2% of OM, and 1.1% of AP were detected in the bouquet of the minor 
cultivar (Table 1). This data is in accordance with the studies of Khrisanapant [18] 
and Rajhi et al. [10]. Indeed, these authors demonstrated that NTD group was the 
major chemical class in legumes.

3.1 Non terpenes derivatives constituents (NTD)

The individual volatile profiles of both cultivars are summarized in Figure 2. 
NTD volatiles identified in this study were: 5 aldehydes (heptanal, nonanal,  
decanal, undecanal, and dodecanal), 5 alkanes (n-dodecane, n-undecane, 
n-tridecane, n-tetradecane, and n-pentadecane), esters (butyl butyrate and ethyl 
octanoate), one phenol (phenol), 1 phenone (acetophenone), alcohol (phenylethyl 
alcohol), and hydrocarbon (naphthalene). The most abundant chemical group 
was aldehyde; including nonanal, which has a fat, citrus, and green flavor, decanal 
which is soap, orange peel and tallow like aroma, and undecanal, which has a waxy 
type of flavor. These chemicals were emitted by var. minor (8.2%, 2.6%, and 0.6%, 
respectively) and var. major (7.6%, 5.6%, and 0.9%, respectively). The heptanal 
aldehyde, which has a strong fruity odor [19], was registered only in the individual 
profile of var. major (7.1%). However, the dodecanal aldehyde, which has a soapy 
type of odor [19], was only found in the volatile bouquet of var. minor (0.3%). 
These results are in good agreement with a previous investigation of volatile 

Constituents Vicia faba major V. faba minor

Monoterpene hydrocarbons 19.4 27.9

Oxygenated monoterpenes 9.3 1.2

Sesquiterpene hydrocarbons 0.6 3.4

Phenylpropanoids 0 0

Apocarotenes 4.8 1.1

Non-terpene derivatives 61.4 64.7

Total identified (%) 95.5 98.3

Table 1. 
Chemical classes percentage of volatiles compounds in major and minor faba bean seeds.
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compounds of other legumes, in particular soybeans, mung beans, cowpeas, peas, 
chickpeas, orange lentils and adzuki beans [18, 20, 21].

Alkanes were the second dominant class in the NTD volatiles. Among the 
detected alkanes, two constituents were emitted by both cultivars: the n-tridecane 
and n-tetradecane (Figure 2). n-undecane and n-pentadecane were registered in 
the emission profile of var. major (1.6% and 2.6%, respectively). However, the 
alkane n-dodecane was characterized in the individual profile of var. minor. The 
high content in alkanes, was also previously reported by Oomah et al. [20] for dif-
ferent types of P. vulgaris. Their abundance legume seeds may be explained by the 
occurrence of lipid peroxidation, which causes the formation of the characteristic 
aroma of dry pulses, since alkanes are mainly obtained from oxidative reaction of 
lipids [11, 20].

Two esters were identified using the HS-SPME-GC-MS: the butyl butyrate, which 
has a fruity odor [19], is emitted by major and minor cultivars (6.3% and 12.4%, 
respectively), and the ethyl octanoate, presented a strong fruity and flowers odor 
[19], was found only in the bouquet of the latter one (2.5%). The NTD phenol was 
emitted by var. minor with a percentage identification of 27.4%.

This result agrees with that of Mebazaa et al. [22] and Ramadan et al. [23]. In their 
study on black, dark red kidney and pinto beans, Oomah et al. [20] demonstrated that 
the volatile profiles of studied P. vulgaris pulses were rich in aldehydes, alkanes, esters, 
and ketones.

3.2 Oxygenated monoterpenes

Seven constituents belong to the oxygenated monoterpenes were detected in 
both cultivars using HS-SPME-GC-MS. Among them five such as camphor, borneol, 
menthol, carvone, and bornyl acetate were appeared in the emission profile of var. 
major (2.8%, 0.9%, 1.7%, 1.3%, and 2.6%, respectively). However, the minor cultivar 
emitted much more α-terpineol (1%) and verbenone (0.2%) (Figure 3).

Figure 2. 
NTD volatile compounds identified in faba bean var. minor and var. major.
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3.3  Sesquesternes hydrocarbons, apocarotenes, and monoterpenes hydrocarbons 
constituents

The individual profiles of emitted aroma revealed that two sesquiterpene hydro-
carbons were detected; the valencene and longifolene. The major compound emitted 
by each cultivar was the monoterpene hydrocarbon limonene (19.4 for var. major and 
27.9%) (Figure 4).

3.4 Beany flavors

Hexanal, (E,E)-2,4-decadienal, (E,E)-2,4-nonadienal, nonanal, 2-pentylfuran, 
and 1-hexanol have been screened and considered as beany flavor markers in pulses 
[24, 25]. These are generated from the oxidation of unsaturated fatty acids (linoleic 
and linolenic) by an enzymatic pathway [15, 26, 27]. In this study, only one beany 
flavor marker was identified: nonanal, which emitted in a comparable amount by 
both cultivars (8.2 and 7.6% for var. minor and var. major, respectively). These beany 
flavors are responsible for the unwanted and unpleasant flavor of faba beans.

3.5 Volatiles and faba bean breeding

Unfortunately, pulses including faba bean seeds are not widely used in the world 
to their highest potential due to their inappreciated flavors, the poor digestibility of 
their proteins and their long cooking time [9]. One of the most significant sensory 
elements of food is its aroma, which is the result of the interaction between taste 
and smell perceptions. Unprocessed legumes emit volatile compounds as a result of 
the oxidation of fatty acids, which is mediated by lipoxygenase, during the harvest-
ing, processing, and storage processes, giving them the musty, grassy, and bean-like 
flavors [9, 28]. Aldehydes, alcohols, ketones, acids, and pyrazines are frequently 
linked to the components of off-flavors in legumes. It is crucial to discuss technology 
that enhance the flavor of pulses in order to promote the consumption of legumes 
worldwide. A successful product must, in fact, have a flavor that consumers like. To 
prevent the development of off odors in legumes, germination, oxidation control, 

Figure 3. 
OMT volatile compounds identified in faba bean var. minor and var. major.
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heat processing, enzymatic treatment, and cultivar selection have all been described 
[9]. To ensure that the formation of unwanted scent stays at the lowest possible level 
during processing and storage, it is crucial to start with raw materials that exhibit 
few off flavors. A selection of raw material, in term of volatiles of different cultivars 
of legumes should be performed. Thus, this type of study is very important to select 
a legume cultivars which had the lowest emission of off-flavors and then these latter 
cultivars can be selected as important breeding lines based on their organoleptic 
proprieties.

4. Conclusions

In this study, we performed the monitoring of the volatiles of faba bean var. minor 
and var. major using HS-SPME-GC-MS. The data revealed a difference between both 
profiles; that can be explained by the varietal effect. This study can provide useful 
information about the specific volatile characteristics for each cultivar and its pos-
sible use in the conception of legume-based ingredients and for pertinent breeding 
programs.

Figure 4. 
STH, AP, and MTH volatile compounds identified in faba bean var. minor and var. major.
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Chapter 18

Application of Tissue Culture 
Techniques to Improve the 
Productivity of Medicinal 
Secondary Products from Medicinal 
Plants
Ahmed M. Hassanein

Abstract

The plant kingdom is considered the most important source of medicinal chemi-
cals. In vitro culture techniques are being considered a promising alternative to 
traditional agricultural processes to improve medicinal plants multiplication and their 
production of pharmaceutical compounds. In this chapter, several in vitro culture 
strategies are discussed to improve secondary metabolites production, including (1) 
plant kingdom as a source of medicinal chemicals, (2) in vitro culture of medicinal 
plants, (3) culture media optimization, (4) application of suspension cell culture 
for production of secondary metabolites, (5) elicitation to enhance the productivity 
of the culture, (6) precursor intermediates feeding, (7) selection of high-yielding 
cell lines, (8) overexpression of genes that control the production of bioactive com-
pounds, and (9) scale-up production. Also, challenges that hinder the in vitro culture 
of medicinal plants using different techniques and the use of those techniques to 
produce pharmaceutical compounds are discussed in this chapter, including (a) sec-
ondary metabolites toxicity, (b) low growth rate, (c) culture browning, (d) limitation 
in the application of transformation, (e) somaclonal variation, and (f) vitrification. 
Therefore, the principal objective of the current chapter was to shed light on the stud-
ies on some medicinal plants and the used protocols to overcome some difficulties in 
terms of in vitro propagation that maximize their economic values.

Keywords: In vitro plant culture, medicinal plants, pharmaceutical compounds,  
tissue culture, medicinal chemicals

1. Introduction

Unlike animals, plants do not have the ability to move, making them vulnerable to 
attack by pests and sometimes animals. To overcome this problem, plant tissues syn-
thesize enormous compounds, such as terpenes, polyphenols, cardenolides, steroids, 
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alkaloids, and glycosides, and use them as defense strategies [1]. These defense 
compounds are called secondary metabolites and are not necessary for essential plant 
functions, such as growth, photosynthesis, and reproduction. These compounds are 
accumulated in the plant body to use by man as pharmaceutical, agrochemicals, aro-
matics, and food additives [1, 2]. Despite the progress in synthetic chemistry, plants 
are considered the most successful sources of drugs due to their bioactive compounds 
produced through secondary metabolism pathways [2].

In industrialized and developing countries, raw plant materials and plant-derived 
pharmaceuticals have naturally an essential component of present-day human 
healthcare systems. A known fact is that over 80% of the human beans use herbal 
medicines for healthy living [3]. In this respect, at present, more than 40% of the 
used pharmaceuticals by Western countries are derivatives of natural resources [4]. 
Worldwide, man uses about 35000–70000 plant species to prevent and cure diseases, 
most of them are reported in China (10,000–11,250), India (7500), Mexico (2237), 
and others [5]. Quality assurance and standardization of herbal medicines during 
the collection, handling, processing, and production of herbal medicine are essential 
prerequisites to ensure safety for the global herbal market. Wild plant materials are 
collected from gardens, open pasture, or forest land. In some cases, medicinal plants 
grow like weeds on agricultural land. While the bulk of the medicinal plant materials 
is still wild-harvested, a very small number of plant species are cultivated commer-
cially [6]. However, increase populations and urban growth were associated with an 
over-exploitation of natural resources. Unfortunately, several medicinal plant species 
are disappeared due to the expansion of land for the purpose of growing crops, urban 
expansion, uncontrolled deforestation, and intensive collection [7]. Now, the increase 
in demand for these compounds encouraged the cultivation of large areas of medicinal 
plants and the application of new technologies, such as plant tissue culture (PTC) to 
preserve them from extinction and improve their productivity in quality and quantity.

Manufacturing of medicinal products from soil-grown plants faces some chal-
lenges, such as: (1) The wild-targeted plant does not exist in sufficient abundance in 
the local environment or is rare in general, (2) Cultivation of the target plant may 
need certain conditions, (3) Production of the target substance may require to grow 
plants for a long time, (4) The target substance may present at low concentration in 
cultivated or harvested plants, (5) Variations in environmental conditions may result 
in the production of bioactive compounds at a non-homogeneous quantity or quality, 
(6) Collection of plants for pharmaceuticals may be unsafe, (7) Harvest of propagated 
medicinal plants for drug industries is time- and money-consuming [8]. To overcome 
all the obstacles, PTC techniques express the great potential for bioproduction of 
phytoconstituents of high therapeutic value. By application of artificial techniques, 
regulation of the biosynthetic pathway of the certain plant to enhance the production 
of valuable compounds or avoidance of production of an unwanted substance become 
possible.

With the aid of gene technology and molecular techniques, in vitro culture proce-
dures, such as cell, organ or tissue culture, somatic embryogenesis, somatic hybrid-
ization, genetic transformation, hairy roots, and induction of somaclonal variation, 
and others can be applied to the improvement of bioactive compounds yields. For 
example, recombinant DNA technology can be used to direct metabolic pathways 
and produce pharmaceuticals, such as antibodies and hormones. These in vitro 
culture techniques are better than others where they are carried out under precisely 
controlled physical and chemical conditions. PTC techniques are a resolution for the 
propagation of seedless medicinal plants and others with small or unviable seeds that 
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not be able to germinate in soil [9, 10]. In addition, PTC techniques hold significant 
promise for true to type, disease-free, rapid and mass multiplication, and plant 
development [11].

Application of PTC technologies in the medicinal plant does not free from prob-
lems but avoiding their problems can be precisely controlled, which makes in vitro 
cultivation an ideal alternative to produce medicinal compounds from plants [12]. 
One of the obstacles is that the prices of the products resulting from biotechnol-
ogy are higher than other products resulting from cultivated or wild plants. In this 
concern, the application of large-scale PTC techniques have been found to be an 
attractive alternative tools to the traditional plantations, where they offer a controlled 
supply of secondary metabolites independent of plant availability and a more consis-
tent product in quantity and quality [13]. In the last decade, to meet pharmaceutical 
industry demand and conserve natural sources, researchers concentrated their efforts 
on optimizing culture conditions for maximizing the obtained yield of targeted 
secondary metabolites by application of several artificial-developed techniques [14].

Through PTC techniques, a whole plant can be regenerated from an organ, small 
tissue, or a plant cell but it should carry out on a suitable culture medium and under a 
controlled environment [15]. Under these conditions, the obtained plantlets are true 
to type and show characteristics identical to the mother plant. On the other hand, the 
culture conditions can be controlled to stimulate genetic variation for plant improve-
ment, but it requires the construction of a selection procedure to select an elite 
mutant. For several decades, in vitro culture techniques are being used increasingly as 
a supplement to traditional breeding tools for the modification and improvement of 
plants. For example, Coryodalis yanhusuo, an important medicinal plant was improved 
through the application of the somatic embryogenesis technique to produce disease-
free lines [16]. While PTC can be established from any part of a plant, meristematic 
tissues, such as shoot tip or nodal segments, are usually recommended [15, 17, 18]. In 
addition, the physiological state of the donor plant affects strongly on regeneration 
ability of the cultured plant materials [9, 18].

The application of PTC techniques in the medicinal and other plant species 
becomes an essential prerequisite for plant propagation and improvement [15, 17]. 
The application of plant tissue culture has several advantages: (1) It results in the 
production of thousands of plantlets in a short period from a small segment of the 
tested plant. (2) It is a main procedure to obtain pathogen-free plants. (3) It can be 
used to culture plants round the year, irrespective of weather or season. (4) It needs 
little space for the propagation of the southlands of plants. (5) It can be used as the 
main procedure to produce a new cultivar of a certain plant. (6) It can be used to 
understand the effect of a specific biotic or abiotic factor on a tested plant beyond the 
interaction of other factors. (7) It helps to understand the molecular biology of plant 
differentiation. (8) It is an essential prerequisite during the production of genetically 
engineered plants. (9) It is an effective procedure for the production of pharmaceuti-
cal compounds. (10) It is an essential procedure for the preservation of endangered 
plant species, genetic assets, and gene banks.

