
The Brassica 
juncea Genome

Chittaranjan Kole
Trilochan Mohapatra  Editors



Compendium of Plant Genomes

Series Editor

Chittaranjan Kole, President, International Climate Resilient Crop Genomics
Consortium (ICRCGC), President, International Phytomedomics &
Nutriomics Consortium (IPNC) and President, Genome India International
(GII), New Delhi, India



Whole-genome sequencing is at the cutting edge of life sciences in the new
millennium. Since the first genome sequencing of the model plant Arabidopsis
thaliana in 2000, whole genomes of about 100 plant species have been
sequenced and genome sequences of several other plants are in the pipeline.
Research publications on these genome initiatives are scattered on dedicated
web sites and in journals with all too brief descriptions. The individual
volumes elucidate the background history of the national and international
genome initiatives; public and private partners involved; strategies and
genomic resources and tools utilized; enumeration on the sequences and their
assembly; repetitive sequences; gene annotation and genome duplication. In
addition, synteny with other sequences, comparison of gene families and most
importantly potential of the genome sequence information for gene pool
characterization and genetic improvement of crop plants are described.

More information about this series at https://link.springer.com/bookseries/11805

https://springerlink.bibliotecabuap.elogim.com/bookseries/11805


Chittaranjan Kole • Trilochan Mohapatra
Editors

The Brassica juncea
Genome

123



Editors
Chittaranjan Kole
President, International Climate Resilient
Crop Genomics Consortium (ICRCGC)
President, International Phytomedomics
& Nutriomics Consortium (IPNC)
and President, Genome India
International (GII)
New Delhi, India

Trilochan Mohapatra
Secretary, Department of Agricultural
Research and Education (DARE),
Government of India; and Director
General, Indian Council of Agricultural
Research (ICAR)
New Delhi, India

ISSN 2199-4781 ISSN 2199-479X (electronic)
Compendium of Plant Genomes
ISBN 978-3-030-91506-3 ISBN 978-3-030-91507-0 (eBook)
https://doi.org/10.1007/978-3-030-91507-0

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature
Switzerland AG 2022
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher,
whether the whole or part of the material is concerned, specifically the rights of translation,
reprinting, reuse of illustrations, recitation, broadcasting, reproduction on microfilms or in any
other physical way, and transmission or information storage and retrieval, electronic adaptation,
computer software, or by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are
exempt from the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in
this book are believed to be true and accurate at the date of publication. Neither the publisher nor
the authors or the editors give a warranty, expressed or implied, with respect to the material
contained herein or for any errors or omissions that may have been made. The publisher remains
neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-030-91507-0


This book series is dedicated to my wife Phullara and our
children Sourav and Devleena

Chittaranjan Kole



Preface to the Series

Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of “markers” physically linked to them. These included visible
or morphological, cytological, protein, and molecular or DNA markers.
Among them, the first DNA marker, the RFLPs, introduced a revolutionary
change in plant genetics and breeding in the mid-1980s, mainly because
of their infinite number and thus potential to cover maximum chromosomal
regions, phenotypic neutrality, absence of epistasis, and codominant nature.
An array of other hybridization-based markers, PCR-based markers, and
markers based on both facilitated construction of genetic linkage maps,
mapping of genes controlling simply inherited traits, and even gene clusters
(QTLs) controlling polygenic traits in a large number of model and crop
plants. During this period, a number of new mapping populations beyond F2
were utilized and a number of computer programs were developed for map
construction, mapping of genes, and for mapping of polygenic clusters or
QTLs. Molecular markers were also used in the studies of evolution and
phylogenetic relationship, genetic diversity, DNA fingerprinting, and
map-based cloning. Markers tightly linked to the genes were used in crop
improvement employing the so-called marker-assisted selection. These
strategies of molecular genetic mapping and molecular breeding made a
spectacular impact during the last one and a half decades of the twentieth
century. But still they remained “indirect” approaches for elucidation and
utilization of plant genomes since much of the chromosomes remained
unknown and the complete chemical depiction of them was yet to be
unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated the development of the “genomic resources” including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic–physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.
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As expected, sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But the development of information technology made
the life of biologists easier by leading to a swift and sweet marriage of
biology and informatics, and a new subject was born—bioinformatics.

Thus, the evolution of the concepts, strategies, and tools of sequencing
and bioinformatics reinforced the subject of genomics—structural and
functional. Today, genome sequencing has traveled much beyond biology
and involves biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker, and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second-generation sequencing methods. The
development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, the development of
collaborative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series “Compendium
of Plant Genomes,” a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and three basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization are growing rapidly every day. However, the information is
scattered in research articles and review papers in journals and dedicated
Web pages of the consortia and databases. There is no compilation of plant
genomes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful to both
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders, but also for practitioners of an array
of plant science disciplines, such as taxonomy, evolution, cytology,
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physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are, therefore, focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/or economic importance of the plants, description of their genomes from
a molecular genetic and cytogenetic point of view, and the genomic resources
developed. Detailed deliberations focus on the background history of the
national and international genome initiatives, public and private partners
involved, strategies and genomic resources and tools utilized, enumeration on
the sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, the potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

I must confess that as the series editor, it has been a daunting task for me
to work on such a huge and broad knowledge base that spans so many
diverse plant species. However, pioneering scientists with lifetime experience
and expertise on the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series I have been and will remain
a student first, a science worker second, and a series editor last. And I must
express my gratitude to the volume editors and the chapter authors for pro-
viding me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to the Springer staff,
particularly Dr. Christina Eckey and Dr. Jutta Lindenborn for the earlier set
of volumes and presently Ing. Zuzana Bernhart for all their timely help and
support.

I always had to set aside additional hours to edit books beside my pro-
fessional and personal commitments—hours I could and should have given
to my wife, Phullara, and our kids, Sourav and Devleena. I must mention that
they not only allowed me the freedom to take away those hours from them
but also offered their support in the editing job itself. I am really not sure
whether my dedication of this compendium to them will suffice to do justice
to their sacrifices for the interest of science and the science community.

New Delhi, India Chittaranjan Kole
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Preface

Brassica juncea, popularly known as Indian mustard, Chinese mustard,
brown mustard, and oriental mustard, is a multipurpose crop primarily used
as oilseed and condiment and also as a minor vegetable. Besides oil, the oil
cake remaining after oil extraction is used as animal feed. However, Brassica
juncea is predominantly cultivated as an oilseed crop in the Asian countries
including India, China, Vietnam, Pakistan, Bangladesh, and Nepal. It is also
cultivated in some pockets in USA, Canada, Japan, and Australia. It is also
gaining importance nowadays because of its rich nutraceutical profile. It is a
unique oilseed crop that adapts well to dryland cultivation and can grow
under low moisture regimes and is therefore becoming a preferred crop even
in the non-traditional regions.

All the species of the Brassicaceae family, specifically the Brassica spe-
cies of the U's triangle, have been immensely benefited from the pioneering
research outcomes of their allied species Arabidopsis thaliana—the leading
model plant. This is especially true for the fields of molecular genetics and
genomics research. Brassica juncea always lagged behind, in this respect, its
close counterpart Brassica crop species including Brassica napus, Brassica
rapa, and Brassica oleracea because of the complexity as a tetraploid crop
and lack of enough genetic and genomic resources. However, stupendous
researches have been accomplished in this crop species in all the fields of
genetics, genomics and breeding. Sequencing of the genome of Arabidopsis
thaliana in 2000 flagged off the beginning of genome sequencing in model
and crop plants starting with rice in 2002. Along with the genome sequences
of other crops, the sequence of a vegetable type B. juncea (2016) became
available following its allied Brassica crop species, B. rapa (2011), B.
oleracea (2014), and B. napus (2014) although we had to wait until 2021 to
have reference-standard genome sequences of the oilseed Brassica juncea,
brown and yellow mustard. Later on, re-sequencing of 480 global accessions
shed light on the origin and domestication of Brassica juncea. Thus, the
molecular and genomics tools have facilitated a comprehensive elucidation
of the B. juncea genome and also made the publication of this stand-alone
book highly relevant.

This book entitled, “The Brassica juncea Genome,” includes 25 chapters.
The first five chapters are dedicated to the basic aspects of the crop plant
including its economic importance; botanical descriptions; enumeration
of the nutritional and nutraceutical compounds present in its oil and oil cake;
available germplasm; and assessment of genetic diversity and population
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structure analysis. The following four chapters present the conventional
concepts and techniques of genetics and genetic improvement such as clas-
sical genetics and traditional breeding; fundamentals and application of
heteroploidy; introgression breeding; and in vitro culture for micropropaga-
tion and other somatic techniques for genetic studies and crop improvement.
The next two chapters delineate the strategies and achievements of genetic
engineering and molecular linkage mapping in this crop species. Two
chapters are devoted to comprehensive discussions on whole-genome
sequencing in Brassica juncea including background history, different
strategies and tools of sequencing employed, enumeration of the sequences
and applications of the outcome in basic genetics, and breeding for different
agronomic traits including biotic and abiotic stresses. These are followed by a
chapter on the application of re-sequencing for elucidation of origin and
diversity; large-scale genome analysis for a physical depiction of the genome
and its chromosomal reorganization and repetitive DNA and their implica-
tions; and the chloroplast genome sequence. The next three chapters contain
reviews on functional genomics research including transcriptomics, meta-
bolomics, and proteomics and their impact on highlighting the roles of genes
and their products. These are followed by a chapter on evolutionary geno-
mics which represent the comparative genomics exploited to understand the
evolutionary history and detection of conserved genomic regions in B. juncea
and a chapter on the role of regulatory genes in the development and
adaptation of the crop. The next three chapters deal with the advanced
molecular and genomic strategies and tools in crop improvement specifically
focusing on yield, oil and oil cake quality, and resistance to biotic and abiotic
stresses. The last chapter deliberates on the potential and prospects of gene
editing in the Brassica crops.

These chapters are contributed by 105 eminent scientists from eight
countries including Canada, China, Germany, India, Italy, Malaysia, UK and
USA. We remain thankful for their scientific contributions and sincere
cooperation.

New Delhi, India Chittaranjan Kole
Trilochan Mohapatra
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1Brassica juncea: A Crop for Food
and Health

P. K. Rai, Prashant Yadav, Arun Kumar,
Anubhuti Sharma, Vinod Kumar,
and Prajjwal Rai

Abstract

Brassica juncea, L. (Czern. and Coss.), com-
monly known as mustard, is a member of
family Brassicaceae and an important edible
oilseed crop in the world, mainly cultivated in
India, Pakistan, Bangladesh, China, and in
some pockets in the USA, Canada, Japan, and
Australia. Along with B. napus and B. rapa,
B. juncea is the primary source of canola oil
due to its high oil content (38–42%). Tradi-
tionally, mustard oil is the major source of
cooking oil in the Indian subcontinent. Besides
its oil, the seed meal of B. juncea is also used
as animal feed and fertilizers. B. juncea is
an amphidiploid (2n = 36, AABB) species
evolved from the natural interspecific hybridiza-
tion between B. rapa (2n = 20, AA) and
B. nigra (2n = 16, BB) followed by genome
duplication. Comparatively, the oil of B. juncea
has balanced levels of saturated and unsaturated
fatty acids and omega-6 and omega-3 polyun-
saturated fatty acids (PUFAs). The oil of
B. juncea is also known for its nutraceutical

properties due to the presence of bioactive
compounds viz. glycosides, flavonoids, pheno-
lic compounds, sterols, and triterpene alcohols.
Its oil has high percentage of erucic acid
(40–57% of total fatty acids) which is not
considered good for health, and therefore
varieties with low levels of erucic acid have
been developed. Although it is considered a
hardy crop, B. juncea production is adversely
affected by various biotic (stem rot, white rust,
Alternaria blight, aphid) and abiotic stresses
(heat, drought, frost, salinity).

1.1 Introduction

The Genus Brassica comprises a diversified
range of oilseed crops cultivated worldwide for
their importance for human nutrition and health.
Brassica crops range from invasive weeds to leaf
and root vegetables to condiment crops and are
also used for fodder, potential biofuel, prepara-
tion, and seasoning of food, besides being an
important oilseed crop (Raymer 2002; Rahman
et al. 2018). The important species of oilseed
Brassicas that are extensively cultivated are
Brassica juncea, Brassica rapa (syn. Brassica
campestris), and Brassica napus. Of these,
B. juncea is predominantly a cultivated species in
Asia including India, China, Pakistan, Bangla-
desh, and Nepal, while B. napus and B. rapa are
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largely cultivated in Sweden, Germany, France,
Canada, and Australia. Oilseed Brassicas have a
natural potential to survive and grow at relatively
low temperatures; they are one of the few edible
oil sources that can be successfully cultivated in
cool temperate regions. This distinctive charac-
teristic makes them well adapted to cultivation at
higher altitudes and as winter crops in the sub-
tropics. In temperate regions, B. napus and
B. rapa predominate, while in the subtropics of
Asian regions, B. juncea is the major oilseed crop
(OECD 2016).

India ranks third after Canada and China
sharing about 11.0% of the global rapeseed-
mustard production (72.37 mt) and shares
16.72% and 12.79% in terms of area and pro-
duction, respectively, of oilseeds in India during
2018–19. Rapeseed-mustard production trends
all over the world showed substantial growth in
production trends of 58.2 mt from 31.2 mha area
with 1860 kg ha−1 productivity during 2008–09
which enhanced to 72.4 mt from 36.6 mha with
1980 kg ha−1 during 2018–19 (Fig. 1.1). More
than 90% of the world’s rapeseed-mustard pro-
duced is in Asia, EU, and N. America, i.e.,
31.83%, 35.44%, and 26.83%, respectively dur-
ing 2010–11 to 2018–19. China alone produced
62.44% of the crop in Asia, Canada produced
93.83% of N. America and France produced
20.88% of the crop in Europe. The majority of
the countries grow rapeseed (B. napus), however
the largest area, around 80%, under Indian
mustard (B. juncea) is in India (George and
Loeser 2021).

1.2 Oilseed Brassicas

Among the Brassica species, B. nigra (2n = 16,
BB), B. oleracea (2n = 18, CC), and B. rapa
(2n = 20, AA) are the primary diploid species,
while B. carinata (2n = 34, BBCC), B. juncea
(2n = 36, AABB) and B. napus (2n = 38,
AACC) are the amphidiploids (Nagaharu 1935).
The amphidiploids have arisen through inter-
specific hybridization between primary diploid
species in nature. The amphidiploid species
B. juncea (AABB) comprises the genomes of

both B. rapa (AA), and B. nigra (BB). Five
related species cultivated worldwide as a source
of edible seed oil are B. juncea, B. napus,
B. carinata, B. rapa, B. nigra and Eruca sativa.

1.2.1 Classification
and Nomenclature

The family Brassicaceae (Syn. Cruciferae)
mainly includes 338 genera and 3709 species
(Warwick et al. 2006). The Genus Brassica
includes three distinct species, such as B. rapa
(syn. B. campestris) (yellow sarson, brown sar-
son, and toria), B. juncea (Indian mustard, Chi-
nese mustard, brown mustard), and B. nigra. The
Indian Brassica belongs to two genera Brassica
and Eruca. Leaf shape polymorphism in B. jun-
cea also led to its classification under various
specific and varietal names. Kumazawa and
Akiya in the nineteenth century, used variations
in stem characteristics to differentiate B. juncea
in Taiwan, as reviewed by Dixon (2007). Such as
cultivars like Ta-sin-t’sai had compact stems
while cultivars like Ta-sin-t’sai had enlarged
stems. Indian mustard types were classified on
the basis of oil content 3-butelyl isothiocyanate,
which is absent from Chinese mustard types.
Nomenclature of B. juncea has been reviewed by
several researchers like Bailey (1922), Vaughan
and Gordon (1973), and Prakash and Hinata
(1980). Based upon the views of different
workers, the group developed by Vaughan et al.
(1963) on the basis of the variation in volatile oil
and seed protein in B. juncea appears to be
sensible. The well-defined different seven groups
on the basis of geographical and botanical fea-
tures described by Dixon (2007) are given in
Table 1.1.

1.2.2 Brassica juncea as a Crop

The word Brassica originated from Bresic of
Bresych, which in Celtic means cabbage and a
contraction of praesecare (to cut off early) since
the leaves were traditionally removed for green
fodder (Hegi 1919). The ability of Brassica
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plants to germinate and thrive at low tempera-
tures has made Brassica oilseeds one of the few
edible oil crops that can be cultivated in the
temperate agricultural zones of the world, at high
elevations and, as winter crops, under relatively
cool growing conditions.

B. juncea is commonly known as oriental or
brown mustard, Chinese mustard, vegetable
mustard, or Indian mustard. The brown-seeded
cultivars are referred to as brown mustard, while

the yellow-seeded cultivars are called yellow or
oriental mustard. B. juncea is considered to be
one of the earliest domesticated plants referred to
as condiments in early times. This crop is well
adapted to drier conditions and matures relatively
quickly. B. juncea crops are grown widely as an
edible oilseed crop in South Asian countries
including India, Pakistan, Bangladesh, Sri Lanka.
In China, mustard has been cultivated for 6000–
7000 years, where variations of the cultivated

Fig. 1.1 Global rapeseed-mustard production (2008–09 to 2018–19)

Table 1.1 Subspecies of B. juncea, its morphology, and distribution in the world

S. No. Brassica subspecies Morphological characteristics Geographical distribution

1 B. juncea var. integrifolia Entire of lobed basal and
succulent leaves

Grown in Southern and middle
China, Japan, and South-Eastern Asia

2 B. juncea var. japonica,
foliosa

Dissected basal, pubescent, dark
green, and glabrous leaves

Grown in middle and Northern
China, and Japan

3 B. juncea var. crispifolia
group Azamina

Dissected crisp leaves Grown for salads and as ornamentals
in the USA

4 B. juncea Coss group
Hakarashina

Pinnate leaves Grown in India, central Asia, and
Europe

5 B. junceavar. napiformis
group Nekarashina

Enlarged roots Grown in Mongolia, Manchuria,
Northern China, and absent in Japan

6 B. juncea var. bulbifolia
Mas, group Ta hsintsai

Succulent stems and elongated
internodes, leaves are not edible

Grown China

7 B. junceavar. rugosa
(Roxb)

Leaves with wide flat entire
midribs and succulent

Grown in Southern China
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forms are found (Anonymous 1963). It is also
cultivated in Northern parts of Africa and Central
Asia which includes Southern and South-eastern
provinces of former Soviet Union. B. juncea is
grown in the European countries and in some
considerable parts of North America (Dixon
2007). It has been mainly grown for condiment
purposes in western Canada but has considerable
potential as an edible oilseed crop (Woods et al.
1991), notably in Australia and New Zealand. In
India, B. juncea is locally known as rai, raya,
rayeda, or laha and is one of the most important
edible oilseed crops. It has been an important
component of the Indian cropping system since
the Indus Valley civilization from 2300 to 1750
BC and where it was mentioned as “Rajika”
(Prakash and Hinata 1980).

Middle East seems to be the place of origin of
B. juncea because wild forms of B. rapa and
B. nigra occur together (Olsson 1960; Shigesa-
buro 1967; Prakash and Hinata 1980). The regions
of South-Western China and North-Western India
are two secondary centers where there is enor-
mous diversity (Vaughan et al. 1963; Vaughan
and Gordon 1973). Restriction fragment length
polymorphism (RFLP) studies support two cen-
ters of origin, Middle East and China (Song et al.
1988). Spect and Diederichsen (2001) support the
view that the primary center of origin lies some-
where between China and Eastern Europe, where
the progenitor species are sympatric. Major
diversity of B. juncea occurs in western and cen-
tral India. Oilseed Brassicas seem to be evolved
from European-Mediterranean, with a secondary
center of origin in Asia (Downey 1983).

1.3 Nutritional Significance
of Brassica juncea

Brassica juncea is commonly known for
nutraceutical properties of its bioactive com-
pounds including glycosides, flavonoids, pheno-
lic compounds, sterols, and triterpene alcohols,
proteins, and carbohydrates (Sharma and Rai
2018). The importance of these secondary
metabolites is their therapeutically interesting

pharmacological properties. Its seeds and greens
have been now often considered to be promising
constituents and therefore often called a healthy
Brassica. The preclinical researches conducted
on mustard strongly suggest that it can be used as
a potential source of affordable nutraceuticals,
therapeutic drugs to prevent or cure diverse type
of diseases.

Many elements of the human diet which were
overlooked for a very long period are gaining
prominence in curing diseases as well as pro-
viding nutrients. Over the last decade, diseases-
preventing foods and ingredients (nutraceuticals)
have been clinically proven beneficial to human
health (Ketkar et al. 2014; Chakraborty and
Bhattacharjee 2018). Today, the most beneficial
nutraceutical compounds have antioxidant vita-
mins, dietary fibers, oligosaccharides, bioactive
peptides, polyphenols, glucosinolates, and other
products (Mishra et al. 2012; Sharma et al.
2016).

The medicinal properties of Indian mustard
are due to presence of a variety of phytochemi-
cals imparting the effect. Different parts of the
mustard plant are used as medicinal and beauty
products across the globe (Table 1.2).

Essential fatty acids (EFAs) present in mus-
tard oil are healthy for many body systems viz.
cardiovascular, reproductive, immune, and ner-
vous systems. The essential fatty acids are
exclusively synthesized by the plants and there-
fore must be supplied through the diet. EFAs are
a necessary component of the cell membranes,
enabling the cells to perform nutrition and
excretion processes. EFAs are also responsible
for the production of prostaglandins. The pros-
taglandins regulate important body functions viz.
heart rate, blood pressure, fertility, and blood
clotting. EFAs also play a crucial role in immu-
nity by regulating inflammation and encouraging
the human body to fight infection. There is a
huge variability of fatty acid content observed
among the members of the Brassicaceae family.
Fatty acid composition regulates the functional
and nutritional values of edible seed oils, varying
considerably depending on the plant species. The
oil obtained from the Brassica species consists of
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both saturated and unsaturated fatty acids.
The saturated fatty acids (SFAs) present in the
mustard oil have all the carbon valency saturated
through a single bond except terminal carboxyl
group and they generally have even C number,
e.g., palmitic acid (C16:0). The unsaturated fatty
acids (USFAs) contain one or more double bonds
with a terminal carboxyl group. USFAs are either
monounsaturated (MUPAs), i.e., oleic acid
(C18:1) and erucic acid (C22:1) or polyunsatu-
rated fatty acids (PUFAs) such as omega-6-
linoleic acid (C18:2) and omega-3- alpha-
linolenic acid (C18:3). A human requires both
SFAs as well as USFAs at an optimal level for
healthy life. The high level of both fatty acids is
dangerous for human health. A higher amount of
SFAs and Un SFAs lead to potential application
in industrial purposes (Swati et al. 2015).

Mustard greens are high in vitamins and
minerals (Table 1.3). The leaves of Indian mus-
tard contain many important bioactive com-
pounds ‘polyphenols’ which are considered good
for human health. Polyphenols have antioxidant
activities which scavenge the cancer-causing
reactive oxygen species (ROS) at the sub-
cellular levels (Morales-López et al. 2017).
These polyphenols range from low molecular
weight, simple aromatic cyclic compounds to

complex tannins and derivatized polyphenols.
Polyphenols are divided into two groups, flavo-
noids and non-flavonoids on the basis of number
and the arrangements of the carbon atoms. Fla-
vonoids consist of flavonols, flavones, flavan-3-
ols, anthocyanidins, flavanones, isoflavones, and
others whereas, non-flavonoids include phenolic
acids, hydroxycinnamates, stilbenes, etc. The
most common and heterogeneous groups of
polyphenols present in mustard oil are flavonoids
and hydroxycinnamic acids (Kapusta-Duch et al.
2012). Brassica vegetables also contain antho-
cyanins which cause pigmentation in red cabbage
and broccoli sprouts (Aires 2015).

1.3.1 Major Antioxidant Compounds
in Indian Mustard

Glucosinolates are an important secondary
metabolite found in Brassica seeds and vegeta-
bles (Kristal and Lampe 2002; Ehlers et al.,
2015). The basic structure of glucosinolates
comprises b-D-thioglucose group, sulphonated
oxime (–C=NOH) group, and variable side chain
derived from amino acids (Fig. 1.2).

Only a few types of glucosinolates are bio-
logically active (Sanlier and Guler 2018). Almost

Table 1.2 Health benefits of different parts of mustard

Plant parts Uses and benefits

Leaves cure scurvy, cure stomachic, relieve headache, muscular and skeletal pains

Seed Increase blood flow in the skin after application, prevent cold, improve liver health, seed paste
improve skin health

Powdered seed Antibacterial activity, internally used for hiccup, augments the appetite, relieves the phlegm in
cough

Oil Aphrodisiac, lubricant, hair oil, preservative, counterirritant, emetics in drunkenness and in
poisoning, skin eruptions and ulcers, colic, externally applied for arthritis, antiseptic and anti-
inflammatory, seed oil, with salt is an effective gargle in dental infections and pyorrhea

Seed residue Cattle feed, fertilizer

Other parts Diuretic, for arthritis, foot ache, lumbago, and rheumatism its decoction is useful in amenorrhea

Roots A galactagogue in Africa

Dried leaf and
flower

A body odor repellent to mosquitoes, dengue fever

Total plant In Java, the plant is used as an antisyphilitic emmenagogue, bronchitis, anorexia, dyspepsia,
tumors, worm infestations, and splenic disorders
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all cruciferous plants have enzyme b-
thioglucosidase often named myrosinase which
hydrolyzes glucosinolates into several potentially
toxic compounds depending upon the reaction
conditions and the presence of specifier proteins
(Bones and Rossiter 2006; Kong et al. 2012). It
has been mentioned by researchers that these
glucosinolate degradation products are major
contributors to the distinct taste and flavor of
cruciferous plants and they also contribute
towards an able defense mechanism against

pathogens and herbivores (Wittstock and Burow
2010; Razis et al. 2011).

When the tissue is disrupted, the thiogluco-
sidic bond breaks down, glucose and
thiohydrosimate-O-sulphonate (unstable agly-
cone) are formed by b-thioglucosidase (Ehlers
et al. 2015; Sharma et al. 2016).

Isothiocyanates have different modes of
action, e.g., it suppresses the activation of car-
cinogenic compounds or they detoxify the poi-
sonous effects of these carcinogenic compounds
that have been activated. Isothiocyanates can also
speed up their removal from the body. The major
isothiocyanates with the strongest anticancer
effects are phenylethyl isothiocyanate, benzyl
isothiocyanate, and 3-phenylpropyl isothio-
cyanate. Xu and Thornalley (2001) explained
that isothiocyanates can also conjugate rapidly
with cells of glutathione in leukemia cells and
further induce cellular oxidative stress and
reduce the level of glutathione. However, in this
medical era, drug-resistant cancer cells can be
treated with isothiocyanate by a process of
oxidative stress (Trachootham et al. 2008).
A large number of isothiocyantes (for example

Table 1.3 Chemical
composition of B. juncea
(per 100 g)

Principle % of RDA Vitamins % of RDA

Energy 25 Folates 40

Carbohydrates 21 Niacin 30

Protein 46 Pantothenic acid 16

Total fat 121 Pyridoxine 31

Cholesterol 0 Riboflavin 20

Dietary fiber 32 Thiamin 67

Electrolytes Vitamin A 1

Sodium 1 Vitamin C 12

Potassium 16 Vitamin E 132

Phyto-nutrients Vitamin K 4

Carotene-ß 0.1 Minerals –

Crypto-xanthin-ß 0.05 Iron 115

Lutein-zeaxanthin 0.9 Magnesium 92

Minerals Manganese 106

Calcium 27 Selenium 378

Copper 71 Zinc 55

Source Agriculture marketing information network and USDA network database (2004)

Fig. 1.2 Basic structure of glucosinolate (Sinigrin).
Source Awasthi and Saraswathi (2016)
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BITC, PEITC, and SFN, etc.) are able to induce
cell cycle arrest in cultured cells (Lawson et al.
2015).

Sulphoraphane (1-isothiocyanat-(4R)-(methyl-
sulfinyl) butane) is a naturally occurring isothio-
cyanate compound found inmustard plants. It is an
important bioactive compound with antioxidant
and antitumor properties. As per the reports from
National Cancer Institute, US, sulforaphone is the
most important chemopreventive molecule out of
more than 40 agents including glucosinolate
hydrolysis products, e.g., phenethyl isothio-
cyanate and indole-3-carbinol, etc. (Kelloff et al.
2000).

Phytochemicals present in B. juncea are ben-
eficial in many ways. It reduces antioxidative
stress and induces the activity of enzymes
responsible for detoxification processes. It also
helps in the proper functioning of the immune
system. Phytochemicals inhibit the growth of
cancerous cells and prevent cancerous mutations
(Nawaz et al. 2018). Sulphoraphane protects
human body from the harmful effects of reactive
oxygen species (ROS). ROS cause tissue and
membrane damage, DNA breaks, modulation of
gene expression, base modification, and glucosi-
nolate degradation products (e.g., isothiocyanates)
also catalyze the incorporation of glutathione to
form a substrate for glutathione S-transferase
(GST), a family of phase II enzymes, involved
in the detoxification of carcinogens, environmen-
tal toxins, and oxidative stress products (Kim and
Park 2009; Sharma et al. 2016).

Bioactive substances present in mustard oil
have the ability to reduce inflammatory respon-
ses. It activates the detoxification enzymes which
remove free radicals and thus boost immunity
(Fimognari et al. 2012). Because of its antibac-
terial and anti-inflammatory properties, cabbage,
one of the Brassica vegetables, is widely used in
traditional medicine to relieve symptoms asso-
ciated with gastrointestinal disorders and also in
the treatment of small incisions, wounds, and
mastitis (Kapusta-Duch et al. 2012).

In modern era, novel therapeutic approaches
are searched to control blood sugar which
otherwise causes the increase of mortality and
morbidity (Jiménez-Osorio et al. 2015; Xu et al.
2016). Functional foods having nutraceutical
properties might be recent treatment modalities
for type 2 Diabetes mellitus and preventing its
long-term complications (Bahadoran et al. 2013).
It is thought that oxidative stress is the major
concern for diabetic implications, e.g., disorders
in glucose and lipid metabolisms. However, the
higher level of antioxidant concentrations in it is
reported to be effective in reducing diabetic
complications (Bahadoran et al. 2011; Xu et al.
2016).

Oilseeds, with diverse roles in nutrition, have
significant contributions to the food security
mission across the globe. It contributes in both
ways, in terms of quality and quantity as well. To
lower down the malnutrition in society, edible
oils play a major role. These oils are a rich source
of unsaturated fatty acids, essential fatty acids

Table 1.4 Indian mustard
varieties developed in India
with low erucic acid and
glucosinolate

Quality trait Variety

Single low (erucic acid < 2%) Pusa Karishma (LES 39),

Pusa Mustard-21 (LES 1-27),

Pusa Mustard-24 (LET-18),

RLC-1(ELM-079),

Pusa Mustard 21 (NPJ 112),

RLC 2,

Pusa Mustard 29 (LET-36),

Pusa Mustard 30 (LES-43),

Pusa Mustard 32 (LES 54)

Double low (erucic acid < 2% &
glucosinolate <30 µmole/g defatted seed meal)

RLC-3, PDZ-1
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(linolenic and alpha-linolenic), vitamin E, and
contain no dietary cholesterol. Indian mustard oil
contains high amount of erucic acid (40–57% of
total fatty acids) which is not considered good for
health, and therefore emphasis was given to
developing varieties with erucic acid < 2%
(Table 1.4) (Sharma and Rai 2018).

In this concern, the first low erucic acid
variety Pusa Karishma of B. juncea and first
double low variety GSC 5 of B. napus were
released in 2004 and 2005, respectively. Subse-
quently, eight 0-quality (single zero) varieties
(low in erucic acid) and eight 00-quality (double
zero) varieties (low in erucic and low glucosi-
nolate, Canola quality) have been released in
B. juncea. These are initial steps to lower down
the malnutrition. The list of mustard germplasm
registered by PGRC, New Delhi is presented in
Table 1.5. A lot of efforts to tag the traits for low
erucic acid and low glucosinolate content in
Indian mustard with high yield potential are
underway. The mustard oil may also be used for
many high-value products (low erucic acid or
low glucosinolate or both, rich in healthy mineral
elements, and medicaments). It is also used to
prepare Margarine which contains unsaturated
“good” fats. Elements such as Ca, Fe, Mg, Mn,

K, Zn are found in rich quantities in the leaves of
oilseed Brassica. The oilseed Brassica seed meal
contains abundant protein and other phytic and
phenolic compounds. Other purposes include
polymers, lubricants, plastic, cosmetics, phar-
maceuticals, bio fumigants, and biofuel (Maina
et al. 2020).

Some common examples of value addition to
enhance nutritional security (i) Erucamide, made
from erucic acid is a very important processing
aid for olefin polymers namely polyethylenes and
polypropylene. (ii) Mustard and castor oils are
widely used as lubricating oil. The popular cas-
trol is a special blend of lubricating oil contain-
ing castor oil.

1.4 Biotic and Abiotic Stresses

1.4.1 Biotic Stresses

Brassica crop is susceptible to various types of
biotic stresses. The major diseases of Indian
mustard are Alternaria blight (Alternaria brassi-
cae and A. brassicicola), white rust (Albugo
candida), downy mildew (Peronospora brassi-
cae), stem rot (Sclerotinia sclerotiorum), and

Table 1.5 Germplasm of mustard registered for quality traits

S. No. Crop Doner identity INGR
No.

Trait

1 B. juncea SWARNA {TERI(OE)
M21}

98001 Zero erucic acid, yellow seeded, early maturing
(117 days)

2 B. juncea Heera 3033 Low glucosinolate content 16.96 micro moles/g of
seed) and low erucic acid in oil (0.12%)

3 B. juncea NUDH-YJ-5 3034 Low glucosinolate content (9.3 micro moles/g of
seed and low erucic acid in oil (0.14%)

4 B. juncea TERI- GZ-05 4078 Yellow seeded, double low quality and high oleic
and linoeic acid

5 B. juncea PRQ-2005-1 6013 Low erucic acid (1.08%) in oil and yellow seed
coat

6 B. juncea NDUH-YJ-6 13015 Low glucosinolate in seed meal, resistance to white
rust, yellow seed coat color

7 B. juncea DRMR 1-5 19020 Double low (<2% erucic acid in oil & <30 µmoles
glucosinolate/g of defatted seed meal). White rust
resistant. Yellow seed coat

8 B. juncea DRMRQ1-16-27 21062 Double low, high antioxidant (phenol, tocopherol),
low antinutritional factors (phytic acid)
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powdery mildew (Erysiphae cruciferarum).
Aphid (Lipaphis erysimi), mustard sawfly
(Athalia proxima), and painted bug (Bagrada
hilaris) are the major insect pests. These
diseases/insect pests cause substantial yield
reduction.

1.4.1.1 Alternaria Blight
In case of Alternaria blight, the total destruction
of the crop is rarely observed, however under
suitable disease conditions the yield losses can
reach up to 47% (Kolte and Awasthi 1987).
Besides the reduction in the yield due to disease
infestation, the seed quality attributes such as
size, viability, etc. are also compromised. Alter-
naria blight has variable severity on B. juncea
which differs with seasons, regions, and also
between the different genotypes grown in the
same region. The cultivated species, B. carinata
and B. napus are reported to be tolerant, followed
by B. nigra, B. juncea, and B. campestris
(Chauhan et al. 2011). B. hirta is reported to be
resistant to Alternaria blight (Sharma and Singh
1992). Two strains of B. juncea RH 8114 and
RH 8114, moderately resistant to this disease,
were developed under the All India Coordinated
Research Project on Rapeseed-Mustard program.
These strains gave appreciably higher seed yields
than the local variety. The variety RH 8113 has
been released for general cultivation. Some cul-
tivars of B. juncea viz. RC781, PHR 2, EC
399,301, PAB 9534, Divya, and JMM 915 have
been identified as tolerant on the basis of multi-
location testing under All India Coordinated
Research Project on Rapeseed-Mustard (Chau-
han et al. 2011).

1.4.1.2 White Rust
White rust caused by Albugo candida (Pers. Ex
Fr.) Kuntz. is an obligate pathogen of all Brassica
crops. Plants of 241 species in 63 genera of
Brassicaceae family have been reported to be
infected by A. candida (Biga 1955) worldwide.
Two races, AC12 from B. juncea and AC13 from
B. rapa var. toria have been reported. B. napus
and B. carinata have been observed as resistant
to the pathogen. White rust can result in yield
losses up to 47 percent (Kolte and Awasthi

1987). With each percent of disease severity and
stag-head formation, there is a loss in the yield of
about 82 kg/ha and 22 kg/ha, respectively
(Meena et al. 2012). A number of resistant
varieties of B. juncea were identified against the
pathogen and these include JMMWR 93-7,
JMMWR 93-19, JMMWR 93-38 and NRCDR
515, DRMR-2019, DRMR-2035, DRMRMJB-
35, DRMR 1-5, DRMRIJ-512, and DRMR
12-48 are registered genetic stock. The varieties
Jawahar Mustard-1, Jawahar Mustard-2, and
Basanti are resistant to white rust disease.

1.4.1.3 Stem Rot
Stem rot of B. juncea, is caused by a polyphagus
fungus Sclerotinia sclerotiorum (Lib.) de Bary.
The S. sclerotiorum has recently become one of
the most important pathogens in India. Sclero-
tinia rot causes serious damage to the B. juncea
crop leading to substantial yield losses reported
worldwide. The earliest record of its occurrence
on rapeseed and mustard was made from India
(Shaw and Ajrekar 1915). The S. sclerotiorum
has a wide host range, known to infect about 408
plant species (Boland and Hall 1994) with no
proven source of resistance. High (up to 66%)
disease incidence and severe yield losses (up to
39.9%) lead to discouragement of growers of the
crop (Chattopadhyay et al. 2003).

1.4.1.4 Powdery Mildew
The powdery mildew disease of B. juncea is
caused by the fungus Erysiphe cruciferarum
(Sharma 1979). This disease occurred on rape-
seed and mustard around the world. In certain
states of India such as Gujarat, Haryana, and
Rajasthan, the disease has been found to occur
quite severely, resulting in considerable loss in
yield.

1.4.1.5 Insect Pests
About 50 insect pests are known to attack
Brassicas. Among these, the mustard aphid
(Lipaphis erysimi) has emerged to be a key pest.
Sawfly (Athalia lugens proxima), painted bug
(Bagrada hilaris), pea leaf miner (Chromatomyia
horticola) and Bihar hairy caterpillars (Spilo-
soma obliqua (Walker)) are other serious pests.
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However, L. Erysimi (mustard aphid) continues
to be a key pest on B. juncea crop in India.
Mustard aphid can cause up to 9–96% yield
reduction and up to 10% losses in oil content of
the produce (Abraham and Bhatia 1994). There
are several parameters developed for the assess-
ment of aphid resistant sources viz. aphid infes-
tation index, aphid fecundity, seedling survival,
estimated aphid injury, and evaluation of geno-
types in the field. Few strains of B. juncea, viz.
T 6342, Glossy B 85, RH 7846, RH 7847, RH
7848, and CSR 1017 developed through
hybridization, have been reported to be high
yielding and aphid tolerant.

1.4.2 Abiotic Stresses

Abiotic stresses such as drought, high tempera-
ture, frost, and salinity are the major concerns to
Indian mustard production and play important
role in determining the productivity of this crop.

1.4.2.1 Drought
Indian mustard is often grown as a marginalized
crop in rainfed conditions. About 25% of the
total Indian mustard area is rainfed and it is
grown on conserved moisture received during
rainy seasons. B. juncea, owing to its low water
requirement, fits well in the rainfed cropping
system (Chauhan et al. 2011). Depending on
planting time and winter rains, the crop is
exposed to water stress at one or more phono-
logical stages. In Indian mustard, those geno-
types with thicker leaves had greater water-use
efficiency (Singh et al. 2003). The adverse effects
of drought during seed development may be
alleviated by remobilization of assimilates to the
sink and thereby increasing the harvest index.
The genotypes which could extract moisture
from deep soil profiles during the reproductive
phase would yield higher. Osmotic adjustment
and transpirational cooling have been reported to
be controlled by single gene (Chaudhary et al.
1989; Singh et al. 1996). It is suggested that
recurrent selection should be practiced for
incorporation of drought tolerance. Several high-
yielding varieties in B. juncea, e.g., Vardan, RH

781, RH 819, Pusa Barani, RB 50, NPJ 93, NPJ
112, RH 406, RH 725, and RGN 229 have been
released for cultivation for drought-prone areas
of India.

1.4.2.2 High Temperature (Heat)
High temperature (heat) is one of the most
important stresses other than drought. It has
serious impediments to the growth and devel-
opment of the crop. In India, prevalence of high
temperature (heat) stress at terminal stage is very
important, as crop season of mustard gets
delayed in Eastern and Northeastern regions and
certain areas in Central and Eastern province of
Uttar Pradesh due to sowing after rice and
mixed/intercropping mustard with wheat culmi-
nating into serious fall in yield. For improvement
in the yield of mustard in late sown conditions,
genetic up-scaling of thermo-tolerance is very
important. On the other hand, high temperature at
the time of crop establishment is a very important
factor in countries like India, and situation even
gets worsened when there is delay in monsoon
causing substantial loss in productivity. In Indian
mustard, some potential donors like RH 0116,
RH 8814, SKM 9928, SKM 0149, NRCDR 02,
and BPR 543-2 developed having thermo-
tolerance. Registered germplasm lines BPR
541-4 and BPR 543-2, BPR549-9, BPR 540-6
for high thermo-tolerance at terminal and juve-
nile stages are also available. Varieties of Indian
mustard-like RGN 13, Urvashi, NRCDR 02, PM
25, Pant Rai 19, PM 27, Pusa Vijay, RH 0119,
RH 406, RGN-229, RGN-236, RGN-298, and
PM 22 for thermo-tolerance during crop estab-
lishment stage are under cultivation.

1.4.2.3 Frost
Freezing injury is a serious threat to the mustard
crop. In Northern parts of India, frost is quite
common in the month of January which coin-
cides with the blooming and pod formation per-
iod. Yield losses up to 70% have been reported
due to a single exposure to freezing temperature.
Freezing injury reduces the rate of photosynthe-
sis but slightly enhances the transpiration rate.
Evaluation of frost tolerance can be done by
counting the number of killed/undeveloped seeds
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having low-temperature stress. Promising donors
being used in the breeding program of B. juncea
are RH 8814, RH 8602, RH 8824, and RH 781.
The cultivars RH 781, RH 819, RGN 48, and
Swarnjyoti are known for frost tolerance.

1.4.2.4 Salinity
Soil salinity and irrigation with brackish water
affect the large areas under mustard cultivation in
India especially in the states of Rajasthan, Har-
yana, Punjab, and Uttar Pradesh. The yield
reduction due to salinity/sodicity has been
reported up to 33%. The salinity stress is also
known to reduce oil content and alter the fatty
acid composition. The tolerance to salinity is
characterized on the basis of percent reduction in
seedling emergence and dry weight. A large
number of improved germplasm lines are avail-
able viz. CS 416, RH 8816, RH 8701, RK 9807,
and RK 9703 which are used as donors under
varietal development program. Breeding efforts
have resulted in the release of salinity tolerant
varieties viz. CS 52, CS 54, CS 56, CS 58 and
CS 60.
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2Botanical Descriptions of Brassica
juncea: Taxonomy, Cytology,
Cytogenetics and Phylogenetic
Relationships

Arun Kumar, V. V. Singh, and Priyamedha

Abstract

The genus Brassica is one of the most
important plant families within family
Crucriferae (Brassicaceae) which includes
economically important cultivated crop spe-
cies, ornamentals, with many wild and weedy
relatives. Cytology and cytogenetics has
played significantly a prominent role in terms
of elucidating genetic architecture of the crop
species. Cytological researches on Brassicas
initiated with the confirmation of somatic
chromosome numbers in various crop species
between 1916 and 1930, followed by genomic
analysis of Brassica by Morinaga and U
(1928–1935) that gave acceleration to another
group of researchers to look more passionately
into genome homology, phylogenetic relation-
ships and investigations of chromosome evo-
lution in the family Brassicaceae. With the
development to tissue culture techniques, viz.
ovary culture and embryo rescue and proto-
plast fusion in the 1950s that enabled research
workers to make enormous progress in the
detailed investigations of genome homologies
on the basis of chromosome pairing analyses.
Form a cytology and cytogenetic perspective

in the period from 1960 to 1980s mostly lead
to a concentrated effort undertaken for collec-
tion and classification of botanical taxa of the
Brassicaceae. One of the important contribu-
tions was made by Harberd (Bot J Linn Soc
65:1–23, 1972). His studies led to the classi-
fication of cytodemes describing homologous
genomes. It is now well known that there is a
huge amount of genome homology or homoe-
ology throughout the entire Brassica
coeno-species, as well as from a plant breed-
ing point of view, we there upon have the
opportunity to broaden genetic base through
introgression of unique genes of economic
important traits and/or alleles well beyond the
species barrier. A remarkable advance in
Brassica cytology and cytogenetics during
the last two to three decades is the use of
molecular markers. In situ hybridization has
been successfully used for identification and
characterization of individual chromosomes
and assimilation of genetic and physical maps.
Using another molecular cytogenetic tool like
Genomic in situ hybridization (GISH), A, B
and C genome chromosomes were differenti-
ated in all of polyploid species. GISHis also
used to identify alien/unusual chromosome
introgressions in many interspecific/or inter-
generic wide hybrids. Linking of cytology,
cytogenetic and molecular cytogenetics with
other molecular biological techniques; for
example, DNA sequencing and protein
expression analysis have bridged the gap
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between chromosomes and linkage groups
and resulted in a plenty of new and valuable
information in the Brassicaceae family.

2.1 Introduction

The Crucriferae (Brassicaceae) family is a very
important plant family which includes a number
of economically important cultivated species
such as oleiferous (oil yielding), leafy (vegetable
yielding), rapiferous (rapeseed yielding), orna-
mental flowers and forage crop forms. Three
monogenomic diploid species, specifically B.
rapa L. (2n = 20, AA genome), B. nigra (L.)
Koch (2n = 16, BB) and B. oleracea L.
(2n = 18, CC) and their allo tetraploid species,
viz. B. napus L. (2n = 38, AACC), B. juncea (L.)
Czern. & Coss. (2n = 36, AABB) and B. cari-
nata A. Braun (2n = 34, BBCC) are represented
by the genus Brassica (Kaneko and Bang 2014).

The genesis of cytogenetical research in
Brassicas was initiated by determination of
somatic chromosome number in Brassica rapa
(syn. B. campesteris) by Takamine (1916).
Notwithstanding that Sageret (1826) and Herbert
(1847) reported intergeneric hybrids in
Raphanussativus � B. oleracea, B. napus �
B. rapa, respectively, much earlier. Two
researchers, Karpechenko (1927) and Manton
(1932), also lead the way in cytogenetical
investigations; the former synthesized
Raphanobrassica, and the latter determined the
mitotic and meiotic chromosome number for
number of species. The pioneer works of Mor-
inga (1928, 1934a) and Nagaharu (1935) inves-
tigated the meiotic behaviour of chromosomes in
hybridization between different Brassica species
and elucidated genetic architecture of the crop
species.

A comprehensive range of wild relatives and
weed species related to crop Brassicas and pos-
sessing extensive genetic diversity and variability
occur in the Mediterranean region, particularly in
Spain, Morocco and Algeria and have a wide
distribution from Mediterranean to north-west of
India. Mizushima (1950, 1968), Harbard (1972,
1976) and Harbard and McArthur (1980)

extensively investigated this germplasm which
included determination of chromosome number,
hybridization among different species and studies
on the chromosome pairing in interspecific or
intergeneric hybrids to interpret homology and
determine phylogenetic relationships among
them. Takahata and Hinata (1983) and Warwick
and Black (1997) extended this study further by
adding a few more genera. While early phase of
cytogenetic researches was mainly in or around
polyploidy breeding, the later attention shifted to
expanding of genetic variability, introgressing
nuclear genes that conferred desirable agronomic
traits or cytoplasmic genes for inducing male
sterility and chromosome addition lines to locate
genes on specific chromosomes.