2. Plant kingdom as a source of medicinal chemicals

Phytotherapy becomes a complementary and important part of pharmacotherapy 
and modern medicine. It is a type of treatment based on natural medicinal resources 
(drugs) and herbal remedies for the purposes of prevention and treatment of illness. 
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Herbal drugs mean using the whole plant or part of it, fresh or dry, to treat or prevent 
human disease. Any plant part (flower, leaf, root, bark, fruit, and seed), resins, 
balsams, rubber, plant exudates, algae, fungi, or lichen can be used as herbal drugs 
for its medicinal properties. Herbal drugs or herbal remedies contain active ingredi-
ents of herbal medicinal products. The aerial plant parts, such as leaves, seeds, and 
flowers, are often able to synthesize and accumulate secondary metabolites more than 
those obtained by underground parts, such as roots or rhizomes [19]. For example, in 
Scrophularia kakudensis, the total phenol and flavonoid, as well as free radical scav-
enging compounds, were higher in shoot than root extract [20]. The variable contents 
of bioactive compounds in different plant tissues may be due to the specialized ability 
of each tissue to synthesize the bioactive ingredients or their ability to store them 
considering the physiological condition and endogenous hormone levels [19].

Based on their biosynthetic origins, reports classify the bioactive secondary 
metabolites of the plant into major groups, including phenolic compounds, ter-
penoids, nitrogen-containing alkaloids, and sulfur-containing compounds [21]. 
Phenolic compounds were the most important group where they are largely used to 
enhance human health and they naturally occur in fruits, vegetables, cereals, and 
beverages. Phenols are classified into different groups, including phenolic acids, fla-
vonoids, stilbenes, and lignans, and they include apigenin, diosmin, quercetin, 
kaempferol, eriodictyol, naringenin, hesperetin, baicalein, chrysin, catechin, morin, 
genistein, curcumin, colchicine, resveratrol, and emodin. For the production and 
extraction of hundreds of these secondary products, plant cell, tissue, or organ 
cultures were used [21].

As a part of complementary and alternative medicine, medicinal plant extracts 
are widely used in chronic diseases like diabetes, hypertension, cancer, etc. Melatonin 
and serotonin, as antioxidants, were detected in the field and greenhouse-grown 
Ocimum sanctum L. plants [22]. Extract of in vitro cultures of Hovenia dulcis has 
antitumor effects [23]. Aegle marmelos can be used as antibacterial, antifungal, 
antidiabetic, and antioxidant [24]; it is also useful to treat several symptoms, such 
as stomachalgia, diarrhea, dysentery, malaria, and fever [25]. In vitro propagated 
Artemisia japonica was used to obtain antioxidant, insecticidal, antimalarial, anti-
sporulant, antimicrobial, cytotoxic, and osteoinductive activities [26]. Acacetin 
(5,7-dihydroxy-4-methoxyflavone) has several therapeutic effects, it is found in 
more than 200 plant species belonging to 60 plant families especially Asteraceae 
and Lamiaceae families [27]. Acacetin is used for antiplasmodial, anticancerous, 
antidiabetic, antiperoxidative, antipyretic, anti-inflammatory, and antiprolifera-
tive activities [27]. Several compounds with anti-uveal melanoma activity were 
extracted from Acacia nilotica, including gallocatechin 5-O-gallate, methyl gallate, 
gallic acid, catechin 5-O-gallate, catechin, 1-O-galloyl-β-D-glucose, digallic acid, and 
1,6-di-O-galloyl-β-D-glucose [28]. Biotechnological systems can be used to obtain 
vaccines from many plant species to provide immune protection against diseases [29]. 
Production of plant-based edible vaccines is mainly manipulated by the integration 
of the transgene into in vitro cultured plant cells to produce the antigen protein for 
specific diseases [30].

Screening of 346 methanol extracts of 281 native and cultivated plant species 
in Egypt indicated that Agave americana, A. lophantha, Furcraea selloa, Calotropis 
procera, Pergularia tomentosa, Asclepias sinaica, Alkanna orientalis, Khaya grandifo-
liola, Swietenia mahogani, Pimenta racemosa, Pinus canariensis, Verbascum sinaiticum, 
Solanum elaeagnifolium, S. nigrum, and Brachychiton rupestris have strong antischis-
tosomal activity [31]. In addition, the antioxidant activity of the extract of 90 plants 
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was determined by 2, 2 diphenyl-1-picrylhydrazyl (DPPH) assay [32], and extracts of 
some plant species expressed high antioxidant and cytotoxic activities that inhibited 
the growth of cancer cells [33]. Leaves of A. marmelos contain several medicinal com-
pounds including π-sitosterol, lupeol, aegelin, rutin, flavone, glycoside, marmesinine, 
oisopentenyl halfordiol, phenylethyl cinnamides, and marmeline [24].

3. Application of in vitro culture techniques on medicinal plants

Plant tissue culture is the most promising savior of medicinal plants that face 
problems of low yield and susceptibility to biotic or abiotic stress. Also, PTC can 
be used for in situ and ex situ conservation, propagation, polyploidy or aneuploidy 
induction, plant engineering, and bioreactor applications. In vitro multiplication was 
established in many threatened and endemic medicinal plants, such as Bacopa monn-
ieri [34], Paedaria foetida [35], Picrorhiza kuroa [36], Salvadora persica [37], Potentilla 
fulgens [38], Eryngium foetidum [39], and H. dulcis [40].

High multiplication using seedling tissues or shoot meristems was achieved in 
several plant species, such as Citrullus colocynthis [41], Zephyranthes bulbous [42], 
Plectranthus vetiveroids [43], Glossocardia bosvallea [44], Cannabis sativa [45], O. 
sanctum L. [22], Caralluma retrospeciens [46], Solanum nigrum [15], Moringa oliefera 
[47], Pulicaria incisa [48], Rosa damascena [49], A. marmelos [50], Artemisia judaica 
[51], and Hyoscyamus muticus [52].

For long-term storage of medicinal plant materials, cryopreservation is recom-
mended where it is carried out in liquid nitrogen (−196°C). Different plant organs 
or parts, including seeds, corms, bulbs, rhizomes, roots, tubers, buds, and cuttings, 
can be stored for conservation purposes [11], especially in medicinal plants with 
recalcitrant seeds. The main applied techniques of cryopreservation of medicinal 
plants are vitrification, desiccation, and encapsulation–dehydration. Vitrification-
cryopreservation of shoot tips of Dioscorea floribunda medicinal plant indicated that 
the genome of cryopreserved shoot tips was stable upon application of molecular, 
morphological, and biochemical procedures [53]. Vitrification–encapsulation–dehy-
dration techniques of Dioscorea deltoidei medicinal plant shoot tips proved that the 
secondary metabolites of cryopreserved shoot tips were like control plants [54].

PTC is more efficient than naturally grown plant materials to assess the effect of 
different experimental conditions on the production of secondary metabolites of 
medicinal plants [55]. PTC opens the way for the production of engineered molecules 
and produces new forms of plant secondary metabolites [56]. These new forms of 
compounds may have a valuable effect on biological control, food, pharmaceutical, 
and other strategies. Transformation techniques are widely dependent on PTC for 
enhancing the in vitro production of valuable plant secondary metabolites [57].

Different types of PTC techniques are successfully exploited for in vitro propaga-
tion as well as synthesis and extraction of secondary metabolites [12]. Sometimes 
root culture is recommended because it provides valuable biomass in a short time and 
stable metabolite productivity. In addition, root cultures express genetic stability for 
long-term culture compared to other forms of in vitro cultures, such as cell aggregates 
and rhizoids. Roots are fully organized plant organ, ensures biochemical stability, and 
usually express the full biosynthetic capacity as same as soil-grown plant root. In vitro 
root cultures could be a better alternative for the accumulation of elevated contents of 
secondary metabolites. For example, root cultures of Hemidesmus indicus were used as 
a tool for in vitro production of 2-hydroxy 4-methoxy benzaldehyde [11, 58].
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In vitro-produced hairy roots are formed without connection with any other plant 
organs. Then, the synthesized metabolites are not transported to other plant parts and 
are accumulated where they are synthesized. The produced secondary metabolites 
may be present in minor, undetectable quantities in vivo but they are present in higher 
levels in hairy roots due to the optimized culture conditions (14). Consequently, mass 
production of secondary compounds in the bioreactor was established using hairy 
root cultures [59].

4.  Application of in vitro culture techniques for the production of 
pharmaceuticals

The synthetic capacity of secondary metabolites of the dedifferentiated tissue often 
differs substantially from that of differentiated one, both quantitatively and quali-
tatively. The differences in synthetic capacities are a direct response to differences in 
enzyme patterns between differentiated and undifferentiated tissues, they are mirrors 
for gene expression of these tissues. The culture of differentiated plant materials often 
shows biochemical and genetic stability, it offers a high-productivity system that does 
not need wide-ranging optimization. For example, the major alkaloid (vindoline) is 
scarcely produced by Catharanthus roseus suspension cultures but shoot cultures pro-
duce it in high quantity [60]. In addition, while the callus culture of Taraxacum offici-
nale synthesizes and accumulates α and γ-amyrins, differentiated tissue synthesizes and 
accumulates taraxasterol and lupeol [61]. The previous studies indicate that different 
classes of secondary metabolites need different phases of cell or tissue differentiation.

Generally, in vitro conditions can be easily modulated to enhance the synthesis of 
secondary metabolites through modulation of the pathway of primary metabolism in 
plants. The in vitro obtained compounds are important as dyes, drugs, cosmetics, fla-
vors, food additives, perfumes, agrochemicals, etc. Some of these compounds, such as 
flavors, fragrances, and colorants, cannot be produced by microbial cells or chemically 
synthesized but they can be synthesized by plant cell culture systems [62]. Several 
reports indicated that in vitro cultures were found to be more efficient than whole 
plants for the formation of bioactive secondary metabolites such as ajmalicine, ajma-
line, anthraquinones, benzylisoquinoline alkaloids, berberine, bisoclaurine, coniferin, 
diosgenin, ginseng, ginsenoside, glutathione, nicotine, rosmarinic acid, raucaffricine, 
shikonin, taxol, terpentine, tripdiolide, and ubiquinone-10 [1, 2, 14, 62].

Under aseptic conditions, cultured plant materials can be used to generate bioac-
tive or secondary metabolites, including flavonoids, alkaloids and other phenolics, 
terpenoids, saponins, steroids, tannins, glycosides, colorants, fragrances, and volatile 
oils [14]. Production of high-value active secondary metabolites at industrial levels, 
such as shikonin, berberine, and sanguinarine, was fulfilled from cell cultures of 
Lithospermum erythrorhizon, Coptis japonica, and Papaver somniferum, respectively 
[63]. Secondary bioactive metabolites in in vitro cultured Swertia chirayita were higher 
than in vivo plants [2]. The more antimicrobial property of the in vitro regenerated 
plant products was related to more bioactive metabolites. In addition, Manivannan 
et al. [20] reported that since the contents of phytochemicals in seed and in vitro 
derived plants were similar, the in vitro plantlets can be used as alternate for the seed 
grown plants for the production of bioactive metabolites. Also, acacetin (an indi-
vidual flavonoid) was slightly increased in in vitro grown plantlets than that of in vivo 
grown plants due to the artificial conditions of the in vitro culture and modulation of 
endogenous hormone [20].
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Pharmaceutical compounds that are obtained from in vitro cultured plant mate-
rials may be more easily extracted and purified due to the absence of significant 
amounts of pigments, thus resulting in lower manufacturing expenses [64]. Control 
of the production of secondary metabolites can be carried out using in vitro culture 
techniques. For example, low biomass and hypericin production of Hypericum 
perforatum shoots was improved by prolonging the time of culture for more than 
30 days [65].

5. Strategies are used to improve secondary metabolites production

The biosynthesis of secondary metabolites using unorganized cultured cells or 
organized organs, such as roots, can be enhanced by altering the environmental 
conditions or selecting an elite variant clone [66]. There are many procedures that can 
be controlled to increase the productivity of in vitro cultured medicinal plants from 
the active substances with medicinal effects, and this is what will be discussed in this 
chapter.

5.1 Culture media optimization

To understand factors that control the biosynthesis of pharmaceutical compounds 
by cultured plant materials, studies on gene expression, enzyme activity, and signal 
transductions were carried out [12, 14]. The establishment of desired productivity of 
the PTC needs optimization of overall culture conditions to enhance both culture bio-
mass and metabolites productivity. For example, while sulfate and ammonium nitrate 
ions increased the colchicine content of Gloriosa superba callus, a higher concentra-
tion of phosphate and calcium decreased alkaloid biosynthesis [67]. The differences 
in the composition of various PTC media formulations affect on water potential of 
the cultural environment [68]. Then, different media exerted different values of 
water potential. In vitro culture of certain medicinal plant materials on different 
media expresses different values of biomass and secondary metabolites. Medium 
selection is a major step in optimizing the culture conditions to produce an abundance 
of plant matter capable of producing an abundance of biological compounds [69]. 
Through media optimization of the in vitro cultured medicinal plants, the chemical 
composition is changed, the content of toxic compounds is reduced and novel chemi-
cal compounds may be formed [70]. In general, media optimization is an essential 
prerequisite to enhancing the production of antioxidants and other valuable second-
ary metabolites, it means that plant growth regulators and specific additives should be 
modulated to enhance in vitro production of biomass and secondary metabolites [71].

When nodal segments of Ocimum basilicum were cultured under the influence of 
different culture media including MS medium in different strengths and different 
combinations of PGRs, they expressed different values of methyl eugenol, linalool, 
and 1,8-cineole fractions [71]. Nodal segments are of Cunila menthoides medicinal 
plant cultured on MS medium containing different concentrations of PGRs resulting 
in biosynthesis of phenols, alkaloids, and terpenes in regenerated plants [71]. Media 
containing different types and concentrations of PGRs express different differentia-
tion pathways and biomass values [72, 73], and it was associated with the expression 
of different types and concentrations of pharmaceuticals in cultured plant materials 
[74]. Contents of bioactive compounds in embryogenic callus and regenerated shoots 
of Rosa rugosa petal explants were influenced by PGRs type, concentration, and the 
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nitrogen source [75]. Also, in Chonemorpha fragrance, the amount of synthesized 
camptothecin was influenced by the PGRs type and concentrations [76].

The effect of carbon source concentration and type on culture biomass and metab-
olites productivity should be investigated. To enhance the biomass and biosynthesize 
of secondary metabolites, sucrose is widely used as a carbon source and it was better 
than maltose, glucose, and others [77]. During in vitro propagation, the optimal 
concentration of sucrose depends on plant species [15, 47, 68, 73]. For example, feed-
ing the culture medium with 60 mM nitrogen and rise sucrose concentration from 
3% sucrose to 5% increase the biomass production and camptothecin accumulation 
by 2.4-fold in the cell suspension cultures of Nicotiana nimmoniana [77]. In Panax 
vietnamensis, 2–5% sucrose enhanced the biomass and ginsenoside production in the 
cell suspension but 6–7% sucrose inhibited ginsenoside accumulation [78]. Geraniol 
production in transgenic tobacco cell suspension cultures was influenced by several 
culture conditions including carbon source light, and inoculums size [14].

Physical culture conditions can also affect the ability of in vitro cultured plants 
for the production of secondary metabolites. For example, light as one of these 
physical conditions can affect strongly on the production of secondary metabolites 
in Abelmoschus esculentus [79]. Culture media pH is an essential factor for the pro-
duction of valuable plant material mass and its content of secondary metabolites. 
The optimum pH for normal plant tissue cultures is 5.8 but it should be changed 
if the purpose of the culture is to produce bioactive compounds. In a comparative 
study by Hagendoom et al. [80], on different plant species, they detected a positive 
correlation between acidification of the cytoplasm and the accumulation of differ-
ent secondary metabolites including coniferin and lignin. In cell suspension of C. 
roseus, an increase in the pH of culture media between 4.3 and 9.0 was associated 
with a sharp increase in alkaloid production [81]. In general, low and high pH of 
the medium retard biomass and withanolide production in Withania somnifera cell 
culture [82], but the optimal pH was 4.5 for enhancing biomass production and 
Bacoside A formation [83].

In a scale-up production system, modulation the composition of the culture media 
is an essential prerequisite to enhance the production efficiency of a selected cell 
line, but long-term cultivation may lead to the reduction of the yield [64] due to an 
increase in somaclonal variation [84]. Consequently, genetic stability of the cultured 
plant materials should be established using determined indicators, such as molecular 
markers, stability of growth parameter index over extended subculture cycles, and 
metabolite production.

5.2 Suspension and callus cultures

Callus culture is an undifferentiated-unorganized mass obtained by cell division 
on cultured plant material on an agar medium. Then, calli are subcultured either for 
in vitro propagation through organogenesis or embryogenesis or used to establish 
suspension culture [85]. When callus in suitable texture is obtained on solid or 
semisolid agar medium and suspended in a specific liquid growth medium, the cells 
disperse and divide more and more producing cell suspensions. Then, cells can have 
faster and uniform growth rates associated with secondary metabolite production. 
Suspension cultures are the most widely employed PTC techniques in the production 
of secondary metabolites. When cells are grown in aqueous media to produce cell 
suspensions, some cells do not disperse in the medium and form tissue clumps, which 
disrupts growth and weakens the production of targeted secondary compounds. 
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Suspension cultures are also amenable for growth in small and giant fermenters, but 
these cultures may show genetic and biochemical variation. Under selected condi-
tions, exploitation of cell cultures capable of producing medicinal compounds at a 
level similar or superior to that of intact plants.

Callus culture itself is exploited to produce and study secondary compounds 
in many medicinal plant species [66]. For induction of callus formation, specific 
culture conditions should be established, which means that cultured cells divide 
and proliferate rapidly as long as the cultural environment has sufficient nutrients 
and suitable growth regulators. Conditions for callus induction and proliferation are 
not favorable for the production of secondary metabolites. For induction of second-
ary metabolites, calli culture conditions should be changed or transferred to a new 
medium with a different composition [11]. High yields of proteolytic enzymes from 
the callus tissue culture of Allium sativum L. on MS medium containing NAA and 
BAP were obtained [86].

The advantages of the application of suspension-cell cultures are obvious including: 
(1) The biomass production is usually more rapid than that of other in vitro culture types 
as well as a whole plant, (2) Chemical and physical conditions can be easily controlled 
allowing the production of certain pharmaceuticals throughout the year if necessary, (3) 
Producers can provide their products in a sustainable manner that does not depend on 
large areas and leave the arable land areas to grow other crops, (4) The size and quality 
of the product can be controlled according to the market demand, (5) Producers can 
select plant cell line that ensures or improve product quality, and (6) Producers can 
combine more than one method, which leads to the development of new products.

Application of specific cell lines and selective culture of that cell lines lead to the 
production of secondary compounds more than those obtained from original tissues 
and normal culture conditions [87]. The addition of plant growth regulators enhances 
the production of target secondary metabolites in several medicinal plant species 
[88]. Cell immobilization [89] and genetic makeup [90] can be optimized to enhance 
the synthesis of secondary compounds under in vitro culture conditions. Cultured 
cells can be immobilized to form aggregates to enhance secondary metabolite produc-
tion [91]. Cell immobilization is achieved through growing cells as aggregates or using 
substances such as alginate or polyurethane foam cubes [92].

Two-phase cell suspension cultures establish a growth medium for maximiz-
ing cell biomass and production of naphthoquinone pigment in the first phase, but 
the second phase was established at the dark condition and room temperature with 
alkaline pH. These two phases system enhanced biomass production six-fold and 
optimized metabolite production in Arnebia sp. [93]. In suspension cultures of C. 
roseus, cultures produced up to 20 g DW L − 1 of biomass. In addition, two phases 
culture technique increased active cell biomass with 10 times higher indole alkaloids 
production in comparison to that of the one-phase culture [94]. Under dark condi-
tions at 25°C for 40 days, the two phases of co-culture of Panax ginseng and Echiancea 
purpurea adventitious root in bioreactors containing MS medium supplemented with 
IBA (25 μM), sucrose (50 g L − 1), and methyl jasmonate (200 μM) as elicitor for 
30 days enhanced the production of ginsenosides and caffeic acid derivatives [95].

5.3  Elicitation as an effective strategy to enhance the productivity of in vitro 
cultures

In vitro or in vivo cultured plants show physiological and morphological responses 
to physical, chemical, or microbial agents which are called elicitors. Therefore, 
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elicitation describes any processes that induce or enhance the synthesis of secondary 
metabolites to ensure plant survival and competitiveness [96, 97]. During in vivo 
growth, plant secondary metabolites are elicited in plant cells in response to environ-
mental stresses as a defensive strategy against the abiotic agent or invading pathogen 
[2]. Elicitation effectiveness depends on several parameters, some of them are related 
to elicitor agents themselves, and others are related to the elicited in vitro cultured 
plant materials. The elicitor-related effects include elicitor type, concentration, and 
exposure duration. Cultures’ age, cultivated line, medium composition, type, and 
concentration of growth regulators are essential parameters during the application of 
elicitation strategies. Hence, the application of factors, such as biotic or abiotic agents, 
that trigger the defense response in in vitro-cultivated plant materials enhanced the 
productivity of bioactive compounds [98].

Most of the used biotic elicitors are either exogenous or endogenous microbial 
agents but abiotic is a wide range of materials, mainly heavy metals [14, 99]. Methyl 
jasmonate, salicylic acid, yeast extract, chitosan, inorganic salts, UV radiation, or 
others can be used as elicitors to improve secondary metabolites production of the 
cultured plant materials [97, 100]. Citric acid, L-ascorbic acid, and casein hydrolysate 
were also used as elicitors to enhance the total phenolic content in the callus of Rosa 
damascene [49].

In the suspension culture of Mentha pulegium, when media were supplemented 
with yeast extract and salicylic acid, a significant increase of limonene, menthone, 
menthol, and α-pinene was detected [101]. Fifty different substances were detected 
in an in vitro cultured Anemia tomentosa upon jasmonic acid application, whereas 
20 substances were only detected in wild-type plants [102]. Secondary metabolites 
production in callus, cell suspension, or hairy roots of Ammi majus L. were elicited 
by autoclaved lysate of cell suspension of Enterobacter sakazaki bacteria [103]. 
Anthraquinone production in Rubia akane cell culture was elicited by chitosan [104]. 
Genetically stable in vitro regenerated plants of Capparis spinosa were confirmed by 
RAPD analysis with a two-fold increase in flavonoid content than those of the wild 
plants when plants were regenerated under the influence of methyl jasmonate elicitor 
[105]. Elicitation of Ambrosia artemisiifolia hairy root cultures to produce thiorubrine 
A was dependent on cultures’ age as well as elicitor concentration and exposure time. 
Maximum of eight-fold thiorubrine A production was achieved when 16-day-old 
cultures were elicited with 50 mg l-1 vanadyl sulfate elicitor for 72 h [106].

Abiotic stresses for a given period can be used as an elicitor. Temperature, light 
parameters (intensity, photoperiod, and wavelength), and water potential of the 
medium influence the fresh and dry biomass [15] as well as the concentration of 
active metabolites [107]. Any factor that affects the water stress of the media should 
affect growth and bioactive compound synthesis. The profound change in the cul-
ture water potential due to the addition of NaCl, mannitol, or polyethylene glycol 
can elicit the production of secondary metabolites [107]. The relationship between 
abiotic-nutritional deficiency stress and enhancement of the production of second-
ary metabolites was reported [108]. Deficiencies of nitrogen, phosphate, potassium, 
sulfur, or magnesium increase the production of phenolic compound accumulation in 
different plant species [109], which may be due to oxidative stress and modulation of 
the expression of some genes [110]. The combination between target gene overexpres-
sion and elicitors increased the yield of secondary metabolites. Across studied plant 
species, elicitors promoted the yield of secondary metabolites from 1.0 to a maximum 
of 2230-fold [100]. Abiotic elicitors were applied to enhance growth and ginseng 
saponin biosynthesis in P. ginseng hairy roots [111].
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Specific microorganisms can be used for elicitor purposes [112]. It takes place 
through the co-cultivation of plant cells with microorganisms. Compared to non-elic-
ited control tissues, coculture of Aspergillus flavus with C. roseus resulted in increases 
in vinblastine (7.88%) and vincristine (15.5%) concentrations [112]. Cocultivation 
between microorganisms and cultured plant tissue should avoid conditions that 
stimulate microorganism toxic components [12].

5.4 Precursor feeding

Under perfect and controlled conditions, in vitro cultured plants not only have a 
higher metabolic rate than differentiated or soil-grown plants but also compressed 
biosynthesis cycles in shorter periods of time. In addition, the addition of precursors 
and elicitors plays an important role in promoting the secondary metabolism of cells 
and tissues grown under well-controlled industrial conditions (PTC). Precursor 
feeding is a strategy that is based on the assumption that if intermediates of bioactive 
molecules are added at the beginning or during, the in vitro culture period, they can 
serve as a substrate to improve the production of secondary metabolites in cultured 
plant materials. Precursors refer to any compounds that can be converted by the 
in vitro cultured plant materials into secondary metabolites through biosynthetic 
pathways [14, 113], and they depend on the type and concentration of precursor, and 
addition timing [114]. According to the World Health Organization definition any 
plant that contains a substance that can be used for medicinal use or as a precursor to 
synthesize new or semi-synthetic pharmaceuticals as a medicinal plant. The addition 
of alanine precursor was used to stimulate the biosynthesis of plumbagin in Plumbago 
indick when it was added to the root cultures on the 14th day of cultivation along with 
sequential addition of Diaion HP-20 36 h after it was fed, this increased the target 
output 14 times [115]. Phenylalanine precursor was needed for the biosynthesis of 
silymarin in hairy roots of Silymarin marianum [116] or the biosynthesis of podophyl-
lotoxin in the cell suspension cultures of Podophyllum hexandrium [117]. Combining 
elicitation with chitosan and precursor feeding with squalene was used to produce 
27.49 mg/g DW withanolides [118].

Feeding the culture medium with organic compounds, such as vitamins or amino 
acids enhanced in vitro production of many secondary compounds. In callus and cell 
suspension cultures of Centella asiatica, amino acid feeding enhanced the production 
of triterpenes and asiaticoside [96]. Also, valine, threonine, and isoleucine enhanced 
adhyperforin production in shoot cultures of Hyraceum perforatum [119]. Feeding 
the suspension cultures of C. roseus with L- tryptophane or L-glutamine resulted 
in the production of the highest value of cell mass and indole alkaloids production 
[120]. Feeding the culture medium of Spilanthes acmella with casein hydrolysate and 
L-phenylalanine promoted biomass and scopoletin production [121]. Feeding squa-
lene into culture medium of C. asiatica calli promoted production of madecassoside 
and asiaticoside [96]. In Solanum lyratum cell cultures, feeding with sterols such as 
cholesterol, stigmasterol or mixed sterols promoted the biosynthesis of solasodine, 
solasonidine, and solanine without effect on culture biomass [122].

The yield of salidroside was improved by feeding Rhodiola genus plants with 
an appropriate concentration of precursors and elicitors such as precursors, phe-
nylalanine, tyrosol, and tyrosine [123]. Tyrosol feeding (0.5 mM) expressed the 
most obvious effect on salidroside content in the cell suspension cultures of R. 
sachalinensis [124]. When feeding the culture medium with precursors promoted 
the production of secondary metabolites without biomass accumulation, it needs a 
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combination between precursors and elicitors to overcome the obstacle. This strat-
egy was used to enhance the biosynthesis of sennoside A and B in callus cultures of 
Cassia augustifolia [125].

5.5 High-yielding cell lines selection

Genetic diversity within medicinal plants has great importance and can be used 
for plant improvement and the selection of an elite line. The selection of high biomass 
and metabolite(s) producing cell lines plays an important role in optimizing the 
productivity of in vitro cultivated plant materials. The yield of biomass and active 
metabolites may vary within varieties, genotypes, or populations of plant species [See 
14]. The genotype has direct effects on the ability of the plant to produce valuable 
biomass and pharmaceutical compounds. To avoid high coast, the genotype with high 
yield and secondary metabolites contents should be carefully selected. For example, 
wright selection of Pilocarpus microphyllus resulted in the production of pilocarpine 
content ranging from 16.3 to 235.9 μg g-1 in dry weight [126], it was 15 times higher 
than the content found in wild plants.

To get a high yield of metabolites, Briskin [127] described the biotechnological 
methods for the selection of high-yielding cell lines in medicinal plants by addressing 
several topics, including media components, elicitation, immobilization, physical 
stress, and transformation. This means that the identification and establishment of 
high producing and fast-growing in vitro cultures are essential prerequisites, espe-
cially when the target secondary metabolite content of the selected cell line should be 
high. Selecting the higher-yielding cell lines was the essential step for optimizing the 
production of the anticancer drugs camptothecin [128].

Qualitative and quantitative estimation of active metabolites may show vari-
ability depending on the spatial and temporal changes that may happen during the 
process. Variation in secondary metabolites yield may be due to their repression 
or losses before or during the extraction processes. Consequently, the determined 
secondary metabolite value may not exactly indicate the actual content of secondary 
metabolite in a given tissue or plant species. Nevertheless, quantitative and qualita-
tive methods can be applied to select high-yielding cell lines [14]. Selection of the 
high-yielding lines can be established by exposing the population of plant materials 
to toxic inhibitors, biosynthetic precursors, or stressful environments and followed 
by selecting cells that show higher production of targeted components [2]. Selection 
can be carried out using callus, cell suspension, or through any other in vitro culture 
procedure. In this regard, the answers to the following questions must be quite clear: 
Does diversity occur naturally or by using chemical, physical or biological substances 
that help in mutation to produce genetic diversity from which it can be selected? What 
are the methods used to identify and isolate the most qualitatively and quantitatively 
productive line?