In Brassica due to meagre size of chromo-
somes, lack of unique cytological landmarks and
not being amenable to pachytene investigations
were largely a hindrance to cytogenetical analy-
ses. With the development of tissue culture
techniques, viz. ovary culture and embryo rescue
and protoplast fusion in the 1950s made exces-
sive growth in the study of genome homologies
based on chromosome pairing analyses. Follow-
ing the initial developments, Brassica cytoge-
netical researches from elucidating complex
species relationships in the Brassica crop species
and wild relatives have achieved amazing
improvements. These developments from classi-
cal cytogenetics to some recent achievements can
be divided in two phases and will be discussed in
Brassica crop.

2.2 Taxonomy

Brassica oilseed crops belong to the family
Brassicaceae (Syn. Crucifarae). The family
presently has about 3709 species and 338 genera
(Warwick et al. 2006) (Table 2.1) and is one of
the ten most important plant families in terms of
economic importance (Rich 1991). And within
Brassicaceae, the genus Brassica is one of the
ten core genera. The genera display excessive
plant diversity and have a number of wild and
weed species related to crop Brassica in nature.

16 A. Kumar et al.



The Brassica crops are extensively used as a
source of oil, vegetable, condiments and fodder.
Those of particular importance are Brassica
juncea, B. rapa syn. B. campestris, B. napus and
B. carinata as source of edible oil; B. oleracea as
cole-crops and B. nigra as seed condiments. The
genus Raphanus is bred for its edible root,
Sinapis as antecedent of oil and condiments and
Eruca as a source of green salad, vegetable and
non-edible industrial oil.

2.3 Morphological Description

The family consists mostly of herbaceous plants
with annual, biennial or perennial lifespans. The
leaves are alternate (hardly opposite), at times
organized as basal rosettes, in very rarely shrub
crucifers of Mediterranean, their leaves most
often in terminal rosettes, and sometimes coria-
ceous and evergreen. Leaves pinnately incised
and exstipulate. The flowers of this family is
exceptionally uniform and four free saccate
sepals and four clawed free petals. They can be
dissymmetric or sometimes zygomorphic, with a
classic cross-like structure (hence the name
‘Cruciferae’). Flower possess six stamens, four
longer (as long as the petals) and are organized in
a cross-like, and two stamens are shorter, hence
known as Tetradynamous flower. The pistil
comprises of two fused carpels with very short
style and stigma is bilobed. Superior ovary,
unilocular and become bilocular with develop-
ment of false septum known as replum. The
flowers are ebracteate with racemose inflores-
cences, often apically corymb-like in

florescences also encountered. Pollination is
facilitated by entomogamy, nectar glands present
at the base of the four longer stamens and stored
on the sepals (Fig. 2.1). The fruit is a capsule
named as siliqua (plural siliquae). It opens by
two valves, which are the modified carpels; the
seeds are attached to replum and dehisce from
below to upward. The siliqua sometimes dissect
apart at constrictions present between the seg-
ments of the seeds, forming a loment (e.g.
Raphanus); it may expel the seeds completely
(e.g. Cardamine) or can evolve in a sort of
samara (e.g. Isatis).

Family Brassicaceae is categorized on the
basis of the existence of conduplicate cotyledons,
(cotyledons folded around the radical lengthwise)
and/or two-segmented fruits (siliquae) that con-
tains seed in one or both segments and only
simple hairs, if present (Gomez-Campo 1980,

Table 2.1 Taxonomic
classification of Family
Brassicaceae

Kingdom Plantae—Plants

Subkingdom Tracheobionta—Vascular plants

Superdivision Spermatophyta—Seed plants

Division Magnoliophyta—Flowering plants

Class Magnoliopsida—Dicotyledons

Subclass Dilleniidae

Order Capparales

Family Brassicaceae—Mustard family

Fig. 2.1 A typical flower of family Brassicaceae
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1999; Al-Shehbaz 1985). The following three
important features separate the family Brassi-
caceae from all other plant families:
1. The stamens in tetradynamous condition

(4 + 2), four long and two short stamens in
each flower.

2. The flowers have four petals that form a
cross.

3. The pod, called siliqua, has false septum
known as replum (thin translucent inner
membrane), separating two sides of siliqua
and to which the seeds are attached.

B. juncea, B. rapa, Brassica napus and
B. carinata are the most common species of
genus Brassica cultivated for edible oil produc-
tion worldwide. The brief description is as under:

Brassica juncea: It is known as mustard. The
plants are tall (90–200 cm), erect and much
branched. The leaf is dilated from base and
stalked, broad and pinnatified. The fruits are
known as siliquae and range about 2–6.5 cm in
length, increases with short and stout beak. The
seed colour is brown or dark brown with rough
seed coat.

Brassica rapa: It is known as rapeseed and have
many important oilseed varieties of toria, yellow
sarson and brown sarson. The plant is shorter
than mustard and plant height is between 45 and
150 cm; the stem is largely covered with a wax
deposit. Plants can be distinguished from mus-
tard plant by the characters of the leaves. In rape,
the leaves are sessile (lower leaf lamina sur-
rounding the stem completely or partially),
glabrous and hairy. Fruits are thicker in com-
parison to B. juncea and are laterally com-
pressed, with a beak one-third to half their
length. Seeds are yellow or brown with smooth
seed coat.

Varying amount of self- and cross-pollination
and self- and cross-incompatibility occur in dif-
ferent species and strains. B. juncea is self-fertile
and largely self-pollinated. Due to insects about
4–14%, cross-pollination may take place. In
B. rapa, var. yellow sarson and toria form of
brown sarson are self-fertile and largely self-

pollinated; although 5–12% cross-pollination
may occur in yellow sarson due to insect polli-
nation. The lotni type of brown sarson and toria
are cross-pollinated as a result of self-sterility. It
has been found that in toria, the pollen tubes
require 24 to 48 h to reach the ovule in self-
fertilization in comparison to just 5 h with cross-
pollination. This shows that the sterility may be
due to self-incompatibility of pollen and stigma.

Brassica napus: B. napus is known by the name
rape, rapeseed or canola, a mainly cultivated crop
of Europe, Canada, China and Australia. In
Asian countries, this crop is mostly cultivated as
winter rapeseed. This species is divided into two
sub-species which includes swedes (B. napus
ssp. napobrassica) and B. napus ssp. napus
which comprises both winter and spring oilseed
crops. The seed is dark in colour and no natural
yellow-seeded forms are known to occur.
Mediterranean region is believed to be place of
origin where both the parents B. campestris and
B. oleracea grow together in wild form (Sinskaia
1928).

Brassica carinata: B. carinata is commonly
known as Abyssinian or Ethiopian mustard. It is
comparatively slow growing than other Brassica
species, and it is mostly cultivated in the Ethiopia
and border areas in East Africa. B. carinata has
several agronomically important traits that are
rare in other brassica oilseed crops such as non-
dehiscent siliquae and a much more developed
and aggressive root system, heat, drought toler-
ance, tolerance to various biotic and abiotic
stresses. East African plateau is regarded as its
place of origin.

2.4 Brassica Cytology
and Cytogenetics

2.4.1 The First Phase (1916–1970)

The dawn in the area of Brassica cytogenetic
research was the investigations on somatic
chromosomes by several workers (Takamine
1916; Manton 1932; Catcheside 1934).
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Takamine in 1916 reported the mitotic chromo-
some number in Brassica rapa (syn. B. cam-
pesteris); Karpechenko (1927) investigated the
chromosome number of B. nigra, B. oleracea
and B. carinata. During the same period, Kar-
pechenko (1927) synthesized Raphanobrassica
following hybridization between Raphanus sati-
vus (2n = 18) � B. oleracea (2n = 18), and that
became the first example of a new species
obtained through experimental hybridization.
However, Sageret (1826) and Herbert (1847)
though reported intergeneric and intergeneric
hybrids in Raphanussativus � B. oleracea, B.
napus � B. rapa, respectively, much earlier.
Jaretzky (1932) and Manton (1932) carried out
intensive surveys of the family Brassicaceae for
somatic chromosomes and published number of
new chromosome numbers of the family.

Morinaga (1928, 1929a, b, c, 1931, 1933,
1934a, b) began his experiments in 1920s with
hybridization between all six crop species in
various combinations and investigated chromo-
some pairing/behaviour of the hybrids. He pro-
posed that Brassica crop species group
comprises three diploid monogenomic species
viz. B. nigra (L.) Koch (n = 8, B), B. oleracea L.
(n = 9, C) and B. rapa L. (n = 10, A) and three
high chromosome allot etraploid species, viz.
B. napus L. (n = 19, AC), B. juncea (L.) Czern.
&Coss. (n = 18, AB), and B. carinata A. Braun
(n = 17, BC). These species are digenomic and
their evolution took place in natural environment
via convergent alloploid evolution with any two
of the diploid species and also assigned genome
symbols to these species. At the same time,
Nagaharu U investigated detailed cytogenetic
relationships of Brassica crop species, which is
now commonly referred to as U triangle (U
1935) (Fig. 2.2). He further extended the Bras-
sica genome by studying the chromosome
pairing/behaviour in interspecific hybrids
between B. carinata � B. oleracea, B. cari-
nata � B. nigra, B. napus � B. carinata,
B. juncea � B. carinata, B. rapa � B. oleracea,
B. napus � B. oleracea and B. napus � B. rapa.
Nagaharu U verified the allopolyploid origin of
three high chromosome species viz. B. carinata,
B. juncea and B. napus and confirmed its validity

by experimentally synthesizing B. napus from its
parents, i.e. B. rapa and B. oleracea.

Studies on karyotype investigations on
somatic chromosomes of Brassica species were
initiated in 1934 by Catcheside and later fol-
lowed by Alam (1936), Richharia (1937) and
Sikka (1940). These studies distinguished chro-
mosomes into long, medium, small and very
small with median, subterminal and terminal
constrictions. Since Brassica chromosomes are
very small in size, lack of visible cytological
landmarks, the studies were mostly confined to
frequency of various chromosomes types, num-
ber of satellite chromosomes and nucleoli in
different genomes (Prakash 2010). The
advancement of ovary culture and embryo rescue
techniques in the 1950s helped colossal progress
in the study of genome homologies based on
chromosome pairing analyses. Additionally,
technological advances in optical equipment and
microscopy brought a great improvement in
cytological techniques in general, and based on
these techniques, Robbelen (1960) was the first
to report the detailed cytological descriptions of
Brassica somatic chromosome structure. He for
the first time, analysed pachytene chromosomes
in B. nigra, B. oleracea and B. rapa. The chro-
mosomes revealed differentiation into proximal
heterochromatic and distal euchromatic seg-
ments. Individual chromosomes within the gen-
omes were identified by the number, size and
distribution pattern of the heterochromatic seg-
ments near the centromeres (Prakash et al. 2009).

2.4.2 The Second Phase (1970
to Date)

Researches on related wild germplasm of
Brassica crop
From a cytogenetics as well as cytological
approaches, the second phase starts with the
researches on wild germplasm. A range of wild
species related to crop Brassicas and possessing
extensive genetic variability was found in the
Mediterranean region—particularly in Spain,
Morocco and Algeria and have a broad distri-
bution from Mediterranean to the north-west of
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India. Mizushima (1950), Harberd (1972, 1976)
and Harberd and McArthur (1980) extensively
investigated this germplasm which included
determination of somatic chromosome number,
hybridization among different species and
studying the chromosome pairing in interspecific
or intergeneric hybrids to interpret homology and
determine phylogenetic relationships among
them. Wild germplasm is a rich pool of many
useful agronomic traits of economic importance,
such as resistance to pests and insects including
abiotic stresses as well as having mitochondrial
genome variability which can be useful for
inducing cytoplasmic male sterility of variable
origin in crop species.

2.4.3 Cytogenetic Structure
of Brassica Cenospecies

Harberd (1972) was the first to propose the
concept based on his extensive cyto-taxonomical
investigations on Brassica crop and related wild
species. Harberd classified the germplasm which
is known as Brassica cenospecies into cytodemes
or crossing groups. His study included bivalent
pairing between a huge number of species that
eventually led to the classification of cytodemes

describing homologous genomes. This study was
further extended by Takahata and Hinata (1983)
and Warwick and Black (1997) who added a few
more genera. At present, 63 cytodemes are
identified in the wild germplasm and comprise
both diploids and tetraploids. All these species
are related to crop Brassicas and capable of
exchanging genetic material among them
(Fig. 2.3). Coeno-species comprise 13 genera,
viz. Brassica, Diplotaxis, Eruca, Erucastrum,
Coincya, Enarthrocarpus, Sinapis, Sinapiden-
dron, Trachystoma, Raphanus, Hirschfeldia,
Moricandia, Rytidocarpus and Pseuderucaria
and closely corresponds to subtribe Brassicineae
of Schulz (1936), in addition to two genera from
subtribe Raphaninae and three genera from
subtribe moricandinae. The minimum chromo-
some number in coeno-species, n = 7, is repre-
sented by seven cytodemes. Harberd (1972) was
in the opinion that cytodeme with n = 14 or
higher chromosome numbers should be accred-
ited to polyploidy. According to this opinion, 43
cytodemes are diploids where every chromosome
number from n = 7 to n = 13 is illustrated.
However, variations in isozyme numbers of a
broad range of taxa in the tribe Brassi-
cacineae suggested that genera with n = 14 to 18
may not be necessarily polyploids of n = 7 to 13

Fig. 2.2 The ‘Triangle of U’
( Nagaharu 1935) showing
the genetic relationships
between the important species
of genus Brassica (Source
viswiki.com/en/triangle of U)
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genomes. About half of the cytodemes have
haploid chromosome number n = 9 and n = 10.
Polyploidy also played a role as both auto- and
allopolyploids which are represented by 20
cytodemes. This polyploidy level is overtaken by
only in some of Moricandia spinosa (2n = 84,
x = 6) accessions and Brassica repanda
(2n = 160, x = 8) in general. The genus Mori-
candia appears to be polyploid.

2.4.4 Brassica Karyotypes

During nineties, karyotype studies were con-
ducted based on somatic chromosome numbers,
especially on diploid species by Olin-Fatih and
Heneen (1992); Cheng et al. (1995) and Fukui
et al. (1998). Meiotic chromosome was investi-
gated in detail by Mackowiak and Heneen (1999)
and Koo et al. (2004), and their morpho-types
have been prepared using different methods of

staining. For characterization of individual
chromosomes and construction of karyotypes,
mitotic prometaphase and meiotic diakinesis
stages of meiosis offer much better possibilities.
With the beginning of 1990s, use of fluorescence
in situ hybridization (FISH) with ribosomal DNA
probes has further helped in generating chromo-
some markers. Mitotic chromosomes of A and C
genomes are phenotypically similar and difficult
to distinguish as was established by Olin-Fatih
and Heneen (1992). However, now with the use
of techniques like FISH and genomic in situ
hybridization (GISH), it is possible to identify
individual chromosomes of A, B and C genomes
and also to match chromosomes with corre-
sponding counterparts in alloploid species with
considerable accuracy (Snowdon et al. 2002a
Kamisugi et al. 1998; Howell et al. 2002). All
these studies are very fruitful in integrating
genetic maps, arising from study of molecular
markers, with physical maps on the basis of

Fig. 2.3 Cytodemes in
Brassica coeno-species
(B = Brassica;
D = Diplotaxis:
Es. = Erucastrum;
S = sinapis, M = moricandia)
(Source Prakash et al. 2009
Plant Breeding Rev 3:21–
187)
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cytomorphic investigations. Many research
papers appeared since 1934 characterizing the
karyotypes of Brassica species. The general
observations can be summarized in the way that
chromosomes of A genome are morphologically
more diverse, B genome chromosomes are gen-
erally uniform and are difficult to identify at
individual label and C genome chromosomes are
poorly differentiated in morphological terms and
size, and these chromosomes show variable
degree of condensation in hetero- and euchro-
matin (Olin-Fatih 1994).

2.5 Wide Hybridization
and Introgression

Wide or distance hybridization in Brassicas dates
back to early nineteenth century when Sageret
(1826) first reported hybrid Raphanus-
sativus � B. oleracea and Herbert (1847)
reported interspecific hybrid between B. napus
and B. rapa. These researches in the area of
cytogenetics by the above researchers encour-
aged others to shift towards wide hybridization.
Though, the initial attempts of hybridizations
were for elucidating genomic homoeology. But
in later years, focus shifted towards utilization of
wide hybridization for creation of genetic vari-
ability, introgression of novel/unique genes or
alleles for economic agronomic traits or for
exploiting cytoplasmic genes for inducing male
sterility. Chromosome addition lines have been
produced for locating specific genes on chro-
mosomes and for construction of genetic maps
(Prakash et al. 2009). From the last 40 years, the
development of in vitro techniques such as
sequential ovary and embryo culture and proto-
plast fusion have enabled fruitful growth in the
investigations of genome homologies based on
chromosome associations analyses and obtaining
a large number of sexual and somatic hybrids.

Although wide hybridizations in Brassica
nowadays is very common, utilization of species
of secondary and tertiary gene pools will be
favourable in terms of creating unique genetic
variability for distinct biotic and abiotic stresses

as well as present changing climatic conditions.
Some intensive investigations were made by
Harberd and McArthur (1980), using these sec-
ondary and tertiary germplasm and reported
about 50 wide hybrids in which a majority were
intergeneric hybrids. In sexual hybrids, meiotic
behaviour of chromosome is highly disorganized,
particularly when both parents are diploid due to
the inability of a homologous pairing, they
remain mostly as univalents. But occasionally,
pairing occurs and also forms bivalents in a very
low frequency. Bivalents are mostly rod-shaped,
monochiasmates and rarely ring-shaped chro-
mosome with multiple chiasmata are observed.
Multivalent chromosomes if encountered in
diploid hybrids are observed very rarely. How-
ever, a variable number of bivalents and frequent
multivalents in the form of trivalents and
quadrivalents are observed in combination of
triploid (tetraploid � diploid) and tetraploid (te-
traploid � tetraploid species). A close relation-
ship between mean chromosome number and
mean bivalent frequency at three ploidy levels
was observed by Harberd and McArthur (1980)
(Table 2.2).

In diploid hybrids, high chromosome associ-
ations have been reported in several combina-
tions; for example, in B. tournefortii � B. rapa
1IV + 1III + 4II (Kumar et al. 2015a); B. rapa
B. fruticulosa 1III + 8II (Kumar et al. 2013) in
sexual hybrids, E. cardaminoides � B. oleracea
(2n = 18, 1IV + 1III + 1 II, Mohanty 1996),
Enarthrocarpus lyratus � B. rapa (2n = 20,
2III + 4II, Gundimeda et al. 1992), Diplotaxis
erucoides � B. nigra (2n = 15, 6II, Quiros et al.
1988) and Erucastrum canariense � B. oleracea
(2n = 18, 8II, Harberd and McArthur 1980).
Higher chromosome associations have been
observed in triploid and tetraploid hybrids; few
examples include. Brassica carinata �
B. tournefortii (1IV, 2III, Choudhary and Joshi
2012), B juncea � Diplotaxis virgata (1 IV, 2
III, Inomata 2003), Diplotaxis viminea �
B. napus (2 IV, Mohanty 1996) and
B. napus � Hirschfeldia incana (1 IV, Kerlan
et al. 1993). Hybrids between the diploids were
absolutely pollen and seed sterile while triploid
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and tetraploid hybrids had a little pollen and seed
fertility. The observation of bivalents in various
pollen mother cells (PMCs) in the hybrids could
be interpreted to be due to archaic homology
within the chromosomes of the same genome
(autosyndesis). However, observations of higher
chromosome associations in terms of tetravalents
or trivalents, can be attributed to allosyndesis
indicating partial homoeology or segmental
allopolyploidy between the two parental gen-
omes (Prakash et al. 2009). Occasional laggards,
including late disjunction of bivalents, intermix-
ing of chromatids at one pole, bridge fragment
configuration are recorded at anaphase I and II
(Kumar et al. 2015a). The possibility of occur-
rence of such phenomenon results from chiasma
formation within a heterozygous inversion. Such
chiasmata indicates true homology and pairing
between the genomes involved is being reported
by Attia and Robbelen (1986).

Polyploidy is recognized as another out-
standing feature in the evolution of higher plants
and adaptation, and polyploids have often been
frequently selected during the evolution of crop
plants. From a plant breeding point of reference,
induction of polyploidy may generate new
genetic recombinations, which provides more
variability in breeding material for breeder to
utilize in crop improvements.

Induction of autotetraploidy using colchicine
and cyto-morphological evaluation and the
genetic analysis of polyploids have been a subject
of interest among geneticists and breeders for a
long time as revealed by various studies (Otto and
Whitton 2000; Reiseberg 2001; Ramsey and
Schemske 2002; Mable 2003). It is now well
established that in the genus Brassica, three low-
chromosome monogenomic diploids, B. nigra, B.
oleracea, and B. rapa (syn. B. campestris) and
three high-chromosome digenomics B. carinata,
B. juncea and B. napus evolved in nature through

convergent alloploid evolution between any two
of the diploid species. This genomic relationship
of the six Brassicas (Nagaharu 1935) has been
substantiated by molecular analysis of nuclear
and chloroplast DNA and by GISH (Snowdon
2007). As reported by Osborn (2004) that poly-
ploidy plays important role in contributing mor-
phological variation via several mechanisms, it
induces the significant variation of dosage-
regulated gene expression and affect flowering
time variation through the gene FLC (Flowering
Locus C) in Brassica. Trigenomic hexaploids
through interspecific hybridization between B.
napus and B. nigra by colchicine treatment has
been developed by Pradhan et al. (2010) in
Brassica. These hexaploids showed enhancement
in some of the phenotypic characters such as size
of flowers, pollen and stomata increased pollen
viability and hexaploid chromosome count. These
hexaploid genotypes can be used as a genetic
stock for crosses with other Brassica hexaploid
genotypes from the same or different sources.

Successful autotetraploidy has been generated
in B. fruticulosa Cyr. sub sp. fruticulosa
(2n = 16 FF) wild relative of Brassica using
aqueous colchicine by the cotton-swab method,
and their subsequent utilization in interspecific
hybridization with B. juncea by Kumar et al.
(2015b, 2018). The synthesized plants showed
unique enhancement in several phenotypical and
floral aspects making them more robust. From
cytological analysis point of view, studies
revealed that quadrivalent frequency was low
which ranged between 2.2 and 3.1 and bivalent
frequency was high that ranged from 6 to 12 per
cell. Univalent frequency ranging from 3.4 to 4.1
was characteristicof the colchicine-induced tet-
raploids that have been reported by Kumar et al.
(2015b). The synthesized autotetraploids plants
may have opportunities to be helpful in
hybridization programme with Brassica and

Table 2.2 Mean
chromosome number and
bivalent frequency at three
ploidy levels in the tribe
Brassiceae

Hybrid Mean chromosome number, 2n Mean bivalent frequency

Diploids 18.7 2.9

Triploids 25.6 6.2

Tetraploids 34.3 10.2
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other Brassica species for introgression of eco-
nomic traits, especially mustard aphid in crop
improvement in Brassicas.

2.6 Phylogenetic Relationships

Theodosius Dobzhansky (1900–1975), the
famous biologist, said that nothing in biology
makes sense except in the light of evolution and
molecular phylogenetic analyses which lead to
exceptional understandings in the relationships of
plants and other green plants at various levels
that formed basis in a reclassification of the
angiosperms, particularly on the analysis of dif-
ferent genes such asrbcL, atpB of the cpDNA
and the 18S rDNA reviewed by Haider (2013).
Phylogenetic information has come up with new
view point on the evolution of polyploid gen-
omes such as those of Brassicas. U-triangle
Brassica species serves the best model systems
for the study of polyploidy as given by
Maluszynska and Hasterok (2005). The botanical
relationship between the Brassica species is well
established as result of several taxonomic
investigations carried out in the 1930s by Mori-
naga (1929a, 1934a, b; 1928) and Naga-
haru (1935) as discussed earlier.

Chromosome analysis has further suggested
an early evolution from a common progenitor
species with a basic chromosome number of
n = 6, and that diploid Brassica species, with
n = 8, 9 and 10 resulted from secondary bal-
anced polyploidy (Robbelen 1960). Truco et al.
(1996), studied the intra-genomic homology of
the Brassica genome. They found inter-genomic
conserved reasons with extensive recording
among the genomes. Eighteen linkages from all
three species could be associated on the basis of
homologues segments, based on at least three
homologues conservation which was also
observed for some of the chromosomes of A, B
and C genomes. A possible chromosome phylo-
genetic pathway based on an ancestral genome of
at least five and no more than seven chromo-
somes were drawn from the inter-relationship
observed. These duplication and rearrangement
have been involved in the formation of Brassica

genome from a similar ancestral genome. Lazaro
and Aguinagalde (1996) studied the phylogenetic
relationship among the wild related species of the
B. oleracea with the help of random amplified
polymorphic DNA (RAPD). These genetic
markers, which allowed the different taxa to be
distinguished, were used to investigate the phy-
logenetic and evaluative relationship of the wild
Brassica (n = 9) species. Three clearly separated
braches are shown, the western group, the silican
group and the Aegean group. Maximum diversity
was detected in the Asian group and highest
similarity coefficient was shown by the silican
group. Results were consistent with previous
photochemical analysis. Yang et al. (1998)
studied the phylogenetic position of Raphanus in
relation to Brassica species based on 58 rRNA
spacer sequence data. Based on restriction frag-
ment length polymorphism (RFLP) analysis, the
evolutionary lineages for Brassica diploid spe-
cies have been purposed. These two lineages are
the nigra and the second one, the rapa/oleracea
lineage. The phylogenetic relationship of
Raphanus species to this lineage is still not clear
since the chloroplast and mitochondrial DNA
genomic restriction site variation reflected that
Raphanus is more close to the rapa/olaracea
lineage, whereas nuclear RFLP and other lines of
evidence reflected that the Raphanus is close to
nigra lineage. Here, evidence is presented of the
intergenic spacer of nuclear 58 rRNA to support
that Raphanus is more related to nigra linage
than to rapa/olaracea.

For inferring phylogenetic relationships
among Brassica species, basic features of the
nuclear genome are need to be considered here.
For instance, it has been reported by various
researchers that the diploid cultivated species of
Brassica are secondary polyploids (Gómez-
Campo and Prakash 1999) as part of their gen-
ome is represented in duplicate and/or in tripli-
cate by Quiros et al. (1987). These species are
considered that they evolved through changes in
chromosomes and genes from a prototype with a
basic chromosome number of five reported by
Sikka (1940) or six as reported by Prakash and
Hinata (1980) though there are no known Bras-
sica species in nature with genomes of less than
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n = 7 chromosomes based on the cytogenetic
studies such as karyotypic analysis. On the basis
of these studies, a partial genomic homology
relationship among the genomes A, B and C has
been reported by different researchers based on
cytogenetic studies like by Morinaga (1934a, b),
Nagaharu (1935), Attia and Robbelen (1986) and
Attia et al. (1987), studies on nRFLP by Song
et al. (1988) and Hosaka et al. (1990), and RAPD
(Quiros et al. 1991).

2.7 Molecular Cytogenetics

A remarkable advance in Brassica cytogenetics is
the use of molecular markers. During the last two
to three decades, in situ hybridization has suc-
cessfully been attempted for reliable description
and characterization of individual chromosome
to construct the karyotypes of U triangle species,
to determine the genomic components of allo-
ploid species and assimilation of genetic and
physical maps. Using another molecular cytoge-
netic tool like GISH, A, B and C genome chro-
mosomes were differentiated in alloploid species
(Snowdon et al. 2002; Snowdon 2007;
Maluszynska and Hasterok 2005). GISH was
also used to identify alien chromosome intro-
gressions in many interspecific/or intergeneric
wide hybrids. Such as in B. napus � Eruca
sativa (Fahleson et al. 1997); Sinapis arevensis
(Snowdon et al. 2000) and in Crambe abyssinica
by Wang et al. in 2004.

Fluorescence in situ hybridization (FISH)
was, for the first time, used in Brassica crop to
determine the number of rDNA loci in U triangle
species by Malusyzynska and Heslop-Harrison in
1993. The utility of this approach in all the
diploid and alloploid species have amply been
demonstrated. Now, with advancement of multi-
colour FISH with 45S rDNA and 5S rDNA is
being increasingly used in Brassica molecular
cytogenetics. Individual chromosomes of all the
U triangle species have been characterized in
detail, and their karyotypes are now well docu-
mented (Snowdon et al. 2002; Maluszynska and
Hasterok 2005). Translocations and rearrange-
ments has been explained well with use of in situ

hybridization (ISH) technique for forecasting of
ancestral karyotypes in Brassicaceae using ISH
technique with painting of whole chromosomes
with bacterial artificial chromosomes (BACs) by
Mandakova and Lysak in 2008. Using this
technique, Lysak et al. (2007) also provided
additional information for a hypothesized whole-
genome triplication in the common ancestor that
includes species of Brassica and Sinapis (tribe
Brassiceae).

Now, BAC libraries are the most common
approach used as sources of large-insert DNA
clones in Brassica molecular cytogenetics, and
BAC clones have efficiently utilized in assigning
9 linkage groups in B. oleracea by Howell et al.
in 2002. Lot of progress has been made in
cytomolecular mapping of B. rapa by Brassica
Genome project (Yang 2005; Lim et al. 2006)
and to analyse the structure of centromeric region
(Lim et al. 2007) has been critically reviewed by
Prakash et al. (2009). As the genomic studies on
Arabidopsis (Crucifer) progresses, which is clo-
sely related to Brassicas, may serve the base in
for a new insight in Brassica genome and may
play critical role in the direction of evolutionary
studies of the Brassicaceae. Studies on compar-
ative genomics between Arabidopsis and Bras-
sica species have elucidated evolutionary
processes. Arabidopsis has now become a model
plant in the area of experimental biology in
particular in the family of Brassicaceae (Prakash
2010).

2.8 Conclusion

In Brassica, due to small size of chromosomes,
lack of unique cytological land marks and not
being amenable to pachytene investigations were
a large hindrance to cytogenetical analyses; even
then, many eminent researchers have contributed
a lot to Brassica cytology and in cytogenetics.
Initiation started with determination of somatic
chromosome number in early nineteenth century
followed by genome analysis by Morinaga and
Nagaharu U, leading to unraveling the genetic
architecture of this crop. The enhanced use of
wild relatives related to Brassica germplasm for
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incorporating new and novel genes has become a
common programme in Brassica crop improve-
ment. Incorporation of advance tissue culture
techniques like protoplast regeneration, fusion
generated number of somatic hybrids. Unprece-
dented developments made in molecular cyto-
genetics, FISH, GISH and of sequence
information facilitated the detailed investigations
in meiosis and meiotic behaviour of chromo-
somes. Molecular cytogenetics aided in physical
and genetic maps as well as played an important
role in in addressing chromosome rearrangement,
duplication and deletion occurring which other-
wise are difficult to identify. With progress of
next-generation sequencing (NGS) technologies,
and Arabidopsisas model plant of Brassica fam-
ily in the area of experimental biology will fur-
ther improve crop improvement programmes in
near future.

References

Alam Z (1936) Cytological studies of some Indian
oleiferous Cruciferae III. Ann Bot 50:85–102

Al-Shehbaz IA (1985) The genera of Brassiceae (Cru-
ciferae; Brassicaceae) in the southeastern United
States. J Arnold Arbor 66:279–351

Attia T, Robbelen G (1986) Cytogenetic relationship
within cultivated Brassica analyzed in amphihaploids
from the three diploid ancestors. Can J Genet Cytol
28:323–329

AttiaT BC, Robbelen G (1987) Digenomic triploids for an
assessment of chromosome relationships in the culti-
vated diploid Brassica species. Genome 29(2):326–
330

Catcheside DG (1934) The chromosomal relationships in
the swede and turnip groups of Brassica. Ann Bot
48:601–633

Cheng BF, Heneen WK, Chen BY (1995) Mitotic
karyotypes of Brassica campestris and Brassica
alboglabra and identification of the B. alboglabra
chromosome in an addition line. Genome 38:313–319

Choudhary BR, Joshi P (2012) Crossability of Brassica
carinata and B. tournefortii, and cytomorphology of
their F1 hybrid. Cytologia 77:453–458

Fahleson J, Lagercrantz U, Mouras A, Glimelius K (1997)
Characterization of somatic hybrids between Brassica
napus and Eruca sativa using species-specific repet-
itive sequences and genomic in situ hybridization.
Plant Sci 123:133–142

Fukui K, Nakayama S, Ohmido N, Yoshiaki H, Yam-
abe M (1998) Quantitative karyotyping of three

diploid Brassica species by imaging methods and
localization of 45S rDNA loci on the identified
chromosomes. TheorAppl Genet 96:325–330

Gómez-Campo C, Prakash S (1999) Origin and Domes-
tication. In: Gómez-Campo C (ed) Biology of Bras-
sica coenospecies. Elsevier, Oxford and New York

Gómez-Campo C (1980) Morphology and morpho-
taxonomy of the tribe Brassiceae. In: Tsunoda S,
Hinata K, Gómez-Campo C (eds) Brassica crops and
wild allies: biology and breeding. Japan Scientific
Society Press, Tokyo, pp 3–31

Gundimeda HR, Prakash S, Shivanna KR (1992) Inter-
generic hybrids between Enarthrocarpuslyratus, a
wild species and crop brassicas. TheorAppl Genet
83:655–662

Haider N (2013) Recent advances in phylogenetic rela-
tionships among the U-triangle six Brassica L.
species. In: CP Malik, Sanghera GS, Wani SH,
Sharma P (eds) Crop improvement: biotechnological,
physiological and nanotechnological approaches. Aav-
ishkar Publishers, Jaipur, India, p 134

Harberd DJ (1976) Cytotaxonomic studies of Brassica
and related genera. In: Vaughan JG, MacLeod AJ,
Jones MG (eds) The biology and chemistry of the
Cruciferae. Academic Press, London, pp 47–68

Harberd DJ, McArthur ED (1980) Meiotic analysis of
some species and genus hybrids in the Brassiceae. In:
Tsunoda S, Hinata K, Gomez-Campo C (eds) Brassica
crops and wild allies: biology and breeding. Japan
Scientific Society Press, Tokyo, pp 65–87

Harberd DJ (1972) A contribution to cytotaxonomy of
Brassica (Cruciferae) and its allies. Bot J Linn Soc
65:1–23

Herbert W (1847) On hybridization amongst vegetables.
J HortSoc 2:81–107

Hosaka K, Kianian SF, Mcgrath JM, Quiros CF (1990)
Development and chromosomal localization of
genome-specific DNA markers of Brassica and the
evolution of amphidiploids and n=9 diploid species.
Genome 33(1):131–142

Howell BC, Barker GC, Jones GH, Kearsey MJ, King GJ,
Kop EP, Ryder CD, Teakle GR, Vicente JG, Arm-
strong SJ (2002) Integration of the cytogenetic and
genetic linkage maps of Brassica oleracea. Genetics
161:1225–1234

Inomata N (2003) Production of intergeneric hybrids
between Brassica juncea and Diplotaxis virgate
through ovary culture and the cytology and crossabil-
ity of their progenies. Euphytica 133:57–64

Jaretzky R (1932) BeziehungenzwischenChromosomen-
zahi und SystematikbeidenCruciferen. JahrbWiss Bot
76:485–527

Kamisugi Y, Nakayama S, O’Neil CM, Mathias RJ,
Trick M, Fukui K (1998) Visualization of the Brassica
self-incompatibility S-locus on identified oilseed rape
chromosomes. Plant MolBiol 38:1081–1087

Kaneko Y, Bang SW (2014) Interspecific and intergeneric
hybridization and chromosomal engineering of Bras-
sicaceae crops. Breed Sci 64(1):14–22

26 A. Kumar et al.



Karpechenko GD (1927) Polyploid hybrids of Raphanus-
sativus L. Brassica oleracea L. Bull Appl Bot Genet
Plant Breed 7:305–410

Kerlan MC, Chevre AM, Eber F (1993) Interspecific
hybrids between a transgenic rapeseed (Brassica
napus) and related species; cytogenetical characteri-
zation and detection of the transgene. Genome
36:1099–1106

Koo DH, Plaha P, Lim YP, Hur Y, Bang JW (2004) A
high resolution karyotype of Brassica rapa
ssp. pekinensis revealed by pachytene analysis and
multicolour fluorescence in situ hybridization. The-
orAppl Genet 109:1346–1352

Kumar A, Singh BK, Singh VV, Chauhan JS (2013)
Cytomorphological and molecular evidences of syn-
thesis of interspecific hybrids between Brassica rapa
and B.fruticulosa through hybridization. Aust J Crop
Sci 7:849–854

Kumar A, Singh BK, Meena HS, Singh VV, Singh YP,
Singh D (2015a) Cytomorphological and molecular
characterization of F1 hybrids between B. tournefortii
and B. rapa. Cytologia 80:317–326

Kumar A, Singh BK, Meena HS, Ram B, Singh VV,
Singh D (2015b) Cytogenetical Investigations in
colchicine-induced tetraploids of Brassica fruticulosa
—an important wild relative of cultivated Brassicas.
Cytologia 80(2):223–230

Kumar A, Meena HS, Ram B, Priyamedha, Sharma A,
Yadav S Singh VV, Rai PK (2018) Some Cytomor-
phological evidence for synthesis of interspecific
hybrids between Brassica juncea and autotetraploid
B. fruticulosa. Cytologia 83(4):421–426

Lazaro A, Aguinagalde I (1996) Phylogenetic relationship
between the wild taxa of the Brassica oleracea L.
group (2n=18) using random amplified polymorphic
DNA assay. SciHort 65 (4): 219–227

Lim YP, Plaha P, Choi SR, Uhm T, Hong CP, Bang JW,
Hur YK (2006) Toward unraveling the structure of
Brassica rapa genome. Physiol Plant 126:585–591

Lim KB, Yang TJ, Hwang YJ, Kim JS, Park JY,
Kwon SJ, Kim JA, Choi BS, Lim MH, Jin M,
Kim HI, Jong H, Bancroft I, Lim YP, Park BS (2007)
Characterization of the centromere and pericentromere
retrotransposons in Brassica rapa and their distribu-
tion in related Brassica species. Plant J 49:173–183

Lysak MA, Cheung K, Kitschke M, Bures P (2007)
Ancestral chromosomal blocks are triplicated in
Brassiceae species with varying chromosome number
and genome size. Plant Physiol 145:402–410

Mable BK (2003) Breaking down taxonomic barriers in
polyplody research. Trends Plant Sci 8:582–590

Mackowiak M, Heneen WK (1999) Meiotic karyotypes of
the B genomes of Brassica nigra and B. carinata.
Hereditas 130:131–135

Maluszynska J, Hasterok RJ (2005) Identification of
individual chromosomes and parental genomes in
Brassica juncea using GISH and FISH. Cytogenet
Genome Res 109:310–314

Maluszynska J, Heslop-Harrison JS (1993) Physical
mapping of rDNA loci in Brassica species. Genome
36:774–781

Mandakova T, Lysak MA (2008) Chromosomal phy-
logeny and karyotype evolution in x=7 crucifer
species (Brassicaceae). Plant Cell 20:2559–2570

Manton I (1932) Introduction to the general cytology of
the Cruciferae. Ann Bot 46:509–556

Mizushima U (1950) Karyogenetic studies of species and
genus hybrids in the tribe Brassiceae Cruciferae.
Tohoku J Agr Res 1:1–14

Mizushima U, Tsunda S (1968) A plant exploration in
Brassica and allied genera. Tohoku J Agri Res
17:249–277

Mohanty A (1996) Hybridization between crop Brassicas
and some of their wild allies. Ph.D. Thesis, Univ
Delhi, India

Morinaga T (1928) Prelimary note on interspecific
hybridization in Brassica. Proc Imp Acad 4:620–622

Morinaga T (1929a) Interspecific hybridization in Bras-
sica. I. The cytology of F1 hybrids of B. napella and
various other species with 10 chromosomes. Cytologia
1:16–27

Morinaga T (1929b) Interspecific hybridization in Bras-
sica. III. The cytology of F1 hybrids of B. cernua and
B. napella. J Dept Agr Kyushu Imp Univ 2:199–206

Morinaga T (1929c) Interspecific hybridization in Bras-
sica. II. The cytology of F1 hybrids of B. cernua and
various other species with 10 chromosomes. Jan J Bot
4:277–289

Morinaga T (1931) Interspecific hybridization in Bras-
sica. IV. The cytology of F1 hybrids of B. carinata
and some other species with 10 chromosomes.
Cytologia 3:77–83

Morinaga T (1933) Interspecific hybridization in Bras-
sica. V. The cytology of F1 hybrids of B.carinata and
B. alboglabra. Japan J Bot 6:467–475

Morinaga T (1934) Interspecific hybridization in Bras-
sica. VI. The cytology of F1 hybrids of B. juncea and
B. nigra. Cytologia 6:62–67

Morinaga T (1934) On the chromosome number of
Brassica juncea and B. napus, on the hybrid between
the two, and on offspring line of the hybrid. Jpn J
Genet 9:161–163

Nagaharu U (1935) Genome analysis in Brassica with
special reference to the experimental formation of B.
napus and peculiar mode of fertilization. Jpn J Bot
7:389–452

Olin-Fatih M (1994) A new method for differential
staining of Brassica metaphase chromosomes, and
karyotypes of B. campestris, B. oleracea, and B.
napus. Hereditas 120:253–259

Olin-Fatih M, Heneen WK (1992) C-banded karyotypes
of Brassica campestris B. oleracea and B. napus.
Genome 35:583–589

Osborn TC (2004) The contribution of polyploidy to
variation in Brassica species. Physiol Planta 121
(4):531–536

2 Botanical Descriptions of Brassica juncea: Taxonomy, Cytology … 27



Otto SP, Whitton J (2000) Polyploidy incidence and
evolution. Annu Rev Genet 34:297–309

Pradhan A, Julie A, Plummer MN, Nelson WA, Cowl-
ing GY (2010) Successful induction of trige-
nomichexaploid Brassica from a triploid hybrid of B.
napus L. and B. nigra (L.) Koch. Euphytica 176:87–98

Prakash S (2010) Brassica cytogenetics—a historical
journey and my personal reminiscence. Chin J Oil
Crop Sci 32:163–172

Prakash S, Hinata K (1980) Taxonomy, cytogenetics and
origin of Brassica, a review. Per Bot 55:1–57

Prakash S, Bhat SR, Quiros CF, Kirti PB, Chopra VL
(2009) Brassica and its close allies: cytogenetics and
evolution. Plant Breed Rev 3:21–187

Quiros CF, Ochoa O, Douches DS (1988) Exploring the
role of x=7 species in Brassica evolution: hybridiza-
tion with B. nigra and B. oleracea. J Hered 79:351–
358

Quiros CF, Hu J, This P, Chevre AM, Delseny M (1991)
Development and chromosomal localization of
genome-specific markers by polymerase chain reac-
tion in Brassica. Theor Appl Genet 82(5):627–632

Quiros CF, Ochoa O, Kianian SF, Douches D (1987)
Analysis of the Brassica-oleraceagenome by the
generation of B. campestris-oleracea chromosome
addition lines—characterization by isozymes and
rDNA genes. Theor Appl Genet 74(6):758–766

Ramsey J, Schemske DW (2002) Neopolyploidy in
flowering plants. Annu Rev Ecol Evol Syst 33:589–639

Reiseberg LH (2001) Polyploid evolution: keeping the
peace at genomic reunions. Curr Biol 11:R925–R928

Rich TCG (1991) Crucifers of Great Britain and Ireland.
Botanical Society of the British Isles, London, p 336

Richharia RH (1937) Cytological investigations of
Raphanussativus, Brassica oleracea and their F1
hybrids. J Genet 34:45–55

Robbelen G (1960) Beitra  gezurAnalyse des Brassica-
Genomes. Chromosoma 11:205–228

Sageret M (1826) Considerations sur la production des
variants et des varie´tie´sen general, et sur celled de la
famille de Cucurbitacee´senparticulier. Ann Sci Nat
8:94–314

Schulz OE (1936) Cruciferae. In: Engler A, Prantl P
(eds) Die natu  rlichenPflanzenfamilien. Wilhelm
Engelmann, Leipzig, pp 17b: 227–658

Sikka SM (1940) Cytogenetics of Brassica hybrids and
species. J Genet 40:441–509

Sinskaia EN (1928) The oleiferous plants and root crops
of the family cruciferae. Bull App/bot Genet Pl Breed
175:3–166

Snowdon RJ (2007) Cytogenetics and genome analysis in
Brassica crops. Chrom Res 15:85–95

Snowdon RJ, Winter H, Diestal A, Sacristan MD (2000b)
Development and characterization of Brassica napus–
Sinapisarvensis addition lines exhibiting resistance to
Leptosphaeriamaculans. Theor Appl Genet 101:1008–
1014

Snowdon R J, Friedrich T, Friedt W, Kohler W (2002a)
Identifying the chromosomes of the A- and C-genome
diploid Brassica Species B. rapa (syn. campestris) and
B. oleracea in their amphidiploid B. napus. Theor
Appl Genet 104:533–538

Song KM, Osborn, TC, Williams PH (1988) Brassica
taxonomy based on nuclear restriction fragment length
polymorphisms (RFLPs). 1. Genome evolution of
diploid and amphidiploid species. Theor Appl Genet
75(5):784–794

Takahata Y, Hinata K (1983) Studies on cytodemes in the
subtribe Brassicineae. Tohoku J Agr Res 33:111–124

Takamine N (1916) U¨ ber die rubenden und die
pra¨synaptischen Phasen der Reduktionsteilung. Bot
Mag Tokyo 30:293–303

Truco MJ, Hu J, Sandowski J, Quiros CF (1996) Inter-and
intra-genomic homology of the Brassica genomes:
implications for their origin and evolution. Theor Appl
Genet 93 (8): 1225-1233

Wang YP, Snowdown RJ, Rudloff E, Wehling P,
Friedt W, Sonntag K (2004) Cytogenetic characteri-
zation and fae1 gene variation in progenies from
asymmetric somatic hybrids between Brassica napus
and Crambeabyssinica. Genome 47:724–731

Warwick SI, Black LD (1997) Phylogenetic implications
of chloroplast DNArestriction site variation in sub-
tribes Raphaninae and Cakilinae (Brassicaceae).
Can J Bot 75:960–973

Warwick SI, Francis A, Al-Shehbaz IA (2006) Brassi-
caceae: species checklist and database on CD-Rom.
Plant Syst Evol 259:249–258

Yang YW, Tseng PF, Tai PY, Chang- CJ, Yang YW,
Tseng PF, Tai PY, Chang CJ (1998) Phylogenetic
position of Raphanus in relation to Brassica species
based on 5 s r RNA Speacer sequence data. Bot Bull
Acad Sin 39(3):153–160

Yang T (2005) The Korea Brassica genome Project: a
glimpse of the Brassica genome based on comparative
genome analysis with Arabidopsis. In: Plant and
Animal Genomes 13th Conf California State Univ
California, 6:138–145

28 A. Kumar et al.



3Chemical Composition of Oil
and Cake of Brassica juncea:
Implications on Human and Animal
Health

Sanjula Sharma, Manju Bala, Gurpreet Kaur,
Saad Tayyab, and Shevin Rizal Feroz

Abstract

Oilseed Brassicas have become the third
important edible oilseed crop next to soybean
and palm in the world. The four main Brassica
oilseed species, B. napus, B. rapa, B. juncea
and B. carinata are widely cultivated for oil,
condiment and vegetable purposes. B. juncea
(L.) Czern, commonly referred to as Indian
mustard is a major oilseed crop in South Asia,
while B. napus and B. rapa are popular in

Europe, Canada and Australia. Oil extracted
from B. juncea using expeller/kachi ghani has
always been favored as cooking oil in India
due to its interesting chemical properties. Its
oil is a perfect blend of saturated and unsat-
urated fatty acids along with bioactive com-
ponents such as phytosterols and tocopherols.
The meal or cake left after oil extraction from
mustard seeds is rich in minerals, vitamins and
high-quality proteins. Despite its nutritional
richness, oil and meal of the traditional B.
juncea varieties are considered inferior in
quality as they contain a very high amount of
undesirable long-chain fatty acids, namely
erucic acid (C22:1) (40–57%) in oil and
deleterious glucosinolates (GLSs) (50–120 µ
moles/g) in seed meal. Intake of high erucic
acid has been associated with cardiac injury in
cattle and experimental rodents, whereas the
presence of a high concentration of GLSs with
goitrogenic effects limits the use of mustard
meal to ruminants only. Based on animal
trials, a statutory limit of < 2% erucic acid in
oil and < 30 lmoles/g of GLSs in a meal has
been set by many countries, initially for
rapeseed varieties which have been registered
under the trade name of ‘canola’ or ‘00’
quality and is also being implemented for
mustard. The quantitative reduction of erucic
acid is balanced by the increase in desirable
oleic and linoleic acid in the mustard oil. In
India, since 90% of the area under
rapeseed-mustard is planted with B. juncea
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varieties, improvement of its oil and meal
quality is of prime importance and hence, led
to the development of canola or ‘00’ quality
B. juncea varieties which have been fairly
successful and can be considered excellent for
food and feed purpose.