5.6 Overexpression of genes that control the production of bioactive compounds

The production of secondary metabolites is a metabolic process that is influenced 
by several physicochemical factors. These factors can be controlled and optimized 
in large-scale production. Traditional mutagenesis programs have been used by 
the pharmaceutical industry for yield improvement of medicinal plants. Recently, 
the development of recombinant DNA technology has provided new and effective 
tools to obtain elite strains with high content of secondary metabolites through 
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overexpression of specific enzymes involved in their biosynthetic pathways aim-
ing to increase the production levels and speed the metabolic processes [67, 96]. 
Consequently, plant genetics, recombinant DNA technologies, and PTC have devel-
oped to improve the ability of several medicinal plants to biosynthesize secondary 
metabolites efficiently.

To control the synthesis of certain natural products, the enzymes involved in the 
synthesis of these reactions and how they are influenced by in vitro culture condi-
tions should be carefully determined. Niggeweg et al. [129] identified the enzymes 
that control the pathway of synthesis of an important bioactive compound through 
controlling these pathways. This control can be investigated on a gene expression and 
genome level [1] but it is not enough because it does not always give clear and specific 
information on the nature of the encoded enzyme that controls the intended reaction. 
Consequently, genomic studies have been used in combination with physiological and 
biochemical aspects to understand the biosynthetic pathways of specific secondary 
metabolites [1]. In this concern, metabolic engineering strategies concentrate on the 
stimulation of certain pathways over others by overexpressing certain genes.

Using PTC, key gene overexpression that involved in the biosynthetic of valuable 
biologically active compounds can be controlled leading to produce compounds in 
high quantity and quantity. For example, the overexpression of geranyl diphosphate 
synthase and geraniol synthase genes in C. roseus led to a significant improvement in 
plant production from monoterpene indole alkaloids of vinblastine and vincristine 
[130]. In periwinkle cell lines, overexpression of the strictosidine synthase (Str) 
gene resulted in tenfold activity than wild type leading to the accumulation of high 
content of ajmalicine, strictosidine, serpentine, tabersonine, and catharanthine 
[131]. Overexpressing tryptophan decarboxylase (Tdc) gene resulted in accumula-
tion of TIAs (serpentine, catharanthine, strictosidine) more than wild type in 
transgenic cell suspension culture of periwinkle [132]. In addition, overexpression 
of H6H (hyoscyamine 6β-hydroxylase) from Hyoscyamus niger in Atropa belladonna 
hairy roots enhanced scopolamine production [133]. In addition, suppression of the 
rosmarinic acid synthase gene led to an increase in the plant content of 3,4-dihy-
droxyphenyllactic acid which led to improving the quality of rosmarinic acid in 
Salvia miltiorrhiza [134].

Bioactive secondary metabolites are under coordinated control of the biosynthetic 
genes, and transcription factors (TFs) play an important role in this regulation 
[135]. Transcriptional regulation means the change in gene expression levels by 
modulation of transcription rates. Studies on the regulation of the production of 
secondary metabolite pathways are focused on the regulation of structural genes 
through TFs [135]. For example, the expression of genes involved in TIAs (terpenoid 
indole alkaloids, such as vincristine and vinblastine) metabolic pathway is elicited 
by jasmonates, it is regulated biosynthesis of terpenoid indole alkaloid (TIAs) and 
artemisinin [135]. Jasmonate was demonstrated as a regulator of deacetylvindoline 
4-O-acetyltransferase (DAT) expression [136]. Expressed DAT is involved in the 
biosynthesis of TIAs member-vindoline through transferring an acetyl group to 
deacetylvindoline for vindoline production. It was clear that most of the genes codded 
for TIA pathway enzymes are tightly regulated by specific TFs under the regulation of 
JAs but it is carried out in coordination with developmental growth stage and envi-
ronmental factors [135].

TFs of TIA genes respond to JAs and/or other elicitors. In C. roseus a few TFs 
(CrORCA2, CrORCA3, CrBPF1, CrWRKY1, CrMYC1, and CrMYC2) have been char-
acterized, two of them (ORCA2 and ORCA3) are positively influenced by JAs [137]. 
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ORCA2 plays a critical role in the regulation of TIA metabolism where it regulates 
gene expression of both feeder pathways as well as STR and SGD, genes that codded 
for enzymes catalyzing the first two steps in biosynthesis of TIA [138]. In addition, 
ORCA3 overexpression resulted in the increase of some genes such as TDC, STR, and 
desacetoxyvindoline- 4-hydroxylase (D4H) leading to the accumulation of vinblastine 
and other metabolites in the TIA pathway [139]. Other TF such WRKY family that 
is induced by JAs is involved in TIA biosynthesis [140]. In Catharanthus hairy roots, 
overexpression of CrWRKY1 results in up-regulation of TIA pathway genes, espe-
cially the TDC gene. TF-CrWRKY1 binds the TDC promoter resulting in and trans-
activation of the TDC promoter in Catharanthus cells [141]. Preferential expression of 
CrWRKY1 and its interaction with other TFs (including CrORCAs and CrMYCs) play 
an essential role in the accumulation of vinblastine in C. roseus [135].

5.7 Transformation

The genetic transformation was used as a powerful tool to improve the productiv-
ity of secondary metabolites. In general, Agrobacterium rhizogenes was used to transfer 
genes in several dicotyledonous plants where roots are formed at the site of infection; 
what is called “hairy roots.” Agrobacterium-mediated transformation technology may 
be better than direct gene transfer techniques including particle bombardment and 
electroporation [129]. Transformed hairy roots mimic the biochemical machinery of 
normal roots and are used to produce secondary metabolites where they are stable and 
have high productivity under growth regulators free culture [88]. Hairy roots trans-
formed systems have great potential for commercial production of viable secondary 
metabolites and become a good alternative for raw plant materials.

Gene transfer using Agrobacterium can possibly be used to transfer DNA frag-
ments that contain the genes of interest at higher efficiencies and lower cost. In 
Raphanus sativus L., a medicinal plant, plants formed hairy roots using A. rhizogenes, 
it was associated with the production of higher content of phenolic flavonoid and 
quercetin content compared to non-transformed plants [142]. Hairy roots were used 
for the production of phenolic acid, flavonoid, and wedelolactone from Sphagneticola 
calendulacea [143], tropane alkaloids of hyoscyamine, anisodamine, and scopolamine 
from Scopolia lurida [144].

Bacopa monnieri was transformed using A. tumefaciens with tryptophan decar-
boxylase and strictosidine synthase genes, which were obtained from C. roseus. 
Transformed tissues showed an increase in the terpenoid indole alkaloid pathway 
which led to an increase of 25-fold in tryptophan content in comparison with non-
transformants [145]. Sharma et al. [146] used A. tumefaciens to transfer tryptophan 
decarboxylase and strictosidine synthase genes to C. roseus, it increased the content 
of terpenoid indole alkaloid metabolite due to the transient overexpression of these 
genes. In addition, several medicinal plants were subjected to genetic transformation 
including Iphigenia indica [88], Artemisia annua [57], Aconitum heterophyllum [100], 
P. somniferum L. and Eschscholzia californica [147]. Solanum aviculare [148], Pueraria 
phaseoloides [149], Crataeva nurvala [150], Gymnema sylvestre [151] and Holostemma 
ada-kodien [152] and Araujia sericirfera and Ceropegia spp [153].

5.8 Scale-up production

The application of PTC in medicinal plants can be scaled up using “bioreactors,” 
which allow atomization and production of a high yield of medicinal secondary 
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products [154]. Therefore, scale-up production is a bioreactor application for the 
cultivation of plant cells on large-scale aiming for the mass production of valu-
able bioactive compounds. Also, bioreactor-based micropropagation was found to 
increase shoot multiplication for the commercial propagation of B. monnieri plants 
and maximize the content of bacosides in shoot biomass using an airlift bioreactor 
system [154]. Production of secondary metabolites using in vitro culture techniques 
is recommended strategy, especially when studying morphological and physiological 
processes associated with metabolites biosynthesis is necessary [155].

Cell suspension offers the wright combination of physical and chemical envi-
ronments that must be used in the large-scale production of secondary metabolites 
in the bioreactor process [156]. Consequently, scale-up production in the bioreac-
tor was used to expand the production of secondary metabolites from research 
to the industrial level. Systems of various sizes and features of bioreactors were 
created and applied for the mass production of secondary metabolites [157]. The 
application of plant tissue culture techniques in bioreactors for scale-up produc-
tion facilitates obtaining some expensive pharmaceuticals that are synthesized 
in low quantity during in vitro or in vivo cultures. Since scale-up production of 
skikonin substance was achieved using bioreactors by Tabata and Fujita [158], 
other successful scale-up productions were obtained such as ginseng [159] and 
taxol [160].

Bioreactor operating system should provide efficient oxygen and nutrient supply, 
homogenous distribution of cultivated plant materials, and other factors that ensure 
optimal biomass and metabolite production [161]. While most of these bioreactors 
rely on cell suspension cultures, few of which are rely on differentiated tissues such as 
somatic embryos and hairy roots [162]. Application of suspension culture facilitates 
metabolites isolation [157].

For scale-up production, automation becomes an essential prerequisite, where it 
controls the pH of the culture area, culture viscosity, osmolarity, temperature, redox 
potential, oxygen supply, production of carbon dioxide, nutrients, weight, and liquid 
levels, and follows the rate of cell density. This automation needs sensors and moni-
toring systems that ensure mass production of pharmaceuticals and monitoring of 
physical, chemical, and biological parameters [163].

Perfusion cultivation is a system where continuous feeding of fresh media into 
a bioreactor system and removal of cells-free media were carried out in a modified 
bioreactor. The aim of this type of bioreactor and perfusion cultivation is to scaling-
up the production of pharmaceutical compounds using plant cell, tissue, and organ 
cultures. The perfusion system offers a great advantage where it overcomes nutrient 
depletion and accumulation of growth inhibitors within the cultivated system, and 
it resulted in the promotion of biomass and pharmaceutical compounds. Semi-
continuous perfusion was established in Anchusa officinalis where it was carried out 
in the shake flasks with a manual exchange of media. It resulted in the promotion 
of more than two-fold cell density and rosmarinic acid production in comparison to 
batch cultures [164].

Advances in immobilization and scale-up production techniques increase the 
applications of plant cell cultures for the purpose of producing high added value 
secondary compounds such as compounds with chemotherapeutic or antioxidant 
properties. For example, cell cultures of Plumbago rosea were immobilized using an 
MS medium containing 10 mM CaCl2 and calcium alginate for the production of 
important medicinal compounds, such as plumbagin [165]. Their studies indicated 
the impact of immobilization on the increased accumulation of plumbagin where 
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immobilization in calcium alginate resulted in enhancement of plumbagin production 
up to three folds compared with that of control [156].

6. limitations over secondary metabolite production in vitro

In general, there are many factors that may hinder the application of PTC for 
various purposes in the field of medicinal and other plant species. The production of 
medicinal compounds using PTC has two important aspects—the amount of plant 
materials should be sufficient for the production of the target substance, as well as the 
quantity and quality of the produced substance. Hence, it is necessary to identify and 
avoid the conditions and phenomena that may negatively affect the growth efficiency 
of the in vitro cultured plant tissue.

6.1 Avoidance of secondary metabolites toxicity

Obstacles facing the production of medicinal compounds from wild or cultivated 
plants can be avoided by using cell and tissue cultures, but these compounds may be 
toxic to the in vitro cultured cells or tissues and result in retardation of plant material 
growth and metabolite yield. Consequently, the toxicity of any secondary metabolite 
should be assessed and culture conditions should be modulated to avoid the produc-
tion obstacles. On the other side, the toxic effect of a secondary metabolite can be 
beneficially used for the treatment of some illnesses, for example, cancer [166].

Long-term culture can be used for the accumulation of desirable metabolite(s), 
but it can be a problematic and limiting factor that should be avoided by the applica-
tion of certain techniques, such as medium enrichment or substitution in bioreactors 
[167]. These strategies include accumulation of metabolites in vacuoles, and other 
subcellular compartments or the exudation of metabolites into the culture medium 
[168]. The last strategy needs the application of additional techniques to decrease 
the concentration of the accumulated metabolite leading to further biosynthesis. It 
is accomplished by changing the medium of the culture manually or mechanically. 
In this regard, hairy roots were recommended, but not all secondary compounds are 
synthesized and accumulated in the roots [66].

6.2 Avoidance of low growth rate of cultured plant materials

While successful production of a wide range of valuable secondary metabolites 
can be obtained using unorganized callus or suspension cultures, the differentiated 
organ can be used but each of them may face some problems. The most important 
problems are the slow growth rate and somaclonal variation [84]. Consequently, 
the production of secondary compounds through the application of PTC techniques 
becomes unstable at a specific period. Generally, the problems facing the production 
of secondary metabolites using PTC can be easily solved by changing the culture 
conditions to avoid growth retardation and somaclonal variation [11]. Also, the 
application of PTC techniques in combination with other approaches could be used to 
avoid growth retardation and genetic variation [11].

The appropriate conditions for increasing the growth of the cultured plant materi-
als may be different from the conditions for increasing the concentration of the active 
substance. To overcome these dilemmas, a two-step protocol is used, one of which 
provides optimal conditions for growth and the other provides optimal conditions to 
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produce the active substance [12]. For example, while growth stimulators should be 
used during the growth phase, elicitors should be used to stimulate the biosynthesis 
of active compounds [169].

Accumulation of secondary metabolites is obtained under the influence of biotic 
or abiotic stress, but it retards the biological mass. To ensure a high yield of secondary 
metabolites, producers hope to conserve conditions to stimulate high biomass and 
biosynthesis of the targeted metabolite. Consequently, optimization of culture condi-
tions to increase growth parameters or application of elicitors become an essential 
prerequisite [169].

6.3  Avoidance of problems constrain the application of transformation in the 
production of active compounds

Despite Agrobacterium is an essential tool for gene transformation; sometimes 
some technical problems retard its application in some plants, it depends on genotype 
and/or transformation technique [170]. On the other hand, many factors can affect 
the efficiency of Agrobacterium-mediated transformation such as Agrobacterium’s 
optical density [171], antibiotic [118] or acetosyringone concentrations, and inocula-
tion time [172]. All these difficulties should be avoided for the successful application 
of transformation techniques in the field of secondary metabolites production.

6.4 Avoidance culture browning

In vitro cultured explants release phenol compounds, which are oxidized by poly-
phenol oxidase and turned the media brown [173]. In woody plants, phenolic exuda-
tion appears early during the excision of plants causing browning of the cultured 
medium [173]. Browning closes the base of explants and retards the movement of 
nutrients from the medium into the cultured plant materials leading to retardation of 
plant growth. To overcome tissue browning, antioxidants or phenol absorbents, such 
as ascorbic acid, glutathione, activated charcoal, and polyvinylpyrrolidone were used. 
Also, transferring explants into new culture media at regular intervals can control 
the negative effects of the browning phenomenon [173]. To overcome the browning 
effect in the culture media in Glycyrrhiza inflata cell cultures, cultures were optimized 
in a bioreactor containing maximum cell concentration [174]. Dark conditions help 
to reduce the browning problem may be due to the reduction of the activity of the 
enzymes concerned with phenols synthesis and oxidation [175, 176].

6.5 Avoidance of somaclonal variation of the cultured plant materials

Production of the secondary metabolites using the cell culture technique is low 
during the early stage of growth where high carbon utilization exists and is associated 
with enhancement of primary metabolism. On the other hand, the production of 
secondary metabolites is high at the late stage when carbon is less needed for the pro-
duction of primary metabolism [14]. Prolonged the age of the cultured plant materi-
als is necessary but it may be associated with genetic variation [47, 84]. Therefore, 
the enhancement of growth criteria of the cultured plant materials is not sufficient 
to confirm the optimization of in vitro culture techniques for the production of 
secondary metabolites, but also genetic stability at the DNA level of the cultured plant 
materials is an essential parameter. For example, regenerates with high genetic fidelity 
and improved chemical profile of endangered C. spinosa L were reported, where the 
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two-fold increase in flavonoids content than that of wild plants was obtained using 
methyl jasmonate and BAP [105]. Plant material with genetic fidelity after propagated 
in vitro culture was detected and used for the isolation of 20-hydroxyecdysone and 
polypodine B [177]. Production of true to type regenerants in Artemisia absinthium is 
very important in the commercial production of secondary metabolites [178].

Somaclonal variation results from chromosomal changes in number or structure, 
transposable elements, or possibly pre-existing genetic changes in the donor plant. To 
detect somaclonal variation, several molecular techniques such as Random Amplified 
Polymorphic DNA (RAPD), Inter Simple Sequence Repeat (ISSR), and Simple 
Sequence Repeat (SSR) were recommended [18, 47].

6.6 Avoidance of vitrification

Sometimes, the production of secondary metabolites through some techniques 
such as cell suspension is not always an adequate procedure. Then, other techniques 
such as organ culture can be used as a supernumerary method for the production 
of secondary metabolites [85]. Shoot cultures as same as hairy root cultures are 
recommended for production of pharmaceuticals where they are genetically stable 
[179]. Shooty teratomas were produced for the production of secondary metabo-
lites, such as vincristine in C. roseus [180] and naphthoquinone in Drosera capensis 
var. alba [181]. In some plant species, shoot culture showed vitrification problems, 
such as in moringa [47].

Generally, tissue culture plant materials were incubated in vessels to prevent 
microbial contamination and retard culture desiccation but these conditions may 
cause restriction of gases exchange between cultures and their surrounds. Under 
insufficient ventilation stress, the growth of the cultured plant materials was retarded 
due to retardation of photosynthesis, transpiration, and uptake of water and nutrients 
leading to the accumulation of ethylene and the appearance of vitrification or hyper-
hydricity [182]. The symptoms of vitrification are slowing growth rate, necrosis of 
shoot tips, loss of apical dominance, disorganized cell wall, fragile leaves, reduction 
of shoot multiplication, poor acclimatization, impaired stomatal function, reduction 
of some metabolites, alteration of ion composition, inhibition of H2O2 detoxification 
enzymes [183, 184].

Vitrification in medicinal and other plant species can be avoided by reducing 
the relative humidity and improving the aeration within culture vessels [183, 184], 
decreasing the concentration of free water by increasing the concentration of agar 
[185], and using anti-ethylene compounds including CoCl2, AgNO3 or salicylic 
acid [47, 183]. To confirm which anti-ethylene compounds can be used to conserve 
the genetic fidelity of in vitro cultured moringa shoots, fingerprinting profiles of 
the long-term culture (14 subcultures) were assessed using RAPD, SSR, and ISSR. 
While the application of silver nitrate improved plant multiplication and reduced 
vitrification but it resulted in higher somaclonal variation in comparison to  
salicylic acid [47].

7. Conclusion

An increase in the world’s population imposed an important matter, which is the 
inevitability of leaving arable land for food production. Where modern agricultural 
techniques can be used to produce secondary metabolites and preserve the genetic 
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assets of these plants, the most notable technique is PTC. In addition, different PTC 
techniques are used to propagate rare and endangered plant species. Changes in the 
physical and chemical conditions of in vitro culture are easy and under control in 
a way that cannot be provided at all under field conditions. The ease of controlling 
the conditions of PTC conditions made it possible to use certain conditions to obtain 
true-to-type clones and their products, but other conditions are used to establish 
somaclonal variation for noval line selection.

The use of plant tissue techniques has become dependent on it to produce pharma-
ceutical materials after laboratory and applied experiments have proven that in vitro 
cultured plant materials are able to produce pharmaceuticals with the same amount 
and quality that can be obtained from soil cultivated plants. Moreover, the application 
of elite physical and chemical conditions of in vitro cultured plant materials made 
their production of secondary metabolites superior in quantity and quality to that 
of wild or cultivated plants. Therefore, to produce pharmaceutical compounds in 
large quantities to suit the increase in the population and increase their demand for 
safe medical products, tissue and cell culture techniques have been improved under 
several names including culture media optimization, the establishment of suspension 
and callus cultures, elicitation to enhance the productivity of in vitro cultures, appli-
cation of precursor feeding as a substrate to improve the production of secondary 
metabolites, high yielding cell lines selection, enhance the overexpression of genes 
that control the production of bioactive compounds, application of genetic transfor-
mation using A. rhizogenes and application of “bioreactors” for scale-up production.

The use of PTC techniques to produce pharmaceutical compounds depends on the 
availability of production of sufficient-viable plant biomass to produce pharmaceuti-
cal substances with the requested quality and quantity. Therefore, it is necessary to 
understand all the factors that limit the production of targeted mass to avoid them 
such as the toxicity of secondary metabolites, low growth rate of cultured plant 
materials, and problems that constrain the application of transformation on a wide 
spectrum of plant species, somaclonal variation during cell or tissue cloning and 
verification of the cultured plant organs.

© 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 
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Abstract

Genetically engineered crops are different from genetically modified crops. 
Changes in genetic make-up of crops by any conventional or any means technology 
fall under genetically modified crops category. In general, among different traits, 
herbicide and pest tolerance were more exploited in which herbicide tolerant crops 
occupy more than 90% of the total cultivated area of genetically engineered crops as 
the mode of actions of herbicides are well known and tolerant gene sources are readily 
available in wild weedy forms and various microorganisms. By knowing the pathway 
of mode of action of herbicides and pest tolerance, herbicide and pest tolerant crops 
were transformed by altering the structure and functions of rate limiting enzymes 
without affecting the normal functionalities of plants. Other than these two economi-
cally important characters, several characters were engineered in different crop plants 
such as disease resistant, increased yield and biomass production, male sterility 
and quality characters like anti-allergy factors, modified composition of fatty acid, 
protein, increased micronutrients and enzyme contents, reduced contents of anti-
nutritional factors and toxic substances. Through genetic engineering, transformed 
plants are used for establishing pharmaceutical products. In terms of area coverage, 
soya-bean followed maize, cotton, canola, alfalfa. Apart from genetically engineered 
crops, genome edited crops are developed for nullifying the negative effects and up-
regulating the target traits having positive effects thus ultimately assisting in achiev-
ing food and nutritional security.

Keywords: agriculture, GE/GM crops, RNAi, ZFN, TALEN, CRISPR/Cas9

1. Introduction

Plant genome engineering aims to modify crops by incorporating agronomically 
desirable traits, which could not be achieved through conventional plant breeding 
methods. Genetically modified crops vary considerably from genetically engineered 
crops in that the former recruits the modification through both natural and artificial 
means, whereas the latter is distinguished only by artificial means that would not 
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occur naturally. Genetically modified (GM) crops have proven to be great comple-
ment to conventional crops in meeting global demands for increased yields, increased 
food security, decreased pesticide use, and higher nutritional quality. The modi-
fied composition of fatty acid, protein and increased micronutrients, resistance to 
pests and disease, male sterility, quality characters like anti-allergy factors, reduced 
contents of anti-nutritional factors and toxic substances and medical benefits among 
which herbicide and pest tolerance are more remarkably exploited. The genetically 
modified herbicide tolerance crops occupy more than 90% of the total cultivated 
area of genetically engineered crops as the mode actions of herbicides are familiar 
and tolerant gene sources are more obtainable in wild weedy forms and microorgan-
isms, which paved way for transformation by altering the structure and functions of 
rate-limiting enzymes without affecting the normal functionalities of plants. In terms 
of global acreage, genetically modified soya beans are widely cultivated followed by 
maize, cotton, canola, and alfalfa. However, apart from genetically modified crops, 
genome-edited crops are generated by nullifying the negative effects of traits of inter-
est while up-regulating the positive effects of the target traits. Genetically modified 
crops benefit humanity by increasing the availability and quality of food and medical 
care, as well as contributing to a cleaner environment and alleviating hunger and 
disease around the world. In this chapter, a detailed discussion addressing the global 
need for resistance to insect pests, disease, herbicide tolerance, stress tolerance, qual-
ity improvement, male sterility and yield improvement through genetic modification 
in crop plants have been made.

2. Insect resistance

One of the most difficult issues in plant crop cultivation is dealing with insect 
pests. Insect pests are primarily managed using insecticides, but the rising occurrence 
of insect resistance genes in many organisms could be harnessed and introduced to 
crop plants through the effective use of transgenic technology. The cloning of genes 
codes for insecticidal δ-endotoxins dates back to the early 1980s [1]. Transgenic 
tomato and tobacco produce modified toxin genes which provide insect resistance 
res the first examples of genetically modified plants [2–4]. As insect-resistance genes 
transferred into plants predominantly act on the digestive system of insects, research-
ers are currently identifying genes with distinct modes of action to combat the 
development of resistance in the target insects, and to enhance potency. Few note-
worthy insect control proteins (ICPs) such as protease inhibitors, different enzymes, 
ribosomal inactivating proteins, and lectins derived from various genus and domains 
that have an antimetabolic or toxic effect on insect digestion are being viewed as an 
alternative to control insect infestation or confer resistance to plants.

2.1 Source of transgenes

2.1.1 Resistance gene from microorganisms

2.1.1.1 Cry gene from Bacillus thuringiensis

The most important and successful example of a transgene derived from the 
bacterium B. thuringiensis is Bt gene toxin [5]. It is a significant soil borne spore-
forming bacteria that produces insecticidal crystal (Cry) proteins encoded by cry 
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genes (cry-represents gene; Cry-represents protein) during sporulation [5, 6]. 
Proteinases in the insect gut proteolytically cleave the inactive protoxins to produce 
the active 60–65Kd toxin made up of high homology regions interspersed with 
(hyper)variable regions. Sequence analysis [7, 8] and X-ray crystallography were used 
to infer the structure and functional roles of the toxin’s three domains [9] that bind 
to glycoprotein receptors in the brush border membrane of the midgut epithelium 
of susceptible insects. The nature of the receptors that explicitly play a significant 
role in establishing susceptibility/resistance to a specific Bt toxin, is under intensive 
investigation, with a number of midgut integral membrane glycoproteins, including 
aminopeptidase and a cadherin-like protein, being identified [10–13]. Following 
binding, the toxin rapidly and irreversibly inserts into the cell membrane resulting in 
the formation of a pore supposedly by Cry proteins leading to disruption of the elec-
trical, K+ and pH gradients eventually causing irreversible damage to the midgut wall 
which gives rise to epithelial cell lysis [6, 14] paving way to gut paralysis, cessation 
of feeding and finally (typically after 1–3 days) death from starvation and/or septi-
caemia. These toxins are mainly targeted enzymes and lectins of digestive systems of 
Lepidopteron and coleopteran pests.

2.1.1.1.1 Codon optimization for higher expression

Specificity, efficiency and insecticidal activity of toxins are more in codon  optimised 
proteins than native form of Bt toxin and hence the former was introduced into various 
plants for increased level of expression [14]. Plants harbouring modified codon with 
plant preference rather than bacterial preference in which G:C rich codons are preferred 
over A:T rich codons, and undesirable mRNA secondary structure and polyadenylation 
signals eliminated, produced 100X higher than plants were transformed with unmodi-
fied (native) Bt gens [15, 16]. Genes are frequently inserted with constitutive promoters 
such as maize ubiquitin, CaMV35S, or rice actin 1, promoted protein expression at all 
times and in all parts of the plant allowing broader-spectrum ICPs to be targeted at dif-
ferent components of the pest complex. The use of tissue specific (e.g., RsS1 promoter 
for phloem-specific expression or PHA-L promoter for seed-specific expression) or 
inducible (e.g., potato pin2 wound-induced promoter) promoters is recommended to 
conserve the space and time of expression of toxic proteins and thus avoid unfavourable 
interactions with the beneficial insect’s ecosystem [17].

The highest risk of resistance development would most likely arise from prolonged 
exposure to ineffective levels of the transgene, a situation that farmers would not 
tolerate and would almost certainly necessitate additional (different) control mea-
sures (deployment of which would in fact reduce the risk of resistance development). 
CaMV35S has a notoriously low/no expression in pollen. Temporal and spatial pro-
moters are used to target the pest at its most vulnerable stage and time of infestation.

2.1.1.1.2 Cry protein classification

Cry protein classification is based on the degree of homology of Cry proteins. 
Primary Cry protein group: Cry proteins with less than 45 percent amino acid simi-
larity fall into this category. Cry 1 to Cry 78, for example (in 2018). Secondary Cry 
protein group: Cry proteins with less than 78 percent amino acid similarity fall into 
this category. Cry 1A and Cry 1B are two examples. Tertiary Cry protein group: Cry 
proteins with less than 95% amino acid similarity fall into this category. Cry 1Aa, Cry 
1Ac, etc. Cry proteins that share more than 95% of their amino acid sequences are 
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classified as part of the Quandary Cry protein group. Cry 1Aa1, Cry 1Aa2 (Cry 1Aa25 
was recently discovered in 2019). Each Cry protein of the Bt bacterium has a distinct 
host range cry protein (Table 1) [18].

Even within the Cry protein subfamily, the toxic spectrum varies depending on the 
host. Cry1A and Cry1C proteins, for example, are toxic to larvae of lepidopteran pests 
such as the codling moth (Cydia pomonella), the European corn borer (Ostrinia nubi-
lalis) [19], and heliothine bollworms, respectively. The Cry3A protein, on the other 
hand, is toxic to coleopteran pests such as the Colorado potato beetle (Leptinotarsa 
decemlineata) [20]. So far, 26 plant species have been genetically engineered and 
expressed for the Bt toxin [18].