3.1 Introduction

Nutrition has a long-term impact on health.
Nutritive food has always been considered
equally significant as medicine to cure any dis-
ease or build immunity. Dietary fats, carbohy-
drates and proteins constitute a macronutrient
group that acts as an energy source in the human
diet. Intake of dietary fats derived from plant
sources (oilseeds and nuts) and animal sources
(butter, meat, fish, poultry and egg) should be
moderate and lie between 25 and 35% of calories
in a balanced diet as it aids in the prevention of
heart disease and stroke. Oilseeds are dual pur-
pose crops as their derivatives namely oil and
meals, are in great demand globally.

Oilseed Brassicas are an important group of
oilseed crops consisting of rapeseed and mustard
varieties. Rapeseed (B. rapa and B. napus) and
mustard (B. juncea) together constitute the
world’s third major vegetable oil source after
soybean and oil palm (Chand et al. 2021).
Brassica spp. cultivated in India for edible oils
are B. juncea (Indian mustard), B. rapa
(ssp. Toria), B. napus (gobhi sarson) and B. car-
inata (karan rai) with variation in their oil content
from 31.81–42.13%, 36.5–40.8%, 34.52–45.09%
and 25–29%, respectively (Sharafi et al. 2015;
Sen et al. 2018; Sra et al. 2019). Rapeseed-
mustard is mainly grown in the states of Rajas-
than, Haryana, Uttar Pradesh, Madhya Pradesh,
West Bengal and Gujarat (India Agristat 2020).
At one time in India a significant area was under
B. rapa, but nowadays, it is dominated by B.
juncea (Indian mustard) with 90% acreage (Jat
et al. 2019). B. juncea, which belongs to the
Brassicaceae or Cruciferae family, is commonly
referred to as Indian mustard, Chinese mustard,
or Oriental mustard. Indian mustard seeds are

known for their therapeutic properties including
antioxidant, anticancer, antimicrobial, antidia-
betic, anti-obesity and anti-inflammatory activi-
ties (Thirumalai et al. 2011; Engels et al. 2012;
Oh et al. 2016; Mazumder et al. 2016; Le et al.
2020).

Oil content in Indian mustard varieties varies
from 27.57 to 40.23% (Sra et al. 2019), and thus
about 59.77–72.43% of seed weight constitute
the meal. The oil obtained from Indian mustard
(B. juncea) is a popular cooking oil in certain
regions of India and its fatty acid profile is very
close to the profile recommended by global
health agencies. After extraction of oil from
mustard seeds, the remaining portion is known as
meal or cake as per the residual oil content in it.
Both meal and cake are rich in protein (32–48%)
(Sadeghi and Bhagya 2009) but differ in their oil
content which is 1–4% in the meal (Klein-
Hessling 2007) and 10–14% in cakes (Mahoonak
and Swamylingappa 2007). In India, at present,
the mustard meal is fed to the ruminants. The
amino acid composition of the mustard meal
proteins has been reported to be comparable with
milk protein casein (Sen and Bhattacharyya
2000). Due to the nutritionally rich amino acid
composition of its proteins, the mustard meal has
also been exploited for the preparation of protein
isolates and concentrates for human use (Tan
et al. 2011). Besides proteins, the meal is also a
rich source of minerals and vitamins.

Despite its nutritional richness, there are
concerns about the use of mustard oil and meal
for food and feed purposes (Chauhan et al. 2002;
Sadeghi and Bhagya 2009). The desirable fatty
acid profile of this oil is antagonized by the
presence of a high amount of erucic acid (C22:1)
(40–57%), which is detrimental to mammalian
health and lowers its utility as an edible oil but
makes it industrially important (Singh et al.
2014). On the other hand, the presence of
antinutritional compounds viz. glucosinolates
(GLSs), phytates, sinapine, tannin and fiber
makes mustard meal unfit for consumption and
limits its use as a source of protein in food
products.

Initially, in the 1970s, with the aim to improve
seed oil and meal quality, the Brassica
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improvement program led to the development of
B. napus and B. rapa varieties with reduced
erucic acid (C22:1) (<2%) in oil and GLSs (<30
µmoles/g) in seed meal. Such varieties were
registered under the trademark ‘Canola’, also
referred to as double zero or ‘00’ by the Canola
Council of Canada. Later in 2003, canola type
mustard (B. juncea) varieties were developed in
Canada (Potts et al. 2003). Being major producer
of B. juncea, India has developed and released
many international standard canola quality mus-
tard varieties. Some of them are now available
for commercial cultivation. Farmers still prefer
growing traditional mustard; hence, framing
appropriate policies and market support is nee-
ded to convince farmers to adopt the shift from
traditional mustard to canola mustard. Efforts by
the government agencies and others are under-
way to promote contract farming for enhancing
coverage and production of both single zero or
‘0’ and double zero ‘00’ quality mustard in India.

3.2 Composition
and Characteristics of Mustard
Oil

Brassica oils are mainly composed of triacyl-
glycerols making up about 98% of the oils. The
remaining 2% is non-glyceride fractions consti-
tuted by sterols, sterol esters, tocopherols, pig-
ments (chlorophylls and carotenoids) and waxes
(Booth 2004). B. juncea is one of India’s primary
sources of edible oil with tremendous variability
in oil content ranging from 20.4 to 49.30%
(Table 3.1), which denotes its potential to be
exploited in breeding programs for developing
new cultivars with raised oil content.

3.2.1 Fatty Acids

The nutritional and industrial value of Brassica
oil, like other vegetable oils, is determined by its
fatty acid profile, made up of distinct carbon
chain length and number of double bonds. Lit-
erature analysis showed that the average amount
of saturated fatty acid (SFA), namely palmitic

acid (C16:0) and stearic acid (C18:0) together
constituted 1.8–10.1% of total fatty acids,
monounsaturated fatty acid (MUFA) like oleic
acid (C18:1) varied from 7.30–66.70%, and
polyunsaturated fatty acid (PUFA) such as lino-
leic acid (x6; C18:2) and linolenic acid (x3;
C18:3) ranged from 11.54 to 32.20% and 5.84–
23.92%, respectively. Very long-chain fatty acids
(VLCFAs) like eicosenoic acid (C20:1) was found
in the range of 0.73–14.5%, whereas based on
erucic acid (C22:1) content, B. juncea accessions
have been categorized into low erucic acid
(LEA) accessions with <2% erucic acid (0.0–
2.3%) and high erucic acid (HEA) accessions
with >2% of erucic acid (8.50–55.5%)
(Table 3.1). As a dietary component, heart-
friendly oil should be low in SFA (<10%), and
erucic acid (<2%), high in MUFA (oleic acid),
and possess an ideal PUFA x6:x3 ratio (5–10:1)
(Kale 2007; WHO 2018).

Among all the available oils, mustard oil is a
perfect blend of SFA and unsaturated fatty acid
(UFA), which helps in balancing cholesterol
levels. Rapeseed-mustard oil possesses a low
level of SFA (<10%) in comparison to other
edible oils such as olive (15.03–20.48%), soy-
bean (13.5–18.3%), sesame (14.00–36.43%), rice
bran (15.40–24.77%), palm (12.30–49.45%),
groundnut (10.7–19.2%) and sunflower oil
(8.50–12.36%) (Orsavova et al. 2015; Awog-
bemi et al. 2019). A high level of SFA in edible
oils is nutritionally undesirable because it
increases the concentration of harmful low-
density lipoproteins (LDL). Various research
groups demonstrated the effectiveness of MUFA-
rich vegetable oils in reducing the harmful LDL
cholesterol level without any effect on beneficial
high-density lipoprotein (HDL) cholesterol in the
blood (Mensink and Katan 1989; Rakow and
Raney 2003). In addition to this, high oleic acid
is more resistant than PUFA toward oxidation at
ambient storage and high temperatures (Frankel
2012). Traditional mustard germplasm contain
oleic acid in the range of 7.30–20.39%; alterna-
tively, canola quality mustard possesses 43.71–
66.70% (Table 3.1). Mustard oil is not permitted
for use as an edible oil in many developed
countries around the world due to the presence of
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high level of erucic acid (40–57%), which is
considered detrimental to health because of its
slow tendency to oxidize resulting in its

accumulation in arterial lining leading to
myocardial lipidosis in laboratory rats (Charlton
et al. 1975). Internationally, oils with <2% erucic

Table 3.1 Range of oil content and fatty acid composition in seeds of B. juncea cultivars

B. juncea
cultivars

Fatty acid profile (%) References

SFA MUFA PUFA VLCFA

Oil (%) Palmitic
C16:0

+ Stearic
C18:0

Oleic
C18:1

Linoleic
C18:2

Linolenic
C18:3

Eicosenoic
C20:1

Erucic
C22:1

LEA ND 7.50 47.20 32.20 8.40 1.80 0.60 Ostrikov
et al. (2020)

ND 6.05 43.71 32.09 11.19 2.53 2.30 Simakova
et al. (2019)

36.90–39.00 ND 0.00 Rout et al.
(2018)

ND 5.70 62.20–66.70 13.80–15.80 11.80–14.10 1.20–1.50 0.20–0.30 Wijesundera
et al. (2008)

HEA 40.70–49.30 ND 20.50–55.50 Rout et al.
(2018)

ND 5.73 10.16 15.58 11.70 5.48 51.18 Dorni et al.
(2018)

31.81–42.13 4.14 15.95 19.37 20.29 0.73 39.55 Sen et al.
(2018)

40.95–41.98 4.00 14.72–18.69 14.38–15.11 5.84–7.14 ND 50.60–51.35 Sharif et al.
(2017)

ND 5.50 17.00 13.00 9.00 14.50 8.50 Khansili and
Rattu (2017)

36.70 1.80 15.70 17.60 19.40 3.20 42.30 Lee et al.
(2015)

20.4–31.8 4.80 12.46–16.69 17.46–22.39 18.35–22.80 ND 23.75–38.19 Sharafi et al.
(2015)

40.30 3.82 13.8 16.38 13.21 4.80 47.96 Singh et al.
(2014)

38.45 4.38 18.32 23.57 23.92 ND 29.81 Al-Jasass
and Al-
Jasser (2012)

36.32 5.10 20.24 21.36 11.56 12.10 23.90 Abul-Fadl
et al. (2011)

39.76 4.17 20.39 18.63 14.76 ND 41.89 Chhokar
et al. (2008)

36.90 10.10 13.94 11.54 10.59 7.05 35.99 Kanrar et al.
(2006)

31.20 3.90 7.30 12.80 10.60 10.20 40.40 Lionneton
et al. (2004)

ND Not determined; LEA Low in erucic acid; HEA High in erucic acid; SFA Saturated fatty acid; MUFA Monounsaturated fatty acid;
PUFA Polyunsaturated fatty acid; VLCFA Very long-chain fatty acid
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acid are recommended for consumption purpose.
Mustard varieties with oils low in erucic acid
(<2%) as canola oil or ‘0’ have been developed
namely, Pusa Karishma, Pusa Mustard 21, Pusa
Mustard 22, RLC1, Pusa Mustard 24, RLC2,
Pusa Mustard 29, Pusa Mustard 30, Pusa Mus-
tard 32, RLC3, PDZ1, RCH1 (Table 3.2). The
first source identified for LEA content in B.
juncea was ‘Zero Erucic Mustard’ (ZEM) (Kirk
and Oram 1978), which was extensively used in
Brassica breeding programs for the development
of LEA cultivars.

The two PUFAs in Brassica oil, linoleic (x6)
and linolenic acid (x3), are also known as
essential fatty acids (EFAs), as they cannot be
synthesized in mammals and are obtained from
the diet. EFAs are involved in synthesis of
prostaglandins in the human body that regulate
the cardiovascular and reproductive systems and
play a role in immune function (Horrobin 1986;
Singh et al. 1997; Rastogi et al. 2004; Endo and
Arita 2016). Brassica juncea oil contains a con-
siderable amount of EFAs, including linoleic
acid (C18:2) (13.80–32.20% in LEA accessions;
11.54–23.57% in HEA accessions) and linolenic
acid (C18:3) (8.40–14.10% in LEA and 9.00–
23.92% in HEA accessions) with a nearly ideal
balanced ratio of two PUFAs, 1.1–3.8 in LEA
accessions and 0.9–2.1 in HEA (Table 3.1).
Although linolenic acid is another EFA, its
presence in the oil makes it highly susceptible to
oxidation leading to oil rancidity and off-flavor
(Sharafi et al. 2015). Striking the right balance
between the two EFAs viz., linoleic (x6) and
linolenic acid (x3) is considered nutritionally
important. It is recommended to be in the ratio of
5–10:1 or lower to prevent heart disease, cancer
and autoimmune diseases (ICMR 2010). In
consideration of the above reports, reduction in
erucic (C22:1) and linolenic (C18:3) acids and
increase in oleic (C18:1) and linoleic (C18:2) acids
has become an essential objective in Brassica
improvement programs. The reduction in the
erucic acid content increases the oleic acid con-
tent and imparts a better x6:x3 ratio in seed oil
(Jagannath et al. 2011). The canola type mustard
oil being free of erucic acid has a high level of
MUFA (61% oleic acid) and an intermediate

level of PUFA (32%) with a nearly favorable
balanced ratio of x6/x3 (Kaur et al. 2019).
However, the high erucic acid level in B. juncea
and B. rapa, has shown potential biofuel pro-
duction and industrial applications such as soft-
ener in textiles, as well as in the manufacturing of
surfactants, plasticizers, surface coatings and
pharmaceuticals (Hossain et al. 2019). Erucic
acid has a low flash point, good combustion and
lubricating qualities, all of which makes it a
valuable component for biodiesel (Zanetti et al.
2009).

3.2.2 Phytosterols

Recently, improvement in the content and com-
position of some minor non-glyceride fractions
such as carotenoids, phytosterols and tocopherols
gained importance due to their health benefits.
Pieces of evidence support that phytosterols play
an important role as an anti-inflammatory (Yuan
et al. 2019) and anti-carcinogenic agent (Ram-
prasath and Awad 2015) and have therapeutic
effects on dementia (Shuang et al. 2016). It is well-
documented that plant sterols increase cholesterol-
lowering efficacy. An intake of phytosterols at an
effective dose of 2 g/day leads to significant
reductions (8–15%) in harmful LDL cholesterol
(Cabral and Klein 2017). Sterols are high in a
range of vegetable oils such as rice bran oil
(1891.82 mg/100 g), corn oil (990.94 mg/100 g),
rapeseed oil (893.84 mg/100 g), sesame oil
(637.60 mg/100 g) and sunflower oil
(253.25 mg/100 g) (Yang et al. 2019). Members
of Brassicaceae are rich in phytosterols which
comprise sitosterol followed by campesterol,
brassicasterol and avenasterol (Teh and Möllers
2016). Brassicasterol is a typical phytosterol found
only in this family. Limited studies are available
on free individual sterol content in B. juncea seeds
(Table 3.3). A negative association was detected
between the content of erucic acid and phytos-
terols in a doubled haploid population of winter
oilseed rape recommending for the conversion of
high erucic acid lines to zero erucic acid resulting
in an increase in phytosterol content (Amar et al.
2008). Aside from the domestic demand in India,
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there is enormous scope for the export of bioactive
compounds in the Asia Pacific and China for the
manufacture of steroids and pharmaceutical
products. Globally, the phytosterols market
exceeded USD 780 million in 2020 and is expec-
ted to grow at over 9%CompoundAnnual Growth
Rate (CAGR) between 2021 and 2027. Mo et al.
(2013) detected high levels of brassicasterol
(48.8 mg/100 g) in canola oil compared to other
edible oils. Piironen et al. (2000) also reported
brassicasterol in the range of 55 to 73 mg/100 g.
Therefore, identification of phytosterols rich
B. juncea lines could give an added value to the
crop.

3.2.3 Tocopherols

Another main component of the non-glyceride
fractions in vegetable oils is tocopherol (Vitamin
E). Tocopherols are gaining a lot of attention
these days because of their potential antioxidant
properties and important role in avoiding aging-
related diseases (Conti et al. 2016), cardiovas-
cular disease (Mathur et al. 2015) and Alzhei-
mer’s disease (Gugliandolo et al. 2017).
Although the concentration of tocopherols in oil
is relatively low (700–1200 ppm), they still act
as antioxidants and significantly contribute to the
oxidative stability of oil (Ratnayake and Daun
2004; Gunstone 2011). The tocopherol content
accounted for 800 ppm in mustard oil which was

higher than that of palm (642 ppm), sunflower
(546 ppm) and safflower (413 ppm) oils (Jham
et al. 2009). Tocopherols consist of a-, b-, c- and
d-Tocopherols, and their structural characteristics
determine their metabolic fate and biological
activities. The a-Tocopherol is biologically the
most active form of vitamin E, while c-
Tocopherol is essential for oxidative stability of
vegetable oils particularly at higher temperatures
(Seppanen et al. 2010). The major tocopherols in
B. juncea varieties/cultivars are presented in
Table 3.4. Brassica oils have low a-Tocopherol
but a high concentration of c-Tocopherols. The
relative concentration of a- and c-Tocopherols is
dependent on the c-Tocopherol methyltrans-
ferase (c-TMT), which catalyses a methylation
step from c-Tocopherol to a-Tocopherol (Berg-
muller et al. 2003). Over expression of c-TMT
gene in B. juncea plants resulted in about six fold
increase in a-Tocopherol content over the control
plants (Yusuf and Sarin 2007). A significant
positive correlation was noticed between a-
tocopherol and the sum of oleic and linoleic
acid, on the other hand, hardly any association
existed between c-Tocopherol and fatty acids,
indicating another possible function of a-
Tocopherol beyond its antioxidant property (Li
et al. 2012). A significant varietal effect on
tocopherol content in rapeseed genotypes has
been reported (Wang et al. 2012; Fritsche et al.
2012), which allows for further investigation into
the breeding of tocopherol enhanced cultivars.

Table 3.4 Tocopherol composition (lg/g) in the seed oil of B. juncea varieties/cultivars

a-
Tocopherol

b-
Tocopherol

c-
Tocopherol

d-
Tocopherol

Total References

B. juncea 89.56 ND 290.34 ND – Shrestha and Meulenaer
(2014)

76.13 ND 179.77 3.89 260.44 Li et al. (2012)

75.51 ND 318.30 16.01 409.82 Vaidya and Choe (2011)

200 1 585 14 800.00 Jham et al. (2009)

76–335 4–31 163–579 ND 256–928 Richards et al. (2007)

14.96–
19.05

Traces 45.79–
66.51

2.43–3.83 67.92–
87.71

Mortuza, (2006)

ND Not detected
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3.3 Composition
and Characteristics of Mustard
Cake/Meal

The seed coat contributes a significant proportion
of the total seed volume. The hulls represent
about 19% of whole seed in mustard and other
Brassica species (Cilly et al. 1978). Mustard
meal left after oil extraction comprises hulls and
embryos, with the hull contributing to about 30%
of the meal weight. The hull is composed of
cellulose, hemicelluloses, pentosans and lignin.
When the hull is compared with the embryo
fraction, it contains more fiber and low protein
content. Besides fiber and proteins, the hull of the
rapeseed is reported to have ash, phenolic com-
pounds and GLSs content (Naczk et al. 1998).
Total carbohydrates, crude protein, oil, crude
fiber and ash content of 23.9%, 32.3%, 13.2%,
14.0% and 5.4% for mustard cake (Mahoonak
and Swamylingappa 2007) and 40.8%, 39.9%,
2.4%, 6.8% and 6.9% for a mustard meal
(Daghiar and Mian 1976) have been reported
(Table 3.5). The composition of oilseed meal is
affected by the variety and seed quality, oil
extraction method, storage and environmental
conditions. Mustard seed meal/cake is rich in
protein and is used as a feed to ruminants.
However, the protein and fiber digestibility is
very low in hulls, and therefore mustard meal
cannot be utilized for feeding the non-ruminants.

3.3.1 Carbohydrates

Total carbohydrate content constitutes about 50%
of the mustard meal composition, including fiber.
The crude fiber in general consists of cellulose,
hemicellulose, pentosans and lignin of the cell
walls. Most of the fiber in Brassica species is
present in hulls, while a tiny amount is present in
the embryo part. Sadeghi et al. (2006) reported a
crude fiber content of 10% in B. juncea meal.
However, the crude fiber content in the range of
5.12–12.06% and 6.3–18.9% has been observed
by Bala and Singh (2013) and Chauhan and
Kumar (2011), respectively, for Indian genotypes
of B. juncea. Simbaya et al. (1995) reported that

meal from brown seeded B. juncea contained
more dietary fiber (35.1%) on a dry weight basis
as compared to the meal from yellow seeded B.
juncea (27.8%). Therefore, the mustard meal
obtained from the dark- colored seed coat has
been associated with the high fiber and tannin
content. In contrast, meal from yellow seeded
varieties shows reduced fiber content. In the case
of mustard seed meal, free sugars content is more
while pectin, soluble polysaccharides, and cellu-
lose content are less compared to rapeseed meal
(Sindhu Kanya and Kantharaj Urs 1983; Siddique
andWoods 1977), as shown in Table 3.6. Sucrose
content of 1.68%, has been reported for Indian
varieties. Free sugars present in the mustard meal
have been reported to be stachyose, raffinose,
melibiose, galactose, glucose and fructose, hav-
ing a concentration of 2.10%, 1.20%, 0.68%,
1.80%, 0.96% and 2.10%, respectively (Sindhu
Kanya and Kantharaj Urs 1983). However,
sucrose content of 7.0 and 8.3% on a dry weight
basis was reported for the meals obtained from
brown and yellow seeded mustard, respectively,
while oligosaccharide content of 2% was reported
in both meal types (Simbaya et al. 1995).

High amounts of fiber may negatively influ-
ence protein digestibility (Bell 1993) and
bioavailability of minerals such as manganese
and zinc (Kies and Umoren 1989). The use of
mustard meal is limited in the diets of non-
ruminant animals because of the presence of a
high amount of fiber (Slominski et al. 1994).
Therefore, dehulling is considered one option to
remove the fiber content (Naczk and Shahidi
1990; Matthaus 1998; Mohapatra et al. 2004).
Dehulling reduced the fiber content up to 3–6%
in the mustard meal (Sadeghi et al. 2006; Cilly
et al. 1978; Mahoonak and Swamylingappa
2007). Treatment of meal using enzymes also
lower the fiber content as Musigwa et al. (2021)
observed the inclusion of multi-carbohydrase
enzyme in the broiler diets reduced the effect of
fiber. Although reduction of fiber content could
be achieved by removing the hull before oil
extraction, it is not feasible technology to be
adopted by the industry due to the losses of oil
during the dehulling process (Khajali and
Slominski 2012).
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3.3.2 Proteins

The dry matter analysis of mustard meal showed
high crude protein content of 32–48%, indicating
their suitability as protein supplements
(Ramachandran et al. 2007). Mustard cakes are
generally used for feeding ruminants (cattle and
buffaloes), and with the development of canola
varieties of mustard, it can also find feed appli-
cations to non-ruminants. As the mustard meal is
rich in protein, its use for food supplementation
has been tried through the preparation of isolates
and concentrates by various workers using dif-
ferent extraction techniques (Sadeghi et al. 2006;
Das et al. 2009). Newkirk et al. (1997) reported
that compared to canola type B. napus meal and
canola type B. juncea meal possesses more pro-
tein and less fiber and showed ether extract
content similar to B. napus. Removal of hull
increased the protein concentration from 39 to
46% in the defatted mustard meal and other
allied Brassica species (Cilly et al. 1978).
Dehulling and defatting of mustard seed
increased the protein content from 22 g/100 g to
48 g/100 g (Mahoonak and Swamylingappa
2007). The amino acid profile of mustard cake
presents it as a rich source of glutamic acid,
arginine, leucine and aspartic acid (Table 3.7).
Mustard proteins like rapeseed proteins have a

good balance of essential amino acids possess
higher levels of methionine and cystine (the
sulphur amino acids) than soybean protein. The
proteins have the highest amount of glutamic
acid (20.67 g/100 g). Protein digestibility of
about 92% and 79% mustard protein have been
detected in five weeks and 20-month-old rats,
respectively (Gilani and Sepehr 2003). The
mustard protein isolate showed better digestibil-
ity of proteins (92.4%) than a mustard meal
(80.6%). Both mustard meal and protein isolate
showed similar amino acid profiles with differ-
ences in concentration of some amino acids.

Mustard seed storage proteins exist in two
classes viz. globulins (legumin-type; 11S or 12S or
cruciferin) and albumins (napin-type; 2S or nap-
ins) (Wanasundara 2011). The composition of
storage proteins in terms of the type of protein and
polypeptides is genetically controlled, but their
proportions may vary due to environmental effects
(Norton 1989). Mustard proteins consist of two
fractions–high molecular weight (12S) and low
molecular weight, which constitutes about 25%
and 70%, respectively (Rao et al. 1978). Venka-
tesh and Rao (1988) isolated and characterized
low molecular weight protein (22.9 kDa). Aluko
et al. (2005) reported that the molecular masses of
the protein bands of the B juncea meal proteins
showed bands in the molecular weight ranging

Table 3.6 Carbohydrate
components (%) of mustard
seed meal

Component Mustard seed meal B. campestris

Cellulose 2.80 7.00

Polysaccharides 2.20 4.50

Pectic substances 6.50 14.50

Sucrose 1.68 2.26–7.49

Free sugars 12.6 5–10

Composition of sugars

Stachyose 2.10 1.52–2.43

Raffinose 1.20 0.31–0.34

Melibiose 0.68 –

Galactose 1.80 –

Glucose 0.96 0.28–0.40

Fructose 2.10 0.15–0.51

Source Cited from Nagaraj (2009), Sindhu Kanya and Kantharaj Urs (1983), Siddiqui
and Woods (1977)
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from 12 to 80 kDa. Similar results have been
shown by Rao and Rao (1981), who found pro-
teins in the range of 11–70 kDa. The B. juncea
proteins are of low molecular weight, recognized
as proteins with low antigenicity (Drew 2004) and
are considered better as compared to other plant-
derived proteins.

3.3.3 Minerals

In wild mustard meal, calcium and phosphorus
content of 0.78% and 1.06%, while sodium,
potassium, magnesium, iron, manganese, zinc
content of 185, 212, 257, 28, 9.2 and 10.2 mg/kg
DM has been reported (Daghir and Mian 1976).
The mineral content of mustard meal with regard
to calcium and phosphorus is comparable with

rapeseed meal, for which 0.64% and 1.03% (at
8.5% moisture basis) values have been reported
(Bell and Keith 1991), whereas these values are
higher than in soybean meal. Copper, manganese
and zinc content of 7.0, 35.3 and 55.3 mg/kg dry
matter (DM), respectively has been observed in
Indian mustard cake (Jankowski et al. 2014).The
group further reported that the fertigation of
sulphur did not affect the nutrient composition of
mustard cake.

3.3.4 Glucosinolates

Glucosinolates (b-thioglucoside-N-hydro-
xysulfates) (GLSs), are secondary metabolites
found in almost all plants of the family Brassi-
caceae and help in protecting plants from

Table 3.7 Amino acid composition of the mustard meal (mg/100 g protein)

Amino acid Dehulled defatted mustard
meal

Mustard seed flour Mustard meal

Alanine 4.34 ± 0.07 4.54 –

Arginine 9.82 ± 0.05 7.76 2.80

Aspartic acid 7.13 ± 0.10 8.69 –

Cysteine as cysteic acid 2.40 ± 0.02 – –

Glutamic acid 20.67 ± 0.20 20.15 –

Glycine 5.20 ± 0.07 5.04 –

Histidine 2.79 ± 0.02 2.61 1.10

Isoleucine 3.71 ± 0.05 4.54 1.70

Leucine 7.59 ± 0.10 8.00 2.90

Lysine 5.30 ± 0.20 5.54 1.90

Methionine 2.52 ± 0.01 – -

Phenylalanine 4.57 ± 0.09 – 1.60

Proline 5.62 ± 0.04 4.19 –

Serine 4.45 ± 0.05 4.94 –

Threonine 4.38 ± 0.06 4.04 1.60

Tryptophan 1.87 ± 0.07 – 0.60

Tyrosine 2.37 ± 0.11 – –

Valine 5.27 ± 0.07 5.66 2.10

Methionine + Cysteine – 5.89 1.90

Phenylalanine + Tyrosine – 8.41 –

References Sadgehi et al. (2006) Abul-Fadl et al.
(2011)

Chowdhury et al.
(2012)
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pathogen attack (Sharma and Gupta 2020). These
compounds are present in considerable amounts
in seed meal of B. juncea (45–130.1 lmol g−1)
(Akhatar et al. 2020). Due to their adverse effects
on the thyroid, they fall under the category of
antinutrients (Walker and Booth 2001). On the
other hand, they are also known for their various
health-promoting activities (Latté et al. 2011).
After the discovery of sinigrin in mustard (B.
juncea), over 200 GLSs are known in Brassica
crops. Among these, glucoiberin, epiprogoitrin,
sinigrin, progoitrin, glucoraphanin, gluconapin,
glucobrassicanapin, glucoerucin, glucobrassicin,
etc. are the most prevalent (Wittstock and Halk-
ier 2002). The mustard meal contains higher
levels and different kinds of GLSs compared
with rapeseed meal. Usually, intact GLSs are
non-toxic; however, when the seed is crushed in
the presence of moisture, myrosinase hydrolyses
the GLSs to release glucose and sulphate and
various toxic compounds such as isothio-
cyanates, thiocyanates and nitriles. The enzyme
myrosinase, also called thioglucosidase (EC
3.2.3.1), exists in a separate compartment within
the mustard seed. GLSs can be aliphatic, aro-
matic and indole type, based on their precursor
amino acids (Clarke 2010; Bala et al. 2015).
However, aliphatic GLSs are the prominent ones
in B. juncea (Yadav and Rana 2018). Newkirk
et al (1997) reported that B. juncea canola
meal had relatively higher amounts of aliphatic
GLSs (24.2 mmol/g), 3-butenyl glucosinolates
(21.2 mmol/g) and lesser concentration of indole
GLSs (3.9 mmol/g) than meals from B. napus
and B. rapa. Different compounds, namely,
progoitrin (0.3 lmol g−1), glucoraphanin
(0.1 lmol g−1), sinigrin (104.3 lmol g−1), glu-
coalyssin (0.2 lmol g−1), gluconapin
(0.8 lmol g−1), 4-hydroxyglucobrassicin
(5.1 lmol g−1), glucoerucin (0.2 lmol g−1),
glucobrassicin (0.4 lmol g−1), 4-
methoxyglucobrassicin (0.5 lmol g−1), glu-
conasturtin (0.7 lmol g−1), neoglucobrassicin
(0.2 lmol g−1) have been detected with total
GLSs content of 112.77 lmol g−1 in mustard
meal (Park et al. 2019). In the mustard seed meal,
2-propenyl glucosinolate (sinigrin) has been
reported as the single largest compound which

upon hydrolysis yields allylisothiocyanate
(AITC), responsible for imparting pungency in
mustard oil and meal. Oxazolidine-2-thione,
derived from progoitrin, represents a vital mem-
ber of harmful compounds (Rosa et al. 1997).
Accumulation of this compound in the oilseeds is
responsible for the harmful effect, viz. goiter and
other antinutritional effects on animals. Inhibition
of iodine uptake and iodine binding to thy-
roglobulin by oxazolidine-2-thione and thio-
cyanate anions may result in goiter (hypertrophy
of the thyroid gland) (Burel et al. 2001; De Groef
et al. 2006). Lowered thyroid hormones (T3 and
T4) indicating iodine deficiency have been
reported in growing calves fed with Brassica
meal containing diets showing a positive corre-
lation between plasma T3 levels and calves
growth rates. This deficiency was significantly
overcome with copper and iodine-supplemented
Brassica meal diet (Tripathi et al. 2001). Bell
(1993) reported that aliphatic GLSs are primarily
goitrogenic while indole GLSs have a lesser
concern. Some of the adverse effects of GLSs
degradation products on the livestock can be
described as behavioral changes (Rodriguez et al.
1997), interference with thyroid metabolism
leading to goiter (Spiegel et al. 1993), gastroin-
testinal mucosa irritation and liver damage
(Martland et al. 1984), growth and fertility
impairment (Schone et al. 1997; Ahlin et al.
1994). Other animals, such as pigs, rabbits and
fishes, are also susceptible to GLSs poisoning
(Tripathi and Mishra 2017). Impairment in sex-
ual maturity, conception, reduced live piglet birth
rate, hypothyroidism, inadequate feed intake and
retarded growth are seen in pigs (Lee et al. 2020).
Growth retardation and the increased mortality
rate have been noticed in rabbits fed with a high
GLSs-rich diet (Tripathi et al. 2003). GLSs levels
higher than 10 mmol/kg in the diet had signifi-
cantly reduced the growth rate and daily weight
gain in broiler chicks (Mawson et al. 1994). The
enhanced time interval between one calving to
the subsequent calving and poor productive
performance are some of the features noticed in
cattle upon GLSs intake (Katamoto et al. 2001).
In animal diets, when the mustard meal is used as
a major dietary component the concentration of
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GLSs and their degradation products being very
high may result in negative effects of these
compounds. Further, the varieties of mustard
meal containing less than 30 µmol g−1 of GLSs
have been designated as a canola meal, a trade
name given by the Canola Council of Canada.
The differences in the levels of GLSs in canola
varieties of rapeseed and mustard exist, and
values are more for B. juncea than B. napus or B.
rapa, although these are within the defined limit
(Bell 1993). It has been reported that low GLSs
cultivars possess lower levels of aliphatic GLSs,
and therefore, the meal has been widely accepted
for use in animal feeds. Although various nega-
tive effects of GLSs and their degradation prod-
ucts have been reported, mustard meal-seed
derived products (GLS and their degradation
products) when used in small concentrations
have shown health-promoting and chemopre-
ventive effects. Nowadays, many studies (Kwon
et al. 2020; Mazumder et al. 2016; Augustine and
Bisht 2016) have supported their positive effects,
as discussed in Sect. 3.4.

3.3.5 Phenolic Compounds

Phenolic compounds are ubiquitously distributed
secondary metabolites found in most plants.
Phenolic acids, flavonoids, anthocyanins, stilbe-
nes, lignans, lignins, tannins etc., are the different
classes of these compounds (Lattanzio et al.
2006). Compared to other oilseed meals,
rapeseed-mustard contains ten to thirty folds
higher content of phenolic compounds
(Kozlowska et al. 1990). These are mainly found
in the embryo, while the hull contains only minor

amounts. Phenolic compounds may contribute to
the dark color, bitter taste and astringency of
mustard seed and meals, but they have been
known to possess antioxidant activity (Khattab
et al. 2010; Bala et al. 2011). Mayengbam et al.
(2014) studied the scavenging activity of the
various phenolic extracts from whole seed mus-
tard, the cotyledon and hulls extract and found
that scavenging activity of mustard cotyledon
was more than whole seed, and least activity was
observed in mustard hulls. In mustard meal, the
total phenolic acid content of 1668.5 mg/100 g
has been reported, in which free, esterified and
insoluble bound forms are represented as 108.1,
1538, and 22.4 mg/100 g, respectively (Shahidi
and Naczk 1992). Esterified phenolic acids
comprise about 90% of the total phenolic com-
pounds in mustard meal; the remaining exist in
free and insoluble bound form. The total phe-
nolic acid content of 1711 to 2100 mg gallic acid
equivalent/100 g has been reported for a meal of
Indian mustard (B. juncea) varieties (Table 3.8).
Among the phenolic compounds, sinapine, sina-
poyl glucose and free sinapic acid have been
reported as major compounds in mustard meal
(Thiyam et al. 2006). Engels et al. (2012) has
reported sinapine, kaempferol-sinapoyl-
trihexoside, sinapic acid, sinapoyl-hexoside,
disinapoyl-dihexoside, disinapoyl-hexoside,
trisinapoyl-dihexoside, sinapoyl conjugate(s) and
sinapic acid in mustard meal extracts. Among all
compounds, sinapine was found in abundance,
while free sinapic acid was in traces. Sinapoyl
glucose (glucopyranosyl sinapate) has been
reported as the most active antioxidative com-
ponent (Wanasundara et al. 1994). Sinapic acid
(3,5-dimethoxy‐4‐hydroxycinnamic acid) is

Table 3.8 Antinutrients of mustard cake/meal

Component Mustard meal References

Phenolic compounds (%) 1.7–2.1 Sadeghi et al. (2006), Bala et al. (2011)

Phytic acid (%) 1.8–5.6 Sadeghi et al. (2006), Sharma et al. (2019)

Tannins (%) 1.0–1.4 Cilly et al. (1978)

Fiber (%) 5.12–18.9 Chauhan and Kumar (2011), Bala and Singh (2013)

Glucosinolates (µmole/g seed meal) 50–120 Chauhan et al. (2007)
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considered as the precursor of sinapine and other
esters (Chalas et al. 2001). The sinapic acid
content of 960–1503 mg sinapic acid equivalents
per 100 g has been reported for rapeseed canola
varieties, and similar quantities have been
observed for the mustard meal by Engels et al.
(2012). Sinapic acid concentration may vary
depending on the time of preparation of extract.
Extracts prepared with hot water showed higher
amounts of sinapine and only a small quantity of
sinapic acid (Dubie et al. 2013). However,
keeping the extract in water at 20 °C for seven
days resulted in a decrease in sinapine and
increased the sinapic acid content. Chadni et al.
(2021) reported that the extraction yield for
sinapic acid (13.22 µmol/g of DM) and sinapine
(15.73 µmol/g DM) was maximum at pH 12 and
pH 2, respectively. The dietary importance of the
mustard meal is affected by their presence as
these compounds and/or their oxidized products
decrease the bioavailability of proteins and
essential amino acids. Sinapine has a bitter fla-
vor, shows adverse effects on feed intake with
diets containing mustard meal, and found that
body weight gain, feed intake and feed efficiency
decreased with the increasing levels of mustard
meal (Tangtaweewipat et al. 2004). The
removal/reduction of sinapine content may
improve the flavor, taste and food characteristics
of mustard seeds and meal. Different groups have
suggested ways to remove or reduce sinapine
(Wojciechowski et al. 1994), but no method is
economically feasible (Wang et al. 1998).

3.3.6 Tannins

Tannins are polyphenolic compounds, localized
in the endosperm. Tannin content was found to
be 1.0–1.4% in raya (B. juncea), toria (B. cam-
pestris var. toria), yellow and brown sarson (B.
campestris var. sarson), 1.74% in taramira (Cilly
et al. 1978) and 1.5% in rapeseed meal (Bell
1995). The tannin content in B. juncea seeds and
meal is significantly lower than those of canola
(B. napus) seed, cake and meals. Press cake and
meal of canola varieties had condensed tannin
contents of 1.12–1.32 g/100 g and 0.59–

1.23 g/100 g, respectively, while for mustard
seed meal, it was 0.46 g/100 g and 0.79 g/100 g,
respectively (Khattab et al. 2010). Canola and
rapeseed hulls have been reported to contain up
to 6% tannins. Tannins possess antioxidant
properties (Amarowicz 2007) as crude tannins
extracted from hull fraction of canola showed
significantly (P � 0.025) more antioxidant
activity than those from rapeseed (Amarowicz
et al. 2000). However, tannins may also show
antinutritional properties. It has been reported
that when tannins rich fraction of rapeseed was
fed to laying hen, egg tainting was observed,
which could be due to inhibition of trimethy-
lamine oxidase enzyme activity which converts
trimethylamine to a water-soluble, odorless oxide
(Shahidi and Naczk 1992).

3.3.7 Phytates

Phytic acid or phytate, named myo-inositol-1, 2,
3, 4, 5, 6-hexakis-dihydrogen phosphate, exists
as assorted salts of iron, calcium, zinc etc. (Yiu
et al. 1982). It constitutes up to 10% of the dry
weight of Brassica oilseeds (Yiu et al. 1983) and
accounts for about 36–70% of the phosphorus
content in Brassica meals (Broz and Ward 2007).
Phytate accumulation is mainly confined to
within the embryo throughout seed development
and maturation (Dang et al. 2013). Moreover, it
is found inside protein bodies of mustard seed in
the form of crystalline globoids of 0.5–2.8 µm in
size. Phytate levels of 2.0–4.0% for the whole
mustard seed, 2.0–5.6% for the defatted mustard
meal, and <1.0% to 9.8% for the protein isolates
prepared using different methods have been
reported (Sadeghi et al. 2006; Sadeghi and
Bhagya 2009). The phytic acid content of mus-
tard seed (2.99 g/100 g) and meal (2.45 g/100 g)
was found to be similar to canola seeds and the
meal (Khattab et al. 2010). Phytates bind with
metal ions such as iron, calcium, magnesium and
zinc due to their strong chelating properties (Kies
et al. 2006). They are known to lower protein
and starch digestibility, and reduce the
bioavailability of the minerals and amino acids
(Noureddini and Dang 2008) and thus act as an
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antinutritional substance in the diets of mono-
gastric animals and humans. However, with the
help of phytase activity of the ruminal micro-
flora, ruminants can utilize phytate phosphorous
(P), and that is why in India, the mustard meal is
given to ruminants only. Monogastric animals
cannot utilize dietary phytic acid because of the
absence of the enzyme phytase. Effective
reduction of phytic acid can be made using
enzymatic and non-enzymatic treatments (Grei-
ner and Konietzny 2006). Phytase can hydrolyse
phytate to inositol and inorganic phosphorus.
There are reports showing enhanced digestibility
of phytate-associated phosphorus with the addi-
tion of phytase to the diets of monogastric ani-
mals (Pontoppidan et al. 2007) and improved
growth performance. The development of mus-
tard varieties with low levels of phytic acid can
be an alternative approach to lower phytate
levels and improve the quality of rapeseed-
mustard meal (Eifler et al. 2021).

3.4 Pharmacological Significance
of B. juncea

3.4.1 Antioxidant Activity

In a recent investigation, Kwon et al. (2020)
compared the antioxidant activities of two dif-
ferent B. juncea cultivars (Dolsan and Jeong-
seon). The Jeongseon cultivar was found to
possess superior antioxidant potential based on
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging activity and ferric reducing antioxi-
dant power (FRAP). This property was attributed
to its higher total phenol and flavonoid content.
A similar observation was reported by Oh et al.
(2016), who found that the B. juncea seeds
possessed more potent antioxidants than the
leaves, and there was a direct correlation between
antioxidant capacity and the levels of phenol and
flavonoid. Nevertheless, it should be noted that
polyphenolic phytochemicals alone do not
account for all of the antioxidant properties of B.
juncea, as it also contains high concentrations of
other compounds with known antioxidant

properties such as vitamin C, vitamin A and
GLSs (Park et al. 2017).

3.4.2 Anticancer Activity

One of the well-studied metabolites of B. juncea
showing anticancer activity is the GLS sinigrin,
the precursor of AITC (Mazumder et al. 2016).
In a rat model of carcinogen-induced hepato-
toxicity, treatment with sinigrin inhibited liver
tumor cells proliferation by inducing apoptosis
(Jie et al. 2014). The effects of sinigrin were
also tested in vitro on HL60 human promyelo-
cytic leukemia cells, where it exhibited potent
tumor inhibitory activity with a half-maximal
inhibitory concentration (IC50) value of
2.71 µM (Lozano-Baena et al. 2015). The
antiproliferative activity of B. juncea against
different cancer cell types is summarized in
Table 3.9. Many studies have also focused on
the therapeutic properties of AITC.

Using University of Michigan-Urothelial
Carcinoma-3 (UM-UC-3) normal human blad-
der carcinoma cells, Bhattacharya et al. (2010)
demonstrated that AITC strongly inhibited can-
cer growth (IC50 value = 2.7 µM) without
affecting normal bladder epithelial cells. A study
by Tripathi et al. (2015) involving a human non-
small cell lung carcinoma cell line (H1299)
provided insight into the anticancer mechanisms
of AITC. It was shown that AITC mediated its
effects by inducing replication stress in cancer
cells through the generation of fork-stalling DNA
lesions. Brassica juncea also contains significant
amounts of another GLS glucobrassicin, and its
degradation product, indole-3-carbinol (I3C),
which is well-documented for its anticancer
activities (Augustine and Bisht 2016). Its mech-
anism of action revealed that I3C stimulated the
expression of tumor suppressive micro RNA in
Michigan Cancer Foundation-7 (MCF7) human
breast cancer cells (Hargraves et al. 2016). Apart
from breast cancer cells, the anticancer activity of
I3C has also been demonstrated in various cell
lines of colon cancer (Megna et al. 2016) and
hepatocellular carcinoma (Wang et al. 2015).
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3.4.3 Antimicrobial Activity

Brassica juncea seed extracts have been shown
to exhibit selective antibacterial activity against
several food borne pathogens such as Staphylo-
coccus aureus, Listeria monocytogenes, Sal-
monella enterica, Bacillus subtilis, Escherichia
coli and Pseudomonas fluorescens (Engels et al.
2012). The antagonistic effect toward these bac-
teria has been partly attributed to the presence of
sinapic acid, one of the most abundant phenolic
compounds in B. juncea seeds (Nicácio et al.
2021). Surprisingly, sinapic acid did not nega-
tively affect the growth and activity of the ben-
eficial Lactobacillus plantarum (Engels et al.
2012). The antimicrobial property of sinapic acid
is also evident from its ability to inhibit myco-
toxin production by toxigenic strains of fungi
(Kulik et al. 2017). These compounds also
demonstrated a synergistic effect when combined
with conventional antibiotics, thereby improving
their efficacy (Dias et al. 2012). It is thought that
sinigrin and AITC are part of the plant’s defense
system that helps protect them against parasitic
threats (Melrose 2019). As the dominant isoth-
iocyanate of B. juncea, the inhibitory effects of

AITC against bacterial and fungal pathogens
have been widely reported and are summarized
in Table 3.10. Remarkably, the antibacterial
potency of AITC has been described as being
similar to that of vancomycin to treat antibiotic-
resistant bacteria (Melrose, 2019). Experimental
evidence suggests that AITC produces its
antimicrobial effects by disrupting cell membrane
integrity and inhibiting the activity of the
enzymes involved in DNA biosynthesis and
energy metabolism (Romeo et al. 2018). As such,
AITC is valuable to the food industry, where it
has found application as components of antimi-
crobial films to prevent food spoilage caused by
bacteria and fungi contamination (Gao et al.
2017; Maruthupandy and Seo 2019). The anti-
fungal properties of B. juncea have also been
attributed to proteins and peptides. Napin, a
15 kDa protein isolated from B. juncea seeds,
was shown to repress the mycelial growth of
Aspergillus and Fusarium fungi. Besides, napin
exhibited inhibitory activity against several
clinically significant bacterial species (Munir
et al. 2019). Another antifungal protein found in
B. juncea seeds is juncin (18.9 kDa), which is
effective against Helmintho sporiummaydis,

Table 3.9 Antiproliferative activity of B. juncea against human cancer cell lines

Cancer cell type Efficacy (µg/mL) Extracting solvent References

A549, human lung carcinoma 54.35a Ethyl acetate Bassan et al. (2018)

80.16a Dichloromethane Bassan et al. (2018)

45% at 60b Methanol/Ethyl acetate Li et al. (2019)

HCT116, human colorectal carcinoma 61.50a Ethyl acetate Bassan et al. (2018)

78.86a Dichloromethane Bassan et al. (2018)

81.1a Ethanol Tian and Deng (2020)

HeLa, human cervix adenocarcinoma 67.25a Ethyl acetate Bassan et al. (2018)

68.56a Dichloromethane Bassan et al. (2018)

MCF7, human breast adenocarcinoma 32.93a Ethyl acetate Bassan et al. (2018)

43.10a Dichloromethane Bassan et al. (2018)

MDA-MB-231, human breast
adenocarcinoma

37.16a Ethyl acetate Bassan et al. (2018)

51.14a Dichloromethane Bassan et al. (2018)

PC-3, human prostate adenocarcinoma 54.73a Ethyl acetate Bassan et al. (2018)

65.23a Dichloromethane Bassan et al. (2018)
a IC50 value
b Percentage of cell growth inhibition
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Fusarium oxysporum and Mycosphaerella
arachidicola (Ye and Ng 2009).