2.1.1.2 Ipt gene from Agrobacterium tumefaciens

The introduction of Isopentenyl transferase gene (ipt) isolated from Agrobacterium 
tumefacien encoding a key rate limiting enzyme in the cytokinin biosynthetic pathway 
into the tobacco with wound inducible promoter recorded reduced consumption of 
leaves by the tobacco hornworm (Manduca sexta) and reduced survival of the peach 
potato aphid (Myzus persicae) leaving negative effects on plant development, such as 
an underdeveloped root system and a reduced total chlorophyll content [21].

2.1.1.3 Cholesterol-oxidase gene from streptomycete fungus

A cholesterol-oxidase gene from a streptomycete fungus has also been engineered 
into tobacco that was highly toxic to larvae of the boll weevil (Anthonomus grandis) 
and retarded the growth of the tobacco budworm (Heliothis virescens) by damaging 
the membranes of the insect-midgut epithelium [21–23].

2.1.1.4 Chitinase gene from Serratia marcesens

A bacterial endochitinase (from Serratia marcesens) has been shown to work in tan-
dem with Bt toxin against S. littoralis larvae [24], but not (yet) in transgenic plants.

2.1.2 Resistance gene from higher plants

Plants have co-evolved with insects for millions of years, and have developed many 
adaptations in terms of antifeeding and anti-shelter, among which digestive enzyme 
inhibitors (proteinase and amylase inhibitors) and lectins have shown significant 
effect on insects, which have been transferred into crop plants without major altera-
tion, and expression has been at a similar level to codon-optimised Bt toxins [25].

Classification Percentage of homology of amino acids (%) examples

Primary group < 45 Cry 1 to Cry 78

Secondary group < 78 Cry 1A, Cry 1B

Tertiary group < 95 Cry 1Aa, Cry 1Ac

Quandary group > 95 Cry 1Aa1, Cry 1Aa2

Table 1. 
Classification of cry proteins based on their amino acids classification.
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2.1.2.1 Proteinase inhibitors (PI)

Serine-like proteinases (trypsin-, chymotrypsin- and elastase-like endoproteases) 
dominant in lepidopteran larvae [26], a wider range of dominant gut proteinases in cole-
opteran species [27] and thiol proteases observed in corn rootworms (Diabrotica spp.) are 
some of the proteinases in insect which catalyse the release of amino acids from dietary 
protein, thereby providing nutrients essential for normal growth and development 
and thus the proteinase inhibitors plays an important part of the plant’s natural defence 
system against herbivory by inhibiting the protein metabolism. Although the mode of 
action of PIs are not fully understood, it may be claimed that hypersecretion of digestive 
enzymes caused by the presence of the inhibitors, would result in depletion of essential 
amino acids [28, 29].

Serine and cysteine-proteinase inhibitors have been shown to inhibit the growth and 
development of a variety of insects, primarily lepidopteran and coleopteran species  
[29, 30]. The expression of a gene encoding a sweet potato trypsin protease inhibitor 
(TPI) in transgenic tobacco (at a relatively low level for a plant-derived ICP – 0.2%) 
results in severe growth retardation of Spodoptera litura caterpillars fed on it besides the 
presence of high levels of the same naturally in it [31].

The first instance of a plant-derived ICP gene being used in transgenic plants 
was the constitutive expression (through the CaMV35S gene promoter) of a trypsin 
inhibitor gene taken from cowpea (Vigna unguiculata) and in tobacco [32]. Proteinase 
inhibitors do not just alter gut digestive enzymes; they can also affect insect water 
balance, moulting, and enzyme regulation [33]. The majority of research has focused 
on serine-proteinase inhibitors derived from the plant families Fabaceae, Solanaceae, 
and Poaceae, which are mostly aimed against not only lepidopteran pests but also 
some coleopteran and orthopteran pests. The cowpea trypsin inhibitor (CpTI), which 
has been introduced into at least 10 different plant species, is the most active inhibitor 
discovered to date the protection provided by CpTI was less pronounced and consis-
tent than that of tobacco containing a truncated Bt-toxin gene [34].

2.1.2.2 α-Amylase inhibitors

To block carbohydrate metabolism, a-amylase inhibitors from wheat (WAAI) 
and common bean (Phaseolus vulgaris) (BAAI) are utilised. When introduced into 
transgenic tobacco, the former increased mortality of lepidopteran larvae fed on it by 
30–40% [35], while the latter, when expressed in transgenic pea seeds and driven by 
the pha1 gene promoter, elevated resistance to bean weevils [36, 37].

2.1.2.3 Lectins

Lectins are a diverse group of carbohydrate-binding proteins, that are toxic to 
insects of the orders Homoptera, Coleoptera, Lepidoptera, and Diptera. The very 
first demonstration of enhanced resistance of transgenic plants expressing a foreign 
lectin used is the gene encoding the glucose/mannose-binding lectin from pea (Pisum 
sativum) [38]. The mode of action of lectins against insects is unknown, but it has 
been shown that some bind to midgut-epithelial cells [39], and some insecticidal 
lectins also show significant mammalian toxicity, including lectins from P. vulgaris 
(phaeton haemagluttinin, PHA), and the greater insecticidal activity is shown by 
chitin-binding lectins from wheatgerm (WGA) expression in transgenic maize [40].
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Recent interest has primarily focused on the mannose specific lectin from snowdrop 
(GNA), which has shown activity against peach potato aphids, potato tuber moths 
[41] and the rice brown planthopper (Nilaparvata lugens) [42]. GN expressed in 
potato and tomato significantly reduced fecundity and enhanced resistance, respec-
tively, in laboratory experiments [42]. When overexpressed in different species of 
tobacco, tomato, and sweet gum, the tobacco anionic peroxidase, which is involved in 
crosslinking and polymerisation, inhibition of digestive enzymes, and the generation 
of highly reactive, toxic species, led to significant levels of resistance to several lepi-
dopteran, coleopteran, and peach potato aphid [43]. The expression of tryptamine 
and tryptamine-derived alkaloids in plants may serve as anti-oviposition and anti-
feedant agents, or as inhibitors of larval and pupal development, and when expressed 
in tobacco, inhibition of reproduction of the whitefly Bemisia tabaci by observed up 
to 97 percent [44].

2.1.3 Resistance genes from animals

Based on in vitro testing of proteolysis inhibition by several lepidopteran larvae 
midgut extracts, as potential insect-resistance proteins like bovine pancreatic 
trypsin inhibitor (BPTI), a1-antitrypsin (a1AT), and spleen inhibitor (SI) were 
identified and introduced into a variety of crop. Proteinase inhibitors derived from 
M. sexta and expressed in cotton and tobacco were reported to impede B. tabaci 
reproduction [45, 46]. Despite the introduction of chitinase (from the tobacco 
hornworm) into tobacco, these plants only exhibited a limited level of resistance to 
lepidopteran larvae and peach potato aphids [47].

2.1.4 Microbial proteins

The bulk screening of microbial culture supernatants against specific pests has 
been one strategy to the discovery of novel insecticidal proteins. Two proteins, Vip1 
and Vip2, were isolated from vegetative Bacillus cereus culture supernatants and have 
been shown to be acutely poisonous to maize rootworms [47]. Some B. thuringiensis 
vegetative culture supernatants include a protein (Vip3A) that is acutely poisonous to 
Agrotis and Spodoptera caterpillars [48]. These proteins activity is extremely similar 
to that of Bt-endotoxins, yet they are distinctly separate from them.

2.1.5 Predator toxins

Genes producing neurotoxins from predatory mites [49] and scorpions [50] have 
been inserted into recombinant baculoviruses, where they effectively boost the rate 
of killing.

3. Disease resistance

Since the identification of the chemicals and genes involved in disease resistance in 
plants, attempts have been made to develop permanent disease resistance in commer-
cially significant crop plants. Unfortunately, many of these efforts have failed because 
to the complexities of disease-resistance signalling and the wide range of infection 
routes employed by various pathogens. Although disease-resistant transgenic plants 
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or seeds are not currently commercially accessible, future product development looks 
to be feasible as our understanding of pathophysiology and plant defence deepens.

In general, plants are protected by structural defence (plant cell wall, thick and 
waxy epidermis, trichomes, thorns) and chemical defence (production of secondary 
metabolites, proteins, and digestive enzymes) [51]. Plant defence response genes are 
classified into susceptibility genes (S), resistance genes (R), and non-host resistance 
genes (NHR). Pathogen-associated molecular pattern (PAMP)-triggered immunity 
(PTI) is broad-spectrum resistance, effective against non-host pathogens that fail to 
establish virulence [52, 53], and ETI is regarded to be the basis of R-gene resistance 
(host resistance). NHR is regarded as a quantitative trait encompassing numerous 
genes and varied pathways, whereas R gene resistance is regarded as a qualitative trait 
that adheres to Flor’s gene-for-gene model and is dependent on a complex regulatory 
mechanism for pathogen detection and defence response [54, 55].

The successful transfer of R genes that express specific effector proteins in a 
gene-for-gene manner among plant species has resulted in long-term resistance and 
crop protection against a variety of pests and diseases. Polymorphisms in the coiled-
coil (CC) and nucleotide-binding (NB) domains have been shown to be critical for 
recognition specificity, hence R genes could be edited [56]. In wheat, a two-amino 
acid mutation in the NB domain of the R gene (PM3F) protein was known to 
improve the resistance spectrum and HR response. S gene mutations can give both 
broad-spectrum and pathogen-specific resistance. Most S genes play functional 
roles in the plant, and mutations in them can cause serious pleiotropic defects. For 
example, CRISPR–Cas9-mediated disruption of the OsSEC3A gene in rice improved 
defence response against Magnaporthe oryzae, but the resistant plant also had dwarf 
stature and a lesion-mimic phenotype [57]. Similarly, leaf chlorosis was observed 
in wheat plants that had been MLO gene-edited for resistance to powdery mildew 
[58–60]. Rice OsSWEET14 and 11 mutations resulted in shorter height and pollen 
abortion [61, 62].

Understanding the processes of NHR, which has a long lifespan and a broad 
spectrum, is essential for breeding disease-resistant cultivars. Type I NHR is asymp-
tomatic [63, 64], whereas Type II NHR is similar to host resistance (“gene-for-gene”) 
and is associated with the hypersensitive response triggered by pathogen penetration 
into plant tissue and activation of the resistance gene [65–68]. For conferring and 
developing disease resistance technologies are RNAi, TALENS, CRISPR/Cas, ZFN 
used transfer gene in various crops (Table 2) [76].

4. Herbicide resistance

Herbicides are essential components of today’s integrated weed management 
strategy. To address the issue of repeated use of the same herbicide resulting in the 
evolution of resistant weeds, complicating their control, the development of diverse 
herbicide-tolerant crops is critical.

4.1 Photosystem based herbicides

Herbicides of various types disrupt various organelles and parts of plants. For 
example, now recognised by numerous names, including QB (Quinone), D1, encoded 
by the psbA gene,the 32-kDa weighted protein found in the thylakoid membrane acts 
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as a herbicide binding protein for a variety of proteins was identified using a pho-
toaffinity marker (azidoatrazine) [73, 75]. This is the first gene found for herbicide 
tolerance research. Atrazine, the most commercially important PS II herbicide, is the 
most extensively used herbicide in maize and sorghum as these crops can extensively 
degrade atrazine by glutathione conjugation. Herbicide-tolerant weeds (Senecio 
vulgaris) discovered in maize for atrazine, simazine, and other s-traizine category 
herbicides, which were previously susceptible for these herbicides, demonstrated 
maternal inheritance and conferred 100 times less binding affinity for herbicide in 
thylakoid membrane [77–79]. There have been six recorded amino acid exchanges 
(Table 3) [80–83]. The 3D arrangement of the amino acids revealed that different 
herbicide classes had different binding sites on the QB protein.

4.1.1 Glyphosate

Glyphosate N-(phosphonomethyl) glycine is a post emergence herbicide and is a 
potent competitive inhibitor of the enzyme 5-enol-pyruvyl shikimic acid 3-phosphate 
(EPSP) synthase and it is rate limiting enzyme for aromatic amino acids synthesis 
pathway [84]. A gene (aroA) from gram negative bacteria Salmonella typhinutrium 
(now the same found in Aerobacter aerogenes [85], possessing mutation on 101th 

Amino acid position in QB protein Wild type Mutant

264 Serine Alanine

264 Serine Glycine

219 Valine isoleucine

251 Alanine Valine

255 Phenyl alanine Tyrosine

275 Leucine Phenyl alanine

Table 3. 
Amino acid exchanges in wild and mutant plant proteins.

Crop Disease Gene and its function GE Methods used Ref.

Wheat Blumeria graminis TaMLO Repress immunity 
against powdery mildew

RNAi [69]

Rice Xanthomonas oryzae 
pv. Oryzae

EBS of OsSWEET14 
and OsSWEET12, 
Transcriptional induction

TALEN [70–73]

Wheat powdery mildew Three homoallele TaMLOof 
A1, B1, D1 homoeologs

TALEN [59, 60, 74]

Rice Rice tungro spherical 
virus (RTSV)

eIF4G Translation of viral 
RNA genomes

CRISPR/ Cas9 [75]

Rice Magnaphorthe oryzae OsERF922 Negative 
regulator of blast resistance

RNAi CRISPR/Cas9 [59, 60]

Table 2. 
RNAi, CRISPR/Cas 9 and TALEN mediated gene transfer for various diseases in different crops.
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position of amino acid wherein proline is changed to serine a gene (aroA) encoding 
resistant EPSP enzyme against glyphosate was transformed to tobacco with octopine 
synthase promoter through agrobacterium transformation which led to insensitive 
response to herbicide [86]. The mutated gene was fused to an octopine synthetase pro-
motor to enable expression in plants leading to regeneration of transgenic plants with 
glyphosate tolerance and impaired growth due to compartmentation of aromatic amino 
acid biosynthesis and disruption of EPSP synthase and other shikimic acid pathway 
enzymes located in chloroplasts. The precursor protein is directed into the chloroplast 
by amino-terminal regions known as transit peptides, which are eliminated during 
the absorption process. EPSP synthase is also a precursor protein that is enzymatically 
active and binds glyphosate. A fusion gene encoding the sequence of a plastidic transit 
peptide before the aroA sequence, which exhibits a 40-fold increase in EPSP-synthase 
activity in petunia plants, is likely to provide a greater level of resistance [87, 88].

4.1.2 Sulfonylurea and Imidazolinone herbicides

The herbicides imidazolinones and sulfonylureas operate by limiting acetolactate 
synthase (ALS), the first enzyme in the biosynthetic chain that results in the produc-
tion of branched chain amino acids [89–91]. Thus, chlorsulfuron is readily detoxified 
by wheat, barley, or oats by phenyl ring hydroxylation and consequent conjugation 
with glucose. Sulfonylurea-resistant mutant strains have been isolated from species as 
varied as bacteria, fungi, and plant cell cultures. Using cell biology techniques, maize 
plants resistant to imidazolinone and tobacco plants resistant to sulfonylurea herbi-
cides have been successfully established [90, 91].

4.1.3 Phosphinothricin

L-Phosphinothricinis (an analogue of glutamate), a component of the tripeptide 
“bialaphos” produced by several Streptomyces viridochromogenes, is a potent irre-
versible inhibitor of glutamine synthetase with herbicidal activity causing a rapid 
increase of ammonia concentration in plants which leads to the inhibition in pho-
tosynthesis, which derives the plants to death of the plant cell [92, 93]. Resistance 
to L-phosphinothricin in alfalfa was established via overproduction of a glutamine 
synthetase gene connected to the promoter of the 35S transcript of cauliflower mosaic 
virus, and the construct was incorporated into the genome of N. Tobaccum var. W38 
by A. tumefaciens [94, 95]. Transgenic plants demonstrated superior resistance to high 
doses of commercial formulations of phosphinothricin and bialophos after integrat-
ing the resistance gene from Streptomyces hygroscopicus to tobacco and regulating it 
with the 35S promotor of the cauliflower mosaic virus.The treated plants showed no 
elevation in ammonia concentration, signifying the total shielding of the plant glu-
tamine synthetase from the herbicide’s activity [94]. Herbicide resistance is acquired 
via TALENs-mediated gene mutation of OsALS in rice and ALS (SurA and SurB) in 
tobacco [96, 97] (Table 4).

5. Stress

Abiotic stress is a highly complicated phenomena that involves biochemical 
and physiological changes in plant cells causing increased amounts of ROS (reac-
tive oxygen species), that are extremely reactive, toxic and impact chlorophyll 
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production, photosynthetic capability, and carbohydrate, protein, lipid, and 
antioxidant enzyme activities.

Genes that code for synthesis of osmolytes (proline, betain, etc.), water uptake 
and transport (ion transporters and aquaporin), transcriptional regulation and signal 
transduction mechanisms (MAPK) are identified from a variety of organisms and 
transformed into sensitive genotypes for generation of stress-protecting chemicals 
[98, 99]. The most efficient candidates for genetic transformation are transcription 
factors (TFs) that regulate the expression of a number of genes involved in conferring 
abiotic stress tolerance in plants [100].

5.1 Drought tolerance

Stress-related ring finger protein 1 (OsSRFP1), drought-induced SINA protein 
1 (OsDIS1), and dry- and salt-tolerant protein 1 (OsDST) are negative regulators of 
drought tolerance, whose silencing increased antioxidant enzyme levels, reduced 
H2O2 concentrations, and enhanced drought tolerance in rice.

The CRISPR–Cas9 system was used to introduce novel alleles in Arabidopsis 
OPENSTOMATA 2 (OST2)-encoding gene—a key plasma membrane H+ ATPase 
causing two significant mutations at the ost2 locus that led to constitutive functioning 
of proton pumps, induction of necrotic lesions and exhibiting a substantially higher 
rate of stomatal closure coupled with a lower rate of transcriptional water loss which 
resulted in enhanced drought tolerance (Table 5).

6. Quality

Over two billion people worldwide are malnourished as a result of nutritional 
stress. Genetically modified (GM) crops have the potential to fulfil the worldwide 

S. No Herbicide Gene Source of gene Mutation

1. Glyphosate aroA Salmonella spp. P101 → S

2. Sulphonylurea ilvGM Escherichia coli A26 → V

ILV2 Saccharomyces cerevisiae P192 → S

SURBHra Nicotiana tabacum P196 → A
W573 → L

SURBc3 P196 → Q

Csr1 A. thaliana P197 → S

3. Phosphinothricin GS M. sativa G245 → S,C,R
R264 → K

4. Triazines psbA Amaranthus S264 → G

S. nigrum S264 → G

Chlamydomonas S264 → A
F255 → Y
V219 → I

Table 4. 
Genes from various sources responsible for mutation in herbicide tolerance.
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Crop Gene Stress Reference

Rice AtDREB1A from Arabidopsis 
thaliana

Resistance to drought [101]

BrCIPK1 gene from Brassica rapa Enhanced abiotic stress tolerance [102]

A. thaliana transcriptional 
regulator DNA polymerase II 
subunit B3-1 (DPB3-1) gene

Induced heat tolerance [103]

Rice LSD1-like type ZFP gene 
OsLOL5

Tolerance against salt and oxidative [104]

JERF3 transcription factor 
(Solanum lycopersicum)

Drought tolerance [105]

OsDREB2A from Oryza sativa Drought and salinity tolerance [106]

OsERF4a from O. sativa Increased tolerance to drought stress [107]

Wheat TaPIE1 from Triticum aestivum Enhanced tolerance to Cold [108]

A. thaliana SPDS (Spermidine synthase) from 
Cucurbita ficifolia

Multiple environmental stress [109]

Tomato Monodehydroascorbate 
reductase (LeMDAR) gene

Increased tolerance to protoplast 
abiotic stresses

[110]

Wheat WRKY2 and WRKY19 
genes

Salt, drought and freezing stress 
tolerant

[111]

Maize Rab28 LEA gene Osmotic stress tolerance [112]

Potato Strawberry D-galacturonic acid 
reductase (GalUR) gene

Increased stress tolerance to methyl 
viologen, NaCl and mannitol

[113]

Rat GLOase Resistant to methyl viologen, NaCl 
and mannitol

[113]

DHAR from A. thaliana Increased tolerance to salt and 
drought

[114]

Soyabean Salinity stress tolerance and fungal 
resistance

Overexpression of tobacco osmotin [115]

Soybean Osmotin-like protein 
isolated from Solanum nigrum var. 
americanum (SnOLP)

Increased drought tolerance [116]

Chick pea tolerance by expression of Vigna Enhanced salinity [117]

Increased drought tolerance overexpression of miR408 [118]

Red gram Expressing Vigna pyrroline-5-
carboxylate synthetase

Increased salt tolerance [119]

Black gram Overexpression of glyoxalase 1 Salt tolerance [120]

Expression of Arabidopsis alate 
transporter, AtALMT1

Increased aluminium tolerance [121]

ALDRXV4 gene Tolerance to H2O2, drought, salt and 
methyl viologen induced stresses

[122]

Mung bean Expression of AtNHX1 Increased salt tolerance [123]

Expressing AtICE1 Cold stress tolerance [124]

Sugarcane EaDREB2 from 
Erianthusarundinaceus

Drought and salinity stress tolerance [125]
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need for high-quality food through genetic engineering by doing more than merely 
boosting nutritional quality.

6.1 Golden rice

The carotenoid biosynthesis pathway in plants is a multistep process and is 
accomplished via four desaturation reactions to produce all-trans-lycopene from 
15-cis-phytoene by phytoene desaturase (PDS), ζ-carotene isomerase (Z-ISO), 
ζ-carotene desaturase (ZDS), and carotenoid isomerase (CRTISO) whereas, a single 
enzyme encoded by the crtI gene accomplishes all the four reaction steps to produce 
lycopene in bacteria [128, 129]. In the carotenoid pathway, lycopene is an important 
branch point because it functions as the substrate for two competing enzymes, 
lycopene β-cyclase (LYCB), and lycopene ε-cyclase (LYCE). Lycopene is converted 
into γ-carotene, which is rapidly converted into β-carotene (has pro-vitamin A activ-
ity) by LYCB in a single pathway. The bacterial gene crtY encodes LYCB to produce 
β-carotene. Alternatively, with LYCE lycopene generates δ-carotene (which has no 
pro-vitamin A activity) [130–132].

About 60–80% by weight of total seed protein in rice is glutelin, and about 
20–30% are prolamins which are the prime choice of promoter sequences responsible 
for expression of carotenoids in rice endosperm [133]. Six promoters of rice glute-
lin genes (GluA-1, GluA-2, GluA-3, GluB-3, GluB-5, and GluC) were isolated and 
examined in rice and listed in tables with their site of expression (Table 6) [134]. 
Newly reported promoters like PROLAM26 RAL2 (LOC_Os07g11330), RAL4 (LOC_
Os07g11380), and CAPIP (LOC_Os06g33640) could be useful in the future [135].

A combination of Daffodils phytoene synthase (psy) gene, lycopene-cyclase (lcy) gene 
and crtI gene from bacteria (Erwinia uredovora) PDS (phytoene desaturase) are used to 
generate japonica rice with ß-carotene expression (mentioned here as GR1) [136, 137]. 
Gtu-1 promoter was used for psy, lcy and a constitutive CaMV35S promoter with a plastid-
specific transit peptide (TP) used for the expression of CrtI gene [138, 139] in GR1, Under 
Gtu-1 promoter, an alliance of maize phytoene synthase (Zmpsy) gene with bacterial crtI 
has been expressed in rice to develop an improved golden rice variety (mentioned here as 
GR2) [140]. The synthetic gene constructions of two carotenoid biosynthetic genes, psy 
from Capsicum (Capsicum annuum) and crtI from Pantoea, were also reported for golden 
rice development. To create the PIC (Psy-IRES-CrtI) and PAC (Psy-2A-CrtI) construc-
tions, coupling of two genes using either the synthetic codon-optimised 2A sequence 
(from foot-and-mouth disease virus) or the IRES sequence (the internal ribosome entry 
site) were utilised (Figure 1) [141, 142].

ZFN and TALENs mediated gene mutation of IPK1 gene of the rice OsBADH2 gene 
respectively encoded inositol1,3,4,5,6-penta-kisphosphate 2-kinase, resulted in both 
herbicide tolerance and reduction of phytate in developing seeds and production 

Crop Gene Stress Reference

Tobacco SbpAPX from Salicornia brachiata Resistance against salt, cold, drought, 
abscisic acid and salicylic acid stress

[126]

GmERF7 transcription factor from 
Glycine max

Increased tolerance to salinity [127]

Table 5. 
Genes responsible for abiotic stress tolerance in various crops.
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of fragrant rice by increased synthesis of fragrance compound 2-acetyl-1-pyrroline 
(2AP) [143]. In monocot plants, the k1C gene in sorghum plant was targeted using 
CRISPR for gene disruption at the N-terminal ER signal peptide region, resulting in 
greater Lysine content and improved protein digestibility [144]. Naim et al. deployed 
CRISPR-Cas to target the PDS, Phytoene desaturase expressing gene in Cavendish 
banana (Musa acuminata) for gene knockout to target the Albinism phenotype. 
CRISPR-Cas9 was used to disrupt rice genes critical for defining amylose concentra-
tion, fine structure of amylopectin, and physiochemical characteristics of starch, 
resulting in a larger proportion of long chains in amylopectin. The GBSS gene, which 
encodes Granule-bound starch synthase and is responsible for amylose production in 
the Potato plant, was targeted using CRISPR-Cas for Gene knockouts, resulting in a 
product with elevated amylopectin content [145].

In Camelina sativa the FAD2 gene, which is important for fatty acid production, 
was targeted using CRISPR-Cas9 for gene deletion to enhance seed Oleic acid content. 
In tomato, CRISPR-Cas9 was used to target SlAGL6, a transcription factor that plays 
important roles in flower meristem and floral organ development, for gene deletion, 
resulting in a parthenocarpic phenotype [146]. The CAO1 and LAZY1 genes, which 
are responsible for synthesis of chlorophyll b from chlorophyll a and regulating shoot 
gravitropism, were disrupted using CRISPR-Cas to target the faulty synthesis of 
chlorophyll b and tiller spreading phenotypes, respectively (Table 7) [147].

Figure 1. 
A simplified version of ß-carotene expression in golden rice.

S. No Promoter Expressing region

1. GluA1, GluA2 &GluA3 Peripheral region of the endosperm

2. GluB5 and GluC The whole endosperm

3. GluB3 Aleurone and subaleurone layers of rice grain

Table 6. 
List of promoters and expressing region involved in Golden rice.
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7. Male sterility

The use of genetically engineered male sterility has a variety of applications, 
ranging from hybrid seed production to transgenic bioconfinement in genetically 
modified crops. The influence of this technique has aided in dealing with global 
food security concerns. The production of transgenic male sterile plants through the 
expression of a ribonuclease gene under the direction of an anther- or pollen-specific 
promoter has shown to be an efficient method of producing pollen-free elite cultivars.

7.1 Male sterility due to mutation on nuclear genes

Mariani et al. [162] achieved the first success in developing genetically engineered 
male sterility in crop plants by transforming tobacco and rapeseed plants with a 
chimeric dominant gene barnase (bacterial RNase from Bacillus amyloliquefaciense) 
driven by a tapetum-specific promoter (TA29) from tobacco. The coding sequences 
of RNase T1 from Aspergillus oryzae and barnase from B. amyloliquefaciens used to 
manipulate the trait were fused with the tapetum-specific TA29 promoter which is 
responsible for the expression of the barnase gene specifically to anther tapetal cells, 
causing selective destruction of the tapetal cell layer that surrounds the pollen sac by 
hydrolysing the tapetal cells, causing abnormal pollen formation (Figure 2). Male 
sterile anther carries empty exine [162]. Mariani et al. [163] demonstrated fertility 

Crop Gene transformed Quality character Reference

Rice Soybean ferritin gene Increased iron content [148]

Phaseolus vulgaris ferritin gene Enhancement in Fe content, 
cysteine and phytase level

[149]

Lactoferrin gene from human Increased iron content [150]

Ubi1-P-int (maize) & GmFAD3 
cDNA(soyabean)

Enhanced α-linolenic acid content [151]

amino-deoxychorismate synthase 
(ADCS 1) & GTP cyclohydrolase I 
(GTPCHI) genes

100 times enhanced accumulation 
of vitamin B9

[152]

BiP, lysine-rich binding protein Increased lysine content [153]

Maize SacB gene (Bacillus amyloliquefaciens) Stable accumulation of fructan [154]

Lysine feedback-insensitive DHDPS Increased lysine content [155]

HGGT gene from barley Tocotrienol content increase [156]

Wheat DHAR gene Increased ascorbic acid [157]

Ferritin gene & phytase gene Increased iron content [158]

Red gram Dihydrodipicolinate synthase 
overexpression

improve lysine content in seeds [159]

soyabean DHDPS and aspartokinase from E. Coli Increased lysine content [155]

15-kDa Maize zein protein Increased accumulation of C &M [160]

Chick pea Raffinose synthase 2 Silencing Nutritional quality improvement [161]

Table 7. 
List of different genes transformed for quality character in different crops.
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restoration in TA29-barnase male sterile plants by gene encoding the barnase-specific 
RNase inhibitor called barstar which was isolated from same bacteria B amyloliquefa-
ciense. When genetically engineered, male sterile plant is crossed with plant carrying 
TA29- barstar gene the F1 progeny shows co-expression of both genes in the anther 
of male fertile plants. In this system fertility restoration is due to the formation of 
tapetal cell-specific barnase/barstar protein complexes which completely inactivate 
the barnase enzyme [163]. This dominant nuclear genetic male sterility system faces 
same drawback as GMS system. During hybrid seed production the plants in female 
rows segregate in the ratio of 1:1 for male sterility and male fertility [164]. To counter 
the drawback of nuclear genetic male sterility system problem the barnase gene was 
linked to a dominant herbicide resistant gene (bar) under control of the constitutive 
promoter CaMV 35S which conferred resistance to broad-spectrum herbicide Basta 
(active ingredient is phosphinothricin or PPT). When seedlings are sprayed with 
Basta only the male sterile plants survive and the male fertile plants are killed as they 
lack bar gene.The use of bar gene allows elimination of male fertile segregants from 
female rows in the hybrid seed production plot thus assuring 100 per cent pure hybrid 
seed production [165].