3.4.4 Anti-obesity/Antidiabetic
Activities

The role of natural products, including those
present in B. juncea, in managing abnormal
metabolic conditions such as diabetes and obe-
sity, has been widely acknowledged. A recent
study demonstrated that both ethanol extract of
B. juncea and purified sinigrin reduced lipid
accumulation in a cell line derived from mouse
3T3 cells (3T3-L1) adipocytes (Kwon et al.
2021). Given the high phenolic content of B.
juncea, it is plausible that these effects may also
be modulated by flavonoids, whose anti-obesity
and antidiabetic properties, as well as their

mechanisms of action, have been expounded in
detail (Hossain et al. 2016). It has been reported
that administration of seed extract of B. juncea to
streptozotocin-induced diabetic rats (Thirumalai
et al. 2011) led to a dose-dependent increase in
the rat’s serum insulin level.

3.4.5 Anti-inflammatory Activity

The anti-inflammatory potential of B. juncea has
been proven in vivo by Xian et al. (2018), who
studied the therapeutic effects of B. juncea seed
extract in mouse models of acute and chronic
inflammation induced by tetradecanoylphorbol-
acetate, arachidonic acid and croton oil. The
treated mice exhibited noticeably reduced signs
of inflammation in the affected organ due to
decreased expressions of tumor necrosis factor-

Table 3.10 Microbial species sensitive to growth inhibitory effect of AITC

Organism type Species References

Gram-positive bacteria Bacillus cereus Clemente et al. (2016)

Listeria monocytogenes Blažević et al. (2019), Liu and Yang (2010),
Olaimat and Holley (2013)

Staphylococcus aureus Blažević et al. (2019), Clemente et al. (2016), Dias
et al. (2014), Liu and Yang (2010)

Gram-negative bacteria Acinetobacter baumannii Blažević et al. (2019)

Campylobacter jejuni Dufour et al. (2012)

Escherichia coli Blažević et al. (2019), Clemente et al. (2016), Liu
and Yang (2010), Luciano and Holley (2009)

Pseudomonas aeruginosa Blažević et al. (2019), Kaiser et al. (2017)

Salmonella enterica Clemente et al. (2016), Liu and Yang (2010)

Salmonella typhimurium Blažević et al. (2019)

Vibrio parahaemolyticus Liu and Yang (2010)

Fungi Aspergillus niger Suhr and Nielsen (2003)

Aspergillus flavus Clemente et al. (2019), Otoni et al. (2014)

Aspergillus parasiticus Lopes et al. (2018), Quiles et al. (2015)

Botryotinia fuckeliana Clemente et al. (2019)

Candida albicans Blažević et al. (2019)

Endomyces fibuliger Suhr and Nielsen (2003)

Eurotiumrepens Suhr and Nielsen (2003)

Penicillium corylophilum Suhr and Nielsen (2003)

Penicillium roqueforti Clemente et al. (2019), Suhr and Nielsen (2003)
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alpha (TNF-a), interleukin-6 (IL-6) and
interleukin-1 beta (IL-1b) compared to control
mice. This effect was expected since B. juncea
contains a wide variety of phenolic compounds
long valued as natural alternatives in treating
inflammation (Ambriz-Pérez et al. 2016). Indeed,
the anti-inflammatory effects of sinapic acid
present in high concentrations in B. juncea have
been demonstrated using both in vitro and
in vivo models (Yun et al. 2008). In RAW 264.7
cells, sinapic acid dose-dependently blocked
nuclear factor kappa-light chain enhancer of
activated B cells (NF-kB) activation, thus sup-
pressing the production of cyclooxygenase-
2 (COX-2), TNF-a and IL-1b. This is believed
to be responsible for its effect in inhibiting
serotonin and carrageenan-induced paw edema in
mice and rats, and its effect was comparable to
that of indomethacin and ibuprofen. A recent
study by Le et al. (2020) provided further evi-
dence on the relationship between the anti-
inflammatory activity of B. juncea and its phe-
nolic profile. Fermentation of B. juncea with
Lactobacillus plantarum reportedly enhanced its
anti-inflammatory effects in RAW 264.7 cells,
attributed to the dephosphorylation of the
mitogen-activated protein kinase (MAPK) sig-
naling pathway. The fermented B. juncea extra-
ct's improved activity over the raw extract was
credited to increase in its total phenolic and total
flavonoid content upon fermentation. Among the

many phenolic compounds identified, caffeic
acid, rutin and ferulic acid showed the most
significant increase in concentration.

3.5 Potential Benefits and Threats
to Human and Animal Health

Human and animal health has become an
essential subject in the modern world. Traditional
medicinal uses of B. juncea seeds and oils have
been known for a long time. Several reviews
showing phytochemistry, therapeutic potential
and adverse effects of B. juncea are available in
the literature (Cartea and Velasco 2008; Kumar
et al. 2011; Rahman et al. 2018; Prieto et al.
2019; Tian and Deng 2020). Figure 3.1 shows
some of these activities of B. juncea extracts to
treat pathological conditions.

GLSs, present in B. juncea have attracted the
attention of scientists in evaluating their impact
on human and animal health. The possible
degradation products of GLSs upon myrosinase
(b-thioglucosidase) action are isothiocyanates,
oxazolidine-2-thiones, thiocyanates, nitriles and
epithionitriles (Blažević et al. 2020). Isothio-
cyanates constitute the major group of hydrolytic
products of GLSs, which are beneficial to human
health (Vig et al. 2009). The isothiocyanate
derivatives present in B. juncea essential oil
comprises of AITC (73.4%), 1-butene-4-

Fig. 3.1 Therapeutic and
biological activities of
Brassica juncea extracts

3 Chemical Composition of Oil and Cake of Brassica juncea … 47



isothiocyanate (19.1%), 2-phenylethyl-
isothiocyanate (1.2%) and 3-methylthiopropyl-
isothiocyanate (0.7%) (Singh et al. 2017). They
possess novel therapeutic properties such as
biocidal, chemopreventive, anti-inflammatory
and anti-mutagenic effects (Wu et al. 2017;
Rampal et al. 2017; Grundemann and Huber
2018), antioxidant activity, inhibitory action
against mitosis and stimulating apoptosis in
human tumor cells, bactericidal, fungicidal and
nematicidal activities (Sonderby et al. 2010;
Meyer et al. 2011; Barba et al. 2016). 3-butenyl
isothiocyanates, present in the seed extract of B.
juncea L. displayed strong cytotoxic activities
against human cancer cell lines (Arora et al.
2016).

3.6 Concluding Remarks
and Future Prospects

Brassica oilseeds are among the successful crops
whose seed quality has been significantly
improved. B. juncea also known as Indian mus-
tard is widely used for its oil and meal quality. In
terms of nutritional properties, the fatty acid
profile of this oil is a perfect blend of different
fatty acids along with bioactive compounds such
as tocopherols and phytosterols. Also, the meal
obtained after extraction of oil is a rich source of
proteins, minerals and vitamins. However, the
benefits from this crop are not realized to the
fullest due to the presence of nutritionally
undesired components viz. erucic acid in oil and
glucosinolates in the meal. To overcome these
shortfalls, breeding strategies have been applied
to reduce these two compounds resulting in the
successful development of highly productive B.
juncea varieties with oil and meal quality closer
to that of the internationally accepted canola (B.
napus), which is considered healthy for food and
feed purpose. The development of canola quality
mustard varieties in India has also helped in
achieving 40–50% of oleic acid and 30–36%
linoleic acid, which are considered desirable for
good cooking oil. From future perspective, pos-
sibilities exist for identifying Indian mustard

genotypes rich in bioactive compounds. It is
envisaged that the export of these bioactive
compounds may contribute to the national
GDP. Research is needed to understand the
unknown mechanism of action through which
the GLS sinigrin exerts its therapeutic effects.
Efforts are also required for the effective dis-
semination of the canola quality mustard. Further
strengthening the linkage among farmer-
industry-institution could increase the coverage
area under canola quality mustard, thus ensuring
the availability of high-quality mustard oil for the
Indian population.
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4Genepools of Brassica
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Abstract

The Brassicaceae is a plant family of great
economic significance since human civiliza-
tion as plants of this family were used as
vegetables, condiments, and edible oils. The
Brassica genetic resources can be grouped into
primary, secondary, and tertiary genepool
based on extent of crossability between them.
The primary genepool including landraces,
obsolete cultivars, modern cultivars, and
advanced breeding lines and genetic stocks
of corresponding species of the U-triangle,
which means each species has its own primary
gene pool. Secondary genepool includes all
species that can be crossed with the crop and
are coenospecies. The species and genera of
different cytodemes of Brassica coenospecies
constitutes tertiary gene pool. Wild Brassica
and its related genera are packed with novel
genes of agronomic importance, biotic and
abiotic stress tolerant, oil and seed quality and
male sterility. So, their proper characterization
for agro-morphological, physiological, and
biochemical traits is very important to under-
stand their genetic value and for planning of
long-term breeding programs for Brassica

crops. These species are source for disease
resistance including white rust (Brassica
maurorum and Eruca versicaria ssp. sativa),
Alternaria blight (Brassica fruticulose,
Trachystom aballii), blackleg/phoma disease
(Sinapis arvensi, Sinapis alba, Thlaspi
arvense, B. tournefortii), powdery mildew
(B. oleracea), clubroot disease (B. rapa,
B. oleracea and B. napus). Some are source
of C3–C4 intermediate photosynthetic system
(Moricandia, Diplotaxis species), high erucic
acid (Crambe abyssinica) and cytoplasmic
male sterility (Sinapis incana, and Diplotaxis
siifolia). The gene transfer between Brassica
and allied genera can be done with some
limitations despite difference in chromosome
numbers through conventional and biotechno-
logical approaches.

4.1 Introduction

Brassicaceae (Cruciferae) is a plant family of
great economic significance since human civi-
lization as plants of this family were used as
vegetables, condiments, and edible oils. It con-
tains over 3,700 species in 338 genera, having
significant genetic diversity (Demeke et al. 1992;
Warwick et al. 2009; Hayward 2012). The tax-
onomic studies of Brassica were conducted by
many researchers since 1700 and still it is con-
tinued to add new genera and species in the
family (Linnaeus 1753; De Candolle 1821;
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Hooker 1862; Baillon 1871; Prantl 1891; Schulz
1919, 1936; Beilstein et al. 2006; Branca and
Cartea 2011). Crop Brassicas including six
Brassica species are distributed around the world
and used for various purposes. Brassica carinata
(cultivated in Ethiopia and North-east Africa),
B. napus (cultivated in Europe and North
America), and B. juncea (mainly cultivated in
South- and South-East Asia) are amphidiploids
originated through natural hybridization between
the diploid species B. rapa, B. nigra, and
B. oleracea (UN 1935; Branca and Cartea 2011).
The genus Brassica includes morphologically
diverse species with variable uses (Dixon 2007;
Warwick et al. 2009). B. carinata, B. juncea,
B. napus, and the diploid B. rapa are naturally
oliferous species. These species have good
combination of saturated and unsaturated fatty
acids along with secondary metabolites, glu-
cosinolates in moderate to high amount in seed
oil and erucic acid and protein content in the seed
meal in moderate to high proportions (Downey
and Röbbelen 1989). B. nigra is mainly used as
condiments and B. oleracea is cultivated for
vegetable purpose due to its enormous morpho-
logical diversity. Different Brassica oilseeds
species predominate in different regions of the
world. B. juncea and B. rapa mainly distributed
predominantly in the warm sub-tropical regions,
while distribution of B. napus and B. rapa,
B. carinata is limited in cooler temperate regions
in Ethiopia and northeast Africa, whereas
B. nigra is grown in Europe and Asia (Hammer
et al. 2013). Other genera in Brassicaceae are
valued for condiments (Sinapis, Eruca), veg-
etable (Eurca, Raphanus, Diplotaxis), industrial
uses (Eruca, Crambe, Sinapis, Lepidium,
Camelina, Thlaspi), and food/fodder (Orycho-
phragmu, Eruca) (Warwick et al. 2009).

The Brassica genetic resources can be
grouped into primary, secondary, and tertiary
genepool on the basis of extent of gene exchange
possible between different species and genera.
Each crop Brassica species represents the pri-
mary genepool. Further several hybridization and
cytological experiments have been carried out to
investigate and assign other brassica species to
primary, secondary, and tertiary genepool for

their effective utilization in Brassica improve-
ment program. Many cytogenetic investigations,
genomic and molecular marker-based studies
helped to identify the basic genomes of Brassica
crops and possible evolution of Brassica and
allied genera (Prakash and Hinata 1980; Hosaka
et al. 1990; Slocum et al. 1990; Song et al. 1990;
Branca and Cartea 2011). The basic chromosome
number of some of the genera in tribe Brassiceae
is presented in Table 4.1. One can refer Warwick
et al. (2009) for detailed Karyotype study of
these species.

4.2 Taxonomy

4.2.1 Family Brassicaceae

The Brassicaceae, is of tremendous significance
in terms of economic and scientific importance. It
includes 3709 species and 338 genera (Warwick
et al. 2006). The increasing importance of Ara-
bidopsis and Brassica species as model organ-
isms in the plant sciences has greatly advanced
research into the systematics, taxonomy, evolu-
tion, and development of the entire family,
including the cultivated taxa and their wild rel-
atives (Koch and Al-Shehbaz 2009).

4.2.2 Tribe Brassiceae

This tribe Brassiceae consists of nearly 46 poorly
defined genera and about 230 species of eco-
nomically important plants in the family (e.g.,
species of Brassica, Eruca, Raphanus, Sinapis).
The tribe has been studied thoroughly for
molecular, taxonomic, and evolutionary research
(Tsunoda et al. 1980; Gómez-Campo 1999;
Warwick and Sauder 2005; Koch and
Al-Shehbaz 2009; Kagale et al. 2014; Xue et al.
2020.). In family Brassicaceae, the tribe Bras-
siceae is most diverse in terms of morphotypes
and economic values (Gómez-Campo 1999). The
crop Brassicas have tremendous diversity and
variations in end use as these are sources of oil,
vegetables, condiments, fodder, and industrial
applications. Among these crop Brassicas,
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Table 4.1 Common name and chromosome number of some of species of the Brassica genepool

Scientific name Common name/description n

Brassica rapa Bird rape 10 (A)

subsp. campestris (L.) A.R. Clapham Summer turnip rape, wild turnip rape 10 (A)

subsp. oleifera (DC.) Metzg Winter turnip rape 10 (A)

var. brown sarson Brown sarson 10 (A)

var. toria Toria 10 (A)

var. yellow sarson Yellow sarson 10 (A)

subsp. japonica Pot herb mustard 10 (A)

subsp. chinensis (L.) Hanelt Pak-choi or bok choy, Chinese mustard,
Chinese broccoli

10 (A)

subsp. pekinensis (Lour.) Hanelt Petsai, Chinese cabbage 10 (A)

subsp. rapifera Turnip 10 (A)

subsp. nipposinica (L.H. Bailey)
Hanelt Curled mustard

Curled mustard 10 (A)

subsp. parachinensis – 10 (A)

Brassica nigra (L.) W.D.J. Koch. Black mustard, Banarasi rai 8 (B)

Brassica oleracea L. – 9 (C)

var. viridis L. Kale, collard 9 (C)

var. botrytis L. Cauliflower 9 (C)

var. capitata L. Cabbage 9 (C)

var. gongylodes L. Kohlrabi 9 (C)

var. gemmifera (DC.) Zenker Brussels sprouts 9 (C)

var. italic Plenck Broccoli 9 (C)

var. sabauda Savoy cabbage 9 (C)

subsp. Alboglabra L.H. Bailey Chinese kale, kailan 9 (C)

Brassica juncea (L.) Czern. Indian mustard, brown mustard 18 (AB)

B. juncea Coss. Oilseed type of India and China 18 (AB)

var. napiformis Baile Enlarged turnip like root, China 18 (AB)

var. foliosa Bailey Hsueh li hung, glabrous leaves, China 18 (AB)

var. japonica Bailey Naganszkaai, glabrous leaves, China 18 (AB)

var. crispifolia Bailey Azanina, salads and as ornamentals, USA 18 (AB)

var. integrifolia (Stokes) Kitam Entire succulent leaves, China, and Asia 18 (AB)

var. rugosa (Roxb) Kitam Extremely succulent with large leaves 18 (AB)

var. bulbifolia Mas Ta hsintsai, Succulent stems and elongated
internodes

18 (AB)

Brassica napus L. Rapeseed, Canola 19 (AC)

subsp. oleifera (Delile) Sinskaya Summer oilseed rape, Canola 19 (AC)

B. napus f. biennis (Schübl. &G. Martens)
Thel.

Winter oilseed rape, Winter canola 19 (AC)

var. pabularia (DC.) Rchb. Rape-kale 19 (AC)

var. napobrassica (L.) Rchb. Rutabaga, swede 19 (AC)

(continued)
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Brassica napus, B. rapa, and B. juncea are main
source of edible canola oil, and B. oleracea most
commonly used as vegetable known as cole
crops while B. nigra is consumed in the form
condiment. The other genera are used for edible
roots (Raphanus), condiments (Sinapis), indus-
trial oil (Crambe), and green salads (Eruca and
Diplotaxis). Many other species (Sinapis arven-
sis, Raphanus raphanistrum, B. rapa) have
become naturalized weeds around the world.
Hence, these species and other allied genera of
tribe Brassiceae, can be good donors for many
stresses faced by Brassica crops.

The geographical distribution range of tribe is
primarily in the Mediterranean region mainly
Algeria, Morocco, and Spain, where 40 genera
are either endemic or exhibit maximum diversity,
adjacent southwestern Asia including India and
Pakistan, and South Africa, except four species
of Cakile which are native to North America
(Hedge 1976; Gómez-Campo 1999; Koch and
Al-Shehbaz 2009; Warwick et al. 2009). The
tribe Brassiceae currently contains 242 species in
48 genera, 20 of which are monotypic
(Table 4.2). Chloroplast-based studies found that
most of the genera in the tribe evolved through
polyphyletic origin following rapa and nigra
lineage while some genera (e.g., Cakile, Vella,
Crambe) are monophyletic (Warwick and Black
1997b; Francisco-Ortega et al. 2002; Gómez-

Campo 1999; Warwick and Hall 2009). These
genera exhibit tremendous fruit diversity, hence
it is used as main characters in their delimitation.

Tribal members are morphologically charac-
terized by having conduplicate cotyledons (i.e.,
the cotyledons longitudinally folded around the
radicle in the seed), and/or transversely seg-
mented fruits that have seeds or rudimentary
ovules in both segments (heteroarthrocarpic)
(Appel 1999) and, if present, only simple tri-
chomes or hairs (Gómez-Campo 1980, 1999;
Al-Shehbaz 1985). The first two features are
unknown elsewhere in the family. The few
exceptions to this character combination are the
genera Ammosperma and Pseuderucaria, neither
of which has the conduplicate cotyledons or the
segmented fruits (Warwick and Hall 2009).

On basis of morphological characters, Schulz
(1919, 1923, 1936) also recognized seven sub-
tribes: Brassicinae, Cakilinae, Moricandiinae,
Raphaninae, Savignyinae, Vellinae, and Zillinae.
The fruit characters are the most reliably used
structures for the proper identification of genera
and species (Hedge 1976; Al-Shehbaz 1985).
The prime characteristics of Brassicinae are
elongated (siliquose) dehiscent fruits, presence of
median nectaries, and usually seeded beaks. The
subtribe Brassicinae includes ten core genera
namely, Brassica, Coincya, Diplotaxis, Eruca,
Erucastrum, Raphanus, Sinapidendron, Sinapis,

Table 4.1 (continued)

Scientific name Common name/description n

Brassica carinata A. Braun Abyssinian mustard, Ethiopian mustard, 17 (BC)

B. tournefortii African mustard, Sahara mustard 10 (T)

Capsella bursa - pastoris Shepherds purse 8, 16

Diplotaxis erucoides White Wall Rocket 7

Eruca sativa Mill Garden rocket, Rocket salad 11 (E)

Erucastrum gallicum Dog mustard, Hairy rocket 15

Orychophragmus violaceus Chinese violet cress 12

Raphanus raphanistrum L. Wild radish, Jointed charlock 9 (R)

Raphanus sativus L. Radish 9 (R)

Sinapis alba White mustard 12 (Sal)

Hirschfeldia incana Hoary mustard 7 (H)

Source Yarnell (1956), Dixon (2007), Prakash et al. (2009), OCED (2016), Warwick (2009)
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Hirschfeldia, and Trachystoma (Gomez-Campo
1999; Warwick et al. 2009). A complete list of
genera, species, and subspecies in the tribe
Brassiceae, is provided by Warwick et al. (2000).
Morphological, cytological, hybridization, iso-
zyme, and molecular studies in tribe Brassiceae
helped in understanding species relationships
within the tribe and also identified new rela-
tionships between genera and species (Warwick
et al. 2009).

4.2.3 Phylogenetics of Tribe
Brassiceae

Because of its economic and scientific signifi-
cance, extensive molecular-based phylogenetic
studies have been conducted on members of the
tribe. Earlier studies focused on Brassica crops
and relatives. Relationships between the three
diploid Brassica crop species [B. nigra (n = 8,
BB), B. rapa (syn. campestris) (n = 10, AA),
and B. oleracea (n = 9, CC)] and related
amphidiploid species [B. napus (n = 19, AACC),
B. carinata (n = 17, BBCC), and B. juncea
(n = 18, AABB)] were first proposed by Mori-
naga in 1934 and UN in 1935 (Fig. 4.1).

It was proposed that B. juncea, B. napus, and
B. carinata were natural amphidiploid hybrids
derived from hybridization of the diploid species
B. nigra, B. oleracea, and B. rapa, B. napus has

been derived from multiple hybridization events
hence considered as polyphyletic origin, with
B. oleracea as one of several maternal ancestors
(Allender and King 2010; Chalhoub et al. 2014).

Many phylogenetic studies have been con-
ducted to understand the evolution of Brassica and
allied genera and it was concluded that they might
have evolved from a common ancestor (n = 6)
with increase in chromosome numbers which is
evident from the partial homology of A, B, and
C-genomes (Prakash and Hinata 1980; Song et al.
1990). The U triangle of origin of crop Brassica
was further confirmed at molecular level by use of
restriction site data from the chloroplast DNA
(cpDNA) by Palmer et al. (1983) and Erickson

Table 4.2 Genera of the
tribe Brassiceae (no.
species in brackets) (Source
Warwick et al. 2000)

Genera Genera Genera Genera

Ammosperma (2) Diplotaxis (32) Henophyton (2) Raffenaldia (2)

Brassica (39) Douepea (2) Kremeriella (1) Raphanus (3)

Cakile (6) Enarthrocarpus (5) Moricandia (8) Rapistrum (2)

Carrichtera (1) Eremophyton (1) Morisia (1) Rytidocarpus (1)

Ceratocnemum (1) Eruca (4) Muricaria (1) Savignya (1)

Chalcanthus (1) Erucaria (10) Orychophragmus (2) Schouwia (1)

Coincya (6) Erucastrum (25) Otocarpus (1) Sinapidendron (4)

Conringia (6) Fezia (1) Physorhynchus (2) Sinapis (5)

Cordylocarpus (1) Foleyola (1) Pseuderucaria (2) Succowia (1)

Crambe (34) Fortuynia (2) Pseudofortuynia (1) Trachystoma (3)

Crambella (1) Guiraoa (1) Psychine (1) Vella (7)

Didesmus (2) Hemicrambe (3) Quezeliantha (1) Zilla (2)

Fig. 4.1 U’s triangle of Crop Brassica Species showing
their genetic relationships [Source Morinaga (1934), UN
(1935), Purty et al. (2008)]
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et al. (1983) which was further supported by using
nuclear RFLP markers (Song et al. 1988). Later
hypothesis of monophyletic origin of genus
Brassica was disagreed by Yanagino et al. (1987)
and Song et al. (1990) by study of cpDNA and
nuclear RFLP of Brassica species of tribe.

Recent morphological, hybridization, and
molecular data sets have provided support for
alternative subtribal and generic circumscrip-
tions. Various molecular studies have been done
for phylogenetic analysis in tribe Brassiceae.
Molecular study includes restriction site analysis
of cpDNA (Warwick and Black 1993, 1994,
1997a; Warwick et al. 1992), cpDNA and mito-
chondrial DNA (mtDNA) RFLP data (Pradhan
et al. 1992), ITS (internal transcribed spacers)
ITS-1 and ITS-2 of nuclear DNA, and the 5.8
rRNA gene sequence-based phylogenetic studies
(Crespo et al. 2000; Francisco-Ortega et al. 1999,
2002), S-locus related gene SLR1 (Inaba and
Nishio 2002), trnL-trnF based phylogeny (Lysak
et al. 2005), ITS and ITS/trnL-based study
(Warwick and Sauder 2005), isozyme duplica-
tion studies for Pgm-2 and Tpi-1 (Anderson and
Warwick 1999).

4.3 Brassica Coenospecies
and Cytodemes

Brassica coenospecies are the part of tribe
Brassiceae whose members are closely related to
crop Brassica species and are potentially capable
of inter-crossing with them. Concept of coenos-
pecies was proposed by Harberd (1972) based on
cyto-taxonomical investigations on Brassica crop
and allied wild genera and species. According to
him, nine genera (Brassica, Coincya, Diplotaxis,
Eruca, Erucastrum, Hirschfeldia, Sinapis,
Sinapidendron, and Trachystoma) from subtribe
Brassicinae and two genera (Enarthrocarpus and
Raphanus) from subtribe Raphaninae constitute
Brassica coenospecies (Prakash et al. 2009).
Later on, Harberd (1972) classified different
coenospecies of Brassiceae into 38 cytodemes or
crossing groups (Table 4.3). A cytodeme is a
group consisting of any number of species or
genera that have the same chromosome number,

and crosses between them always yield fertile
hybrids. Furthermore, Harberd (1976), Takahata
and Hinata (1983), Warwick and Black (1991),
and Warwick and Black (1997a) extended the
number of cytodemes upto 63 including 14
genera (Prakash et al. 1999, 2009). The extent of
hybridization between cytodemes is limited
which can be enhanced by application of some of
the biotechnological techniques. Hybridization
success rate can also be manipulated changing
the direction of the cross to break unilateral
incompatibility (Katche et al. 2019).

Based on the cpDNA-based phylogenetic
analysis and phenetic clustering, genera and
species of Brassica coenospecies divided in to
two evolutionary lineages viz., nigra and
rapa/oleracea (Warwick and Black 1991; Prad-
han et al. 1992; Prakash et al. 2009) (Table 4.4).
Recently six or seven lineages are currently
recognized in the tribe Brassiceae, some of which
are consistent with traditional subtribal delimi-
tations (Warwick and Hall 2009). Maximum 16
genera followed Nigra lineage which is also
known as Sinapis lineage. While, 10 genera
followed Rapa/Oleracea lineage also referred as
the Brassica lineage (Warwick and Hall 2009).

4.4 Brassica Genepool

The Russian geneticist Aleksandr Sergeevich
Serebrovskii introduced the term genofond
(“gene fund” in English) in 1926 and called it to
the complete set of different genes found within a
group of organisms. The genofond, term was
later named as “genepool,” into English, which
represents a reservoir of genetic diversity that
assist organisms to cope up to a changing envi-
ronment and that can be tapped by scientists for
plant breeding and crop improvement. Two pio-
neers of the crop diversity conservation move-
ment, Jack Harlan and Jan de Wet, divided the
genepool into three categories (primary, sec-
ondary, and tertiary) (Harlan and de Wet 1971).
In their system, crop wild relative (CWR) species
were classified into groups based on cross com-
patibility with their cultivated species. In this
system, wild relatives can be in the crop’s
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primary, secondary, or tertiary genepools (https://
www.cwrdiversity.org/about/what-is-a-genepool/).
Genepool concept was further elaborated by
Spillane and Gepts (2001). Genepool of Brassica
can also be classified into three categories on the
basis of classification of Harlan and de Wet
(1971) as follows:

4.4.1 Primary Genepool (GP-1)

GP-1 refers to group of germplasm in which
hybridization leads to successful sexual

recombination. It includes true biological spe-
cies. Crossing between members of this gene-
pool, is easy; with fertile hybrids along with
good chromosome pairing; gene segregation is
approximately normal therefore gene transfer is
generally easy. The biological species includes
all the wild and weedy form of the species which
evolved spontaneously in nature and cultivated
forms as well (Harlan and de Wet 1971). Hence,
GP1 includes landraces, cultivars in current use,
obsolete cultivars, and advanced breeding lines.
This category also includes the conspecific wild
progenitor (Dobzhansky 1937; Mayr 1963).

Table 4.3 Cytodemes in Brassica coenospecies

Chromosome
no. (n)

Coenospecies

7 Brassica deflexa, Diplotaxis erucoides, Erucastrum virgatum, E. varium, Sinapis aucheri,
Hirschfeldia incana, Pseuderucaria spp.

8 B. nigra, B. fruiticulosa (+maurorum + spinescens), Diplotaxis siettiana, Erucastrum abyssinicum,
E. nasturtiifolium (+leucanthum), E. strigosum, Trachystoma spp.

9 B. oleracea and 8 wild Mediterranean allied species, B. oxyrrhina, Diplotaxis assurgens, D.
catholica, D. tenuisiliqua, D. virgata, D. berthautii, Erucastrum cardaminoides, (+
canariense + ifniense), Raphanus all species and subspecies, Sinapis arvensis (+ allioni), S.
pubescens

10 B. tournefortii, B. barrelieri, B. gravinae, B. repanda (+ desnottesii), B. rapa (+ many cultivated
subspecies), Diplotaxis siifolia, D. viminea, Enarthrocarpus spp., Sinapidendron spp.

11 B. souliei, B. elongate, D. acris, Diplotaxis (+ pitardiana); Eruca spp.

12 Coincya spp. (syn. Hutera and Rhynchosinapis), Sinapis alba, S. flexuosa

13 Diplotaxis harra, (+ several subsps.)

14 Erucastrum virgatum (subsp. pseudosinapis)a, Moricandia arvensisa, M. moricandioidesa,
Rytidocarpus moricandioidesa

15 Erucastrum gallicumb, E. elatumb

16 B. cossoniana (4x)a, North African subspecies, B. balearicab, Erucastrum nasturtiifoliuma, E.
abyssinicuma

17 Brassica carinatab

18 Brassica junceab

19 Brassica napusb

20 Brassica gravinaea

21 Diplotaxis muralisb

22 Brassica dimorphaa

24 Coincya spp. (4x)a

28 Moricandia suffruticosaa

42 Moricandia spinosaa

80? Brassica repandaa

Note a Autopolyploid cytodemes. b Allopolyploid cytodemes (Source From Prakash et al. 1999)
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It also includes cytodeme or crossing group
which have same chromosome numbers and
readily cross with each other (Harberd 1972;
Hammer et al. 2013). However, cytodeme of
different Brassica species presented in Table 4.3
forms the primary genepool of respective Bras-
sica species. Each cultivated Brassica species
have their own primary genepool which includes
different subspecies and morphological varieties.

The genome-A is carried by B. rapa (Syn.
B. campestris) which has many variants like
Chinese cabbage, sarson turnip, turnip greens,
turnip, and turnip rape crops. On the basis of
morphology these are assigned the leafy, rapi-
fera, and oleifera types. The Chinese cabbage is
used as salad in Asia; sarson turnip is a minor
crop in Europe and in New Zealand; turnip
greens and turnip tops have culinary uses in
Portugal and north Spain and turnip rape is
widely distributed and cultivated for oil produc-
tion in the North America as oilseed crop
(McNaughton 1995; Padilla et al. 2005; Branca
and Cartea 2011).

The genome-B is possessed by B. nigra which
is also known as black mustard. It is used as
condiment since Middle Ages. Naturally it is
distributed as weed in Europe. B. oleracea,
which contains genome-C is the most diversified

Brassica species which evolved into many sev-
eral botanical varieties and related crops by
domestication processes. These include var.
acephala (kale), var. botrytis (cauliflower), var.
capitata (cabbage), var. gemmifera (Brussel’s
sprout), var. gongylodes (kohlrabi), var. italica
(broccoli), and var. sabauda (Savoy cabbage)
(Linnaeus 1753; Lamarck 1784; De Candolle
1821; Branca and Cartea 2011).

4.4.2 Secondary Genepool (GP-2)

GP-2 refers to germplasm group in which
crossing with the cultivated species are difficult.
However, it can be achieved using conventional
plant breeding methods due to some biological
barriers. Hybrids may be weak or partially sterile,
chromosomes may pair poorly and there may be
differences in ploidy levels. This includes non-
conspecific wild relatives of the cultivated spe-
cies, as well as other cultivated species belonging
to the same genus. This group includes all bio-
logical species that can be crossed with the crop
species and will form an experimentally defined
coenospecies (Harlan and de Wet 1971; Spillane
and Gepts 2001). This is corresponding to the
coenospecies or syngameon, and is very useful

Table 4.4 Genera and species of Brassica coenospecies in nigra and rapa/oleracea lineage

Nigra lineage Rapa/Oleracea lineage

Group I
Brassica nigra (8), B. fruticulosa (8)
Sinapis arvensis (9), S. alba (12)
Diplotaxis ibicensis (8), D. siettiana (8), Erucastrum
littoreum (16), Trachystoma balii (8)
Group II
B. tournefortii (10), B. procumbens (9), D. brachycarpa
(9), E. varium (7), E. virgatum (7), Hirschfeldia incana
(7), S. pubescens (9)
Group III
E. canariense (9), E. brevirostre (9)
D. assurgens (9), D. siifolia (10), D. berthautii (10), D.
virgata (9), D. catholica (9), Sinapidendron spp. (10)
Group IV
Coincya spp. (12)

Group I
B. rapa (10), B. oleracea (9), B. deflexa (7), B.
barrelieri (10), B. oxyrrhina (9), D. cossoneana (9), D.
erucoides (7), E. abyssinicum (16), E. strigosum (8), E.
nasturtifolium (8), S. aucheri (7), Enarthrocarpus
lyratus (10), Raphanus spp. (9)
Group II
D. harra (13), Eruca spp. (11), D. tenuifolia (11),
Rytidocarpu smoricandiodes (14)
Group III
Moricandia arvensis (14); M. moricandiodes (14)
M. suffruticosa (28)
Group IV
B. gravinae (10), B. repanda (10)
D. viminea (10)
Group V
B. elongata (11)

Note Values in parenthesis indicate haploid chromosome no. of the species (Source Warwick and Black 1991, 1997a;
Prakash et al. 2009)
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and readily defined entity where adequate
investigation of interspecific hybrid production
between the crop and related species has been
carried out (Smartt 1970). The term Brassica
coenospecies (more or less second genepool)
includes all species that can share their genes
with the important cultivated Brassica species
(Prakash et al. 1999; Hammer et al. 2013). This
genepool can be utilized, with some efforts of the
plant breeder or geneticist. Once a fertile hybrid
is obtained the recombination potential is high in
these hybrids because of genomic affinity.

4.4.3 Tertiary Genepool (GP-3)

Crossing of GP1 to members of this group tend
to produce anomalous, lethal or completely
sterile hybrids. Gene transfer is extremely diffi-
cult or can be possible only by advanced breed-
ing or biotechnological techniques. Special
techniques like, embryo rescue, cell culture and
tissue culture, protoplast fusion, chromosome
engineering, chromosome doubling, bridging
crosses, genetic engineering would be required to
produce the viable fertile hybrid plant to transfer
genes for trait of interest from this genepool to
GP-1. This category includes all the distant wild
relatives including different genera of the culti-
vated from in which gene transfer through sexual
recombination is very difficult. Tertiary genepool
(GP3) can be more or less equated with the
comparium, i.e., the grouping of all these coe-
nospecies between which hybridization is possi-
ble. The enlarged tertiary genepool of Brassica
includes the related genera Coincya, Diplotaxis,
Eruca, Erucastrum, Hirschfeldia, Sinapis,
Sinapidendron, Trachystoma, Enarthrocarpus,
Raphanus, Moricandia, Pseuderucaria, and
Rytidocarpus (Hu et al. 2009; Hammer et al.
2013). Introgressions from some of these genera
have been reported through somatic hybridiza-
tion for transfer of different traits of interest
(Chatterjee et al. 1988; Kirti et al. 1992; Kirti
et al. 1995; Muller et al. 2001; Hu et al. 2009;
Hammer et al. 2013; Kumari et al. 2018; Kumari
et al. 2020a, b).Please check the clarity of the
sentence “This category includes all the distant

wild relatives including different genera of the
cultivated from which gene transfer through
sexual recombination very difficult.”Corrected

Branca (2008) divided genetic resources of
Brassica crops in to three genepools based on
their crossability. The primary genepool includes
landraces, obsolete cultivars, modern cultivars,
and advanced breeding lines and genetic stocks
of corresponding species of the U-triangle, which
means each species has its own primary gene
pool. The secondary genepool is represented by
the other species of the U-triangle, since their
relationship has been confirmed by various
phylogenetic and cytogenetic studies. Finally, the
tertiary genepool includes Brassica coenospecies
including species and genera grouped into dif-
ferent cytodemes based on their crossability and
cytological studies. Genera in cytodems include
Brassica, Coincya, Diplotaxis, Eruca, Erucas-
trum, Hirschfeldia, Sinapis, Sinapidendron,
Enarthrocarpus, and Raphanus (Cartea et al.
2011). A list of selected members of the primary,
secondary, and tertiary gene pools is presented in
Table 4.5.

4.5 Brassica Genepool as Gene
Reservoir

Wild and related genera of Brassica species are
reservoirs of novel genes which possess some
traits of interest including gene for agronomic
importance, biotic and abiotic stress tolerant, oil
and seed quality and male sterility. However, an
understanding of the genetic potential of wild
relatives is important for planning of long-term
breeding programs for these crops (Warwick
et al. 2009). The potential some of these wild
relatives of Brassica is presented in Table 4.6.
An exhaustive list of these traits was summarized
by Warwick et al. (2009). These species are
source for disease resistance including white rust
(Brassica maurorum and Eruca versicaria
ssp. sativa) to Alternaria blight (Brassica frutic-
ulose, Trachystom aballii), blackleg/Phoma dis-
ease (Sinapis arvensi, Sinapis alba, Thlaspi
arvense, B. tournefortii), powdery mildew
(B. oleracea), clubroot disease (B. rapa,
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Table 4.5 Selected members of the primary, secondary, and tertiary genepools of Brassica crops

Genepool Genepool species

Primary genepool
(GP1)

Brassica carinata A. Braun (Ethiopian mustard), Brassica juncea (L.) Czern (Indian
mustard, brown mustard)
Brassica napus ssp. napus (oilseed rape, fodder rape)
B. napus ssp. napobrassica (swede)
B. napus ssp. napus var. pabularia (leaf rape, kale)

Secondary genepool
(GP2)

Brassica nigra
Brassica oleracea (includes crop varieties), B. alboglabra, B. bourgeaui, B. cretica, B.
hilarionis, B. incana, B. insularis, B. macrocarpa, B. montana, B. rupestris, B. villosa)
Brassica rapa (includes wild and cultivated varieties)

Tertiary genepool
(GP3)

Brassica fruticulosa
Brassica gravinae
Brassica maurorum
Brassica oxyrrhina
Brassica repanda (include B. desnottesii, B. nudicaulis, B. saxatilis)
Brassica souliei (syn. B. amplexicaulis)
Brassica tournefortii
Coincya spp. (include all species in the genus)
Crambe abyssinica
Diplotaxis acris
Diplotaxis assurgens
Diplotaxis berthautii
Diplotaxis catholica
Diplotaxis cossoniana
Diplotaxis erucoides
Diplotaxis harra (include D. crassifolia, D. gracilis, D. hirtum, D. lagascana)
Diplotaxis muralis
Diplotaxis siettiana (include D. ibicensis)
Diplotaxis siifolia
Diplotaxis tenuifolia
Diplotaxis tenuisiliqua
Diplotaxis viminea
Diplotaxis virgata
Enarthrocarpus ssp. (includes E. lyratus, E. pterocarpus, E. strangulatus)
Eruca spp. (includes E. vesicaria, E. sativa, E. pinnatifida)
Erucastrum abyssinicum
Erucastrum canariense (includes E. cardaminoides)
Erucastrum elatum
Erucastrum gallicum
Erucastrum nasturtiifolium (includes E. leucanthum)
Erucastrum strigosum
Erucastrum varium
Erucastrum virgatum
Onchophragmus violaceus
Raphanus ssp. (includes R. raphanistrum, R. sativus, R. caudatus, R. maritimus, R. landra)
Sinapidendron spp. (include S. angustifolium, S. frutescens, S. rupestre)
Sinapis alba (includes S. dissecta)
Sinapis arvensis (include S. allioni, S. turgida)
Sinapis aucheri (syn. Raphanus aucheri)
Sinapis flexuosa
Sinapis pubescens (include S. aristidis, S. boivinii, S. indurata)
Trachystoma labasii
Trachystoma spp. (include T. aphanoneurum, T. ballii)

Note Secondary and tertiary genepool species listed together are members of the same cytodeme, i.e., they share a single
diploid chromosome number and are generally fully interfertile (Source Snowdon et al. 2007)
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Table 4.6 List of Brassica genepool species as a source of biotic and abiotic stress tolerance (Source Warwick et al.
2009)

Trait Species

Abiotic stress

Salt tolerance Crambe maritime, Eruca vesicaria subsp. sativa, Lesquerella
fendleri, Lobularia maritime, Raphanus raphanistrum
ssp. Thellungiella salsuginea,

Cold tolerance Barbarea vulgaris, Descurainia sophia, Thellungiella salsuginea,
Thlaspi arvense

Drought tolerance B. carinata, B. tournefortii, Diplotaxis acris, D. harra,
Enarthrocarpus strangulates, Eruca vesicaria, Erucaria
boveana, subsp. sativa, Moricandia spp.

Disease resistance

White rust—Albugo candida B. carinata, B. nigra, B. maurorum, Eruca vesicaria
subsp. sativa, Raphanus sativus

Black leaf spot/ Alternaria spp.—Alternaria
brassicae, A. brassicicola, A. raphani

Alliaria petiolata, Brassica nigra, B. elongate, B. fruticulosa, B.
maurorum, B. nigra, B. souliei, Camelina sativa, Capsella bursa-
pastoris, D. catholica, D. erucoides, D. tenuifolia, Eruca
vesicaria subsp. sativa, Hemicrambe fruticulosa, Neslia
paniculata, Raphanus sativus, Sinapis alba

Blackleg—Leptosphaeria maculans [=Phoma
lingam]

Arabidopsis thaliana, B. carinata, B. nigra, B. elongata, B.
fruticulosa, B. insularis, B. atlantica, Camelina sativa, Diplotaxis
muralis, D. tenuifolia, Eruca vesicaria, Hirschfeldia incana,
Raphanus raphanistrum, Raphanus sativus, Sinapis alba, S.
avensis, Sisymbrium loeselii, Thlaspi arvense

Downy mildew (Peronospora parasitica) Eruca vesicaria

Clubroot
(Plasmodiophora brassicae)

Arabidopsis thaliana, Armoracia rusticana, Capsella bursa-
pastoris, Raphanus spp.

Sclerotinia stem rot (Sclerotinia sclerotiorum) Capsella bursa-pastoris, Eruca vesicaria subsp. sativa,
Erucastrum gallicum

Black rot (Xanthomonas campestris) Alliaria petiolata, Barbarea vulgaris, B. nigra, Erysimum
hieraciifolium, Matthiola incana, B. carinata, B. nigra

Insect resistance

Flea beetles
(Phyllotreta cruciferae and P. striolata)

Arabidopsis thaliana, B. incana, B. villosa, Camelina sativa,
Capsella bursa-pastoris, Crambe abyssinica, Crambe hispanica,
Sinapis alba, Thlaspi arvense

Diamond-back moth (Plutella xylostella) Barbarea vulgaris, Crambe abyssinica, Raphanus raphanistrum

Cabbage aphid
(Brevicoryne brassicae)

Brassica fruticulosa, B. spinescens, B. cretica, B. incana, B.
macrocarpa, B. villosa, Eruca vesicaria subsp. sativa, Sinapis
alba

Mustard aphid
(Lipaphis erysimi)

B. carinata, B. nigra, Eruca vesicaria subsp. sativa

Cabbage white fly (Aleyrodesproletella) B. cretica, B. fruticulosa, B. incana, B. insularis, B. spinosa, B.
villosa

Mustard sawfly
(Athalia proxima)

Camelina sativa
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B. oleracea and B. napus). Some species are
resistant/tolerant to pod shattering and heavy
metals (B. juncea). Some are source of C3–C4
intermediate photosynthetic system (Moricandia,
Diplotaxis species), high erucic acid (Crambe
abyssinica), and cytoplasmic male sterility (Sina-
pis incana, Diplotaxis siifolia) (Katche et al.
2019). The gene transfer between Brassica and
allied genera is possible with some limitations
despite differences in chromosome numbers
(Hammer et al. 2013). On the basis of intercrossing
and cytological studies genome interrelationships
between Brassica and allied genera were proposed
(Fig. 4.2) (Mizushima 1980; Quezada-Martinez
et al. 2021). This can act as guide for wide
hybridization in Brassica coenospecies.

The utilization of tertiary genepool species is
difficult because of less recombination potential
and higher genetic load. These hurdles can be
overcome by consistent pre-breeding. The
recombination frequency can be increased by

generating more backcross progeny. Introgres-
sion from secondary and tertiary genepool is
more usually associated with genetic load (load
of undesirable alleles) caused by undesirable
linkages which make selections difficult during
segregating generations, which in term increases
the number of breeding cycles (Khadi et al.
2003). Therefore, pre-breeding or germplasm
enhancement is very important activity for
exploitation of untapped potential of wild rela-
tives of Brassica. With scientific advancement,
genetic engineering tools and marker-assisted
selection (MAS) proved to be a boon for distant
hybridization. However, there is a need for
identification of markers for different traits.
Hence MAS provides new dimension for uti-
lization of Brassica germplasm. An exhaustive
information on interspecific and intergeneric
hybridization among Brassica crops and
related species, was presented by Warwick et al.
(2000, 2009).

Fig. 4.2 Genome inter-relationships in Brassica and
allied genera. Autosyndetic bivalents observed in haploids
are denoted by numbers in brackets whereas numbers on

lines represent the maximum number of bivalents
observed in hybrids between the two species (Source
Mizushima 1980; Quezada-Martinez et al. 2021)
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4.6 Conservation of Brassica
Genepool

To protect valuable genepool of Brassicaceae, the
collection and conservation programs started
worldwide. During the 1970s, wild germplasm of
Brassica was extensively collected and conserved
(Gomez-Campo et al. 2006, 2007). The Universi-
dad Polite´cnica of Madrid (UPM), Spain main-
tains the one of the largest collections of wild
Brassica species and allied genera. The Plant
Germplasm Bank-UPM holds 600 crucifer acces-
sions of rare and endangered species widespread
in the western Mediterranean area (http://www.
etsia.upm.es/ANTIGUA/DEPARTAMENTOS/
biologia/documentos/GC-2000-Int.htm). Infor-
mation on standard techniques and protocols for
long-term effective preservation and germplasm
regeneration were provided by Gladis and
Hammer (1990, 2003). Presently Brassica
germplasm are conserved across the globe in
seed genebanks of many countries (China, India,
United Kingdom, United States, Netherland,
Spain, and Germany), and are constantly enri-
ched by further collections through plant explo-
ration from different geographical regions with
more diversity based on identified gaps (Punjabi
et al. 2019). These countries hold around 60% of
total worldwide collections of crucifers (Singh
and Sharma 2007). Large national collections, in
USA, China, and India, are generally maintained
as a network of active regional collections and a
set of it is conserved in situ or ex situ in gene
banks (Knee et al. 2011). Germplasm from these
genebanks are exchanged across the globe for
research purpose after following proper guideli-
nes of germplasm exchange and signing of
Material Transfer Agreement (MTA) between
indenter and seed supplier organizations.
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Abstract

Brassica is a significant group of oilseed crops
with an extensive evolutionary history. Vari-
ous markers have played a vital role in
understanding the origin and evolution of
Brassica species. The molecular markers are
better than the morphological traits in dis-
criminating B. juncea genotypes. Modern
scientific advances are helping in the devel-
opment of high-quality Brassica genomes.
Genomics and diversity study will lead to
Brassica improvement; a multi-disciplinary
plant breeding approach will ensure the
development of resilient Brassica varieties.
An attempt has been made in this chapter to
give a comprehensive account of the diversity

characterization and population structure stud-
ies using the latest techniques in Brassica
juncea. Efforts have been made to highlight
the variability available in Brassica spp. to be
used in Brassica improvement programs.

5.1 Introduction

Breeding disease-resistant, high-yielding veg-
etable, and oilseed Brassica crops having supe-
rior seed, and oil quality is the most imperative
objective for the breeders. Assessment of popu-
lation structure, genetic diversity, and phyloge-
netic relationships of Brassica spp. is
indispensable for the sustainable breeding pro-
grams for the development of new breeding lines.
Population structure is defined by the organiza-
tion of genetic variation. Combined effects of
evolutionary processes like recombination,
mutation, genetic drift, demographic history, and
natural selection design the population structure.
By simple definition, genetic diversity is the
occurrence of a difference in a selected allele
among a population. The phylogenetic relation-
ship reflects the timeline, wherein the species
shared common ancestry. It is of utmost impor-
tance to understand this genetic phenomenon for
the optimum utilization of the crop germplasm.
Available genetic diversity is the foundation and
is vital in plant improvement. Genetic diversity
assessment would be of great value to know
variability in cultivars, segregating population,
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and introgression of the desirable gene across
genus/species (Smith 1984; Cox et al. 1986;
Barrett and Kidwell 1998; Thompson and Nelson
1998). Conservation of the diverse gene pools
and wild genotypes is a critical step in preserving
the variability for future breeding efforts. Elite
varieties, landraces, and wild species are key
resources of useful variation.

Brassica of the Brassicaceae (Cruciferae)
family is a major source of edible oil and veg-
etables (Table 5.1). The antiquity of crops
belonging to the genus Brassica is manifested
from references in ancient literature of the Indian,
Chinese, Greek, and Roman civilizations (Pra-
kash and Hinata 1980; Gómez-Campo and Pra-
kash 1999a). Several studies of this family are
available. For example, studies conducted by
Tournefort (1700), Linnaeus (1753) are of great
practical importance. Similarly, studies by De
Candolle (1821), Baillon (1871), and Prantl
(1891) have laid the foundation. The most com-
prehensive study on family Brassicaceae was
attempted by Schulz (1919, 1936), a German
school teacher (Hedge 1976; Prakash and Hinata
1980; Gómez-Campo 1999b). Schulz identified
19 tribes, of which Brassicaceae is one of them,
which was further divided into 7–9 subtribes
(Gómez-Campo 1980, 1999b). Genus Brassica is
the most important group of family Brassicaceae.
A majority of the species related to Brassica is
wild and weedy.

Six cultivated species in genus Brassica con-
sist of, B. carinata (2n = 34, BBCC), B. juncea
(2n = 36, AABB), and B. napus (2n = 38,
AACC), the tetraploid species, while B. cam-
pestris/rapa (2n = 20, AA), B. nigra (2n = 16,
BB), and B. oleracea (2n = 18, CC) are
diploid species. The tetraploids have naturally
evolved by hybridization between the constituent
diploid species (Prakash et al. 2009a, b; Yadava
et al. 2012; Kaur et al. 2014). Chromosomal
rearrangements like translocations, inversions,
deletions, duplications, and transposon activation
that occurred during interspecific hybridization,
between different subgenomes of these polyploid
Brassica species, resulted in genome reshuffling
(Zou et al 2010, 2011). For the creation of novel
genotypes, the genetic diversity of important

oilseed crops has been used (Chen et al. 2011).
Understanding the genetics behind variation
among three sets (AA, BB, CC) of Brassica
subgenomes would provide deep insights for
Brassica breeding programs utilizing favorable
allele introgression from allied species (Zou et al.
2016).

Brassica juncea L. Czern. and Coss., known
as Oriental, Brown, or Indian mustard, is first
described in Sanskrit texts during 3000 BC
(Hemingway 1995). B. juncea spread to Europe
as a medicinal crop in the middle ages. In the
present day, B. juncea is used worldwide as an
oilseed, a condiment, and a vegetable (Edwards
et al. 2007). In India, B. juncea is the principal
winter oilseed crop, covering above 90% of the
area under rapeseed–mustard crops (Yadava
et al. 2012). Indian mustard is recognized for
cultivation under drought and hot conditions
(Chen et al. 2013). However, its genetic base,
restricted by two major constraints of polyploidy
and domestication, is gradually manipulated by
vigorous plant breeding activities (Chauhan et al.
2011; Banuelos et al. 2013). Breeders may
improve the productivity of this important oil-
seed crop, by combining the knowledge of
Brassica genetics and plant breeding (Gupta et al.
2015). Superior alleles for disease resistance,
higher yield potential, and other favorable traits
are being explored in the primary gene pools and
the related species for transfer into the superior
agronomic base in cultivated germplasm with the
prime aim of imparting stability, wider adapt-
ability, stress tolerance, improved oil quality and
seed traits, and increased productivity to meet the
existing and emerging nutritional and industrial
needs (Banga and Banga 2016).

5.2 Genetic Resources in Brassicas

Brassicas are cultivated worldwide, and it is
therefore certain that rapid environmental chan-
ges occurring globally would affect the crop
yield (Francisco et al. 2017). Increasing temper-
ature due to raised CO2 is resulting in a drier
atmosphere and a high rate of evapotranspiration
(Ficklin and Novick 2017). Environment resilient
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Brassica varieties are perhaps the best strategy to
ensure sustainability. The future crop should
have resilience against both abiotic stresses (heat,
drought, and salinity), as well as biotic stresses.
Bebber et al. (2013) used a combination of
observation data and mathematical equations to
hypothesize that pathogens and pests affecting
global crops are moving @ of 2.7 km/year
toward poles due to rising global temperature.
Pathogens such as Pseudocercosporella capsel-
lae (causative agent of white leaf spot), Albugo
candida (white rust), Alternaria brassicae

(Alternaria blight), Plasmodiophora brassicae
(club root), Leptosphaeria maculans (black leg
or stem canker), and Sclerotinia sclerotiorum
(causative agent of Sclerotinia stem rot) of
Brassica oilseed and vegetable crops, adversely
affect crop development and yield (Murray and
Brennan 2012).

Evaluation of germplasm needs collaboration
between multiple disciplines, i.e., biochemistry,
breeding, pathology, entomology, physiology,
etc. Globally, approximately, 39,532 accessions
of different Brassica spp. and its relatives have

Table 5.1 Taxonomic
components of Brassica
and related genera and their
usage

Botanical name Common name Usage

B. nigra Black mustard Condiment (seed)

B. oleracea

var. acephala Kale Vegetable, fodder (leaves)

var. capitata Cabbage Vegetable (head)

var. sabauda Savoy cabbage Vegetable (terminal buds)

var. gemmifera Brussels sprouts Vegetable (head)

var. gongylodes Kohlrabi Vegetable, fodder (stem)

var. botrytis Cauliflower Vegetable (inflorescence)

var. italica Broccoli Vegetable (inflorescence)

var. fruticosa Branching bush kale Fodder (leaves)

var. alboglabra Chinese kale Vegetable (stem, leaves)

B. rapa

spp. oleifera Turnip rape Oilseed

var. brown sarson Brown sarson Oilseed

var. yellow sarson Yellow sarson Oilseed

var. toria Toria Oilseed

ssp. rapifera Turnip fodder Vegetable (root)

ssp. chinensis Bok choi Vegetable (leaves)

ssp. pekinensis Chinese cabbage Vegetable, fodder (head)

ssp. nipposinica – Vegetable (leaves)

ssp. parachinensis – Vegetable (leaves)

B. carinata Ethiopian mustard Vegetable, oilseed

B. juncea Mustard Oilseed, vegetable

B. napus

spp. oleifera Rapeseed Oilseed

spp. rapifera Rutabaga Swede fodder

Eruca sativa Rocket, taramira Vegetable, nonedible oilseed

Raphanus sativus Radish Vegetable, fodder

Sinapis alba White mustard Oilseed
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been conserved which include 3127 in USDA
gene bank (https://www.ars-grin.gov/), 11,119 in
Indian National Gene Bank, ICAR-National
Bureau of Plant Genetic Resources (http://www.
nbpgr.ernet.in/Research_Projects/Base_Collection_
in_NGB.aspx), and 1387 in Chinese gene bank
(https://www.genesys-pgr.org/a/v2QAYWY43R9).

The characterization of the Brassica germ-
plasm conserved at ICAR-NBPGR, National
Gene Bank is carried out for genetic diversity
status based on agronomic traits. Potential dis-
tinct genotypes are also identified by estimation
of the magnitude of genetic variability existing
for different characters (Table 5.2).

Evaluation of rapeseed–mustard genotypic
performance under different environments and
measurement of stability parameters can be used
to fulfill effective selection for the improvement
of yield. Based on the morphological and bio-
chemical phenotyping, a good number of donors
have been identified for various quality traits in
India (Table 5.3).

5.3 Abiotic Stress Tolerant
Germplasm Identified in India

Systematic efforts to identify and utilize the trait-
specific germplasm for various abiotic stresses
have not been made in oilseed crops which is
evident from the fluctuations in area, production,
and productivity of these crops over years. During
past decade, efforts have been initiated to identify
trait-specific germplasm in mustard which has
been summarized as under (Yadava et al. 2019).

Salt tolerant lines/varieties: CS-52, CS-54, CS-
234-2-2, CS-56, RH-8814 (IC-401570), CS-58,
CS-1100-1-2-3-5-1, CS-1500-1-2-2-2-1, BPR-
540-6.

Drought tolerant lines/varieties: RH-406, RH-
781, RH-819, RB-50, RH-725, RVM-2, Pant
Rai-20, RGN-298, Aravali, Geeta, Shivani,
DRM-541-44.

Heat tolerance lines/varieties: Pusa Vijay (NPJ-
93), Pusa Mustard 25 (NPJ-112), Pusa Mustard
27 (EJ-17), Pusa Mustard 28 (NPJ-124), BPR-
540, BPR-541-4, BPR-543-2, BPR-549-9, Pant Ta
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Rai-18, RH-406, RGN-229, RGN-236, RGN-
298.

Frost tolerant varieties: RH-819, RGN-48.
In addition, 35 genetic stocks of different
B. juncea spps. with specific traits for different
biotic and abiotic stresses and quality have been
registered with the ICAR-NBPGR for use by the
Brassica breeding programs in the country
(Table 5.4).

5.4 Molecular Techniques
for Studying Genetic Diversity

Major steps are taken to conserve genetic
resources by establishing gene banks, which are
now gaining attention the world over. But for
efficient conservation practices, understanding of
population structure and genetic diversity poly-
morphism is important. Studies on genetic
diversity and population structure are important.
Many methods are available for diversity iden-
tification in germplasm and breeding lines. These
methods are highly reliant on morphological
data, pedigree data, biochemical data, and DNA
marker-based data (Mohammadi and Prasanna
2003). Various markers based on morphological,
biochemical, and cytological data were success-
fully used (Raney et al. 1995; Rimmer et al.
1995). Different techniques can be used to detect
polymorphisms at the DNA level including non-

PCR-based approaches, e.g., restriction fragment
length polymorphism (RFLP), the first technol-
ogy developed for polymorphism detection at the
sequence level. Specific probe/enzyme combi-
nations result in highly reproducible patterns for
an individual. However, mutation can cause
variation in the restriction patterns between
individuals can arise when mutations in the DNA
sequence result in changed restriction sites.
RFLP analysis was used earlier in the develop-
ment of genetic maps and has been effectively
used in the assessment of genetic diversity (Deu
et al. 1994). Thermal cycler and polymerase
chain reaction led to the development of a
number of techniques for the screening of genetic
diversity. The techniques are based on the use of
a single random primer, in a PCR reaction on
genomic DNA and result in the amplification of
several distinct DNA fragments. A number of
closely related techniques based on this principle
were developed simultaneously and are collec-
tively referred to as multiple arbitrary amplicon
profiling (MAAP). Randomly amplified poly-
morphic DNA (RAPD) analysis became the most
extensively used technique, where the primers
are usually 10 or 20-mers. The amplification
products are separated on agarose gels in the
presence of ethidium bromide and visualized
under ultraviolet light (Williams et al. 1990).
Arbitrary primed PCR (AP-PCR) (Welsh and
McClelland 1991) and DNA amplification

Table 5.3 Different donors for quality traits in Brassica juncea identified in India

Quality trait Donor

Low glucosinolate (<30 µmol/g defatted seed
meal)

NUDH-YJ-1, NUDH-YJ-2

HNS-99(0E)3, NUDB-9

Low erucic acid (<2%) LES-17-1, Pusa Karishma (LES-39)a, LES-1-27 (Pusa Mustard
21)a, LET-17 (Pusa Mustard 22)a, LET-18 (Pusa Mustard 24)a,
Pusa Mustard 29, Pusa Mustard 30, YSRL-9-18-23, TERI (0E)
M21 (IC-296684)b, ELM-079a, ELM-123, PRQ-2005-1 (IC-
546946)b, Pusa Mustard 32a

Low erucic acid (<2%) and low glucosinolate
(<30 lmol/g defatted seed meal)

BJ-1058, NUDH-YJ-5 (IC-296507)b, Heera (IC-296501)b, Pusa
Double Zero Mustard 31a, RLC 3a, Pusa Double Zero Mustard 33a

High oleic and linoleic acid PM 30a, TERI GZ-05 (IC-404233)b

High oil content (*45%) NDYR-8 (IC-296689)b, NDYR-10 (IC-296689)b

aReleased varieties
bRegistered germplasm
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fingerprinting (DAF) (Caetano-Annollés et al.
1991a, b) are two other techniques that branched
out of PCR but differ from RAPDs in the strin-
gency conditions, primer length, and detection of
the fragments. In all cases, polymorphisms are
detected as the presence/absence of bands and
result from sequence differences in one or both of
the primer binding sites. The opposite approach
to arbitrary primed PCR is to design primers to
target specific regions of the genome. The tar-
geted amplified product can be compared on a
gel to the corresponding product from another

individual, but the resolution achievable will
only detect differences in fragment size resulting
from any base-pair changes. In order to resolve
all the possible sequence differences, it is nec-
essary to sequence the entire fragment, either
manually or using an automated DNA sequencer.
Once this has been done, sequences from dif-
ferent individuals can be aligned, any differences
detected, and the data entered and analyzed in
statistical packages.

High-throughput sequencing has helped to
create dense genetic linkage maps for diverse

Table 5.4 Trait-specific genetic stocks/donors of Brassica juncea registered with ICAR-NBPGR, New Delhi, India

Trait Accession

Restorer gene for cytoplasmic male sterile (CMS) trachy with
recombinant mitochondrial genome

IC296682, IC296683

Cytolplasmic male steile (CMS) lines IC296701, IC296702, IC296703, IC296704,
IC296705, IC296706, IC296707

Yellow seeded with high oil content IC296689, IC296690, IC296829, IC443623

Early maturity (117 d), zero erucic acid, and yellow seed color IC296684

Low glucosinolate content (*17 µmol/g seed), oil with low erucic
acid (0.12%)

IC296501, IC296507

Resistant to salinity IC401570

Tolerant to blight (Alternaria brassicae and A. brassicola) IC546946

High water use efficiency, thermo-toleranace at the terminal stage,
salinity tolerance at the juvenile stage

IC0583386

Tolerance to salinity at 10 ds/m at seedling stage IC0584669

Only for thermo-tolerance at juvenile stage IC0589778

Low glucosinolate content in seed, high oil content (45%), resistance
to white rust, yellow seed coat color

IC0595268

Salinity tolerance at juvenile stage, thermo-tolerance at juvenile
stage

IC0593927, IC595525

Salinity tolerant up to Eciw 12 dS/m. High level of alkalinity
tolerant up to pH 9.4. High seed yield (20.9 q/ha) and oil content
(39%) under salt stress condition

IC0511389

Drought tolerance (high water use efficiency under rainfed
conditions)

IC0598624

Moricandia system-based CMS line. Resistant to white rust disease IC0622804

High tolerance to salinity (ECe 12 dS/m) and alkalinity (pH 9.4) IC0624502

White rust resistant IC0598622, IC0598623

Tetralocular silique IC296741

Bold seed (1000 seed weight:6.10 g) IC573439

White petal color IC0593926

Early maturing IC296827, IC296828
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agricultural crops (Bus et al. 2012; Delourme
et al. 2013). In addition to the complete resolu-
tion, these high-density maps help identify
molecular markers linked with trait(s) of interest.
Genome-wide association study (GWAS) facili-
tates the discovery of chromosomal rearrange-
ments as a consequence of genome evolution.
GWAS also helps in the identification of novel
alleles for genetic advance within and among
crop species (Parkin 2011; Sharma et al. 2014).
A number of genetic linkage maps have been
generated, largely focusing on commercially
important Brassica species.

Recently, genotyping-by-sequencing (GBS),
genetic diversity panels are being utilized for
genome-wide association studies. A better potent
approach for studying plant species is associative
transcriptomics (AT), because it utilizes tran-
scribed sequences. RNA-sequencing is used to
measure the transcript abundance, and to identify
gene sequence variants (including hemi-single
nucleotide polymorphisms (SNPs), which are
unique to polyploid species) (Harper et al. 2012).

5.4.1 Analysis of Population
Structure

Population constitution can be predicted by var-
ious algorithms, e.g., Bayesian Markov chain
Monte Carlo model (MCMC). STRUCTURE
software is used to calculate the number of sub-
population present within a population (Pritchard
et al. 2000). Principal component analysis
(PCA) is used for the clustering of the groups in a
population. Single-nucleotide polymorphism
(SNPs) is used to discover transition or
transversion mutations taking place during natu-
ral selection. The amount of information
obtained from SNP marker system may be highly
informative (PIC > 0.05), moderate informative
(PIC 0.25–0.5), and less informative (PIC
value < 0.25). PIC stands for polymorphism
information content which indicates the genetic
properties of SNPs present in a population. The
various studies on population structure and
genetic relationship in different Brassica spps.
are presented in the next section.

5.4.1.1 Advances in Genetic Diversity
and Relationship
in Brassica juncea

Identification of the genetic bases for trait vari-
ation, beneficial alleles, and molecular markers
for the selection of elite cultivars is a key aim in
pre-breeding. The use of RAPD is of great suc-
cess in many crop species for knowing genetic
diversity relationships (DosSantos et al. 1994;
Thormann et al. 1994; Shengwu et al. 2003;
Sabina et al. 2006). Additional techniques
branching out from PCR such as amplified
fragment length polymorphism (AFLP) (Qi et al.
2008), inter-retrotransposon amplified polymor-
phism (IRAP) (Novakova et al. 2009), simple
sequence repeat (SSR) (Verma et al. 2021), and
inter-simple sequence simple repeat (ISSR)
(Faisal et al. 2021) are being extensively used to
study genetic variability among diverse B. juncea
(Karp 1997). SSR markers-based approach used
to study the effect of stem rot disease by 69
strains of Sclerotinia sclerotiorum on B. juncea
revealed that all the isolates were genetically
diverse (Sharma et al. 2018). Studies based on
isozymes, morphological traits, the protein pre-
sent in seed, and DNA markers are well known
(Paterson et al. 1991; Shengwu et al. 2003).
A study of forty-two genotypes of Brassica
species for genetic diversity using RAPD, ISSR,
and 5′-anchored simple sequence repeat (ASSR)
markers revealed a high degree of interspecific
polymorphism (Kalita et al. 2007). DNA profiles
could not identify all the B. juncea genotypes
independently however, collective DNA profile
consisting of 125 markers could differentiate
individual Brassica genotypes. Absence of intra-
varietal heterogeneity for a set of five B. juncea
varieties suggested utility of ASSR profiles in
varietal identification and differentiation.

A study was carried out for evaluating geno-
mic sequence-tagged microsatellite site (STMS)
markers developed earlier in Brassica napus,
B. oleracea, B. rapa, and B. nigra for their use in
B. juncea and B. carinata (Yadava et al. 2009).
100 STMS markers used revealed high cross-
transferability in Brassica species including
B. carinata (91.6%) and B. juncea (87.5%)
suggesting the prospect of utilizing these markers
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for genome analysis where no such markers are
available. Interspecific polymorphism was much
higher than the intraspecific polymorphism. The
polymorphic markers are observed to play sig-
nificant role in establishing the distant relation-
ships among six different species of Brassica and
two closely related genera.

Brassica juncea genotypes including
varieties/pure lines were evaluated for genetic
diversity from different agro-climatic zones of
India and few exotic genotypes (Australia,
Poland and China). SSR markers specific to the
A and B genomes were used along with the
phenotypic data on 12 yield and yield con-
tributing traits. Based on principal component
analysis (PCoA) it was found that the grouping
of genotypes based on SSR marker data was
more realistic than that based on the phenotypic
data. Hence, SSR markers are superior to quan-
titative traits in discriminating B. juncea geno-
types (Vinu et al. 2013).

SSR markers were used for genetic diversity
evaluation in a germplasm collection of 59
accessions leafy mustard (B. juncea var. rugosa).
482 alleles were identified by 55 SSRs and the
number of alleles varied from 1 to 8 with an
average of 3.11 alleles per marker. 78.70%
(122) SSRs resulted in polymorphic amplicons.
PIC value ranged from 0.32 to 0.77 with a mean
of 0.44 per SSR locus. Dendrogram analysis
grouped all the 59 accessions into two major
clusters based on both agro-morphological traits
and SSR markers. However, three subpopulations/
subgroups were predicted by population
STRUCTURE analysis (Sharma et al. 2020).

Resynthesized Brassica genomes, by artifi-
cially hybridizing diploid donors have poor
breeding value, as a result of linkage drag asso-
ciated with the parental genotypes. Gupta et al.
(2015) resynthesed Brassica genomes through
allotetraploid hybridization. A and B genomes in
B. napus and B. carinata, respectively, were
combined to resynthesize B. juncea. The progeny
of allotetraploid hybridisation was analyzed
based on the DNA polymorphism generated
using 108 locus-specific SSR primers.
These SSR markers helped to identify different
pools of allelic diversity. The progenies with

determinate plant growth habits aligned closely
with the B genome of B. carinata. The indeter-
minate group showed a greater genetic affinity
with the B. juncea.

Therefore, inherent breeding strategies com-
bined with genetic diversity would allow a more
accurate prediction of heterosis. Besides, gener-
ating new variabilities of higher economic
importance, the method of developing amphi-
ploidy is another great option for establishing
heritable variation across Brassica species
(especially digenomes) (Gupta et al. 2015).

Identifying molecular markers in linkage dis-
equilibrium with trait-controlling loci is now a
well-known tool (Atwell et al. 2010; Cockram
et al. 2010; Tian et al. 2011; Zhao et al. 2011).
However, these markers are getting limited in use
now due to time and cost restrictions. Innovative
and superior techniques are being used in this
day and age. A genome-wide association study
(GWAS) is defined as any study of genetic
variation across the entire genome that is
designed to identify genetic associations with
observable traits such as yield, height, and dis-
ease. Genetic variants across the genomes of
many individuals tested by GWAS to identify
genotype–phenotype associations. GWAS seek
to identify the single nucleotide polymorphisms
(SNPs, pronounced “snips”) that are common to
the genome, and to determine how these poly-
morphisms are distributed across different pop-
ulations. Among molecular markers, SNPs are
the most robust markers and are ubiquitously
used. SNPs have high heritability, biallelic nat-
ure, and stable distribution. Genotyping-by-
sequencing (GBS), which is to identify genetic
variants and quickly genotype samples, reduces
genome complexity by using restriction enzymes
to divide the genome into fragments whose ends
are sequenced on short-read sequencing plat-
forms. GWAS and GBS are among the latest
trends for studying genetic diversity and popu-
lation structure.

The genetic architecture of oil, protein, and
glucosinolates was evaluated by conducting a
genome-wide association study (GWAS), using
92 diverse genotypes for two levels of nitrogen
(N) application. Genotyping-by-sequencing
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(GBS) identified 66,835 loci, spread over 18
chromosomes revealing high genetic diversity,
and phenotypic variations, and 16, 23, and 27
loci found associated with oil, protein, and glu-
cosinolates, respectively. Functional candidate
genes orthologs (21no.) related to the biosyn-
thesis of oil, protein, and glucosinolates were
also identified (Akhatar et al. 2020).

Agronomic traits are evaluated by numerous
quantitative trait loci (QTLs) that can have
pleiotropic effects. A multiparent advanced gen-
eration intercross (MAGIC) population of
B. juncea was derived from eight B. juncea lines.
The diversity in agronomic and quality traits was
used for the assessment of multiple QTLs for
complex agronomic traits in B. juncea. Twenty-
two QTLs for nine seed-related traits were
identified including one each for oil content, seed
number per silique, and thousand-seed weight
(Zhao et al. 2021).

Timely flowering and maturity are important
for agronomic adaptation and productivity of
Indian mustard (B. juncea). These traits involve
complex genetic and environmental interactions.
A population of 92 diverse genotypes of mustard
was used to analyze under deficient (N75), nor-
mal (N100), or excess (N125) nitrogen applica-
tion. It was observed that the lower nitrogen
induced early flowering and maturity in most
genotypes, whereas high nitrogen delayed both.
GBS identified 406,888 SNPs. 282 marker-trait
associations were identified.

Annotation of genomic region (50 kb within
the peak SNPs) led to the prediction of 30
potential genes involved in light signal percep-
tion, floral meristem identity, flowering regula-
tion, circadian rhythm, GA3 pathways, plant
growth, and development. More than one copy of
each gene, i.e., AP1, AGL24, FRI, FVE, GNC,
and GID1A related to above-mentioned processes
were present. FLC and CO were predicted on
chromosomes A02 and B08, respectively
(Akhatar et al. 2021).

Genome-wide identification of receptor-like
kinases (RLK) and receptor-like proteins (RLP)
genes was done by using the RGAugury pipeline
(Yang et al. 2021). Though several candidate
genes were identified in the B. juncea genome,

however, only nine RLKs and two RLPs were
observed in B. juncea.

Phenotypic variations for pod length, number
of seeds per pod, and pod shattering were
assessed in large collections of B. juncea and
B. rapa and B. nigra germplasm. Pod shatter
resistance was defined as the energy required for
rupturing a mature dry pod. Rupture energy
(RE) was found to be in the range of 3.3–11.0 mJ
in B. juncea. Genome = wide association studies
with select sets of B. juncea and B. rapa lines
predict the role of FRUITFULL, MANNASE7,
and NAC secondary wall thickening promoting
factor (NST2) in the genetic regulation of shatter
resistance in B. juncea (Kaur et al. 2020). Simi-
larly, 300 BjuNAC genes were identified in
B. juncea var. tumida, of which 278 were map-
ped to specific chromosomes (Jiang et al. 2021).

Genotyping-by-sequencing approach (DArT-
seq) was conducted to understand subgenome
differentiation in B. juncea in comparison to
other A genome-carrying Brassica species
(B. rapa and B. napus). A dense genetic linkage
map of B. juncea was constructed using an F2
population derived from Sichuan Yellow/purple
mustard and population. The map integrated
3329 DArT-seq markers on 18 linkage groups
and covered 1579 cM with an average density of
two markers per cM. Comparative analyses
among the three A subgenomes revealed 30
potential inversion events across large segments
and 20 potential translocation events. Population
genetics of Brassica species carrying three
A-genome suggest that B. juncea is distinct in
terms of genomic diversity, and/or has originated
from a different progenitor of B. napus (Zou et al.
2016).

5.5 Conclusion

Large number of accessions of Brassica spps.
with wider genetic variability for different traits
of economic importance are available globally.
The need of the day is to have well-characterized
trait-specific germplasm with genomic informa-
tion which can be used in precise breeding pro-
grams with ensured introgression of the gene(s)/
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QTL of interest. Efforts in this direction have
been made, but more emphasis has been given
into B. napus and B. rapa. The spp. like
B. juncea and other oilferous Brassica spps have
not been fully characterized and genomic
resources associated with these species are
scanty. Likewise, though the population structure
information in different Brassica spp. is avail-
able, but further efforts are required for generat-
ing information for use in crop improvement
programs of various Brassica spps.
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6Classical Genetics and Traditional
Breeding in Brassica juncea

Gurpreet Kaur, V. V. Singh, K. H. Singh,
Priyamedha, Indu Rialch, Mehak Gupta,
and S. S. Banga

Abstract

Brassica juncea, known as the Indian mustard,
was initially confined to Indian sub-continent.
It is becoming a crop choice for drier ecologies
in Australia, Canada and northern United
States. The increase in seed yield, oil content,
resistance to biotic and abiotic stress and
canola quality are the major breeding objec-
tives. Both conventional and induced varia-
tions have been used to meet stated objectives.
However, response to directed selection for
productivity-related traits has been low due to
a narrow genetic base of germplasm used for
varietal development. This is inspite of the
availability of a large number of germplasm
accessions in many gene banks. Genetic

diversity analysis has divided B. juncea
germplasm into east European and Indian gene
pools. Efforts have also been made to broaden
the base of genetic diversity through the
resynthesis of B. juncea and alien introgres-
sions. Hybrids based on cytoplasmic male
sterility have been developed, but there is a
need to further enhance the level of yield
heterosis in these hybrids. Integration of
biotechnological and genomics tools like dou-
bled haploid, soma clonal variation, molecular
markers, genetic engineering and gene-editing
is expected to accelerate the pace of varietal
development and sustainability of productivity
by incorporating genes for disease and insect
resistance in agronomically superior cultivars.

6.1 Introduction

The crop Brassicas belongs to the family Bras-
sicaceae earlier known as Cruciferae. It includes
over 300 genera and 3,709 species (Warwick
et al. 2006). This family also includes six crop
Brassica species, which are cultivated throughout
the world as oilseed, vegetables, condiments, and
fodder crops (Dixon 2007). Of these, Brassica
rapa (AA genome, n = 10), Brassica nigra (BB,
n = 8) and Brassica oleracea (CC, n = 9) are
diploids, whilst Brassica juncea (AABB,
n = 18), Brassica napus (AACC, n = 19), and
Brassica carinata (BBCC, n = 17) are allote-
traploids. B. juncea and B. napus are major
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edible and industrial oilseed crops and both
winter and spring forms are cultivated in different
regions of the world. Winter type of B. napus
predominates in Europe, China, and eastern
United States, whilst spring forms are grown in
Canada and Australia. In China, winter type of B.
juncea is grown but it is now being replaced by
high yielding B. napus. Spring types of B. juncea
are mainly confined to the Indian sub-continent.
More recently, it has also become an option for
drier ecologies of Australia, Canada and in
northern United States. Globally, oilseed Bras-
sicas ranks third after soybean and palm. During
2019–20, the area, production and yield of
rapeseed and mustard in the world were 36.11
million hectares (m ha), 71.81 million tonnes and
1988 kg/ha, respectively (USDA 2021). India
ranks fourth in the edible oil sector after the US,
China, and Brazil and accounts for 19.8% and
9.8% of the total acreage and production,
respectively (USDA 2021).

Brassica juncea known as Indian mustard in
the trade is the principal winter oilseed crop of
India. It accounted for about 75–80%of the 6.85m
ha under rapeseed-mustard crops during the 2019–
20 crop season. Average productivity for
rapeseed-mustard crop in India is 1331 kg/ha
(SOPA 2021), which is lower than the interna-
tional productivity levels recorded in B. napus.
Crop breeding programme is now focussed on
broadening the genetic base of this crop by accu-
mulating superior alleles for productivity, diseases
and insect-pest resistance from primary and sec-
ondary gene pools. It will not only help increase
productivity but also impart stability and wider
adaptability to the crop. This chapter describes the
genetic diversity, attempts at broadening the
genetic base by exploiting related species, trait
variation and genetics, conventional and heterosis
breeding to develop varieties and hybrids.

6.2 Geographic and Genetic Origins

Brassica juncea (AABB) is an ancient polyploid
originated from independent multiple hybridiza-
tions between diploid B. rapa (AA) and B. nigra
(BB) followed by polyploidy (Prakash and

Hinata 1980; Kaur et al. 2014). Multiple
hybridizations may have occurred in the sym-
patric distribution area of middle East and its
adjoining area as well as in eastern Europe and
China (Burkill 1930; Olsson 1960; Vaughan
et al. 1963; Axelsson et al. 2000; Spect and
Diederichsen 2001; Prakash et al. 2009). Based
on diversity, Vavilov (1949) proposed Afghani-
stan and neighbouring territories as the primary
origin centre, with Asian Minor, central or
western China, and eastern India as secondary
origin centres. Separate origins have been
hypothesized for the Chinese foliage and Indian
oleiferous forms of B. juncea (Vaughan et al.
1963; Vaughan 1977). Duhoon and Koppar
(1998) have opined an Indian origin for this
crop. Indian and oriental mustard were reported
to be close to progenitors B. rapa and B. nigra,
respectively (Vaughan et al. 1963; Vaughan
1977; Prakash et al. 2009). Taxonomic, mor-
phological and molecular investigations have
confirmed multiple independent hybridization
events with cytoplasm from B. rapa (Uchimiya
and Wildman 1978; Banga et al. 1983; Erickson
et al. 1983; Palmer et al. 1983; Warwick and
Black 1991; Pradhan et al. 1992). Sequential
variation of internal transcribed spacer regions of
ribosomal DNA has allowed the grouping of
vegetable B. juncea of Chinese origin along with
its parental species into two clades. One clade
contains vegetables forms with homology with
B. nigra, whereas as other clade contained only
oilseed forms of B. juncea. These clearly con-
tradicted the theory of uni-directional hybridiza-
tion regarding origin of B. juncea (Qi et al.
2007). Polyphyletic origin of B. juncea with
cytoplasms from both diploid species, B. rapa
and B. nigra have also been confirmed by SSR
markers specific to cytoplasmic organelle. Two
major plasmotypes, with one group represented
B. nigra lineage, whereas and other group
included species/genotypes belonging to B. rapa/
B. oleracea lineage were proposed (Kaur et al.
2014). Most landraces of east European origin
shared the cytoplasmic homology with B. nigra
indicated that B. nigra may have contributed
cytoplasm of east European B. juncea. Chen
et al. (2013) also reported the two groups based
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on SSR markers, with group I mainly comprised
east European types with few genotypes from
India, whereas genotypes of Indian, Australian
and Chinese origin clustered in other groups.

6.3 Genetic Diversity

Studies on the genetic diversity have been con-
ducted at the cytological, molecular, biochemical
and morphological levels in B. juncea. Extensive
literature available on genetic diversity of Bras-
sica species is based on morphological traits but
most of these studies lacked a global diverse
collection and were conducted on small and
indigenous collections (Shalini et al. 2000;
Ghosh and Gulati 2002; Goswami and Behl
2006; Singh and Srivastava, 2006; Kumar et al.
2007; Lodhi et al. 2013; Shekhawat et al. 2014;
Singh et al. 2018). Diversity analysis in a
germplasm set comprising resynthesized B. jun-
cea (Prakash 1973) and genotypes from India
and east European origins indicated that the
maximum divergence existed between Indian
and east European genotypes (Pradhan et al.
1993). East European genotypes possessed vari-
ation for yellow seed colour, resistance to white
rust, seed quality traits, oil content along with
morphological traits like branching and pod
number (Pradhan et al. 2003). Traits like early
flowering, dwarf height, long siliquae, bold seed
and resistance to pod shatter can be exploited
from Indian germplasm pool (Ramchiary et al.
2007b). Singh et al. (2014) reported significant
variability for all agronomic traits. However, leaf
and phenological traits contributed maximum
towards variability. A broad range of dispersion
for maturity duration may be attributed to the
adoption of Indian mustard under diverse envi-
ronmental conditions prevailing in distinct eco-
geographies, broadly representing sub-temperate,
sub-tropical and semi-arid climatic conditions.
Bulk of the crop is cultivated under sub-tropical
and semi-arid regions of India. Varieties bred at
centres located in these regions tended to be
grouped together representing medium plant
height, maturity and broad leaf characteristics.
Genotypes of tropical conditions possess short

plant stature as well as maturity. Traits like oil
content show limited variation and necessitates
utilization of diverse sources for expanding the
range of variation. Similarly, diversity in matu-
rity duration was also observed, whilst assessing
the 60 germplasm lines representing 27 Indian, 8
Chinese and 25 Australian genotypes using
morpho-physiological and quality characters
(Meena et al. 2014a). Many Chinese accessions
were late in maturity and failed to set seed under
Indian conditions. On the basis of quality char-
acteristics, Indian genotypes in general possessed
higher erucic acid (31.5–52.5%) and low oleic
acid (6.0–18.1%) as compared Australian geno-
types with low erucic acid (<2%) and high oleic
acid (29.7–58.4%). Similarly, glucosinolates
(GLSs) content in Indian germplasm was higher
(75–136.6 µ moles/g defatted seed meal) than
the germplasm from Australia (up to 30 µ
moles/g defatted seed meal). Phylogenetic anal-
ysis with molecular markers further substantiated
the presence of the two gene pools (Jain et al.
1994; Srivastava et al. 2001; Burton et al. 2004).
Polymorphism generated by genome specific
SSR markers also revealed a broad genetic
diversity, with oilseeds forms being grouped into
two clusters. Central and western Indian geno-
types clustered in group I along with the germ-
plasm from eastern China, whereas group II
comprised genotypes from Europe, Australia,
northern and eastern India along with genotypes
from central and western China (Chen et al.
2013). In another study, population structure
analysis based on molecular markers grouped a
diverse germplasm set of 122 geographically
diverse accessions into two clusters (Kaur et al.
2014). A considerable number of Indian, Chi-
nese, and Australian genotypes formed a group
distinct from some genotypes Indian and East
Europe origin. Few studies included both mor-
phological as well as molecular datasets on
geographically diverse accessions. Majority
divided the B. juncea germplasm into two major
clusters. 59 accessions of leafy mustard (B. jun-
cea var. rugosa) could be divided into two groups
on the basis of genetic distance generated with
the help of morphological and SSR markers,
whereas population structure analysis revealed
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three sub populations (Sharma et al. 2020). Many
studies have been attempted to find correlation
between genetic and geographic diversities
(Gupta et al. 1991) as well as genetic diversity
and heterosis (Gupta et al. 1991; Krishna and
Ghose 1992). Sodhi et al. (2006) found maxi-
mum heterosis between genotypes belonging to
Indian and East European pools. In some cases,
intermediate diversity was found to be important
for heterosis (Ghosh and Gulati 2002), however,
lack of association between genetic distance and
heterosis was also reported (Thakur and Zarger
1989; Ali et al.1995; Acharya and Swain 2003).
Diverse genotypes were also observed from the
same geographical region (Verma et al. 2000).

6.4 Broadening the Genetic Base

Continual exploration and effective utilization of
novel genetic variation by crop breeders is
imperative to meet the immediate and future
challenges of food and nutritional security.
Genetic manipulation of conventional gene pool
by introducing variability from progenitor spe-
cies following resynthesis approach or intro-
gressing variation from the relative species are
the alternate options when traits of interest do not
exist in a crop species (Prakash et al. 2009;
Meyer et al. 2012; Zhan et al. 2017; Gupta and
Banga 2020).

6.4.1 Resynthesized B. juncea

Considerable efforts have been made in the past
to reconstruct Brassica allopolyploids by com-
bining their constituent genomes from related
species (Prakash et al. 2009; Pires and Gaeta
2011). Resynthesized B. juncea was first gener-
ated with an aim to experimentally verify its
origin from interspecific crossing between then
putative genome donor species namely B. rapa
and B. nigra (Nagaharu 1935). Subsequently, the
prime objective shifted to meet the necessity of
augmenting the available genetic variation or
reintroduce some specific traits from diploid
progenitor species. B. juncea allotetraploids were

repeatedly resynthesized through reciprocal hand
pollinations between the selected genetic variants
of the diploid progenitors (Frandsen 1943;
Ramanujam and Srinivasachar 1943; Olsson
1960; Prakash 1973; Song et al. 1993, 1995;
Axelsson et al. 2000; Srivastava et al. 2001,
2004). However, resynthesized genotypes using
B. rapa as female parent were easier to develop
(Song et al. 1993). Most resynthesized genotypes
displayed meiotic instability, reduced pollen
viability and seed set in early generations, which
considerably improved upon selection in
advanced generations (Olsson 1960). Hassan and
Rahman (2018) developed clubroot resistant B.
juncea by resynthesizing it using a resistant
genotype of B. rapa in crossing with two sus-
ceptible lines of B. nigra. Concurrently, the
purpose was also to elicit novel genetic and
phenotypic variability ensuing from interge-
nomic recombination between the chromosomes
of constituent parental species and other poly-
ploidy associated consequences (Song et al.
1995). Undoubtedly, resynthesized genotypes
were recognized as good diversity conduits as
revealed by allozyme and molecular marker
studies to genetically enrich crop Brassica (Song
et al. 1993; Srivastava et al. 2004). Bansal et al.
(2012) reported high heterosis for seed yield in
crosses between resynthesized lines and crop
cultivars of B. juncea. But, despite enormous
efforts, resynthesized genotypes could not be
established for direct as release as crop cultivars
or parents of mustard hybrids. Apparent reasons
for low breeding value of resynthesized geno-
types could be the associated genetic or pheno-
typic instabilities and linkage drag (Bansal et al.
2009; Banga and Kaur 2009). More innovative
sort of genetic resources named derived B. jun-
cea were developed by combining A genome of
B. napus with B genome of B. carinata (Gupta
et al. 2015). Authors confirmed the superior
agronomic performance and excellent heterosis
inducing potential of the developed germplasm.
They reasoned that two of the three diploid
progenitor species (i.e. B. nigra and B. oleracea)
employed in alloploids resynthesis were never
domesticated or bred as oilseed crops. Whereas,
three Brassica allopolyploids have been specially
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evolved or bred as oilseed crops in different
ecological habitats. Additionally, the approach
tended to generate a type of genetic variation
distinct from what was available in primary gene
pool or in resynthesized germplasm utilizing
diploid progenitors. A new class of B. juncea
showing determinacy was also identified from
the produced variation. Gene for determinacy
(Sdt1-an orthologue of Arabidopsis terminal
flower 1 (TFL1) was mapped and cloned by the
same research group (Kaur and Banga 2015).
This gene was also transferred to various diverse
male sterile and restorer genotypes of B. juncea
for development of productive determinate
hybrids. Currently, some of the determinate
mustard hybrids are under evaluation phase.

6.4.2 Alien Introgressions

Partial introgression of alien genome components
from related wild species is another approach to
augment genetic diversity of primary gene pool
for desired traits (Kaneko and Bang 2014; Li and
Wang 2017). Brassica coenospecies (an assem-
blage of species from 14 genera-Diplotaxis,
Brassica, Eruca, Erucastrum, Hirschfeldia,
Coincya, Sinapis, Sinapidendron, Trachystoma,
Rytidocarpus, Moricandia, Pseuderucaria,
Raphanus, Enarthocarpus) along with other
species of the Brassicaceae family constitute a
goldmine of genetic diversity and trait novelty
that can be explored to enrich the germplasm
base of cultivated Brassicas (Gomez-Campo
1999a, b; Warwick et al. 2000; Prakash et al.
2009). These are extremely valuable genetic
resources for diverse nuclear and cytoplasmic
encoded traits like resistance to various insect-
pests, diseases, salinity, water and heat stresses
(Prakash et al. 2009). Stable and diverse allo-
plasmic CMS lines could be synthesized by
substituting the cytoplasm of crop species with
the wild species for hybrid seed production in
rapeseed-mustard crops (Banga et al. 2015).
There are two important prerequisites that must
be met for the effective exploitation of wild rel-
atives for crop upgradation—(1) synthesis of
interspecific hybrids after overcoming pre- and

post-fertilization barriers and (2) transfer of alien
chromatin from wild to crop genome via
homoeologous recombination or chance chro-
mosome breakages and fusions (Gupta and
Banga 2020). One can initially attempt some of
the simple known approaches such as the
including a broader sample of germplasm varia-
tion to use as parents of the wide hybrids,
reciprocal crossing, bud and stump pollination,
use of mentor pollen and application of various
growth regulators to improve hybrid seed set
(Batra et al. 1990; Li et al. 1995; Ahuja et al.
2003; Tonosaki et al. 2013). If post fertilization
obstacles persist, then tissue culture interventions
such as embryo rescue and somatic hybridization
can be employed to overcome species barriers
(Harberd and McArthur 1980; Zenkteler 1990;
Garg et al. 2007; Kaneko et al. 2009; Mohanty
et al. 2009). In Brassicas, a broad range of
interspecific, intergeneric and even intertribal
hybrids have been obtained using somatic fusion
techniques (Lelivelt and Krens 1992; Lelivelt
et al. 1993; Narasimhulu et al. 1994; Skarzhin-
skaya et al.1996; Hu et al. 2002). Achieving
integration of alien genome components from
wild relatives into stable karyotypes of cultivated
Brassica species is the next major constraint.
Many times, only monosomic or disomic addi-
tion lines with desired traits were achieved after
repeated backcrossing, no introgression lines
could be recovered. Very few cases are found in
literature where introgressions for desired traits
have been demonstrated in the recipient genome
background of crop species. For example,
euploid B. juncea carrying genomic fragments
from two wild species B. fruticulosa and E.
cardaminoides has been established showing
varying levels of resistance to Sclerotinia stem
rot (Rana et al. 2017, 2019; Atri et al. 2019).
Introgression genotypes of B. juncea with alien
segments from B. fruticulosa showed resistance
to aphid infestation (Kumar et al. 2011; Atri et al.
2012). It may also be possible to manipulate
recently identified pairing control locus
(BnaPh1) in Brassica as is done for Ph1 locus in
wheat to promote homoeologous recombination
between alien and crop chromosomes (Higgins
et al. 2021). Severe linkage drag (negative effects
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associated with desirable targeted genes) is the
next problem that prevents practical utilization of
introgressed germplasm for crop improvement.
Linkage drag is primarily caused by physical
linkages of unwanted chromatin with the intro-
gressed chromosome fragments bearing genes
controlling the trait of interest. It is difficult to get
rid of this type of linkage drag if recombination
is suppressed between crop and wild genomes in
the introgression regions. However, mutagenesis
can be deployed to overcome linkage drag. Of
the several established B. juncea–B. fruticulosa
introgression lines, three ILs were highly resis-
tant to aphid infestation. However, these exhib-
ited poor agronomic potential, possibly due to
uncontrolled introductions of unwanted genes
along with desirable aphid resistance genes.
Cytogenetic and in silico studies also revealed
large segment substitutions in these introgression
lines. These alien fragment substitutions could be
physically disrupted by irradiating seeds of
introgression lines with a heavy dose of gamma
irradiation (200kR) (Agrawal et al. 2021).
Another potential approach that can be followed
to obviate the linkage drag is the marker assisted
introgression of targeted fragments from the wild
species. It will be advantageous to genetically
map and clone the targeted genes in the wild
species itself. Prior knowledge on the genetic
basis of desirable trait to be introgressed may
increase the chances of recovering the intro-
gression lines with least possible linkage drag.