7.2 Male sterility due to mutation on chloroplast genes

The genetic transformation of the plastid genome has various advantages, 
including high level transgenic expression, expression of multigene operons, 
transgene maternal inheritance, and expression of bacterial genes without codon 
optimization [166]. Ruiz and Daniell [167] elucidated that, with chloroplast 
transformation, hyper-expression of β-ketothiolase encoded by the phaA gene of 
Acinetobacter sp. in the leaves, flower, and anther of transgenic lines gets in the way 
of pollen development and results in male sterility. This was restored by exposing 
transgenic male sterile plants to continuous illumination, which allows acetyl CoA 
carboxylase (ACCase) to access acetyl CoA, restoring normal fatty acid synthesis 
and minimising PHB production through β-ketothiola.

Figure 2. 
Simplified version of expression of transgenic male sterile system.
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7.3 Male sterility due to altering metabolic process

Callose is a plant polysaccharide comprised of β-1-3 glucan that is deposited 
around microspore tetrads during meiosis. Tight developmental regulation and 
the timing of callase activity are required for optimal microspore development. The 
expression of modified PR-b-1-3 glucanase in transgenic tobacco plants led in the 
premature disintegration of the microsporocyte callose wall, resulting in mild to total 
male sterility [168]. Chang et al. [169] created a rice hybrid breeding method employ-
ing the rice nuclear gene Oryza sativa No Pollen 1 (OsNP1), which encodes a putative 
glucose–methanol–choline–oxidoreductase with involvement in tapetum degenera-
tion and pollen exine production. The ethyl methane sulfonate-induced rice mutant, 
osnp1-1, was completely male sterile.

7.4 Conditional male sterility

Conditional male sterility is a situation in which plants are typically fertile, but 
when a specific circumstance is applied, male sterility occurs. Hawkes et al. [170] 
revealed the use of inactive D-glufosinate as a male sterility inducer in transgenic 
plants expressing a modified (F58 K, M213S) version of Rhodosporidium toruloides 
Damino acid oxidase (DAAO) that converts oxidised D-glufosinate to its 2-oxo-
derivative (2-oxo-4-methyl phosphiny to create transgenic plants, the modified 
DAAO encoding gene was coupled with the TAP1 promoter from Antirrhinum 
majus and transformed into tobacco plants. When D-glufosinate was sprayed on 
these transgenic plants, it caused full male sterility that lasted two or more weeks 
while having no effect on female fertility [170]. Guerineau et al. [171] expressed the 
temperature-sensitive diphtheria toxin A-chain polypeptide gene sequence under the 
tapetum-specific A9 promoter and generated transgenic Arabidopsis plants that were 
fully fertile at 26 C, but when the temperature was decreased to 18°C, male sterility 
was induced [171].

7.5 Male sterility through post transcriptional gene silencing

Jasmonic acid (JA), a plant hormone, is involved in several developmental signalling 
events in plants, including senescence, fruit ripening, anther dehiscence, and pollen 
maturation [172, 173]. Bae et al. [174] reported inducing male sterility by inhibiting 
OsAOS1 and OsAOS2 activity with the promoters of the anther-specific genes Osc4 
and Osg6b, respectively. RNAi (pSK124) constructs were designed and converted into 
rice calli independently, concluding that the OsAOS2-RNAi vector driven by Osg6b 
promoter is potent enough for generating male sterility in rice.

7.6 Male sterility through modification of flavonoids

Any disruption in flavonoid production changes pigmentation and causes male 
sterility in plants. Fischer et al. [175] discovered the expression of a stilbene synthase 
(STS) gene from grape vine (VstI) driven by a 35S RNA promoter with duplicated 
enhancer region and a tapetum-specific promoter (Tap1) of A. majus produced 
male sterility strives for the substrates,4-coumaroyl CoA and malonyl CoA, which 
are required for sporopollenin and fatty acid biosynthesis, and hypothesised that 
there was a decrease in p-coumaroyl availability, resulting in impaired sporopollenin 
production and pollen wall formation, causing male sterility(Figure 3).
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7.7 Male sterility through RNA editing

Nucleotide alterations or insertion of a nucleotide, leading to a change in the 
sequence of amino acid in polypeptide denotes RNA editing. Male sterility in CMS 
plants is connected to mitochondrial DNA rearrangement, causing the formation of 
novel chimeric open reading frames (ORFs), resulting in mitochondrial malfunction, 
such as the chimeric gene pcf-S of petunia, ORFB and ORF224 of polima in rapeseed 
[176]. The overexpression of unedited mitochondrial orfB gene in a transgenic strain 
of indica rice led to a decrease in activity of ATPase in F1F0-ATP synthase resulting in 
dose-dependent male sterility [177].

7.8 Heterologous male sterility

The association of CMS and new chimeric ORFs in mitochondrial DNA sequences, 
as well as mitochondrial dysfunction, is documented. Nizampatnam et al. [178] engi-
neered transgenic tobacco plants to produce orfH522, a pet1-CMS-associated mito-
chondrial gene from sunflower that is driven by the TA29 promoter. Approximately 
35% of the modified tobacco plants were completely sterile. Subsequently, by decreas-
ing orfH522 transcripts using the RNAi approach, male fertility was restored [179].

8. GE for yield contributing characters

To address growing food demand as well as the challenges posed by climate 
change, major increases in yields of vital food crops employing transgenic technology 
are required. Using CRISPR-Cas9, researchers were able to increase grain number, 
dense erect panicles, and grain size in rice by disrupting the DEP1, Gn1a, IPA1, and 
GS3 genes, which are regulators of grain number, panicle architecture, grain size, 
and plant architecture [180]. CRISPR-Cas9 gene deletion targets the wheat genes 
TaGW2-B1, TaGW2-D1, and TaGW2-A1 that govern grain weight and protein con-
tent, leading to an increase in grain weight and protein content [181]. In maize, the 
gene ARGOS8 responded to water stress by increasing grain output [182].

Figure 3. 
Simplified version of male sterility through modification of flavonoids.
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9. Gene drive

Gene drive is a genetic phenomenon of naturally occuring skewed inheritance 
mechanism that implies sexual reproduction and is essentially concerned with 
population suppression and population modification. Synthetic gene drives deploy 
genome editing technologies such as CRISPR to maximise the likelihood of a certain 
gene being inherited from 50% to almost 100% (Figure 4).

9.1 Working model of gene drive

When a gene drive is inserted into the genome of an animal, the progeny inherits 
the drive on one chromosome and a normal gene from the other parent. During early 
development, the CRISPR component of the drive shears the other copy. The cut is 
subsequently repaired using the drive as a template, resulting in two copies of the 
change being passed down to the progeny [183]. By suppressing the fertility gene 
termed doublesex on the usage of drive and thereby crashing a population of caged 
Anopheles gambiae mosquitos, Crisanti and his colleagues were able to prevent female 
mosquitos from biting or laying eggs while the drive was in place [184].

In C. capitata [185] and Aedes aegypti, a bisex RIDL system containing a tetracy-
cline-repressible positive feedback transactivator (tTA) was successfully constructed, 
which does not require a specific promoter derived from the target species, but 
rather a minimal promoter used in conjunction with oligomerised tetO, the binding 
sequence. Under tight conditions, particularly in the absence of tetracycline, tTA 
(transactivator and lethal effector) accumulates to deadly levels in both sexes of the 

Figure 4. 
Simplified version of comparison between normal mosquito population and genetic drive mosquitos’ population. 
There is a huge discrepancy among the rapid adoption of GM crops for production, global markets, and consumer 
approval. However, the following is a list of transgenic crops that have been worldwide authorised and released 
for various characteristics (adopted from ISAAA database).
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transgenic insect. Females must be removed from a ‘male-only’ release programme 
using an independent approach based on an underlying molecular mechanism that is 
female-specific. Functional Tra protein is only produced by females as it is encoded by 
a splice variant exclusively produced in females leading to functional tTA protein only 
produced in females rendering the system female-specific. Fu et al. [185] integrated 
the first intron of the sex determining gene Cctra into the DNA sequence coding 
for tTA to provide a sex selective component to the positive feedback system. If this 
Cctra fragment is spliced in the same as it is in its native context, tTA production is 
only allowed when the intron is spliced in the female-specific form, as the continuous 
coding frame of tTA is only restored in this variant. As this intron’s full splicing in 
its native gene is exclusive to females, tTA expression was only expected in trans-
genic females. The analysis of tTA transcription in transgenic C. capitata revealed 
a sex-specific pattern similar to the natural Cctra gene. The inserted intron spliced 
to produce three distinct tTA transcripts: one female-specific (F1) and two nonsex-
specific (M1 and M2). The female-specific transcript was the only one that encoded a 
complete tTA. As a result, when grown under harsh conditions, all of the transgenic 
female progeny died as larvae or pupae [186]. Thus, the utilisation of gene drivers in 
agriculture may be primarily harnessed by implementing sterile insect techniques for 
successful insect pest management (Table 8).

10. Discussion and conclusion

The advent of advanced targeted, ‘customizable,’ and precise new technologies for 
insect resistant plants, in their various embodiments and combinations, symbolises a 
sustainable option countering the emergence of resistant weeds, lessening agrochemi-
cal use, and curtailing adverse effects on nontarget organisms. The direct application 
of chimeric ODNs or siRNAs to plant cells enables for the generation of technically 
non-GM organisms. Inevitably, the refinement of promising techniques that are 
not currently destined to assign insect resistance, such as RNA manipulation with 
pentatricopeptide repeat proteins, the use of polygalacturonase-inhibiting proteins 
(PGIPs), ribozymes, and riboswitches, will likely expand the defence mechanism 
against pests available to researchers and farmers. However, thanks to recent advance-
ments like RenSeq and directed molecular evolution, which enable the rapid identi-
fication of novel immune receptor genes, the pool of deployable genes for enhanced 
resistance to other microorganisms has grown significantly. In the near future, 
developments in molecular stacking and targeted gene insertion by genome editing 
are projected to predominate in establishing broad-spectrum resistance against both 
viral and nonviral diseases. Moreover, increasingly diverse, accurate, and economical 
genome-editing techniques like CRISPR-Cas allow for precise change of endogenous 
genes for disease resistance, such as susceptibility and decoy genes. On the flip side, 
the persistent cultivation of herbicide crops is estimated to have resulted in the 
resurgence of herbicide resistance in numerous weeds. Nevertheless, by benefiting 
from the shortcomings of the issue, the adverse consequences of herbicide-based 
technologies might be substantially minimised by introducing variety in weed control 
using alternative approaches, with an emphasis on crop rotation, herbicide rotation, 
and herbicide formulations. Stress-resistant plants may be generated with or without 
tissue culture by using simple knock-in, knock-out, replacement, fine-tuning of gene 
regulation, and point mutations at any gene locus. Although genome editing technol-
ogy is in in its beginning phases, disruptions in specific genes can have unintended 
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negative consequences for plant growth and development. More research is needed 
to fully exploit the ability of the CRISPR-Cas System in regulating abiotic stress. One 
rationale could be that the genes governing beneficial qualities in crops are largely 

Crops IR HR DR Abiotic 
stress

Quality Pollination 
control

Altered 
growth / 

yield

Maize 119 128 — 6 8 6 2

Cotton 49 44 — — 1 — —

Cowpea 1 — — — — — —

Bean — — 1 — — — —

Brinjal 1 — — — — — —

Popular 2 — — — — — —

Potato 30 4 19 — 18 — —

Rice 3 3 — — 1 — —

rose — — — — 2 — —

Soyabean 6 32 — 2 9 — 1

Sugar cane 3 — — 3 — — —

Tomato 1 — 1 — 9 — —

Papaya — — 4 — — — —

Plum — — 1 — — — —

Petunia — — — — 2 — —

Squash — — 2 — — —

Cucumis melo — — — — 2 — —

Sweet pepper — — 1 — — — —

Alfalfa — 4 — — 2 — —

apple — — — — 3 — —

Canola — 33 — — 10 20 —

Carnation — 4 — — 19 — —

Chicory — 3 — — — 3 —

Creeping Bentgrass — 1 — — — — —

Flax — 1 — — — — —

Brassica — 4 — — — — —

Sugar Beet — 3 — — — — —

Pine apple — — — — 1 — —

Tobacco — 1 — — 1 — —

Wheat — 1 — — — — —

Safflower — — — — 2 — —

Eucalyptus — — — — — — 1

Table 8. 
List of globally approved and released transgenic crops for various characters.
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quantitative trait genes, which necessitates a deeper knowledge of gene regulatory 
networks. As a result, expanding our knowledge of gene regulatory networks is the 
foundation for greater crop development. Furthermore, the approach of knocking out 
target genes via NHEJ has attracted a strong interest for boosting agricultural output 
and quality. Gene targeted insertion or substitution enable the genes to integrate 
more easily. The HR repair pathway is ineffectual, constraining the use of site-specific 
insertion and substitution. It is also expected that eliminating the HR approach to 
editing would lead to more precise and effective crop improvement. If the seed is 
the most valuable portion of the plant and the crop is mostly self-fertilised, a good 
fertility restoration mechanism is necessary. It is likely that by coupling inducible 
male sterility with apomixis, fertile plants may be obtained once the trait was fixed. 
It is also necessary to guarantee that apomixis is inducible, encouraging apomixis to 
restore to sexual reproduction and enabling the breeder the opportunity of further 
enhancing the hybrids by establishing appropriate combiner lines.

The world has already experienced two technical revolutions and is currently 
undergoing a third revolution based on biotechnology and genomics, which is 
predicted to yield a plethora of transgenic crops for the benefit of humanity. Genetic 
engineering is a radical departure from traditional breeding since it allows scientists 
to transfer genetic material across organisms that could not be bred earlier. The degree 
of public knowledge regarding the benefits and drawbacks of transgenic plants should 
be strengthened, laying the groundwork for the effective dissemination of research 
findings to real time application. The central emphasis should be on the advance-
ment of technologies competent of bridging the gaps in modern day technology. 
Nonetheless, developing countries are now required to assess genetically modified 
(GM) crops, and they will subsequently be expected to investigate the potential use 
of GM trees, cattle, and fish. These advancements may provide prospects for greater 
output, productivity, product quality, and adaptive fitness, but they will almost likely 
pose challenges to developing countries’ research and regulatory capability.
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