6.5 Breeding Objectives

Major objectives of mustard improvement pro-
gramme are:

6.5.1 High Seed and Oil Yield

High seed and oil yield are the key breeding
objectives, which have been sought to be
achieved by broad basing the hybridization pro-
gramme, resynthesis of B. juncea and develop-
ment of CMS based hybrids.

6.5.2 Early Maturity

Early maturity is an important objective for
multiple cropping sequences. Early maturing
toria, yellow sarson, brown sarson and mustard
are required for north eastern and eastern parts of
the country depending upon agro-ecology and
crop sequence.

6.5.3 Oil and Meal Quality

Quality of oil is defined by fatty acid composi-
tion, whereas quality of seed meal is determined
by higher quality and quantity of seed protein
with minimum amount of anti-nutritional com-
ponents. Mustard oil is characterized by high
amount of erucic acid (50%) in its oil. Con-
sumption of higher amount of mustard oil having
high erucic acid (>2%) is arguably associated
with myocardial infractions, lipidosis, etc.
(Ackman et al. 1977). Therefore, breeding for
low erucic acid conforming to international
norms is one of the major objectives. The pres-
ence of high GLSs content in seed meal is
growth inhibiting factor in animals and poultry
when used as feed (Tripathi and Mishra 2007).
As per international accepted quality norms, it is
desirable to reduce erucic acid content below 2%
and glucosinolate content in seed meal < 30
micro moles/g defatted seed meal.

6.5.4 Resistance to Biotic and Abiotic
Stresses

Current mustard cultivars are susceptible to many
biotic (white rust, stem rot, Alternaria blight,
powdery and downy mildew) and abiotic
(drought, heat, salinity) stresses. Alternaria
blight is one of the most important diseases of
this crop. The yield losses due to Alternaria
infections varied between 11 and 100%
depending upon stage of crop, environmental
conditions and management strategies (Kolte
1985; Tewari and Conn 1993; Verma and
Saharan 1994; Seidle et al. 1995; Meah et al.
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2002; Prasad et al. 2003; Mondal et al. 2007).
Shrivelling of siliquae and seeds, reduction of
seed size; oil content are some of the major
manifestations of Alternaria infections. No
source of resistance to this disease is available in
cultivated germplasm. White rust, caused by
Albugo candida, is prevalent in many parts of the
world, including India. Many Albugo pathotypes
have been reported but situation regarding the
domineering races is still unclear (Dev et al.
2020). Host resistance is available in Brassica
germplasm for white rust. Stem rot is a serious
threat, particularly in mono-cropping areas.
A wide host range of a pathogen complicates
breeding for resistant cultivars. Mustard aphid
(Lipaphis erysimi) is a major pest and has been
reported to cause 10–90% yield losses depending
upon phenological stage of infestation and
environmental conditions (Rohilla et al. 2004;
Rana 2005; Ahuja et al. 2009; Kular and Kumar
2011; Deka et al. 2017; Kumar 2017).

Drought, heat, frost and salinity are important
abiotic stresses, which affect rapeseed-mustard
production. Rain fed area suffers from water
stress at one or more phenological stages
depending upon moisture availability in the root
zone. Yield reductions due to water stress may
range from 17 to 94% in this crop (Chauhan et al.
2007b). High temperature stresses at terminal
and crop establishment stages also cause signif-
icant yield losses. Salinity reduces crop yields of
oilseed Brassica through reduced seedling
emergence and yield losses due to impaired
physiological or metabolic processes.

6.6 Germplasm Variation and Trait
Genetics

6.6.1 Yield and Its Components

Yield is a complex trait with many contributing
traits. These include: number of siliqua bearing
branches, length of siliqua, seeds per siliqua,
seed size, etc. These contribute directly or indi-
rectly towards overall yield. Hence, these traits
can be used as indirect measures of selection for
yield (Smith 1936; Hazel 1943). Productivity can

be improved by substituting bottle-neck loci with
more efficient alleles (Banga and Banga 2009).
Genetics of yield contributing traits are summa-
rized in Table 6.1.

6.6.2 Biotic Stresses

6.6.2.1 White Rust
Genotypic (host) variability exists for white rust
resistance. Many donor sources, BIOYSR,
NRCDR 515, have been registered for white rust
resistance (Chauhan et al. 2011b). Resistance to
white rust has also been observed in wild Bras-
sicaceae species including: Brassica fruticulosa,
Crambe abyssinica and Thlaspi arvense. Bras-
sica tournefortii and some species of genus
Diplotaxis and Sinapis are moderately resistant
(Saharan et al. 1988; Dang et al. 2000). Mono-
genic dominant resistance was reported in B. ni-
gra, B. rapa, B. juncea and B. carinata (Singh
et al. 2021). It was also possible to map locus
AcB1-A4.1 to a linkage group A4, and locus
AcB1-A5.1 to linkage group A5 in B. juncea. In
both instances, closely linked flanking markers
were identified based on synteny between Ara-
bidopsis and B. juncea (Panjabi-Massand et al.
2010).

6.6.2.2 Stem Rot
Stem rot (S. sclerotiorum) is emerging as a
devastating disease causing severe losses in B.
juncea. No variability for stem rot has been
reported in the cultivated germplasm of Brassica.
The maximum level of field tolerance in rapeseed
was reported in Chinese B. napus cultivars
Zhongyou 821 and Zhongshuang No. 9 (Li et al.
1999; Wang et al. 2004). Additionally, partial
resistance has been identified in some of the
genotypes, ZY004 and 06-6-3792 of B. napus
(Zhao et al. 2006; Gyawali et al. 2016; Wu et al.
2016) and B. juncea from China, Australia (Li
et al. 2009) and India (Singh et al. 2008). Navabi
et al. (2010a, b) reported a usable level of
resistance in B. nigra and B. carinata lines.
Resistance to Sclerotinia in oilseed Brassicas has
been reported to be governed by a complex
interplay of multiple minor genes (Disi et al.
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2014). Moderate resistance was identified in
B. rupestris, B. incana, B. insularis and B. villosa
(Mei et al. 2011, 2013). Additionally, a promis-
ing high level of resistance to Sclerotinia
has been documented in the related wild crucifer
species B. fruticulosa, B. oxyrrhina,

B. parachinensis, B. tournefortii (Uloth et al.
2013), E. cardaminoides, E. abyssinicum, D.
tenuisiliqua (Garg 2010), Capsella bursa-
pastoris (Chen et al. 2007). B. fruticulosa and
E. cardaminoides have been utilized for transfer
of genes in cultivated background of B. juncea.

Table 6.1 Inheritance of economically important traits of B. juncea

Traits Inheritance References

Yield and
its attributed
traits

Plant height
Number of
primary branches
Number of
secondary
branches
Length of main
shoot
Number of seeds
per siliqua
Length of siliqua
1000-seed weight

Additive Yadav et al. (1974), Asthana and Pandey (1977),
Kumar and Singh (1987), Chauhan (1987), Yadav
et al. (1992), Malkhandale (1993), Pradhan et al.
(1993), Singh et al. (1996b), Kumar et al. (1998),
Zhang et al. (2010)

Days of 50%
flowering
Number of seeds
per siliqua
Seed yield per
plant
Oil content

Non-additive Labana et al. (1975), Labana et al. (1987), Yadav
et al. (1992), Pradhan et al. (1993), Kumar et al.
(1998)

Biotic
stresses

White rust Monogenic dominant
gene

Mukherjee et al. (2001), Varshney et al. (2004)

Monogenic di-allelic
(AcB1-A4.1 and AcB1-
A5.1)

Panjabi-Massand et al. (2010)

Alternaria blight Quantitative
(PR1, PR2, PR3, NPR1,
PDF1.2 genes for
resistance)

Nayanakantha et al. (2016)

Stem rot Multiple loci Rana et al. (2017, 2019), Atri et al. (2019)

Abiotic
stresses

Drought and high
temperature

Non additive gene
action

Cheema and Sadaqat (2004)

Salinity Additive and non-
additive gene action

Thakral and Prakash (1998)

Quality
traits

Oil content Polygenic additive Cheung et al. (1998), Mahmood et al. (2006),
Yadava et al. (2012)

Oil quality:
Erucic acid

Two additive genes Kirk and Hurlstone (1983)

Digenic and additive
(FAE1 genes)

Gupta et al. (2004)

Seed meal
quality:
Glucosinolate
content

Two to eight genes
(Polygenic additive)

Love et al. (1990), Stringam and Thiagarajah (1995),
Sodhi et al. (2002), Chauhan et al. (2007a),
Ramchiary et al. (2007a)
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Two sets of introgression lines, B. juncea–B.
fruticulosa and B. juncea–E. cardaminoides have
been developed, which revealed significant
variation for stem rot. GWAS on both set of
introgressions studies led to identification of
candidate genes. Annotation of candidate genes
revealed the role of anti-fungal proteins,
metabolites, hypersensitive reaction and signal
transduction pathways, TIR-NBS-LRR class,
Chitinase, Malectin/receptor-like protein kinase,
defensin-like (DEFL), desulfoglucosinolate sul-
fotransferase protein and lipoxygenase (Rana
et al. 2017, 2019; Atri et al. 2019).

6.6.2.3 Alternaria Blight
High level of resistance against A. brassicicola
and A. brassicae have not been identified
amongst the cultivated Brassica species. How-
ever, related species such as B. alba, B. carinata,
B. desnottessi, B. elongata, B. fruticulosa,
B. maurorum and B. spinescens have been found
resistant against A. brassicae (Brun et al. 1987a,
b; Tewari and Conn 1993; Hansen and Earle
1997; Chrungu et al. 1999; Sharma et al. 2002).
Some of the wilds of the Brassicaceae family
viz. Alliaria petiolata, Barbarea vulgaris, Cap-
sella bursa-pastoris, Coincya spp., D. catholica,
D. berthautii, D. creacea, D. erucoides, D.
tenuifolia, E. gallicum, E. vesicaria
subsp. sativa, Hemicrambe fruticulosa, H.
matronalis, N. paniculata, R. sativus and S.
arvensis (Conn and Tewari 1986; Conn et al.
1988; Tewari 1991; Tewari and Conn 1993;
Sharma et al. 2002; Warwick 2011) have shown
resistance to Alternaria.

6.6.2.4 Aphid
Inter-varietal hybridization, induced mutagene-
sis, or autotetraploidy failed to provide signifi-
cant resistance against aphid. Kumar et al. 2011
identified B. fruticulosa as resistant to L. erysimi
after screening of diverse array of wild crucifers.
B. fruticulosa have been used to develop B.
juncea–B. fruticulosa introgression lines
(IL) carrying genes for aphid resistance (Chandra
et al. 2004; Kumar et al. 2011). These ILs
demonstrated resistance against mustard aphid
(Atri et al. 2012). Of these, 3 ILs have been

selected with high resistance to L. erysimi.
Molecular-cytogenetic analysis has demonstrated
large translocation from B. fruticulosa to terminal
region of chromosomes A05, B02, B03 and B04
(Agrawal et al. 2021). These ILs revealed
antibiosis and antixenosis as a mechanism of
resistance against L. erysimi under artificial
infestation conditions (Palial et al. 2021).
Response to resistance has also been related with
synthesis of high level of phenols and low
amount of GLSs (Palial et al. 2018).

6.6.3 Abiotic Stresses

6.6.3.1 Drought
Production losses may range from 17 to 94% due
to drought (Mohammad et al. 1990; Chauhan
et al. 2007b). It affects photosynthesis, dry matter
accumulation, yield components, oil and protein
content (Larcher 2003; Ohashi et al. 2006; Sinaki
et al. 2007; Nasri et al. 2008; Ashraf and Harris
2013). Several physiological parameters such as
transpiration cooling, epicuticular wax on the
leaves, osmotic adjustment, thicker leaves,
canopy temperature and drought susceptibility
index (Chaudhary et al.1989; Kumar 1990; Singh
et al. 1996a; Kumar and Singh 1998; Singh et al.
2003; Chauhan et al. 2007b; Sharma et al. 2011)
were reported to be associated with drought tol-
erance. Genotypic differences for stomatal con-
ductance, osmotic adjustment and oxalic acid
exist in Brassicas (Ashraf and Mehmood 1990;
Kumar and Elston 1992; Kumar and Singh
1998). In India, several varieties, including
Aravali, PBR 97, RL91-27, Pusa Bahar, Pusa
Bold, RH 781, RH 819, RGN 48, RB 50, Shi-
vani, Vaibhav and PBR 378, have been released
for cultivation under rainfed conditions.

6.6.3.2 Temperature
Heat, especially terminal heat stress, is the sec-
ond most important stress for mustard. The crop
plants entail different heat stresses during grow-
ing phase and the extent of exposure depends
upon the varying climatic conditions. Due to
changed climatic conditions, the weather
extremes are increasing than before during crop
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growing season and increased temperature in the
near future is expected to be adverse for winter
crops like B. juncea (Qian et al. 2018). Two
genetic stocks, BPR 541-4 and BPR 543-2, have
been registered with the National Bureau of Plant
Genetic Resources (NBPGR) for high-thermo-
tolerance at terminal and juvenile stages,
respectively (Chauhan et al. 2011b). Several
varieties of Indian mustard, viz. Kranti, Pusa
Agrani, Urvashi, NRCDR 02, Pusa Mustard 25
and Pusa Mustard 27, showing good thermo-
tolerance during crop establishment stage have
been commercialized.

6.6.3.3 Salinity
Saline soils and low-quality brackish irrigation
water are additional issues for rapeseed-mustard
growers. B. juncea and other allotetraploid
Brassicas are more salt tolerant than their diploid
progenitors (Nazir et al. 2001; Kumar et al. 2009).
Photosynthetic rate, antioxidant enzyme activity,
shoot Na + level, relative cell membrane perme-
ability appeared to be associated with salt toler-
ance (Khayat et al. 2010; Munir et al. 2013). B.
juncea germplasm have been screened to identify
salt tolerant varieties (Siddiqui et al. 2009; Hayat
et al. 2011). A strong correlation was observed
between the physiological responses of the dif-
ferent species under salt stress with salt overly
sensitive (SOS) pathway-related genes (Kumar
et al. 2009). Of these, the SOS2 gene was found to
be upregulated when Brassica plants were
exposed to salt stress. B. juncea was the only
exception wherein high levels of SOS2 expression
were found even under normal conditions (Kumar
et al. 2009). RH 8814 and BPR 541-4 are
amongst genetic stocks registered for salinity-
tolerance. Several salt tolerant varieties CS 52,
CS 54, CS 56, CS 58, CS 60 and Narendra Rai 1
have been recommended for cultivation. Other
salt tolerant varieties include: Varuna, TH 68, RH
30, Pusa Bold, Kranti, CS-4, CS-15, Pant Rai
2030, PR 1002, RH 7818, DIRA 337, BM-1, LL-
84, P-15 and KS-51 (Ashraf and McNeilly 2004).

6.6.4 Oil Content

Improving the oil content and quality of B. jun-
cea has always been a priority. The oil content of
modern cultivars ranges from 37 to 42%. The
switch to yellow-seeded varieties may result in
an additional increase. Yellow-seeded varieties
of B. rapa, B. juncea, and B. carinata are
available. The genetics of oil content is compli-
cated. In addition to maternal and environmental
effects, it is influenced by a large number of
genes with additive effects (Banga and Banga
2009; Weselake et al. 2009; Wang et al. 2010).
Manipulation of photosynthetic activity in the
silique is one of the genetic alterations used to
boost oil content and fatty acid synthesis path-
way (Hua et al. 2011). Apetalous and erectophile
genotypes are thought to attract more photosyn-
thetically active radiation, and so these show
higher oil content than the conventional varieties
(Fray et al. 1996).

6.6.5 Oil and Meal Quality

Modification in content of erucic acid in Indian
mustard began with the discovery of mutants,
ZEM I and ZEM II in B. juncea (Kirk and Oram
1981). Erucic acid in mustard was later found to
be controlled by the genotype of embryo and
showed digenic inheritance with additive effects
(Gupta et al. 2004; Bhat et al. 2002). Attempts
to reduce levels of meal GLSs content in mus-
tard seeds got impetus from the development of
low GLSs line, BJ 1058 in Canada. It was
derived from interspecific cross of high GLSs
mustard genotype with Low GLSs B. rapa. Ali-
phatic GLSs in the east European lines was
controlled by two loci, whilst contribution of six
to eight loci for GLSs content have been reported
for Indian types. Maternal influence on the
heredity of GLSs complicates breeding for low
GLSs using the backcross method.
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6.7 Breeding Methods

Indian mustard is a largely self-pollinated crop,
though cross pollination up to 18 per cent has
been reported (Labana and Banga 1984; Bhajan
et al. 1991; Abraham 1994). Various selection
methods including pure line selection, mass
selection have been utilized. In pure line selec-
tion, progeny test is conducted to judge the value
of selected plant, so a new variety is expected to
be the progeny of a single, self-fertilized
homozygous plant. In contrast to pure line
selection, progeny is not tested in mass selection
and phenotypically superior plants are harvested
and bulked. Mass selection with some modifi-
cations is also followed in mustard.

6.7.1 Pedigree Method

The most common method for cultivar develop-
ment in Indian mustard is pedigree selection.
This involves hybridization between two or more
parents and selection of superior plants in F2
generation on the basis of plant phenotypes.
Selected plants are advanced through plant to
progeny rows in subsequent generations (F3–F5).
Best progenies are bulked in F6–F7 and evaluated
in multilocation replicated yield trials. It is pos-
sible to initiate replicated progeny testing in early
generations due to high seed multiplication of
this crop.

Different sorts of pedigree procedures aided
yield improvements in conventional Brassica
species (Downey and Rimmer 1993). Selection
in the segregating progenies from bi-parental,
multiple crosses or bulk-pedigree methods are
commonly followed. Visual selection in F2 on a
single-plant basis for seed yield and oil content
has proven to be ineffective, largely due to large
G � E interaction rather than a preponderance of
dominance genetic variance (Brown 1995).
Delaying the first backcross to F2 generation is
frequently advantageous since a recombination
cycle affords the opportunity to break certain
unwanted linkages (Robbelen and Nitsch 1975).
Delaying the selection until F3 or later genera-
tions or through manipulation of simple

characters or combination of characters was also
found more effective. However, the environ-
mental influence on yield components (Thurling
and Depittayanan 1992) modulates the response
to selection.

6.7.2 Recurrent Selection

It is rarely followed in mustard due to the
inability to ensure random mating. However, it is
possible to carry out recurrent selection pro-
grammes aided by genetic male sterility. The
bulked seed (selected genotypes + GMS line) is
grown in isolation for random mating. Seed is
harvested only from selected male sterile plants.
This cycle is repeated 2–3 times to get improved
population with increased frequency of desirable
alleles. In the end, male sterile gene is bred out of
the population. The improved population can be
used as directed as a cultivar or as a source for
deriving new inbred lines.

6.7.3 Backcross Breeding

The backcross method is used for transferring
specific gene(s) into an agronomically superior
variety that is deficient in one or a few charac-
teristics by repeated backcrossing to the recurrent
parent of a hybrid accompanied by selection for
specific character(s) being transferred from the
donor parent. In Brassica, backcross method is
used for transfer of disease resistance, transfer of
low erucic and glucosinolate content and incor-
poration of male sterility and fertility restorer
genes.

6.7.4 Mutation Breeding

Spontaneous and induced mutations cause
changes at chromosomal level and nucleotide
level. Physical mutagens consisting of ionizing
radiation cause changes at chromosomal level
including deletion, breakage, etc., whereas
chemical mutagens produce changes at nucleo-
tide level. Mutations have been successfully
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utilized for improvement of various qualitative
and quantitative traits in Brassicas (Robbelen
1990; Bhatia et al. 1999; Choudhery and Jam-
bulkar 2016). Remarkable success was achieved
in tailoring fatty acids composition in the oil.
Notable successes include high C18:1 (Auld
et al.1992; Rucker and Robbelen 1997) and low
C18:3 (Robbelen and Rakow 1970; Rakow
1973; Robbelen and Nitsch 1975) mutants in B.
napus. LEA (Low erucic acid) mutants were
produced due to loss of functional activity of
enzyme fatty acid elongase (FAE 1). The enzyme
loss its functional activity due to replacement of
serine by phenylalanine aminoacid at position
282 and caused LEA. Similarly, single mutation
for high C18:1 has been reported in B. rapa
(Tanhuanpaa et al. 1998), B. napus (Hu et al.

2006) and B. juncea (Ripley et al. 2014). These
caused premature termination of polypepitide
and led to high C18:1. Dwarf mutants were
induced as a result of mutations in the biosyn-
thetic pathway of gibberellin (GA). GA caused
degradation of DELLA protein and promotes the
growth. Dwarfing mutant, Brrga1-d, has single
NT substitution in the DELLA protein and as a
result GA could not interact with DELLA protein
and hence led to formation of dwarf mutants
(Muangprom and Osborn 2004). Various modi-
fied traits through the use of both physical as well
as chemical mutagens are summarized in
Table 6.2. Over 31 mutant varieties have been
released over the world. India contributed eight,
Bangladesh, China and Sweden each have con-
tributed five, whilst Canada, Japan, the former

Table 6.2 Trait modification through use of mutagens

Trait Mutagens Mutants References

Morphological traits

Chlorophyll EMS 11 mutants (albina, viridis, xantha,
maculata, tigrina, albo-xantha, xantho-alba,
variegated, xantho-viridis, virido-xantha,
virido-alba)

Gupta et al. (2012)

Height Y rays Dwarf and yellow seeded Choudhary and Jambhulkar
(2016)

Flower EMS, ENU,
EtBr

Male sterile Bhat et al. (2001)

EMS, Y rays Male sterile Chauhan and Singh (1998)

Siliqua X rays Appressed pod mutants Rai (1958)
Nayar and George (1969)

Y rays Bunching and appressed pod mutants Singh and Sareen (2004)

EMS,ENU,
EtBr

Tri and tetralocular siliqua, non shattering Bhat et al. (2001)

Seed colour S radio isotope Yellow colour Nayar (1968)

P radio isotope Yellow colour Nayar (1968)

Root traits Y rays Taller root Basak and Prasad (2004)

Productivity related traits

Seed yield Y rays and
EMS

Early, high dwarf and high grain yield Khatri et al. (2005)

Yield and its components traits Mahla et al. (1990, 1991)

Oil content Y rays
EMS

Mutants with 3% more oil content
Mutants with 1–5% more oil content

Khatri et al. (2005)

Quality traits

Oleic acid EMS High-oleic acid mutant (70%) Ripley et al. (2014)
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Soviet Union and Pakistan each have contributed
two varieties (Choudhary and Jambulkar 2016).

6.7.5 Somaclonal Variation

A somaclone of Varuna namely Bio-902 (Pusa
Jai Kisan) of Indian mustard has been released as
a variety (Katiyar 1997).

6.8 History and Achievements
of Varietal Development
in India

Improvement work of rapeseed-mustard crops was
first initiated at Pusa (Bihar) during last century.
These researches primarily involved collection
and purification of the land races. Pioneering work
at Layallpur (now Faisalabad in Pakistan) later led
to the development of Indian mustard variety RL
18 in 1937 through pure line selection. Several
high-yielding varieties of Indian mustard, such as
Laha 101, Varuna, Durgamani and Patan Mustard,
were subsequently produced through selection and
released for commercial cultivation between 1947
and 1967. Eighties heralded a very successful era
of intervarietal hybridization and led to the release
of 112 varieties till 2021. During this period,
mutation breeding has also been exploited and 13
varieties were commercialized. 77 novel genetic
stocks of rapeseed-mustard for plant architectural
traits (dwarf, long main shoot, tetralocular sili-
quae), quality characteristics (LEA, low GLSs,
High OA, Low linolenic acid), disease resistance
(white rust), abiotic stress (WUE, temperature,
salinity), seed characteristics (yellow, bold seed)
CMS and restorer have been registered with
National Bureau of Plant Genetic Resources
(NBPGR 2022).

6.9 Heterosis Breeding in Indian
Mustard

Exploitation of heterosis is one of the most
useful contributions of genetics for the
improvement of global agriculture. Heterosis or

hybrid vigour was first discovered in eighteen
century when self and cross fertilization studies
were carried out in vegetable species (Darwin
1876). It is the deviation of F1 hybrids from mid
parental value of a given trait (Hayes et al.
1955). If F1 hybrid expresses superior perfor-
mance relative to the better parent then it is
called heterobeltiosis. Heterosis relative to the
standard check variety is described as standard
or commercial heterosis. Hybrids offer an
opportunity for mobilizing greater genetic vari-
ation and heterotic response. Commercial via-
bility of the hybrids depends upon three factors:
yield advantage of hybrids against commercial
checks (standard heterosis), efficient pollination
control mechanism and economics of hybrid
seed production. Indian mustard is well suited
for hybrid development as floral structure per-
mits out crossing up to 18% along with
demonstrated yield advantages. In B. juncea
heteosis from 13 to 100% have been reported
(Yadava et al 1974; Banga and Labana 1984a;
Dhillon et al. 1990; Kumar et al. 1990; Thakur
and Bhateria 1993; Baishakh et al. 1994; Rai
1995; Verma et al. 1998). Heterosis was gener-
ally higher in hybrids involving geographically
diverse parents as compared to closely related
genotypes (Pradhan et al. 1993). However, the
highest heterosis usually happens till an opti-
mum level of divergence between parents.
Genetic instability occurs when the parents are
more diverse, and are reproductively isolated
due to variation in days to flowering. Genetic
diversity between parents and SCA (specific
combining ability) determines the probability of
superior hybrid performance in B. juncea (Gupta
et al. 1991). Heterobeltiosis for seed yield and
its attributing traits has been observed for the
parental combinations showing high SCA
(Vaghela et al. 2011; Yadava et al. 2012; Meena
et al. 2014b; Adhikari et al. 2017; Rai et al.
2017; Singh et al. 2020). Association between
the genetic diversity and combining ability of
the parents has been observed for various traits
including oil and seed yield as well as its com-
ponents (Thakur and Zarger 1989; Gupta et al.
1991; Monalisa et al. 2005). These results indi-
cate that low/average GCA with high SCA along
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with medium genetic diversity between the
parents provide high heterosis in hybrids.

6.9.1 Pollination Control Mechanisms

Genetic male sterility, cytoplasmic-genetic male
sterility systems, chemical hybridizing agents
and genetically engineered male sterility system
have been reported in B. juncea.

6.9.1.1 Genetic Male Sterility (GMS)
Several examples of spontaneously occurring
systems of genetic male sterility have been
reported in mustard (Badwal and Labana 1983;
Banga and Labana 1985). Male sterility, in all
these cases, was inherited in monogenic reces-
sive fashion. None of these could be used in
hybrid breeding due to the difficulties in main-
tenance of male sterility.

6.9.1.2 Cytoplasmic Male Sterility
(CMS)-Fertility Restorer
Systems

CMS is the result of cytoplasmic-nuclear gene
interaction. This generally occurs when CMS-
inducing mitochondrial genome interacts with a
nuclear genome lacking Rf genes. Such combi-
nation may occur in nature or by artificial
hybridizations including both sexual as well as
somatic hybridizations. The natural occurring
mutants arise due to intragenic rearrangement of
mt DNA that create new open reading frames
(ORFs) (Dufay et al. 2007). Identification of
candidate gene is easier or possible where CMS
is produced by recent activity as compared to
somatic hybrids. In somatic hybrids, genes can
be predicted through differential segregation
analysis (Kim et al. 2016; Makarenko et al.
2019). In contrast to normal alloplasmic genes,
where difference between normal and cytoplas-
mic DNA (Arimura et al. 2018; Kim et al.2019;
Luo et al. 2013) could predict genes for CMS. In
general, all cytoplasmic sterilizing genes shares
some common features such as these arise as a
consequence of recombination, co transcribed
along with existing mt gene and translated

product has transmembrane domain (Kim et al.
2019; Tang et al. 2017).

F1 hybrid seed production necessitates com-
plete restoration of male fertility to ensure self-
seed set. Fertility restorer (Rf) genes for steriliz-
ing cytoplasm resulting from intraspecific varia-
tion are generally found within the primary gene
pool of the species. Whereas fertility restorer
genes are mostly required to be introgressed from
cytoplasmic donor species for CMS of alloplasm
origin. For example. Rf genes from for CMS
systems ogu, trachy, mori, can, lyr and tour were
introgressed from cytoplasmic donor species
(Heyn 1976; Kirti et al. 1997, 1998; Prakash
et al. 2001; Banga et al. 2003; Janeja et al. 2003).
Introgression of Rf from cytoplasm donor species
is generally associated large alien segment sub-
stitutions. For example, introgression of Rf gene
from radish substituted a major portion of C09
chromosome. This introgression also harboured
some negative associated traits as well (Heyn
1976; Delourme and Eber 1992; Delourme et al.
1998; Hu et al. 2008; Tanaka et al. 2012). Rf
gene was then transferred to B. juncea and it also
possessed large segment as of unimproved B.
napus (Primard-Brisset et al. 2005; Tian et al.
2014). Gudi et al. (2020) also reported transfer as
well as of physical mapping of Rf gene in B.
juncea. Introgression (108 kb) was located to the
distal end of chromosome A09. In silico map of
A09 indicated many homeologous exchanges
between A and C chromosomes as well. KASPar
markers for marker assisted transfer for Rf was
also reported. Rf gene for ogu CMS showed
linkage drag with genes synthesis for GLSs in B.
napus (Delourme et al. 1995; Primard-Brisset
et al. 2005). Fertility restorers are mostly inher-
ited as sporophytic traits, but gametophytic
control of fertility restoration was also reported
from CMS systems based on M. arvensis, D.
erucoides and D. berthautii cytoplasms (Kaur
et al. 2004; Bhat et al. 2005). Rf gene for ogura
CMS are well characterized at molecular level.
The Rf gene caused modification in the pro-
cessing of RNA ato restore fertility (L’Homme
and Brown 1993; Singh and Brown 1993).
Interestingly, Rf gene of mori CMS could restore
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the fertility of cath, eru, ber CMS system. (Bhat
et al. 2005, 2006, 2008), as all these CMS sys-
tems possess common gene orf108 upstream of
atpA. These gene co transcribed and led to for-
mation of bicystronic transcript. Presence of
restorer gene caused modification in the pro-
cessing of transcript and Bi-cistronic orf108-atpA
transcript cleaved just downstream of the start
codon of orf108, led to the production of only
single transcript of atpA (Ashutosh et al. 2008;
Kumar et al. 2012) and restored fertility.

CMS-Rf systems could be broadly classified
into three types based on its origin:

Natural Variations as Source of CMS
Naturally occurring male sterile plants were
observed in a Japanese radish variety (Ogura
1968). Interaction of recessive nuclear gene ms
ms with cytoplasm caused male sterility. This
system was not utilized in exploiting heterosis in
radish due to lack of fertility restorer genes. The
male sterilizing cytoplasm was later transferred
to European radish, where restorer genes were
available (Bannerot et al. 1977; Bonnet 1977).
This male sterilizing cytoplasm was also trans-
ferred to B. napus (Bannerot et al. 1977) as well
as in B. juncea (Labana and Banga 1989). Pri-
mary CMS lines based on ogura system could
not be used in hybrid seed production due to leaf
chlorosis, low nectar production and the absence
of fertility restoring genes in crop brassica spe-
cies. Chlorosis and low nectar production were
subsequently rectified through somatic
hybridization by substituting radish chloroplasts
with those from B. napus (Jarl and Bornman
1988; Menczel et al. 1987; Pelletier et al. 1983)
or B. juncea (Kirti et al. 1995a). Sterilizing genes
for ogu CMS from radish are well characterized.
Sterility is caused due to gene orf 224 which co
transcribed with atp6. In the presence of Rf gene,
processing of RNA is affected and caused
restoration of fertility. (L’Homme and Brown
1993; Singh and Brown 1993). Cell fusions
between alloplasmic CMS of ogura and euplas-
mic B. napus resulted in recombination of mt
DNA. Detailed genome analysis of recombined
mt DNA identified the orf 138 up stream of
orf 8/atp 8 as a cause of male sterility. Both the

genes are co transcribed. A deletion of 39 bases
and nucleotide variants (up to 9) has been
reported to cause sterility action (Yamagishi and
Terachi 2001). Ogura cytoplasm could not cause
male sterility in A. thaliana (Duroc et al. 2006).
Polima (pol) CMS also resulted from sponta-
neous mitochondrial mutation in B. napus (Fu
1981; Liu et al. 1987). The sterility was caused
by interaction of sterilizing cytoplasm with one
or two pairs of recessive nuclear genes (Liu et al.
1987). The use of this system as male sterility
appeared to breakdown at higher temperatures.
Other examples of spontaneously occurring CMS
include nap CMS (L’Homme et al. 1997), 681A
(Liu et al. 2005) in B. napus and hau (Wan et al.
2008) in B. juncea. Male sterility in hau CMS
occurred due to gene orf 288 and co transcribed
with atp 6 (Jing et al. 2012). Male sterility in B.
juncea CMS system was found due to new gene
Orf 220. It shared homology with orf 222 and orf
224 (Yang et al. 2005). CMS system 126-1 arose
spontaneously from DH population of re-
synthesized B. napus line ISN 706. This CMS
was designated as ‘126-1’. This was transferred
to B. juncea. The male sterility could be main-
tained only by few specific genotypes of mus-
tard, whereas most mustard germplasm lines
acted as restorer of fertility (Sodhi et al. 2006).
Uniqueness of 126-1 has been demonstrated
using mt DNA using southern hybridization.

CMS Systems Based on Alien Cytoplasm
Substitution
(i) Allopmasmic CMS line development

through sexual hybridization

Male sterility was reported from cytoplasmic
substitutions following interspecific or inter-
generic hybridizations. Interspecific hybridiza-
tion between B. rapa and B. juncea led to the
male sterility. This CMS was subsequently
transferred to tuber mustard (B. juncea var. tu-
mida) (Zhang et al. 2003), leaf mustard (B. jun-
cea var. multiceps) (Yang et al. 2005), and stem
mustard (B. juncea) (Yang et al. 2009). Substi-
tution of cytoplasm from eight wild species: B.
tournefortii, B. oxyrrhina D. berthautii, D.
catholica, D. erucoides, D. siifolia, E. lyratus, E.
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canariense have been reported to cause cyto-
plasmic male serilty in B. juncea (Prakash and
Chopra 1990; Rao et al. 1994; Landgren et al.
1996; Malik et al. 1999; Banga et al. 2003;
Pathania et al. 2003; Prakash et al. 2001; Kumar
et al. 2012).

Tournefortii system (tour) Male sterile plants
were initially identified in B. juncea by Rawat
and Anand (1979). Comparison of cp DNA
profiles between B. juncea and allied Brassica
species indicated that B. tournefortii was the
most probable cause of male sterility and source
of the cytoplasm (Pradhan et al. 1991). Sterility
inducing cytoplasm was subsequently transferred
to B. napus (Banga et al. 1994) and B. carinata
(Anand 1987) Fertility restoration system is
stable in B. napus, whilst in B. juncea is influ-
enced by the genotype as well as photoperiod.
On set of long days caused reversion of fertility
restoration.

Oxyrrhina system (oxy): Synthetic alloploid
developed between from B. oxyrrhina and B.
campestris was repeated backcrossed with B.
juncea to produce oxyrrhina CMS system in
Indian mustard (Prakash and Chopra 1990).

Siifolia system (siif): Substitution of B. juncea
nucleus in cytoplasm of D. siifolia cytoplasm led
to male sterility (Rao et al. 1994). Male sterility
was stable over the range of environmental
conditions.

Moricandia arvensis system (mori): The allo-
plasmic CMS was developed through cytoplas-
mic substitution of B. juncea cytoplasm with
Moricandia arvensis. The male sterility is char-
acterized by reduced anther and cholortic plants.
Chlorosis was subsequently rectified through
somatic hybridization (Prakash et al. 1995).
Genes for fertility restoration were introgressed
in B.juncea by generating the monosomic addi-
tion line of M. arvensis in B. juncea CMS (Pra-
kash et al. 1998).

Enarthrocarpus lyratus system (lyr): The back-
cross substitution of B. rapa genome in cyto-
plasm of E. lyratus resulted in male sterile
genotype. The CMS plant had petaloid anthers.

Euplasmic B. juncea plants acted as maintainers
of male sterility. Fertility restorer genes could be
introgressed from E. lyratus (Banga et al. 2003).

Canariense system (can): Transfer of Erucas-
truum canariense cytoplasm in the nuclear
background of B. juncea resulted in the male
sterility. Male sterility was stable over the range
of environmental conditions (Prakash et al.
2001). The Rf genes could be introgressed from
cytoplasm donor species. Restoration is complete
and acted in monogenic dominant manner.

Erucoides system (eru): Transfer of B. juncea
nucleus in cytoplasmic background of D. eru-
coides led to development of a stable male
sterility system male sterility (Bhat et al. 2006).
Fertility restorer of M. arvensis system could
restore the fertility of this system as well.
Restoration was found to be monogenic and
gemetophytic.

Berthautii system (ber): This CMS system was
developed through backcross substitution of B.
juncea nucleus into the cytoplasm of D.
berthautii (Bhat et al. 2006). Fertility restorer of
M. arvensis system could restore the fertility of
this system as well. Restoration was monogenic
and gemetophytic (Bhat et al. 2008).

Catholica system (cath): Transfer of B. juncea
nucleus in the cytoplasmic background of D.
catholica produced this male sterility. Rf gene
were later introgressed by hybridizing CMS line
with fertile plants derived in the progeny of
somatic hybrid of B. juncea and D. cathoilca.
(ii) Allopmasmic CMS line development

through somatic hybridization

Wild species which were not amenable to sexual
hybridization were exploited through somatic
hybridization to produce male sterile lines.
Somatic hybrids have been produced with Sina-
pis alba, D. catholica, M. arvensis and
Trachystoma ballii (Prakash et al. 1995; Kirti
et al. 1993, 1995a, b, c).

Sinapis alba system: CMS plants of B. juncea
were developed following backcrossing of
somatic hybrid (S. alba + B. juncea; 2n = 60; Sal
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Sal AABB) with B. juncea. The CMS plants were
normal green and bore flowers have good nec-
taries. Molecular analysis indicated recombined
mitochondrial genome, whereas cp DNA was
derived only from S. alba (Prakash et al.1995).

Diplotaxis catholica (cath): This system was
derived from somatic hybrid D. catholica + B.
juncea (2n = 54; DC DC AABB). Flowers had
reduced anthers with excellent nectaries. Somatic
hybrids had both recombined mitochondrial and
chloroplast genome (Prakash et al. 1995). Mito-
chondrial gene, cox I-2 was suggested to cause
male sterility in this CMS system (Pathania et al.
2007).

Trachystoma ballii system (trachy): The CMS
plants were selected from regenerated plants
from somatic hybrid of T. ballii + B. juncea
(2n = 522; TTAABB). Male sterile plants had
petaloid anthers and recombined mt DNA as well
as cp DNA (Kirti et al. 1995c). Fertility restorer
genes have been introgressed from T. ballii.

Penalties Associated with CMS System
CMS lines based on alien cytoplasm substitu-
tions are known produce hybrids with produc-
tivity lower than the hand bred hybrids based on
same parental combination. This yield penalty
may result from adverse effect of alien cytoplasm
has been reported in B. juncea (Kaur et al. 2004;
Katiyar et al. 2007; Chamola et al. 2013). In
some instances, negative effect of cytoplasm
could be reversed by the restorer gene like in T.
ballii, whereas, in D. catholica, only partial
improvement could be achieved.

Six alloplasms (tournefortii, siifolia, ogura,
moricandia, oxyrrhina and trachystoma) in dif-
ferent genetic backgrounds along with their
maintainer lines were assessed for their floral and
agronomic traits. All CMS except trachy were at
par with their maintainers for height, harvest
index, yield, oil and protein content (Singh and
Srivastava 2006).

6.9.1.3 Chemical Hybridizing Agents
Chemicals that can induce sterility or check pollen
spread can be an alternative to genetic/
cytoplasmic systems of sterility. For Indian

mustard, limited studies have conducted to assess
the role of male gametocides. Ethrel has been
reported to cause male sterility in Indian mustard.
However, commercial use of Ethrel was not rec-
ommended due to shorter period of gametocidal
effect and reduced female fertility (Banga and
Labana 1983b, b). Other gametocidal agents,
synthetic detergent (Surf excel, Nirma), gibberel-
lic acid, benzotriazole, sodium arsenate, azetidine
3-corboxylate, maleic hydrazide, pendimethalin
and arsenic trioxide were also evaluated in mus-
tard with limited male sterilizing effects (Chauhan
et al. 2007c, 2010, 2011a; Singh and Chauhan
2001, 2003, 2004; Chauhan and Singh 2002;
Lavania and Chauhan 2006). Along with male
sterility, CHA also caused reduction in plant
height, number of branches, seed set, seed size
and yield/plant (Singh and Chauhan 2001, 2004;
Chauhan and Singh 2002). Most CHAs interfered
with the development of tapetum, anther and
microspore (Chauhan and Kinoshita 1982).

6.9.1.4 Genetic Engineered Male
Sterility

Genetic engineering approaches has also been
used to develop male sterility/restorer system in
B. juncea. The barnase-barstar system is most
prominent genetically engineered male sterility
used for hybrid seed production. First male
sterile plants were developed in rapeseed by a
transgenic approach through transforming it with
barnase gene from bacteria (Bacillus amyloliq-
uefaciense) using a tapetum-specific promoter
(TA29) from tobacco (Mariani et al. 1990).
Likewise, genetically engineered restorer plants
were developed by transferring the barstar gene
in TA29-barnase plants (Mariani et al. 1992).
Both barnase and barstar genes expressed in F1
offspring’s when male sterile and restorer trans-
genic plants are hybridized. These genes were
expressed in anther of hybrid plants due to the
use of tapetum-specific promoter. A dominant
herbicide resistant gene called bar (from Strep-
tomycin hygroscopicus), conferring resistance to
the herbicide phosphinothricin/glufosinate
(Basta), was also used in conjunction with
genetically engineered male sterility. Only male
sterile segregants could survive herbicide spray
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at seedling stage owing to the bar gene expres-
sion. This method allowed the development of
completely male sterile progenies in hybrid seed
production blocks. TA29-barnase male sterility
system was also developed developed in B.
juncea. For this TA 29 construct was modified by
the insertion of a spacer DNA fragment in the
middle of the barnase gene and the promoter of
the bar gene (driven by CaMV 35S promoter;
Jagannath et al. 2001). This fragment acted as a
functional insulator for tissue-specific expression
of barnase gene and for agronomically superior
male sterile lines. Fertility restoring genotype
was also developed using the barstar gene and
TA29 promoter sequence (Jagannath et al. 2002).
Both the transgenics (male sterile and restorer)
could be used for hybrid seed production in B.
juncea. Another barnase/barstar transgenic sys-
tem involved using ALSdm as selection marker.
This gene conferred resistance to Pursuit herbi-
cide (Ray et al. 2007). Pursuit herbicide is less
expensive compared to Basta. Barnase/barstar
system provides an excellent approach for hybrid
seed production in Indian mustard.

6.9.1.5 Commercial Hybrids in Mustard
Systematic and coordinated efforts for develop-
ing hybrids resulted in the release of many CMS
based hybrids. These include NRCHB 506 (mori
cytoplasm), DMH 1(based on CMS 126-1),
Coral 432/PAC 432, PHR 126 and RCH1 (all
based on ogu cytoplasm). DMH-11 is first
transgenic hybrid of India was developed
through barnase-barstar system by Delhi
University. Unfortunately, it was not commer-
cialized due to biosafety concerns from envi-
ronmental activists.
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7Heteroploidy in Brassica juncea:
Basics and Applications

Mehak Gupta and Surinder S. Banga

Abstract

Heteroploidy is a condition in which cells,
tissues and whole organisms exhibit a chro-
mosome number that constitutes a deviation
from the species constant. And, individuals
with aberrant chromosome number are termed
as heteroploids. Changes in chromosome
numbers may result from polyploidy and
aneuploidy or dysploidy. These arise due to
spontaneous or induced errors of cell division
and also through hybridizations across species
domains. Aberrant meiosis may lead to the
formation of aneuploids with change in one or
a few numbers of chromosomes relative to
euploid form of the species (e.g., trisomics
and monosomics). Upward or downward
shifts in ploidy along with the gains and
losses of single chromosomes can have strong
evolutionary consequences, if these are stabi-
lized and selected for by natural selection.
Reticulate evolution through hybridization,
introgression and polyploidization has been
the most potent force of evolution in angios-
perms as it facilitated the establishment of

new euploid species by bringing together
highly differentiated gene pools. The emer-
gence of a new species adds to the genetic and
landscape diversity through shifts in allele
frequencies and niche specialization. Hetero-
ploids have been extensively synthesized for
their use in genetic, evolutionary and plant
breeding investigations. Aneuploid stocks
such as monosomics and trisomics have
allowed mechanistic processes underlying
homoeologous chromosome pairing, pairing
regulation and structural chromosomal rear-
rangements. These were also used as potent
tools for assigning genes to the chromosomes
in the pre-genomic era. Chromosome addition
lines and double ditelosomic stocks have been
used in the development and refinement of a
draft assembly of highly complex and redun-
dant wheat genome by allowing flow-sorted
isolation, sequencing and de novo assembly of
each individual chromosome or chromosome
arms. A wide variety of heteroploids (includ-
ing haploids, aneuploids, autopolyploids and
novel polyploids) have been developed in
Brassicas for genetic studies and development
of synthetic species. Haploids are most com-
monly produced through anther or microspore
culture for use in instant production of pure
lines and cutting short of breeding cycles in
various crop Brassica species. Doubled-
haploid populations are considered ideal for
genetic mapping as well.
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7.1 Introduction

The chromosome number is a species constant,
and it is a key genomic characteristic of an
organism or lineage in sexually reproducing
species. There are two chromosomally distinct
phases in all eukaryotes. The first one is the
gametic phase (n), where gametes are developed
through the process of reductional division or
meiosis in the germ cells, which decreases the
chromosome number from diploid to a haploid
state. The second somatic phase (2n) arises from
equational division or mitosis in the fertilized
zygotic cells after the fusion of male and female
gametes. The alternation of these two phases
ensures a chromosome number continuum from
one generation to another. Fertilization of male
and female gametes (n) restores the chromosome
number in the zygote (2n) vital for the continu-
ation of a species. Meiosis encompasses DNA
replication followed by two rounds of cell divi-
sion to produce four genetically dissimilar
daughter cells, each carrying only one represen-
tative copy of homologous chromosomes (Cris-
mani et al. 2013). Whereas, during mitosis all
replicated chromosomes of a species partition
equally to produce two daughter cells genetically
identical to each other and with their parent cell.
These exhibit the same number of chromosomes,
as in the original cell (Walczak et al. 2010). The
development of an organism from a zygote to
functional adult is ensued through mitotic cell
divisions. Two copies of every chromosome
known as homologous chromosomes are present
in all somatic cells. The homologous chromo-
somes are morphologically similar to the same
gene content, but the allelic composition can
vary. Each step of mitosis and meiosis is con-
trolled by an intricate network of genes to check
mis-division of chromosomes or development of
chromosomally imbalanced cells (Koduru and
Rao 1981; Pagliarini 2000; Hamant et al. 2006;
Musacchio and Salmon 2007; Mercier et al.
2015; Lambing and Heckmann 2018). However,
anomalous meiosis does occur, albeit at a low
frequency. It can occur spontaneously or is
induced through environmental stresses or

experimental manipulations. This results in cells
with deviant chromosome numbers of a species.
The condition is termed as heteroploidy, and the
cells, tissues and whole organisms exhibiting
aberrant chromosome numbers are known as
heteroploids. These are of two types: (1) aneu-
ploids that display the change in one or a few
numbers of chromosomes relative to euploid
form of the species (e.g., trisomies and mono-
somies) and (2) euploids that show an alteration
in one or more sets of genomes (such as haploids,
triploids and hexaploids).

Brassicaceae is a large angiosperm family
comprising 338 genera and 3709 species (War-
wick et al. 2006; Wang et al. 2011). Brassica is
the most important genus in this family carrying
multiple species which are used for vegetables,
oils, condiments, spices and fodder. Of major
economic value, there are three diploid species
{Brassica rapa (AA, 2n = 20); B. nigra (BB,
2n = 16) and B. oleracea, (CC, 2n = 18)} and
three derived allotetraploid species {B. juncea
(AABB, 2n = 36); B. carinata (BBCC, 2n = 34)
and B. napus (AACC, 2n = 38)}. Allotetraploid
species arose by pairwise natural hybridization
followed by chromosome doubling among three
diploid species. The cytogenetic and evolution-
ary relationships among the six main domesti-
cated species of Brassica are traditionally
represented as U’s triangle (Nagaharu 1935).
These three allotetraploid species have also been
resynthesized repeatedly by Brassica researchers
via hand pollination and somatic hybridization
between preferred genotypes of known progeni-
tor species (Prakash et al. 2009). Apart from
these, a wide variety of heteroploids (including
haploids, aneuploids and novel polyploids) have
been developed in Brassicas for various pur-
poses. In this chapter, we have discussed meth-
ods and utility and several other important
aspects of Brassica heteroploids available so far.
Heteroploidy is a wide topic, and hence, its
narrative could not be limited to B. juncea alone,
so we have included the literature from related
Brassica species. In some cases, references from
other crops are also included to convey the
message.
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7.2 Aneuploidy

Aneuploidy refers to the condition in which the
chromosome number or chromosome constitu-
tion of an individual organism deviates from its
wild type or a diploid state by only one or a few
numbers of whole chromosomes. The organisms
depicting such chromosome changes are known
as aneuploids that can have a lesser, greater or
the same number of chromosomes as that of the
parental euploid. Aneuploids can be of
intraspecific or interspecific origin depending
upon species specificity of missing, added or
substituted chromosomes. These can be from
their own gametic set or from different species.

7.2.1 Intraspecific Aneuploidy

The intraspecific aneuploid conditions, i.e., 2n − 1
and 2n − 2 are called monosomic and nullisomic,
respectively, as only one or both copies of some
specific chromosome are missing from the regular
somatic chromosome complement. Similarly, the
other two common types of intraspecific aneu-
ploids are 2n + 1 and 2n + 2, called trisomic and
tetrasomic, respectively, in which extra copies
(either one or two of a specific chromosome), are
present in addition to normal two homologous
copies of all chromosomes of a chromosome set. If
the organism exhibits added or deleted copies from
two pairs of homologous chromosomes, then
accordingly, it will be called double tri-/tetrasomic
or double mono-/nullisomic. Nullisomic-
tetrasomics are another special kind of intraspeci-
fic aneuploids in which chromosome number
remains the same as exist in regular euploid
organism of the species, but one chromosome will
be in tetrasomic state, and some other chromosome
of same somatic complement will be in nullisomic
condition. Different pathways exist for the pro-
duction of intraspecific aneuploids.

7.2.1.1 Asynapsis, Desynapsis
and Non-disjunction

Perturbations during synapsis and non-
disjunction of chromosomes are mainly respon-
sible for generating intraspecific aneuploids.

Aberrations during synapsis lead to the failure of
homologous chromosomes to pair (asynapsis) or
separate prematurely (desynapsis). Both lead to
univalent formation at metaphase-I which may
either be lost or be randomly distributed to
daughter cells, producing chromosomally unbal-
anced or aneuploid gametes. Disjunction is the
separation of homologous chromosomes or sister
chromatids and distribution to opposite poles
during karyokinesis. Deviation from this cellular
process leads to meiotic non-disjunction, where
the chromosomes fail to disjoin properly at the
first or second division. This may lead to uni-
lateral transfer of two chromosomes or chro-
matids at one pole and none to the other, leading
to the production of duplication (n + 1) and
deficiency (n − 1) gametes, in a scenario where a
single pair of chromosome or chromatid fails to
disjoin. Fertilization of the n − 1 megaspore with
n bearing pollen will lead to a monosomic
(2n − 1) zygote. Similarly, the fusion of n + 1
and n gametes will yield a trisomic individual
with 2n + 1 somatic chromosome complement.
The selfing of monosomic and trisomic plants
may lead to the generation of nullisomic and
tetrasomic plants, respectively, for the corre-
sponding chromosomes. These anomalies (asy-
napsis, desynapsis and non-disjunction)
spontaneously occur at low frequencies under the
influence of environmental factors such as tem-
perature and humidity (Ramanna and Hermsen
1979; Koduru and Rao 1981; Singh 2002; Rao
and Kumar 2003; Singhal and Kumar 2010;
Kumar and Singhal 2011; Singhal et al. 2012).
Such anomalies can also be induced by the
application of chemical (ethyl methane sulfonate)
and physical mutagens (X-rays) (Carter 1978;
Singh and Ikehashi 1981; Martin et al. 1997;
Tepperberg et al. 1999; Higgins et al. 2004;
Naseem and Kumar 2013). Meiotic gene muta-
tions that interfere with normal synaptonemal
complex formation, homologous recombination
and segregation events may also trigger asynap-
sis, desynapsis or non-disjunction (Armstrong
et al. 2002; Higgins et al. 2004; Nonomura et al.
2004; Pradillo et al. 2007; Jiang et al 2009).
These cellular abnormalities have been observed
in newly evolved auto- or allopolyploids (Mestiri
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et al. 2010; Chester et al. 2012; Zhang et al.
2013). Autopolyploids contain more than two
copies of homologous chromosomes that pro-
duce trivalents (in triploids) or quadrivalents (in
tetraploids) or various other chromosome con-
formations. These complex pairing associations
often fail to segregate or disjoin unevenly to
yield aneuploid gametes. Shen et al. (2006) could
establish a complete series of primary trisomics
(from Tri-1 to Tri-10) of B. rapa through
microspore culture in tetraploid Chinese cab-
bage. A complete set of primary trisomic lines of
B. campestris syn. B. rapa (Hill et al. 1986; Tang
et al. 1988) and B. oleracea var. capitata (Zhang
et al. 2006) was also isolated from the progenies
developed through hybridization between auto-
triploid and diploid individuals. These were cat-
egorized on the basis of chromosome size,
centromere position (arm ratio) and presence or
absence of satellite regions. Aneuploid plants
also occurred in the selfed progenies of newly
developed or young allopolyploids (Yang 1964;
Tokumasu 1976; Choudhary et al. 2000).
Homoeologous pairing during early genera-
tions in the induced polyploids, precipitates non-
paired, multi-paired chromosomes and aberrant
chromosome segregation. This type of pairing
leads to the development of abnormal sporad and
aneuploid progeny (Leflon et al. 2010; Szad-
kowski et al. 2010; Cui et al. 2012). Wen et al.
(2010) observed four nullisomics (2n = 36), two
nullihaploids (2n = 18) and one tetrasomic hap-
loid (2n = 20) in a microspore-derived
(MD) progeny from a resynthesized B. napus.
These aneuploids may have resulted from non-
disjunction of one bivalent or the distribution of
two univalents to the same pole during
microsporogenesis. Molecular analysis indicated
the loss of one A-genome chromosome from one
nullihaploid. The remaining five nullisomic/
nullihaploid seemed to have lost the different
C-genome chromosome(s). Selfing and crossing
of haploid with diploids can also be a good
source of aneuploids as chromosomes tend to go
to one pole (one or two chromosomes are left
behind and not included in daughter cells) or
separate randomly to two poles during meiosis
producing unbalanced spores.

7.2.1.2 Interspecific Hybridization
Partial to complete loss of the genome of one
donor species may occur in wide hybrids devel-
oped following crossing of Brassica crop species
with wild crucifers, and aneuploids of both
intraspecific and interspecific origin are common
in hybrid progeny. The preferential loss of some
C-genome chromosomes from the somatic chro-
mosome complement of B. napus has been
repeatedly observed in its intergeneric crosses
with Capsella bursa-pastoris, Lesquerella fend-
leri and Isatis indigotica (Chen et al. 2007; Du
et al. 2008; Tu et al. 2010). Hua and Li (2006)
isolated one B. napus nullisomic (2n = 36) of
unknown chromosome specificity among mixo-
ploid hybrids obtained by crossing B. napus with
Orychophragmus violaceus. Later, the lost
chromosome was determined as C2 by RNA
sequencing of the nullisomic individual (Zhu
et al. 2015). Similarly, some other Brassica
aneuploids of uncertain chromosome identity
have been recognized in mixoploids of Brassica
diploids and allotetraploids with O. violaceus (Li
et al. 1995, 1998; Li and Heneen 1999; Li and
Ge 2007; Liu and Li 2007; Xu and Li 2007).
There is also a report for the identification of
nullitetrasomics lines of B. napus with 22 A-
genome and 16 C-genome chromosomes and
aneuploids (2n = 37 or 39) with variable A- or
C-genome chromosomes with a C-genome-
specific BAC (BoB014O06) fluorescent in situ
hybridization (FISH) probe in an advanced gen-
eration of an intergeneric hybridization between
B. rapa and O. violaceus with accidental polli-
nation by B. napus (Xu et al. 2019). Four B.
campestris (B. rapa) trisomic plants were iso-
lated among the progeny of one selfed B. cam-
pestris-alboglabra monosomic addition line
(Chen et al. 1992). Further analysis revealed the
trivalent frequencies of 33.3% and 20% and
transmission rates of 30.6% and 32.4% of the
extra chromosome through the ovule in trisomics
2891 and 2881, respectively (Cheng et al. in
1993). Fan and Tai (1985) isolated two types of
monosomics of B. napus, one (mono-1) from a
hybrid between Diplotaxis muralis and Brassica
napus and second (mono-2) from a hybrid
between Polima cytoplasmic male sterile
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(CMS) B. napus and B. juncea both backcrossed
to B. napus. Disomic to monosomic plants
occurred in 1:1 ratio instead of theoretically
expected 1:2:1 ratio of disomic: monosomic:
nullisomic plants in the progenies of two
monosomics (Chang et al. 1987). This deviant
ratio was more due to greater functionality of
n gametes than n − 1 gametes. A nullisomic low
glucosinolate B. juncea breeding line missing
one pair of B-genome chromosomes was also
identified from a BC1F3 plant of an interspecific
cross between high glucosinolate Indian B. jun-
cea line 60,143 and B. rapa canola strain CZY
(Cheng et al. 2001).

7.2.1.3 Uses of Intraspecific Aneuploids
Monosomics and nullisomics are usually lethal in
diploids, but they are better tolerated in
allopolyploid species as homoeologous chromo-
somes of closely related species present in the
allopolyploids can functionally compensate for a
missing homolog pair (Sears 1954; Siegel and
Amon 2012). Intraspecific aneuploids have been
used prominently in wheat (Triticum aestivum
L.), where a diverse range of whole chromosome
aneuploids such as monosomics, nullisomics and
compensating nullitetrasomics and ditelosomics
have been established (Sears 1954; Gupta et al.
2005). Allosyndetic pairing suppressor locus
(Ph1) of bread wheat was detected, following the
development of aneuhaploids and nullisomics,
deficient for Chromosome 5B. These lines
showed meiotic pairing that was different from
euhaploids and euploid chromosome comple-
ment of the species (Riley and Chapman 1958;
Riley et al. 1959). Nullitetrasomics cytogenetic
stocks were also used to explore homoeologous
relationships among wheat chromosomes (Sears
1952; Brewer et al. 1969) and gene dosage bal-
ance (Zhang et al. 2019b). The results revealed
that two additional copies of a chromosome can
genetically compensate for the absence of a
homoeologous chromosome pair. The availabil-
ity of complete series of double ditelosomic
stocks of the hexaploid wheat cultivar Chinese
Spring facilitated the development of a draft
assembly of highly complex and redundant
wheat genome by allowing flow-sorted isolation,

sequencing and de novo assembly of each indi-
vidual chromosome arm (Mayer et al. 2014).
However, only trisomics were useful in diploids
(Khush et al. 1984; Blakeslee et al. 1922). These
cytogenetic stocks have been used for assigning a
gene to a particular chromosome or arm, to test
the independence of linkage groups and to
associate linkage groups with individual chro-
mosomes in right orientation in rice (Singh et al.
1996; Dong et al. 2001), soybean (Gardner et al.
2001; Zhou et al. 2003; Zou et al. 2006), foxtail
millet (Wang et al. 2002, 2007; Gao et al. 2003).
Zhang et al. (2009) located a recessive gene
controlling the 2n gamete formation to Chro-
mosome 4 (chromosomes sorted using morpho-
metric features of chromosomes) of Chinese
cabbage by exploiting full series of primary tri-
somics in crossing with diploid Chinese cabbage
genotype Bp058 which could produce 2n male
gametes. Transcriptome analysis of aneuploids
has provided novel insights into gene expression
disturbances caused by loss or gain of individual
chromosomes. Aneuploidy disturbed the gene
dosage balance system in the chromosome
complement of a species, especially for the genes
located on missing and additional chromosomes.
This made the aneuploids appear phenotypically
distinct, mostly with reduced fertility and
impaired fitness, from regular diploids (Henry
et al. 2010; Siegel and Amon 2012). More
obvious phenotypes are identified in monosomic
than in trisomic individuals (Siegel and Amon
2012). Surprisingly, aneuploids displayed rather
severe alterations in gene expression compared to
the whole genome changes in polyploids
(Birchler and Newton 1981; Guo et al. 1996).
The phenotypic deviations in aneuploids are
known to result from changed gene expression
levels caused by global imbalance of the entire
regulatory system precipitated by altered copy
numbers (cis-effects) of missing chromosomes
and unaltered disomic chromosomes (trans-
effects) (Birchler and Veitia 2007; Huettel et al.
2008; Zhang et al. 2017; Rey et al. 2018; Zhu
et al. 2018). Zhu et al. (2015) detected more
differentially expressed genes (DEGs) in mono-
somic than nullisomic for C2 chromosome in
B. napus (2n = 38, AACC). Nullisomic plant
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was earlier in maturity and showed a greater
reduction in plant height as compared to the
euploid donor. The trans-acting effects of miss-
ing one or two copies of C2 chromosome were
more pronounced than cis-effects for majority of
involved genes. Overall, higher gene expression
was detected in the aneuploids though lower
gene expression occurred on homoeologous A2
chromosome.

7.2.2 Interspecific Aneuploids
Including Alien Addition
and Substitution Lines

7.2.2.1 Monosomic and Disomic Alien
Addition Lines

The addition of one copy of an alien chromo-
some from a related species to the normal
somatic chromosome complement of a cultivated
species is termed as monosomic alien addition
line. If both homologous copies of an alien
chromosome are added, then recipient is termed
as disomic alien addition line. These lines can be
produced by consecutive backcrossing of inter-
specific hybrids or synthetic amphiploids to
species in the background of which alien chro-
mosome additions are required. They act as
intermediate or bridging materials in a route of
gene introgression from one species to another
during alien introgression program (Fu et al.
2012). These also serve as powerful genetic
stocks to examine the genome organization of a
species by partitioning it into individual chro-
mosomes units. These lines have been utilized in
numerous aspects of plant genome research such
as alien gene localization to specific individual
donor chromosome(s) (Chen et al. 1992; Geleta
et al. 2012), to examine the heterologous gene
expression, analysis of homoeologous relation-
ships between alien chromosome(s) and corre-
sponding orthologous recipient genome and
inducing crop-wild genome recombination (Per-
tuze et al. 2003; Cifuentes and Benavente 2009;
Molnar and Molnar 2010). Alien addition lines
are also useful for microdissection and micro-
cloning for chromosome-specific library con-
struction (Kynast et al. 2004; Bento et al. 2010;

Shim et al. 2010). A wide variety of monosomic
alien addition lines (MAALs) have been avail-
able in many crop species, i.e., wheat (Kong
et al. 2008), oat (Kynast et al. 2001), rice (Mul-
tani et al. 2003), potato (Ali et al. 2001),
cucumber (Chen et al. 2004), tobacco (Chen
et al. 2002), sugarbeet (Gao et al. 2001) and
Brassica crop species (Gupta and Banga 2020).
An effective set of alien addition lines requires all
chromosomes of the donor genome is added
individually in the genetic background of recip-
ient genome and characterized based on chro-
mosome landmarks of each alien chromosome or
appropriate set of FISH probes or molecular
markers specific for each pair of donor chromo-
somes. There are only a few reports for such
attempts in Brassicas as it has not been possible
to identify individual Brassica chromosomes
until recently (Xu et al. 2016; Agrawal et al.
2020). Early studies aimed at the development of
chromosome addition lines were directed at dis-
secting crop Brassica genomes. McGarth and
Quiros (1990) analyzed the chromosome com-
plement of B. oleracea by adding seven of the
nine C-genome chromosomes in the background
of B. rapa (syn. B. campestris). These were
characterized by morphology, pollen and seed
fertility and transmission frequency of
chromosome-specific markers. Transmission
frequency of chromosome additions was influ-
enced by the genotype of the recurrent parent.
This et al. (1990) used hyperploid derivatives of
Diplotaxis erucoides � B. nigra hybrid combi-
nations to develop seven out of the eight possible
monosomic addition lines for B. nigra (genome
B). No phenotypic changes were obvious, but
plants carrying extra chromosomes were slow
growing. B. nigra chromosomes were recognized
by size, heterochromatin distribution and
restriction fragment length polymorphism
(RFLP) markers. Chevre et al. (1991) could
develop B. napus-B. nigra disomic addition lines
and characterized six synteny groups, represent-
ing six of the eight B. nigra chromosomes with
the help of isozyme, fatty acid and RFLP mark-
ers. This study was followed by the successful
addition of four B. alboglabra chromosomes in
the background of B. rapa (Chen et al. 1997).
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The added chromosomes of B. alboglabra
chromosomes were distinguished by random
amplified polymorphic DNA (RAPD) marker
analysis or morphological landmarks of mitotic
chromosomes. Backcrossing B. rapa to B. juncea
facilitated isolation of plants carrying addition of
three A-genome Chromosomes (6, 7 and 8) in the
background of B. nigra (Kapoor et al. 2011).
These chromosome addition stocks were char-
acterized by chromosome counts, pollen and
seed fertility and chromosome-specific simple
sequence repeat (SSR) markers. Varied trans-
mission of A-genome chromosomes was indi-
cated. A-genome Chromosomes 3 and 4 were the
first to get eliminated followed by Chromosome
10. It is possible that Chromosomes 6, 7 and 8
had higher transmission frequency, and these
were better tolerated by the B. nigra genome.
Srinivasan et al. (1998) developed monosomic
chromosome addition lines of Brassica oxy-
rrhina in the background of B. campestris (syn.
B. rapa) carrying B. oxyrrhina cytoplasm. These
were characterized through cytology and molec-
ular (RAPD) marker analysis, and seven synteny
groups were identified. Meiotic studies revealed
the homeology of four B. oxyrrhina chromo-
somes (Synteny groups 1, 3, 5 and 6) with those
of B. rapa. B. napus-Crambe abyssinica mono-
somic addition lines (2n = 39, AACC with added
chromosome from C. abyssinica) were isolated
from the F2 progeny of the asymmetric somatic
hybrid between two species (Wang et al. 2006).
The added chromosome from C. abyssinca was
clearly distinguished by genomic in situ
hybridization (GISH). Zhu et al. (2016) extracted
the ancestral type of B. rapa (Restituted B. rapa
Oro; RBR Oro) from the allotetraploid B. napus
donor “Oro” by inducing the preferential loss of
the C-genome chromosomes in intertribal crosses
of B. napus with Isatis indigotica (2n = 14) (Tu
et al. 2010). Subsequently, a complete series of
monosomic alien addition lines with each of the
nine sub-genome chromosomes of B. oleracea
was obtained in the background of extracted B.
rapa genome by backcrossing restituted B. rapa
RBR with B. napus “Oro” (Zhu et al. 2016). Huo
et al. (2019) exploited this alien addition set to
affiliate 54.68% (44.11 Mb) of the 80.67 Mb of

non-anchored scaffolds belonging to the C-sub-
genome to the corresponding chromosomes of B.
napus, using multiple comparisons of expression
values of genes located on unanchored scaffolds
in the MAALs and RBR Oro, thus improving the
genome sequence assembly of B. napus.

7.2.2.2 Alien Substitution Lines
Replacement of one or both copies of a homol-
ogous pair of chromosomes of cultivated species
with the corresponding homoeologous chromo-
somes of wild species allows the synthesis of
monosomic and disomic alien chromosome
substitution lines, respectively. These substitu-
tion lines are very specific as alien chromosome
must genetically compensate for the loss of
substituted host chromosome. Such genetic
stocks are useful for establishing homoeologous
relationships between chromosomes of crop and
wild genomes. Systematic syntheses of alien
substitution lines require hybridization between a
known chromosome addition line as pollinator
with monosomic aneuploid set of the crop spe-
cies. The produced F1s with the same chromo-
some number as of euploid crop species can
either be selfed or be backcrossed to same
addition line to yield monosomic or disomic
alien substitution line. Unfortunately, it has not
been possible to purposefully develop chromo-
some substitution lines in the absence of fully
characterized aneuploid stocks. However, ran-
dom chromosome substitutions can occur in
crossing between two allotetraploids sharing one
genome. Banga (1988) identified chromosome
substitutions for at least three A-genome chro-
mosomes, which were replaced by C-genome
homeologs. These genetic stocks were identified
in F7 generation of an interspecific cross between
B. juncea and B. napus. These were meiotically
stable and were characterized by certain specific
traits like bolting habit, leaf aberrations and
variation for erucic acid content. The same group
could develop and recognize three whole chro-
mosome (C1, C3 and C8) substitutions and 13
major C-genome segmental substitutions in B.
juncea genotypes developed by hybridizing B.
napus with B. carinata (Gupta et al. 2015,
2016b). C-genome chromosome substitutions
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were confirmed through genotyping with Bras-
sica Illumina 60 K Infinium SNP array. Subse-
quent molecular assays with B-genome-specific
primers suggested that C-genome chromosome
(s) were likely to have replaced B-genome
chromosome(s). C1 was the most common sub-
stituting chromosome, while substituted B chro-
mosome(s) appeared random (Gupta et al.
2016b). Zhu et al. (2018) also reported a mono-
somic substitution line of restituted B. rapa
(RBR Oro from B. napus “Oro”) in the progenies
of monosomic alien addition line C1 (of RBR)
after pollination with RBR (Zhu et al. 2018).
FISH analysis with C-genome-specific probe and
polymerase chain reaction (PCR) amplification
with C1 chromosome-specific gene markers
confirmed the presence of C1 chromosome, but
its monosomic substitution with A1 chromosome
was revealed through RNASeq analysis. Substi-
tution line showed low gene expression levels
along Chromosome A1, thus confirming the
absence of one copy of A1 chromosome. Both
cis-effects DEGs (along altered chromosome)
and trans-effects DEGs (across disomic chro-
mosomes) were prevalent in addition and sub-
stitution lines induced by addition and
substitution of one copy of Chromosome C1.
Although aneuploids of both intra-and inter-
specific origin have been obtained many times in
Brassica, these could not be used to understand
genome structure, homoeologous relationships,
linkage group assignment and gene localization
in crop Brassica as seen in other crop species.
This has been primarily due to the small size and
lack of karyological features in Brassica chro-
mosomes, which hindered their reliable and
consistent classification. However, recently
developed oligo fluorescent in situ hybridization
(FISH) techniques can facilitate development and
characterization of various aneuploid stocks,
especially alien addition and substitution lines at
cytogenetic level for their applications in pre-
breeding research programs (Agrawal et al.
2020). Such stocks are important to validate
genome assemblies developed purely on the
basis of in silico analysis.

7.3 Whole Ploidy Manipulations

7.3.1 Haploids

A sporophyte with gametic chromosome number
is known as a haploid. It is a generalized term
and applied unequivocally to haploids extracted
from both diploid and polyploid species. How-
ever, the haploids obtained from diploid and
polyploid species are also termed as
monoploids/monohaploids and polyhaploids, as
they carry only one or multiple sets of chromo-
somes. Polyhaploids can be further categorized
into autopolyhaploids and allopolyhaploids/
amphihaploids depending upon the origin of
polyploid species from which they are derived.
Haploids with an exact gametic chromosome
complement or one representative (copy) of all
chromosomes of a euploid can be called as
euhaploid. In contrast, aneuhaploid carries either
extra doses of or show deficiency for one or more
chromosomes from the haploid chromosome set.
An aneuhaploid with chromosome composition
2n = n + 1, where an additional chromosome is
added from its own gametic set, is known as
disomic haploid due to disomic condition for one
and monosomic state for all other chromosomes.
On the other hand, an aneuhaploid {chromosome
constitution 2n = n + 1*; (1* represents an alien
chromosome)} having an additional chromosome
from a different species is termed an addition
haploid. Similarly, an aneuhaploid missing for
one chromosome of the gametic complement is
known as nullisomic haploid (2n = x − 1). An
aneuhaploid may also have one or more alien
chromosomes substituted for one or more chro-
mosomes of its own gametic set, leading to
chromosome composition (2n = x − 1 + 1* or
2n = x – 1 − 1 + 1* + 1*) and the chromosome
number equivalent to euhaploid plants. These
types of aneuhaploids are denoted as substitution
haploids. Sometimes, the term doubled haploid is
used as synonym for dihaploid; in the true sense,
both are completely different from each other.
Dihaploids are autopolyhaploids of autote-
traploid species {such as haploids obtained from
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Solanum tuberosum L. (2n = 4x = 48)} and do
not show complete homozygosity like doubled
haploids.

7.3.1.1 Synthesis
Haploidization is a powerful tool for use in the
study of evolution, cytogenetics, genetics and
genomics and practical plant breeding (Dunwell
2010; Murovec and Bohanec 2011). Spontaneous
occurrence of haploids is rare (Bhojwani and
Razdan 1996). Blakeslee et al. (1922) was the
first to identify two haploid individuals of Datura
stramonium (2n = 24) with twelve chromosomes
in their somatic cells from the anomalous plants
produced following cold treatment. Later, a
haploid plant of Triticum compactum (2n = 42)
was also obtained in Washington Agricultural
Research station, Pullman in 1925 (Gaines and
Aase 1926). Extremely low frequency of natu-
rally occurring haploids prompted scientists to
use induced parthenogenesis (mainly via anther
culture), pollen irradiation, temperature shocks,
sparse pollination, seed selection with twin
embryos, alien cytoplasm substitutions, distant
hybridizations, haploid inducer stocks and gene
engineering (e.g., CENH3—centromere-specific
histone 3) to increase the frequency of haploids
in different crops (Kasha and Maluszynski 2003;
Touraev et al. 2009; Britt and Kuppu 2016;
Wang et al. 2019). Distant crossing and
anther/microspore culture are now used in prac-
tical plant breeding. Haploid induction results
from distant hybridization in which the chromo-
somes of one parental species are preferentially
eliminated from the developing hybrid embryos
(Ishii et al. 2016). Such uniparental chromosome
elimination was first observed in crosses between
Nicotiana tobacum and Nicotiana sylvestris
(Clausen and Mann 1924). This was followed by
the high-frequency induction of barley haploids
in the cross between Hordeum vulgare and its
wild relative H. bulbosum (Kasha and Kao
1970). This method is now popular as “The
Hordeum bulbosum method” (Devaux 2003).
Sanei et al. (2011) later demonstrated that loss of
CENH3, a centromere-specific histone variant,
from the H. bulbosum chromosomes preceded
the elimination of bulbosum chromosomes from

the hybrid embryos. Haploids of wheat and oats
are now commonly produced using chromosome
elimination strategy by pollinating wheat and
oats with maize. Some other grass relatives pearl
millet, sorghum, barley and teosinte were also
used (Laurie and Bennett 1986, 1988; Laurie
1989; Ohkawa et al. 1992; Riera-Lizarazu and
Mujeeb-Kazi 1993; Niroula and Bimb 2009;
Marcinska et al. 2013; Polgári et al. 2014). Few
instances of partial to complete genome exclu-
sion of one parental species from the hybrid
embryos were also reported in the family Bras-
sicaceae. Tu et al. (2009) identified a completely
sterile B. rapa haploid plant in the progenies of
B. rapa � I. indigotica (2n = 14) combination.
In another study, hybrids obtained from two
combinations of interspecific hybridization
involving B. rapa and B. napus as female with C.
bursa-pastoris (2n = 4x = 32) produced mixo-
ploids. These included plants with haploid
chromosome number of B. napus (i.e., 2n = 19)
and disomic chromosome constitution of B. rapa
(2n = 20) and B. napus (2n = 38) along with
variable number of chromosomes, some with
whole chromosome additions from C. bursa-
pastoris were identified (Chen et al. 2007). Par-
tial to complete genome elimination was also
observed in crosses involving O. violaceus
(2n = 24) with all cultivated Brassica diploid and
allotetraploid species (Li and Ge 2007). Fu et al.
(2018) attained a remarkably high frequency
(40–99%) of maternal doubled haploids of B.
napus by using synthetic Brassica allo-octaploid
(AAAACCCC, 2n = 8x = 76) as the pollen
donor. The method appears very advantageous as
simultaneous duplication of Brassica chromo-
somes also occurred along with genome elimi-
nation of synthetic species. It can also be
attempted in other Brassica species to induce
concurrent haploidy and doubled haploidy. In
vivo haploid induction by inducer lines Stock 6
and more recently its derivatives are also widely
used for inbred line development in maize (Coe
1959; Zhang et al. 2008; Trentin et al. 2020).
Studies now suggest that chromosome fragmen-
tation in sperm cells and selective elimination of
uniparental chromosomes after fertilization are
likely causes of haploid induction in maize (Zhao
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et al. 2013; Li et al. 2017). More recent studies
have linked the haploid induction in maize (Zea
mays) to a frame-shift mutation in MATRILI-
NEAL (MTL), a pollen-specific phospholipase. It
was also shown that novel edits in MTL of the
inducer line led to a 6.7% haploid induction rate
(Gilles et al. 2017; Kelliher et al. 2017; Liu et al.
2017). Mutations in MTL gene were also able to
induce haploids in wheat and rice (Yao et al.
2018; Liu et al. 2020). Availability of transfor-
mation and gene editing technologies are now
facilitating the development of more efficient
haploid inducer stocks. CENH3 has been vari-
ously used for this purpose. It is a centromere-
specific histone 3 variant which epigenetically
specifies the centromere by recruiting constitu-
tive centromere proteins that next recruit over-
lying kinetochore proteins (Palmer et al. 1987;
Zhong et al. 2002; Musacchio and Desai 2017;
Kixmoelle et al. 2020). It possesses an N-term-
inal tail domain and a more conserved C-terminal
histone fold domain (HFD). Ravi and Chan
(2010) developed modified CENH3 (GFP-
tailswap) in Arabidopsis thaliana. The tail
domain of CENH3 was replaced with the histone
3.3 tail domain and fused with green fluorescent
protein (GFP). HFD of CENH3 gene was
retained unmodified. Crossing of these geneti-
cally transformed plants with wild types led to
the elimination of chromosomes of transformed
plants in the hybrids. This led to the induction
haploids of wild type at high frequencies (Ravi
and Chan 2010). In subsequent studies, replace-
ment of the endogeneous CENH3 of Arabidopsis
thaliana with heterologous CENH3 from B. rapa
and Lepidium oleraceum also induced haploids
following crossing with wild-type plants
(Maheshwari et al. 2015; Britt and Kuppu 2016).
Recent investigations have suggested that even
point mutations in the CENH3 a-N-helix or
centromere targeting domain (CATD) can also
produce haploids (Karimi-Ashtiyani et al. 2015;
Kuppu et al. 2015, 2020). Alterations to CENH3
gene show impaired or reduced CENH3 loading
during meiosis due to reduction in effective
centromere size or weakening of the centromere
function in gametophytes of haploid inducer
lines (Wang and Dawe 2018). When these lines

are crossed to wild-type plants, the progeny
shows centromere size disparity or imbalance,
that leads to targeted destruction of the smaller or
weaker centromeres by natural clearing mecha-
nisms of the cell, thus leaving behind the chro-
mosomes of only wild type. This concept of
“centromere size model” may also explain
chromosome elimination in many, if not all,
interspecific combinations. Chromosomes of
small-centromere species (sorghum, maize, pearl
millet, adlay millet and perennial ryegrass) are
preferentially eliminated from the hybrid embryo
while retaining chromosomes of oat, barley and
wheat carrying large centromeres in wide
crosses. This may be due to failure of small
centromeres to expand to the necessary size
because of insufficient protein loading in a larger
genome environment during the early stages of
embryogenesis (Wang et al. 2014). Recently,
Wang et al. (2021) have now simplified the
method of haploid induction by demonstrating
use of heterozygous haploid inducer line for a
CENH3 null mutation. Lines with CENH3 in
heterozygous condition are vigorous and can be
multiplied easily. Normal seed production is a
major issue in the homozygous CENH3 mutant.
Diluted effect of CENH3 in the heterozygous
plant in the CENH3 genotype of the gameto-
phyte during the postmeiotic cell divisions that
precede gamete formation is expected to trigger
genome elimination from the F1 progeny upon
crossing with wild type. This simple in vivo
seed-based system can also be applied in other
crops lines for haploid production of both
maternal and paternal origin as CENH3 is ubiq-
uitous in all eukaryotes. The technique has the
potential to replace the highly genotype depen-
dent and cost-demanding tissue culture mediated
in vitro techniques of haploid induction in the
future.

In vitro culture of immature male or female
gametophyte under controlled conditions remains
the method of choice to induce haploids (Dun-
well 2010) in spite of the forementioned inno-
vations. Anther and microspore culture
techniques are now exploited in more than 250
different plant species including trees, vegetables
and cereals for androgenic haploid production
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(Maluszynski et al. 2003; Germana 2006; Wed-
zony et al. 2009; Hazarika et al. 2013). Micro-
spore culture has been found more efficient and
reliable inducer of embryogenesis and embryo
formation (Siebel and Pauls 1989). Gametophyte
culture techniques owe their origin to the
induction of embryo-like haploids from anther
culture of Datura innoxia (Guha and Mahesh-
wari 1964). It has been also possible to induce
haploids by culturing young ovule and gynoe-
cium in onion and sugarbeet (Murovec and
Bohanec 2011). Brassica crops are very amen-
able to in vitro manipulations and respond well to
microspore embryogenesis (Lionneton et al.
2001). In genus Brassica, first microspore culture
mediated haploid induction was demonstrated in
B. napus (Lichter 1982). Since then, haploids
have been produced in other Brassica species
using isolated microspores (Babbar et al. 2004).
During microspore culture, they essentially
involve their reprogramming microspores to ini-
tiate sporophytic development under controlled
in vitro conditions. Microspore cell undergoes
microspore embryogenesis to develop into an
embryo-like structure that on “germination”
results in a haploid plantlet or microspore can
directly give rise to haploid plant through
organogenesis (Aionesei et al. 2005). The fre-
quency of embryogenesis following microspore
culture is influenced by genotype and growth
conditions of donor plants, development stage of
microspores, culture environment, type and pH
of culture and regeneration media, hormones in
the media and stress factors (Dwivedi et al.
2015). Genotypic differences for responsive to
embryogenesis are now very well documented
(Cloutier et al. 1995; Chuong et al. 1988; Ajisaka
et al. 1999; Ferrie et al. 1999; Chanana et al.
2005; Shumilina et al. 2020). Detection of genes
and the development of allelic markers associ-
ated with microspore embryogenesis are impor-
tant for germplasm screening and transfer of
relevant genes to poor responders. Valdes et al.
(2018) have identified 13 quantitative trait Loci
(QTLs) and 19 possible candidate genes located
on A01, A02, A05, A10, C04 and C06 chro-
mosomes for association with microsporogenesis
in B. napus. Many of the identified candidate

genes had roles in the induction, development and
maintenance of apical and subapical meristems.
Selection of appropriate bud size for microspore
embryogenesis is also important to get the best
response from the plant individual, which again
varies species-wise and with respect to genotype
(Gil-Humanes and Barro 2009; Gu et al. 2014).
Microspores undergoing late uninucleate to early
binucleate stages of Brassica are considered the
best to change their fate from gametogenesis to
embryogenesis. Alia et al. (2008) suggested that
buds of size 3.0–3.1 mm give better response for
microspore embryogenesis in B. juncea. Agarwal
et al. (2006) reported that an antiauxinic
(p-chlorophenoxyisobutyricacid (PCIB) has a
promotional effect on microspore embryogenesis
by converting several multicellular grains or pre-
globular embryos into fully developed embryos
when culture is supplemented with 20 µM of
PCIB after 1 day of culture initiation at 35 °C.
A significant increase in yield of microspore
embryos has been observed upon pretreatment of
flower buds at 10 °C and addition of activated
charcoal in the culture medium at medium pH
levels in the turnip genotypes studied (Shumilina
et al. 2020).

7.3.1.2 Applications
Haploids are usually weak and sterile as they
possess only one partner of homologous pairs of
chromosomes that segregate unevenly to yield
non-viable aneuploid gametes. However, these
have diverse applications following the produc-
tion of doubled haploids (DH) either sponta-
neously (by meiotic non-reduction) or with the
use of mitotic inhibitors like colchicine, oryzalin,
amiprophosmethyl, trifluralin and pronamide.
The resulting homozygous fertile lines have
proved advantageous in plant breeding and basic
research. Haploids have been used for estab-
lishing intergenomic and intragenomic chromo-
some homologies, which are difficult to be
detected in the diploids due to preferential pair-
ing between homologous chromosomes. Occur-
rence of bivalents in haploids of Brassica
diploids (B. rapa, B. nigra and B. oleracea)
established these as secondary balanced poly-
ploids (Prakash 1973a; Armstrong and Keller
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1982). Allosyndetic pairing between chromo-
somes of A and C-genomes of Brassica was also
demonstrated in polyhaploids of allopolyploid
Brassica species, establishing greater synteny
between A- and C-genome compared to the B-
genome (Attia et al. 1987; Yang et al. 1994).
Pairing regulator (PrBn) for homoeologous
pairing control in B. napus was also detected
during a study of F1 haploid population devel-
oped between high- and low-pairing genotypes
of B. napus (Jenczewski et al. 2003). PrBn was
later mapped to Chromosome C9 of B. napus
(Liu et al. 2006). Higgins et al. (2021) have now
identified a more reliable QTL (BnaPh1) on
BnaA9 and two minor QTLs. This QTL
explained a substantially large chunk of variation
(32–58%) for homoeologous pairing in a
doubled-haploid population derived from cross-
ing between natural and synthetic B. napus. The
immediate transformation of heterozygous allele
combinations into homozygous state in only one
generation is the most important use of doubled-
haploid technology in plant breeding. Further-
more, fertile doubled-haploid lines can be pro-
duced in species where strong self-
incompatibility barriers are predominant. Hap-
loid technology has significantly reduced the
timeframe to fix the genetic variation from three
to four years required in the traditional method of
recurrent self-pollination to only one year, when
using off-season nurseries (Prigge and Melchin-
ger 2012). Haploid-derived homozygous lines
can be directly released as cultivars in self-
pollinated crops or used as inbreds in hybrid
cultivar development in several Brassica crops
(Ferrie and Möllers 2011; Shmykova et al. 2016;
Watts et al. 2020). Haploids have also found
extensive usage in quantitative genetic studies.
Doubled-haploid-derived populations are used
extensively for constructing genetic linkage
maps, QTL analysis and marker-assisted breed-
ing using small sized populations (Rahman and
de Jimenez 2016). This is due to the high prob-
ability of getting the desirable genotype, i.e.,
1/2n in haploid method (as only two types of
genotypes will occur for a pair of alleles, A and
a, with the frequency of 1/2 AA and 1/2 aa) in
contrast to 1/4n by conventional method (here,

three forms of genotypes will appear with the
frequency of 1/4 AA, 1/2 Aa, 1/4 aa) when n-
number of loci are segregating. However, linkage
maps constructed from DH populations may be
less densely saturated or a QTL may be mapped
to a large genomic region than localized in
recombinant inbred lines (RILs). This is due to
lesser opportunities of recombination (just only
one) to shuffle parental linkages in DH popula-
tions in comparison to many cycles of recombi-
nation in RILs produced by successive self-
pollination. Complete homozygosity of doubled-
haploid lines facilitates a more precise pheno-
typing across multiple years and locations and
better correlation of genotype to phenotype. So,
QTL effects are better estimated in DH popula-
tions during marker trait association studies (Yan
et al. 2017). A dense genetic linkage map of
allohexaploid Brassica has been prepared from
SNPs derived from restriction-site associated
DNA (RAD) sequencing of 146 F1 doubled-
haploid progenies and two synthesized allo-
hexaploid parents (Yang et al. 2018). DH map-
ping populations from microspore culture of F1s
between the genotypes representing Indian and
east European gene pool and between Chinese
vegetable and Indian genotypes (Tumida �
Varuna) have been developed and used in B.
juncea for mapping of various important traits
like seed weight (Dhaka et al. 2017), oil content
(Rout et al. 2018), high pod density and other
yield contributing traits (Ramchiary et al. 2007;
Yadava et al. 2012), oil and seed meal quality
(Gupta et al. 2004; Rout et al. 2015) and resis-
tance to white rust (Arora et al. 2019; Bhayana
et al. 2019). Relatively, high genetic variance and
increased trait heritability due to 100%
homozygosity facilitate enhanced response to
selection in doubled-haploid germplasm. The
integration of molecular markers with doubled-
haploid technology further helps in quick fixation
of multiple genes in any desired background
(Chaikam et al. 2019). Doubled-haploid geno-
types are also ideal candidates for accomplishing
the whole genome sequencing of a species. For
instance, sequencing for B. rapa (Chiifu-401–42)
(Wang et al. 2011), B. nigra (YZ12151, Sangam)
(Yang et al. 2016; Paritosh et al. 2021) and B.
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napus (Darmor-bzh) (Chalhoub et al. 2014) were
carried out with doubled-haploid lines. Identifi-
cation of mutants following chemical or physical
mutagenesis is very efficient in haploids as both
diploid and recessive mutations can be immedi-
ately identified due to the hemizygous state of all
loci and their immediate fixation in the
homozygous state after chromosome doubling.
Isolated microspores are preferred as starting
material for mutagenic treatment as being single
cells, these will not lead to chimera’s production
which is otherwise a major issue when seeds are
used as base materials for mutagenesis. Varied
saturated fatty acid proportions were observed in
doubled-haploid lines of B. napus and B. juncea,
developed following microspore mutagenesis
(Ferrie et al. 2008). Microspores or microspore-
derived embryos are useful materials for plant
genetic transformation and developing homozy-
gous transgenics in a short time span. Homozy-
gous transgenic B. napus were produced
expressing the uidA gene encoding b-
glucuronidase (GUS) and the bar gene as a
marker of resistance to phosphinotricin by
Agrobacterium tumefaciens-mediated transfor-
mation and chromosome doubling of
microspore-derived embryos (Cegielska-Taras
et al. 2008). Doubled-haploid B. napus with
stably inherited transgene [a barley cDNA for the
thaumatin-like protein Hv-TLP8 driven by the
cauliflower mosaic virus promoter (CaMV 35S)]
exhibiting enhanced resistance to clubroot
pathogen (Plasmodiophora brassicae) was also
developed via agrobacterium-mediated transfor-
mation (Reiss et al. 2009).

7.3.2 Polyploidy

It is defined as the presence of more than two sets
of chromosomes in a nucleus. Polyploidy is
recognized as an invaluable force driving plant
evolution and speciation (Madlung 2013; Zhang
et al. 2019a; Nieto Feliner et al. 2020). Although
polyploidy is ubiquitously distributed in the plant
kingdom, it has been considered more important
for evolution and diversification of higher plants
such as angiosperms and ferns than lower plants

such as liverworts, hornworts and gymnosperms
(Husband et al. 2013; Schneider et al. 2017).
Two types of polyploids are known on the basis
of the origin of progenitor species. These are
autopolyploids and allopolyploids (Kihara and
Ono in 1926). Autopolyploids arose from
intraspecific genome duplication of structurally
similar or identical genomes, whereas allopoly-
ploids owe their origin to interspecific
hybridization between two or more species, fol-
lowed by chromosome doubling of non-
homologous genomes. Stebbins (1947) later
added a new class of polyploids; “segmental”
allopolyploids to define those polyploids that
carry the majority of chromosomal segments in
common in its component genomes and show
varying numbers of multivalents during meiosis
(Stebbins 1947). They are considered interme-
diates between true autopolyploids and
allopolyploids. The current concept of segmental
allopolyploidy includes both transitional
autopolyploids and allopolyploids. These depict
a blend of auto- and allopolyploid segments after
fixation of duplication-deletion events precipi-
tated by homoeologous exchanges during
allopolyploidization (Sun et al. 2017; Bertioli
et al. 2019; Mason and Wendel 2020).
Allopolyploids were previously perceived to be
more important than autopolyploids in terms of
contribution to species diversification and niche
exploitation due to the benefits of fixed heterosis
and intergenomic interactions with allopoly-
ploidy (Hegarty and Hiscock 2008; Bansal et al.
2012). However, recent data have supported the
importance of autopolyploids in the natural
populations and their significance in shaping
available biodiversity (Parisod et al. 2010a;
Barker et al. 2016). Both autopolyploids (e.g.,
potato, watermelon, strawberries, alfalfa) and
allopolyploids (such as wheat, soybean, rapeseed
and mustard, cotton, tobacco) are key contribu-
tors for human nutrition (Leitch and Bennett
1997; Chen 2007; Dubcovsky and Dvorak 2007;
Pignatta et al. 2010; Chalhoub et al. 2014; Van
de Peer et al. 2017). Plant species like Ara-
bidopsis (Arabidopsis Genome Initiative 2000),
maize (Gaut and Doebley 1997) and rice (Zhang
et al. 2005), previously assumed to be strict
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diploid species, are now considered as “pale-
opolyploids,” i.e., species that have experienced
ancient polyploidy events and later rediploidized
through extensive genome reshuffling and gene
fractionation to become functional diploids
(Nieto Feliner et al. 2020). Deep genome
sequencing and analysis technologies are con-
tinuously evidencing multiple (both ancient and
recent) episodes of polyploidization in almost all
investigated plant species (Cheng et al. 2018;
Ren et al. 2018; Zhang et al. 2019a). A model
plant species Arabidopsis thaliana, placed in the
Brassicaceae plant family, has experienced many
incidents of genome wide duplication events
across its evolutionary timeframe (Jiao et al.
2011). Brassica species also underwent the same
polyploidy history as experienced by A. thaliana,
but with an extra lineage-specific whole genome
triplication event (i.e., paleohexaploid event)
after divergence from Arabidopsis thaliana about
15–20 million years ago (Lysak et al. 2005;
Couvreur et al. 2010; Wang et al. 2011; Cheng
et al. 2013; Yang et al. 2016). The paleo-
hexaploid event has been interpreted to be very
crucial for promoting intra- and inter-species
diversity in three elementary diploid species of
Brassica through extensive genome restructur-
ing, karyotype changes and biased gene frac-
tionation in three triplicated sub-genomes (Wang
et al. 2011). The three diploid species of Brassica
hybridized multiple times in all possible diploid
pairs to produce three cultivated allopolyploids
(B. juncea, AABB, 2n = 36; B. carinata, BBCC,
2n = 34; and B. napus, AACC, 2n = 38)
(Gomez-Campo and Prakash 1999, Flannery
et al. 2006). Apparently, the present day Brassica
allopolyploids have undergone both ancient and
recent events of genome duplication. These
allopolyploids occupy a greater range of eco-
logical habitats than their diploid progenitors.

7.3.2.1 Synthetic Polyploids
Polyploidy has proven to be a highly dynamic
and continuous evolutionary activity that cycli-
cally provided novel evolutionary substrates for
species diversification, phenotypic novelty and
adaptation to wide ecological range (Hohmann
et al. 2015; Tank et al. 2015; Soltis and Soltis

2016; Mandakova et al. 2017; Van de Peer et al.
2017; Jiao 2018). Advantages associated with
natural polyploidy fascinated the Brassica
breeders to artificially synthesize polyploids for
exploiting this phenomenon for trait diversifica-
tion. Plant geneticists used synthetic polyploidy
to model the genetic and genomic events
responsible for genome stabilization, establish-
ment and phenotypic innovation in neo-
polyploids. All natural allotetraploids (B. jun-
cea, B. napus and B. carinata) have been
repeatedly resynthesized by sexual and somatic
hybridizations of selected genotypes of progeni-
tor species (Prakash 1973b; Sarla and Raut 1988;
Jourdan and Salazar 1993; Srivastava et al. 2004;
Song et al. 1995; Axelsson et al. 2000; Schranz
and Osborn 2000, 2004; Pires et al. 2004;
Albertin et al. 2006; Lukens et al. 2006; Gaeta
et al. 2007; Hasan and Rahman 2018) to directly
produce productive forms or donors for desired
traits. They are also recognized as excellent
genetic models to reveal the immediate genetic
and genomic consequences of de novo and
recurrent polyploidization due to exact known
parentage, which is not possible in existing
polyploids (Samans et al. 2018). Allotetraploids
of B. juncea and B. napus were also resynthe-
sized by hybridizing non-parental but related
allotetraploids (Gupta et al. 2015; Chatterjee
et al. 2016). Reports abound on synthesis of
novel polyploids in Brassicaceae family includ-
ing both autopolyploid and allopolyploid species.
Raphanobrassica developed through intergeneric
hybridization between Raphanus sativus and B.
oleracea was the first synthetic allopolyploid
generated in the family (Karpechenko 1928).
Many more allotetraploids were also synthesized
by hybridizing cultivated crop Brassica diploids
and wild Brassicaceae species. These do not exist
in nature and were synthesized only to establish
genome relatedness or use as bridging species to
transfer cytoplasmic or nuclear encoded traits to
crop Brassica species (Gupta and Banga 2020).
There is also lot of interest in the development
of new synthetic Brassica allohexaploids
(AABBCC; 2n = 54). These were synthesized to
combine the useful traits of three genomes of
Brassica and expand the gene pool of Brassica
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(reviewed in Gaebelein and Mason 2018). It is
expected that allohexaploids will outcompete the
diploids and allotetraploid species of Brassica in
seed yield and oil quality and will show greater
adaptation to wide geographical range including
increased resistance to pests and diseases. Three
potential approaches have been attempted to
produce allohexaploids by using species from the
U’s triangle, i.e., by crossing allotetraploids and
with diploid species followed by chromosome
doubling (Pradhan et al. 2010; Tian et al. 2010;
Gupta et al. 2016a; Zhou et al. 2016; Gaebelein
et al. 2019a; Mwathi et al. 2020), two step
hybridization between three elementary diploid
species (Cui et al. 2012) and hybridization
among three allotetraploid species (Mason et al.
2011, 2012; Mwathi et al. 2017). Most of these
allohexaploids are unstable, and loss of chro-
mosomes was observed during various genera-
tions of selfing following their initial synthesis.
Allohexaploids developed through cyclic
hybridization between three allotetraploids could
not attain a chromosome number and comple-
ment expected from a trigenomic Brassica allo-
hexaploid (Mwathi et al. 2017). Till date,
crossing B. carinata with B. rapa followed by
chromosome doubling is the exploited cross-
combination to produce allohexaploids in crop
Brassica (Iwasa 1964; Takeda and Takahata
1996; Meng et al. 1998; Rahman 2001; Jiang
et al. 2007; Tian et al. 2010). Only the allo-
hexaploid synthesized through hybridization
between B. carinata and a specific genotype of
B. rapa (Gupta et al. 2016a) has proven to be
stable over several generations of selfing.
Attempts are underway to identify the pairing
regulating gene(s) involved in this combination.
Some other novel allohexaploid Brassica species
possessing third genome from wild species
(Sinapsis alba, B. fruticulosa and B. maurorum)
have also been generated by somatic hybridiza-
tion or reciprocal crossing between Brassica
allotetraploids and wild species (Chen et al.
2012; Yao et al. 2012; Kumari et al. 2018, 2020).
They can serve as potential bridging species to
transfer traits of interest from these wild aliens
into cultivated Brassicas.

7.3.2.2 Diploidization of Neo-
Polyploids

A neo-polyploid (whether autopolyploid or
allopolyploid) must maintain or attain meiotic
stability and niche specialization for its emer-
gence as a new species (Comai 2005; Baduel
et al. 2018; Pele et al. 2018). In neo-
autopolyploids, complex pairing or multivalents
are formed due to the presence of more than two
similar copies of each chromosome in a single
nucleus (Lloyd and Bomblies 2016). The com-
plex pairing associations often irregularly disjoin
and produce unbalanced spores. Low pollen
viability and severe meiotic abnormalities were
common in synthetic autooctaploids of B. rapa,
B. nigra, B. oleracea (Liu 2014) and Arabidopsis
thaliana (Wang et al. 2010). However, such
complex associations are uncommon in natural
or established autopolyploids. Only bivalents are
formed in autotetraploid A. arenosa. Multivalents
are not formed as there is an evolutionary
reduction in the number of crossovers that can be
formed. Only one crossover per homolog is
formed in the natural accessions of the species
(Carvalho et al. 2010; Cifuentes et al. 2010;
Pecinka et al. 2011; Yant et al. 2013; Lloyd and
Bomblies 2016; Spoelhof et al. 2017). However,
in nascent allopolyploids, the presence of two or
more chromosome sets with varying degree of
ancestral similarity may confound the ability of
chromosomes to recognize correct partners to
synapse and recombine with. This trigger ille-
gitimate exchanges due to multiple chromosome
configurations at metaphase-I. Result is the pro-
duction of aneuploid gametes and reduced fer-
tility (Ramsey and Schemske 2002). Level of
illegitimate or homoeologous recombination in
an allopolyploid is governed by two factors: first
physical divergence between homoeologous
chromosomes and second genetic control of
pairing. Resynthesized B. napus is meiotically
unstable and shows much higher frequency of
homoeologous recombination through pairing
between A- and C-genome chromosomes (Gaeta
et al. 2007; Szadkowski et al. 2011; Xiong et al.
2011), which share large regions of synteny.
Xiong et al. (2021) have provided strong
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evidence for high frequency of homoeologous
chromosome pairing as tetravalent, exchanges,
homoeologous chromosome replacement and
unresolved pairing of 45S rDNA containing
chromosomes. These caused a greater number of
chromosome breakages and non-homologous
centromere associations in resynthesized
B. napus compared to the natural B. napus. These
were inferred by phenotyping meiosis-I through
repetitive DNA and BAC-FISH probes. They
also confirmed that these meiotic errors are
mainly exhibited by homoeologues that share
synteny along entire chromosome length. In
contrast, synthetic B. juncea (Axelsson et al.
2000; Srivastava et al. 2004) and B. carinata
(Sarla and Raut 1988; Jourdan and Salazar 1993)
display comparatively a much stable meiotic
behavior due to poor sequence similarity of
B-genome to A- and C-genomes (Li et al. 2017).
Similarly, an intergeneric allotetraploid Brassi-
coraphanus (AARR; 2n = 38) developed from a
cross between B. rapa and Raphanus sativus
(RR; 2n = 18) showed stable meiosis and high
fertility, probably due to little or no homoeolo-
gous pairing in the absence of large syntenic
regions between the two participating genomes
(Park et al. 2020). However, largely unstructured
sub-genomes and a few homoeologous exchange
events have been recognized at genome micro-
scale in established B. napus cultivars during its
comparative genome analysis with diploid pro-
genitor species (Chalhoub et al. 2014). This
supported the idea that genetic variants for high
meiotic stability or low homoeologous exchan-
ges must exist in the true progenitor genotypes of
present B. napus cultivars. Otherwise, two sub-
genomes of B. napus should be structurally
diverged enough to be recognized distinct from
actual involved genomes through interchanges
between homoeologous chromosomes during
cytological diploidization (Soltis and Soltis 2000;
Wendel 2000). Meiotic investigations in syn-
thetic allohexaploids of Brassica created from
different cross-combinations B. carinata �
B. rapa (Tian et al. 2010; Gupta et al. 2016a),
B. juncea � B. oleracea (Zhou et al. 2016;
Mwathi et al. 2020), B. napus � B. nigra (Gae-
belein et al. 2019a) and (B. napus �

B. carinata) � B. juncea (Gaebelein et al.
2019b; Mwathi et al. 2017) showed that meiotic
stability is the net outcome of interactions
between A-, B- and C-sub-genomes, in addition
to few undocumented genetic loci. For instance,
out of many allohexaploids synthesized from
various genotypes of B. carinata and B. rapa
parental species, only those hexaploids that
involved a specific genotype of B. rapa remained
meiotically stable and produced mostly euploid
progenies in selfing generations (Gupta et al.
2016a). A major genetic locus called PrBn was
identified in allohaploids of B. napus controlling
homoeologous recombination (Jenczewski et al.
2003). This locus was later mapped to Chromo-
some BnaC9 (Liu et al. 2006). A role for six
minor effect QTLs on Chromosomes BnaA1,
BnaC1, BnaC3 and BnaC6 was also indicated.
However, diploid parental lines used in fore-
mentioned study produced regular bivalents
(Jenczewski et al. 2003). Knockout of one copy
of meiosis gene MSH4 prevents A–C pairing in
Brassica allohaploids, although this gene was
considered an unlikely candidate for the stabi-
lization of B. napus due to its presence in two
functional copies in natural B. napus (Gonzalo
et al. 2019). A major QTL (BnaPh1) has been
recently recognized on Chromosome A9 (Higgins
et al. 2021). It explained 32–58% of the observed
variation for homoeologous recombination. Role
of two minor QTLs was also indicated.

7.3.2.3 Genome Evolution
of a Neo-Polyploid

Polyploidy sets in motion a myriad of genetic
and epigenetic alterations depend upon the gen-
ome background of involved species. Such
alterations are critical for reconciling two or more
genomes brought together in a single nucleus
(McClintock 1984). These changes have been
investigated more widely in allopolyploids than
autopolyploids. Homoeologous exchanges,
chromosomal rearrangements, deletions and
duplications are all responsible for chromosome
instability and reduced fertility in neo-
allopolyploids. However, at the other end of the
horizon, all these contribute to genetic and phe-
notypic diversities over the time as all of these

130 M. Gupta and S. S. Banga



are subject to the natural selection (Gaeta and
Pires 2010; Lashermes et al. 2014; Rousseau-
Gueutin et al. 2017; Stein et al. 2017; Hurgobin
et al. 2018; Samans et al. 2018). Mispairing
between ancestrally related but differentiated
chromosomes during meiosis results in homoe-
ologous reciprocal translocations (HRTs) and
homoeologous non-reciprocal translocations
(HNRTs) (Gaeta and Pires 2010). While HRTs
are balanced, HNRTs are unbalanced. Reciprocal
translocations involve swapping the pieces of
DNA between two sub-genomes. In contrast,
HNRT results from the loss of one homoeolo-
gous segment and concomitant duplication of the
other segment. Homoeologous exchanges are a
major cause of gene copy number variation in
Brassica napus varieties (Hurgobin et al. 2018).
Large structural alterations such as aneuploidy,
inter- and intragenomic rearrangements, dele-
tions, duplications, a wide variety of genetic and
epigenetic events like specific DNA sequence
elimination (Ozkan and Feldman 2009; Khasdan
et al. 2010), rDNA loci changes, (Kovarik et al.
2008), gene conversion (Salmon et al. 2010),
activation of transposons and induced insertional
mutagenesis (Parisod et al. 2010b; Vicient and
Casacuberta 2017) cause reprogramming of
transcriptomes, proteomes and metabolomes in
the neo-polyploids (Albertin et al. 2006; Feldman
and Levy 2012; Wendel et al. 2016; Hurgobin
et al. 2018). All these events contribute to the
diploid like meiotic behavior in newly formed
allopolyploids. Meiotic analysis of 32 lines of
resynthesized Brassica napus involving different
genotypes of B. rapa and B. oleracea showed
marked changes in number and positioning of
rDNA loci in early generations (S0–S3) from
parental rDNA loci patterns. Loss of 35S rDNA
loci specifically occurred when B. rapa was the
maternal parent (Sosnowska et al. 2020). The
genome size of allopolyploid is usually reduced
from the predicted total of the genomes of par-
ental species during the process of poly-
ploidization (Boyko et al. 1984, 1988; Ma and
Gustafson 2005; Paterson et al. 2012). In Bras-
sicas, a decline of nearly 1.072% DNA was
observed in resynthesized Brassica genotypes
derived from the interspecific crosses following

five cycles of polyploidization (Gupta et al.
2014). Genome downsizing during poly-
ploidization occurs mainly due to the loss of
repetitive DNA sequences and not the gene
content per se (Buggs et al. 2012). Sudden dou-
bling of all genome content generates multiple
copies of the genes paralogous to each other.
Polyploid individuals may take advantage of this
beneficial situation by adopting different gene
fractionation pathways (Feldman and Levy
2012). Relaxed selection pressure on duplicated
genes due to their functional redundancy may
allow one copy either to mutate (either geneti-
cally or epigenetically) to become nonfunctional
(pseudogenization), or to evolve a new function
(neofunctionalization). Nonfunctional gene copy
may be lost subsequently if it does not provide
any selective advantage to polyploid organisms.
Allopolyploid may also retain both copies of the
genes without adopting new function by parti-
tioning the ancestral functional role of gene
among duplicate copies (sub-functionalization)
(Grover et al. 2012). Sub-genome dominance is
very common among allopolyploids. It refers to
gene fractionation bias and expression-level
dominance between homoeologous/paralogous
genes from different sub-genomes of an
allopolyploid (Zhang et al. 2019a). This phe-
nomenon is widely observed and discussed in
Arabidopsis, Gossypium, Zea and Brassica spe-
cies (Chang et al. 2010; Yoo et al. 2013; Cheng
et al. 2016). It is speculated that dominant sub-
genome undergoes less gene fractionation during
polyploidization and, therefore, exhibits higher
gene density. Dominant sub-genome also shows
fewer numbers and density of TEs and ensures
minimal changes in their gene complement
caused by epigenetic alterations. Expression
level of the genes in the dominant sub-genome is
also higher as compared to their paralogs from
the recessive sub-genome(s) (Bottani et al. 2018).
Sub-genome dominance is the outcome of varied
sub-genome stability and nucleolar dominance of
the interacting genomes. A hierarchy of sub-
genome stability, i.e., B > A > C is known
among the sub-genomes of Brassica species (Li
et al. 2020). Intergenomic conflict may also arise
in newly sexually formed polyploids due to
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altered cytonuclear interactions as they carry
maternal and paternal nuclear chromosomes from
both progenitor species, but inherit cytoplasm
only from the female parents. It is hypothesized
that the maternal nuclear genes are preferentially
retained over the paternally inherited copies to
avoid cytoplasm-nuclear conflict (Sharbrough
et al. 2017; Gong et al. 2012). Other biases may
be also be important for the fractionation of
multicopy genes to different fates. For example,
genes acting independently or less connected
with others, i.e., involved in the functional cate-
gories of DNA-repair, recombination, enzyme
activity, kinase activity, transport, tRNA ligation
and defense are preferentially retained as single
copies (Blanc and Wolfe 2004; Samans et al.
2017). In contrast, genes functioning in com-
plexes or interacting with other genes associated
with the basic cellular machinery, nucleotide
sugar metabolism and regulatory functions are
preferentially preserved in multiple copies
(Sankoff et al. 2010; Pont et al. 2011; Freeling
et al. 2015). Increased allele dosage and fixed
heterosis (due to fixation of alternate alleles in
paralogs) help to increase phenotypic variance of
traits and the emergence of novel phenotypes in
neo-allopolyploids. Epigenetic changes such as
DNA methylation, histone modifications and
RNA interference are also prevalent in neo-
polyploids (Zhang et al. 2015; Ding and Chen
2018). Approximately 1.7% of the fragments
underwent DNA methylation changes upon
genome doubling in autotetraploid B. rapa with
respect to diploid donor (Xu et al. 2017). Xu
et al. (2009) reported a higher frequency of
alterations, i.e., 4.09% in gene expression and
6.84% in DNA methylation among resynthesized
B. napus compared to its diploid progenitors. C-
genome-specific gene expression and methyla-
tion changes were significantly higher than those
of A-genome-specific alterations. The resynthe-
sized B. juncea revealed a higher internal
methylation (40.4%) level than the natural B.
juncea (17.1%), but external methylation was
almost the same (Gupta et al. 2019). Genetic and
epigenetic alterations in neo-polyploids cause
extensive repatterning of duplicate gene expres-
sion which may lead to transgressive

upregulation/downregulation, unequal parental
contributions and gene silencing (Yoo et al.
2014). Transgressive upregulation or downregu-
lation occurs when cumulative expression level
of duplicate gene pairs is statistically higher or
lower in polyploids than that sum total of indi-
vidual gene expression in the two diploid pro-
genitors. Li et al. (2020) noted the effects of
natural hybridization and polyploidization on
gene expression dynamics in natural B. napus
relative to diploid progenitors. They used RNA-
Seq data from stems, leaves, flowers and siliques
and found 48, 29.7 and 22.3% homoeologous
gene pairs exhibited additive expression,
expression-level dominance and transgressive
expression. Non-stochastic and non-additive
expression were also observed at protein level
in polyploids with expression-level dominance
veering toward a particular sub-genome (Shen
et al. 2014).

7.3.2.4 Phenotypic Novelty
in Polyploids

Polyploidy increases the range of trait values
represented by parents and may also drive novel
characters absent in progenitor species (Leitch
et al. 2008). Polyploid plants generally possess
enlarged cells and may have increased organ size
and vigorous plant growth habit compared to
their diploid counterparts (Ramsey and Ramsey
2014). However, these effects may be genotype
or tissue specific and may vary for the level of
ploidy (Abel and Becker 2007; Doyle and Coate
2019; Rashid et al. 2021). At many instances,
autopolyploids of Brassica diploids and tetra-
ploids are reported to have equal or reduced
vegetative biomass relative to their donors (Ols-
son 1960a; Olsson 1960b; Abel and Becker
2007; Yin et al. 2020). This may be attributed to
inbreeding depression owing to increased
homozygosity in autopolyploids. However,
Rashid et al. (2021) have reported different
effects of autopolyploidization in B. rapa and
B. oleracea. B. rapa displayed enlarged vegeta-
tive and reproductive organs, whereas B. oler-
acea did not show increased organ size except
for seed size. Novel functions were also identi-
fied in some synthetic autopolyploids. Increased
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pollen apertures were also noted in synthetic
autoallooctaploids of B. napus (Yin et al. 2020).
These were helpful in inducing maternal doubled
haploids of B. napus when used as pollinator
with allotetraploid B. napus (Fu et al. 2018).
Allopolyploids also showed vigorous plant
growth, probably due to fixed heterosis obtained
through intergenomic hybridization (Quijada
et al. 2006; Udall et al. 2006; Bansal et al. 2012).
Derived B. juncea and B. napus populations
extracted from single genotypes of non-
progenitor species showed substantial variation
for morphological and yield related traits and
high heterosis with natural B. juncea and B.
napus genotypes (Gupta et al. 2015; Chatterjee
et al. 2016). A novel phenotype, i.e., determinate
growth habit also appeared in a subset of the
population of derived B. juncea (Gupta et al.
2015; Kaur and Banga 2015). HNRTs arising
due to homoeologous exchanges were associated
with QTLs for yield (Osborn et al. 2003), disease
resistance (Zhao et al. 2006), flowering time
variation (Pires et al. 2004; Stein et al. 2017) and
glucosinolates metabolism (Hurgobin et al. 2018)
in B. napus.
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8Introgression Breeding in Brassica
juncea

Helen Behn and Annaliese S. Mason

Abstract

Introgression breeding refers to the transfer of
one or more genomic segments from one
genome to another, usually between species,
for crop improvement. Brassica juncea is a
major vegetable and oilseed crop with a large
number of close and distant relatives. Many of
these relatives contain useful agronomic traits
and can be hybridized with varying degrees of
difficulty with B. juncea. Previously, intro-
gression breeding in B. juncea (2n = AABB)
has been successfully carried out to introduce
novel genetic diversity and heterosis from
progenitor diploid species B. rapa (2n = AA)
and B. nigra (2n = BB) as well as closely
related allotetraploids B. carinata (2n =
BBCC) and B. napus (2n = AACC). Addi-
tional traits of agronomic importance have
been introgressed from wider relatives such as
Brassica fruticulosa, Erucastrum car-
daminoides and Sinapis arvensis which do
not share a genome in common with B.
juncea, to produce B. juncea lines with
resistance to mustard aphid, Sclerotinia dis-

ease and auxin herbicide. Several hybrid
breeding systems (cytoplasmic male sterility
plus fertility restorer lines) have also been
developed via hybridization with species such
as Moricandia arvensis, Trachystoma ballii
and various Diplotaxis species. Introgression
breeding can be challenging, but shows
excellent potential for the introduction of
highly valuable qualitative traits such as biotic
stress resistances from wild relatives into B.
juncea. In future, increasing accessibility and
availability of resources such as genome
sequences of wild relatives, allowing geno-
typing of early generation hybrids and devel-
opment of genetic markers linked to specific
traits, is expected to facilitate introgression
breeding for crop improvement of B. juncea.

8.1 Introduction

Brassica juncea is a temperate crop species,
grown worldwide but particularly across Asia as
a root, stem and leafy vegetable, as an oilseed
crop, and as a condiment (mustard). Common
names for this species include “brown mustard,”
“leaf mustard,” “Indian mustard” and “rapeseed-
mustard”; “root mustard” is also less commonly
grown as a vegetable-type. A member of the
Brassica genus, which also includes rapeseed (B.
napus), cabbage (B. oleracea) and turnip (B.
rapa), among other crop types, B. juncea is
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related to many other species of agricultural
importance.

Brassica juncea is an allotetraploid species
formed from hybridization between progenitor
species B. rapa (2n = AA = 20 chromosomes)
and B. nigra (2n = BB = 16 chromosomes). The
hybridization event between these two parent
species most likely occurred about 10,000 years
ago, making this a relatively young species (Qiao
et al. 2020). Although reports exist of multiple
cytoplasm types inB. juncea (Kaur et al. 2014b), it
has been proposed that a single hybridization
event gave rise to this species (Qiao et al. 2020),
followed by diversification and differentiation into
different germplasm pools through selective
breeding for specific morphotypes and geographic
isolation. As a result of these processes two well-
defined genepools of B. juncea have developed—
Indian and east European (Chen et al. 2011).
Hybrids between the two genepools are heterotic
for yield (Paritosh et al. 2014). However, despite
the relatively high genetic and morphological
diversity present in B. juncea, this species as a
recent allotetraploid is thought to contain only a
subset of the genetic variation and diversity pre-
sent in parental species B. nigra and B. rapa.

The Brassica crop species in general provide
an excellent example of the targeted use of
interspecific hybridization for crop improvement
(Katche et al. 2019). This is particularly true of
the Brassica “Triangle of U” species, where B.
rapa, B. nigra and B. oleracea (which are
diploids with the A, B and C genomes, respec-
tively) were found to be the extant progenitors of
the allotetraploid species B. juncea (A and B
genomes), B. napus (A and C genomes) and B.
carinata (B and C genomes). This relationship
provides an excellent means of transferring traits
from one species to the other via various methods
(Chen et al. 2011; Mason and Chèvre 2017;
Katche et al. 2019).

Possibly the most commonly used method for
improvement of B. juncea via introgression
breeding (or just to increase the genetic and
phenotypic variation available for further selec-
tion) is production of resynthesized B. juncea via
various methods. The extant progenitor species
B. rapa and B. nigra can be readily cross-

pollinated by hand to produce interspecific
hybrids (Fitzjohn et al. 2007), following which
application of chromosome-doubling agents such
as colchicine can be used to produce allote-
traploids (AABB) from the allohaploid (AB) hy-
brids. Resynthesis can also be carried out via
hybridization between B. napus and B. carinata
to produce CCAB hybrids, followed by chro-
mosome doubling to CCCCAABB karyotypes
which lose the C genomes in successive gener-
ations of self-pollination to produce AABB types
(Banga and Kaur 2009).

Hybridization between B. juncea and the
allotetraploid species B. napus and B. carinata
(with which it shares a subgenome in common) is
also relatively straightforward: in the first gen-
eration AABC or BBAC hybrids are produced,
which are then usually backcrossed to B. juncea
coupled with selection to produce introgressions
with the trait of interest. For desirable genetic
variants located in another species but in effec-
tively the same genome, this close relationship
potentially enables even quantitative traits to be
readily transferred via homologous recombina-
tion (Mason and Chèvre 2017). Transfer of many
alleles simultaneously for the improvement of
quantitative traits in B. juncea may also be pos-
sible with the closely related C genome, since the
A and C genomes readily pair and exchange
segments in many interspecific hybrid types
(Mason et al. 2010, 2014; Gupta et al. 2016).

For more distantly-related species, more tra-
ditional introgression breeding approaches need
to be undertaken: following the production of
interspecific hybrids (possibly requiring
biotechnological interventions like embryo res-
cue), recombinant chromosomes between the B.
juncea genomes and the wild relative genomes
need to be recovered, requiring homoeologous
exchange in the interspecific hybrid followed by
backcrossing to eliminate the additional unde-
sirable chromosome segments. This latter
method is of course better for qualitative,
strongly heritable traits, and can be facilitated by
methods such as marker-assisted selection (for
review see Quezada-Martinez et al. 2021).

In general, there exists excellent potential in
B. juncea for introgression breeding approaches,
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and this method has previously been highly
successful in obtaining introgression lines car-
rying desirable traits from a range of related and
not-so-related species. In this review, we will
introduce the various methods for producing
introgression lines, with reference to previous
studies with respect to the results of interspecific
hybridization attempts, various cross combina-
tions, and results in terms of chromosome
inheritance and subsequent agricultural
outcomes.

8.2 Introgressions from Progenitor
Species B. rapa and B. nigra

8.2.1 Methods and Approaches

The introgression of genomic regions from pro-
genitor species B. rapa (2n = 2x = AA) and B.
nigra (2n = 2x = BB) can be carried out via
either direct hybridization or via resynthesis. In
the direct hybridization approach, B. juncea is
hybridized with either B. rapa or B. nigra. Both
of these cross combinations are usually success-
ful in producing hybrid progeny without the need
for biotechnological intervention, but in both
cases B. juncea has been found to generally be a
better maternal parent than either of the diploid
species, with more chance of success in pro-
ducing hybrid seeds if B. juncea is the maternal
parent in this cross (Fitzjohn et al. 2007). The
expected genomic constitution of the hybrids is
AAB from the cross B. juncea � B. rapa, and
BBA from the cross B. juncea � B. nigra.
However, due to the frequent occurrence of
unreduced gametes in crosses between species
and ploidy levels in the genus Brassica (Mason
and Pires 2015), it may also be possible to
directly recover AABB types (or AABBB, or
AAAB) from these crosses (U N 1935; Heyn
1977; Mason et al. 2011). Resulting AAB and
BBA hybrids from these direct crossing events
can in any case then be backcrossed to the parent
B. juncea in order to start the process of selection
and restoration of euploid (AABB) chromosome
complements, as required for establishing new B.
juncea cultivars.

In the resynthesis approach, B. rapa and B.
nigra are hybridized to produce AB hybrids,
which are then chromosome-doubled to produce
synthetic AABB types. The cross combination B.
rapa � B. nigra is not generally as successful as
that of the B. juncea � B. rapa or B. juncea
B. nigra crosses, but many studies have
nonetheless reported hybrid seed production. In
this case, B. rapa is by far the preferred maternal
parent in this cross combination, as B. nigra
tends to more readily abort interspecific hybrid
seeds. Following production of interspecific
hybrids (which are usually AB, although AAB
and BBA have also been observed), a
chromosome-doubling agent such as colchicine
is used to produce synthetic allotetraploid lines
(AABB). Although direct hybridization of the
AB hybrid to B. juncea is theoretically possible,
allohaploid hybrids are generally highly sterile
(Ramsey and Schemske 1998), and hence
recovering seeds from these lines may be chal-
lenging. Despite the increased difficulty in gen-
erating interspecific hybrids via resynthesis
(Fitzjohn et al. 2007), this approach may be
preferred because it removes the need to select
for euploidy (2n = AABB = 36 chromosomes)
in resulting progeny from the B. rapa � B. nigra
hybrids, and produces homozygous lines which
can be directly crossed to B. juncea for further
selection or for hybrid breeding approaches
(Bansal et al. 2012).

8.2.2 Novel Genetic Diversity
and Heterosis

Hybridization of B. juncea with B. rapa or B.
nigra via either approach has frequently been
carried out with the goal of broadening the
genetic basis of the B. juncea crop germplasm for
further crop improvement. Additionally, some
studies have investigated the heterotic potential
of various resynthesized lines in hybrid breeding,
as the genetic distance between “natural” and
“resynthesized” B. juncea is much greater than
that which would be expected between any two
B. juncea lines within the cultivated germplasm
pool. Liu et al. (2021) screened the genetic
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diversity among 83 B. nigra, 16 B. juncea, and
other Brassica accessions using 42 simple
sequence repeat (SSR) markers (Liu et al. 2021).
It was found that B. nigra had rich genetic
diversity and could be classified into four sub-
groups with varying degrees of genetic relation-
ship to B. juncea. This study revealed a great
potential of B. nigra in widening genetic diver-
sity of B. juncea, particularly using B. nigra from
divergent germplasm groups (Liu et al. 2021).
Bansal et al. (2009) aimed to broaden the genetic
diversity of B. juncea by hybridization of
genetically diverse germplasm of the progenitor
species B. rapa and B. nigra followed by
colchicine-induced chromosome doubling.
Resulting synthetic lines were subsequently
assayed for genetic diversity using microsatellite
markers, and resynthesis was found to generate
significant variability (Bansal et al. 2009). In a
novel resynthesis approach incorporating the A
genome from B. rapa and the B genome from B.
carinata (2n = BBCC), Wei et al. (2016) created
an allohexaploid (AABBCC) and crossed it with
B. juncea to generate pentaploid hybrids
(AABBC) (Wei et al. 2016). Subsequent self-
pollination led to complete loss of the C genome
and a new-type B. juncea which was found to be
genetically stable at the F6 generation. Hybrids
between newly synthesized and traditional B.
juncea showed considerable potential for
heterosis in terms of increased seed yield (Wei
et al. 2016).

8.3 Introgressions from the Related
A Subgenome in B. napus
and the Related B Subgenome
in B. carinata

8.3.1 Methods and Approaches

The evolutionary relationships between the
allotetraploid species B. juncea (AABB), B.
napus (AACC) and B. carinata (BBCC) facili-
tate both hybridization and genome introgression
between these three species. The subgenomes in
each species are homologous, not identical; both
different interspecific hybridization events

between progenitor diploid accessions (e.g.,
between B. rapa and B. nigra compared to
between B. rapa and B. oleracea), a complex
history of domestication and selection and pos-
sibly even homoeologous exchanges between the
two subgenomes in each allopolyploid have led
to differentiation and potentially useful genetic
and phenotypic variation present in each of these
species (Chalhoub et al. 2014; Yang et al. 2016;
Song et al. 2021). Introgression into B. juncea
from the shared A genome in B. napus or the B
genome in B. carinata can readily be achieved by
homologous recombination, and with a lower
frequency from the C genome via homeologous
recombination (usually with the A genome)
(Mason and Chèvre 2017).

Hybridization between B. juncea and B. napus
and B. juncea and B. carinata can be readily
carried out via hand-pollination (Mason et al.
2011). Both crossing directions are possible;
some slight preference for B. juncea as a mater-
nal parent seems to be present in terms of success
rate (Fitzjohn et al. 2007), but as with all crosses
this is also strongly genotype-dependent. Crosses
between B. juncea and B. napus usually result in
the production of AABC hybrids, while crosses
between B. juncea and B. carinata usually result
in the production of BBAC hybrids. However,
other genome compositions have also been
observed, including aneuploidy (missing chro-
mosomes from a B. carinata parent gamete) and
AAABCC compositions from the combination of
an unreduced gamete from B. napus with a
reduced gamete from B. juncea (Mason et al.
2011). AABC and BBAC hybrid types can be
readily backcrossed to either parent to restore B.
juncea types, with fertility generally improving
with subsequent backcross generations (Frello
et al. 1995; Schelfhout et al. 2006). Improvement
in fertility is putatively coupled to successive loss
of undesired C genome chromosomes.

8.3.2 Novel Genetic Diversity
and Heterosis

As with B. rapa and B. nigra, hybridizations with
B. napus and B. carinata have been frequently
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carried out in order to introduce novel genetic
diversity into B. juncea, and to explore the
potential for heterosis and hybrid breeding using
this material. Schelfhout et al. (2008) made
reciprocal crosses between Brassica napus cv.
Mystic (canola) and B. juncea JN29 (near canola
quality), and self-pollinated and backcrossed the
F1 hybrids in all possible combinations to the
parent plants (Schelfhout et al. 2008). F2:3 and
BC1S0:1 progeny showed transgressive segrega-
tion for agronomic and quality traits in two
contrasting field environments, and several B.
juncea-type progeny had improved seed chemi-
cal composition (lower total seed glucosinolates
and higher % oleic acid) than the B. juncea
parent. They concluded that self-pollination of
interspecific hybrids between canola-quality B.
napus and B. juncea has the potential to greatly
enhance genetic diversity in canola-quality pro-
geny of both species, without the loss of donor
alleles that normally occurs with repeated
backcrossing.

A novel resynthesis method to produce B.
juncea via the cross between B. napus and B.
carinata was pioneered by Prof. Surinder Banga
at Punjab Agricultural University. This method
involves cross-pollination between B. napus and
B. carinata to produce CCAB hybrids, followed
by colchicine treatment to induce chromosome
doubling to produce CCCCAABB types. Inter-
estingly, self-pollination of these lines then
results in complete loss of the C genome chro-
mosomes via tetravalent elimination, thus pro-
ducing AABB-type plants which represent a
novel resynthesis of B. juncea (Banga and Kaur
2009). Gupta et al. (2014) analyzed 62 progeny
resulting from this approach for cytogenetic sta-
bility and genome size changes in the S5 and S6
generations, and confirmed the viability of this
resynthesis concept for B. juncea improvement
(Gupta et al. 2014). These new resynthesized
hybrids showed excellent potential for hybrid
breeding in terms of heterosis after hybridization
with natural B. juncea (Gupta et al. 2015). Some
progeny even showed novel, desirable agro-
nomic traits such as determinate inflorescences
(Kaur et al. 2014a). Further molecular cytoge-
netic investigation also revealed that some of

these lines contained C genome chromosome
substitutions (whole C genome chromosomes
which had replaced homoeologous B. juncea
genome chromosomes), as well as C-genome
introgressions, with potential value for trait
introgression and increased heterosis in crosses
with natural B. juncea (Gupta et al. 2016).
Interestingly, the resynthesized B. juncea lines
were found to have a higher internal methylation
level (40.4%) than the natural B. juncea cultivars
(17.1%) (Gupta et al. 2019), possibly suggesting
gene methylation as an additional source of
variation which may affect trait phenotypes.

8.3.3 Cytoplasmic Male Sterility
and Restorer Lines
for Hybrid Breeding
Systems

Hybridization between B. napus and B. juncea
has also been done to transfer established traits or
introgressions from other species. In particular,
“Ogura” cytoplasmic male sterility (CMS) is a
system that has been developed in B. napus and
then transferred to B. juncea. This CMS trait was
first identified in Raphanus sativus (radish).
Male-sterile B. napus lines carrying the radish
cytoplasm and subsequently a fertility restorer
line were produced by targeted hybridization
breeding and introgression of a radish locus into
chromosome C9 of B. napus (Pellan-Delourme
and Renard 1988; Delourme et al. 1998). Due to
the amount of work required to build this com-
plete hybrid breeding system, which is still a
highly efficient and widely used hybrid seed
production system today, direct transfer of the
ogu radish cytoplasm into B. juncea from B.
napus via somatic fusion has been attempted
(Kirti et al. 1995). An alternative approach was
the transfer of the fertility restorer (Rfo) gene in
B. napus to B. juncea via hybridization, and
subsequent improvement of this system (Gudi
et al. 2020). Tsuda et al. (2014) also explored the
possibility of indirectly introgressing traits from
B. napus to related Brassicaceae species through
B. juncea as well as direct introgression from
Brassica napus to B. juncea (Tsuda et al. 2014).
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Similarly, Arumugam et al. (1996) synthesized
hexaploid hybrids (AABBCC) by somatic cell
hybridization between hygromycin-resistant B.
juncea (AABB) carrying “tour” cytoplasm and
phosphinotricin-resistant, normal B. oleracea
(CC). This bridging material was backcrossed to
all of the diploid and allopolyploid Brassica
species in order to transfer “tour” CMS derived
from Brassica tournefortii (Arumugam et al.
1996).

8.3.4 Transgene Escape

Due to regulatory issues around transgenic crops,
the possibility of unintended introgression from
transgenic lines to crops has also been studied in
the context of hybridization between crop rape-
seed and wild B. juncea. Tang et al. (2018)
studied transgene introgression from transgenic
rapeseed (B. napus) to different varieties of B.
juncea (Tang et al. 2018), and Frello et al. (1995)
studied the inheritance of rapeseed (Brassica
napus) specific random amplified polymorphic
DNA (RAPD) markers and a transgene in the
cross B. juncea � (B. juncea � B. napus) (Frello
et al. 1995). Guan et al. (2020) evaluated the
introgression of transgenic B. napus into wild B.
juncea and found a loss of C-genome-specific
markers during transgene introgression (Guan
et al. 2020).

8.4 Introgressions from Outside
the A, B and C Genome Species

8.4.1 Methods and Approaches

Hybridization between B. juncea and species
outside the “Triangle of U” has also frequently
been carried out in order to introgress useful
traits for B. juncea crop improvement. In this
case, following production of interspecific
hybrids, repeated backcrossing to B. juncea is
usually carried out in order to eliminate all
chromosomes from the wild species genome with
the exception of the trait locus of interest. This
trait locus will ideally be introgressed into the

host B. juncea genome such that only a small
chromosomal segment is present on a B. juncea
chromosome, to avoid linkage drag (negative
agronomic effects contributed by adjacent
genetic loci on the same segment resulting from
the wild species). This approach can be chal-
lenging due to the low frequencies of crossovers
usually observed in the interspecific hybrids, but
has been used to great effect in both production
of CMS hybrid breeding systems and introgres-
sion of resistances to mustard aphid and Sclero-
tinia disease. Mithila and Hall (2013) also
introgressed auxinic herbicide (dicamba) resis-
tance into B. juncea by crossing with a resistant
Sinapis arvensis (old name B. kaber; wild mus-
tard) genotype and rescuing the embryo rescue
followed by backcrosses to B. juncea (Mithila
and Hall 2013).

8.4.2 Cytoplasmic Male Sterility
Systems for Hybrid
Breeding

CMS systems in Brassica juncea have been
developed via wide hybridization with a variety
of species to result in either male sterility or the
development of a complete hybrid breeding
system (CMS lines plus fertility restorer lines).
Rao et al. (1994) developed a CMS system in
Brassica juncea through wide hybridization with
Diplotaxis siifolia (Rao et al. 1994), while Banga
et al. (2003) transferred CMS to Brassica juncea
by introducing its nucleus into the cytoplasm of
Enarthrocarpus lyratus (2n = 20; EE). Banga
et al. (2003) and Prakash et al. (2001) examined
the expression of male sterility in alloplasmic
Brassica juncea with Erucastrum canariense
cytoplasm and the development of a fertility
restoration system (Prakash et al. 2001; Banga
et al. 2003). Somatic fusion to produce hybrids
with Trachystoma ballii followed by repeated
backcrossing to B. juncea was first carried out to
produce CMS lines (Kirti et al. 1995), and sub-
sequently to introgress a fertility restorer gene
(Kirti et al. 1997). Pathania et al. (2003) studied
CMS and fertility restoration in alloplasmic
Brassica juncea carrying Diplotaxis catholica
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cytoplasm (Pathania et al. 2003). Moricandia
arvensis has frequently been investigated and
utilized: Prakash et al. (1998) studied a Mori-
candia arvensis-based CMS and fertility restora-
tion system in Brassica juncea (Prakash et al.
1998), while Kirti et al. (1998) examined effects of
chloroplast substitution on leaf chlorosis in a
Moricandia arvensis-based cytoplasmic male
sterile B. juncea (Kirti et al. 1998). Kaur et al.
(2004) investigated fertility restoration in B. jun-
cea CMS lines based on the cytoplasm from
Moricandia arvensis (Kaur et al. 2004), and
Ashutosh et al. (2007) developed a CMS line of
Brassica juncea through somatic hybridization
with Moricandia arvensis and introgressed the
fertility restorer gene into B. juncea. The authors
identified AFLP markers linked to the male fer-
tility restorer gene and converted them into SCAR
markers (Ashutosh et al. 2007). Bhat et al. (2005)
studied restoration of male fertility to two CMS B.
juncea lines carrying either M. arvensis or
Diplotaxis catholica cytoplasm by crossing them
with a B. juncea line carrying an introgression
from Moricandia arvensis (Bhat et al. 2005).
Restoration was found to be monogenic. Bhat
et al. (2006) developed an alloplasmic CMS line
of Brassica juncea by repeated backcrossing of
the sexual hybrid (Diplotaxis erucoides � Bras-
sica rapa) with B. juncea cv. “Pusa Bold” and
studied fertility rescue by theMoricandia arvensis
restorer (Bhat et al. 2006). In each of the mori,
erucoides and catholica CMS systems altered
expression of atpa at the floral stage was associ-
ated with CMS and a common restorer was able to
restore male fertility, suggesting atpa may be
involved in causing CMS in these lines (Bhat et al.
2006). Bhat et al. (2008) reported the development
of an improved CMS system of B. juncea carrying
cytoplasm of the wild species Diplotaxis
berthautii and restoration of fertility using Mori-
candia arvensis and D. catholica-based alloplas-
mic CMS systems of B. juncea (Bhat et al. 2008).

8.4.3 Resistance to Mustard Aphid

Mustard aphid (Lipaphis erysimi) is a major pest
in Brassica oilseeds, but limited resistance exists

within the crop germplasm against this pest
(Bhatia et al. 2011). Kumar et al. (2011) screened
a number of wild crucifers for resistance traits
and found Brassica fruticulosa and Brassica
montana to be the most promising (Kumar et al.
2011). Atri et al. (2012) synthesized an artificial
amphiploid from B. fruticulosa � B. rapa var.
brown sarson for use as a bridge to transfer
resistance traits (Atri et al. 2012). Introgression
lines generated by self-pollination showed
euploid chromosome numbers (2n = 36), normal
meiosis and high pollen grain fertility. B. juncea-
fruticulosa introgression lines may prove to be a
very powerful breeding tool for aphid resistance
related quantitative trait locus (QTL)/gene dis-
covery and fine mapping of the desired
genes/QTLs to facilitate marker-assisted transfer
of identified gene(s) for mustard aphid resistance
in the background of commercial mustard
genotypes (Atri et al. 2012). Brassica juncea
lines carrying genomic introgressions from B.
fruticulosa have subsequently investigated for
mustard aphid resistance and found to be resis-
tant (Kumar et al. 2011). Palial et al. (2018) also
identified changes in biochemical constituents
after aphid infestation in three Brassica juncea
fruticulosa introgression lines (already reported
resistant to Lipaphis erysimi) in terms along with
B. fruticulosa (resistant parent) in comparison
with B. juncea var PBR −210 (susceptible par-
ent) and B. rapa ecotype brown sarson BSH-1
(susceptible check) (Palial et al. 2018).

8.4.4 Resistance to Sclerotinia
sclerotiorum

Sclerotinia wilt or stem stripe is a disease with
serious impact on Brassica crop production. Garg
et al. (2010) introgressed resistance to Sclerotinia
sclerotiorum into B. napus and B. juncea by
hybridization with three wild crucifer species:
Erucastrum cardaminoides, Diplotaxis tenuisili-
qua and E. abyssinicum (Garg et al. 2010).
Introgression of segments of the genome from E.
cardaminoides into cultivated lines of B. juncea
was achieved by hybridizing the wild relative
with B. rapa or B. nigra followed by
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chromosome doubling to give a synthetic
amphidiploid. This amphidiploid was then
backcrossed to B. juncea. Introgression lines
showed much higher levels (P < 0.001) of
resistance compared with the B. juncea germ-
plasm. Rana et al. (2019) developed a set of 96
Brassica juncea–Erucastrum cardaminoides
introgression lines (ILs): marker-trait associa-
tions and genomic regions associated with
Sclerotinia stem rot (Sclerotinia sclerotiorum)
resistance from wild Brassicaceae species E.
cardaminoides were established (Rana et al.
2019). Rana et al. (2017) mapped resistance
responses to Sclerotinia infection in introgression
lines of Brassica juncea carrying genomic seg-
ments from wild Brassicaceae B. fruticulosa
(Rana et al. 2017), and associated high levels of
resistance against S. sclerotiorum with particular
segments. Atri et al. (2019) also analyzed
defensive responses of Brassica juncea—B. fru-
ticulosa introgression lines to stem rot caused by
Sclerotinia sclerotiorum (Atri et al. 2019): over
40% of introgression lines showed higher levels
of resistance.

8.5 Facilitating Introgression
Breeding

Introgression breeding in B. juncea has success-
fully led to the production of introgression lines
with increased genetic diversity as well as useful
agronomic traits, as outlined above in previous
sections. However, introgression breeding can be
challenging: successful production of interspeci-
fic hybrids can be difficult with more distantly-
related species, and recovering small chromo-
some introgression regions carrying the agro-
nomic trait of interest in the crop genome
background usually requires substantial breeding
efforts to obtain and select for recombinant
chromosomes, which may result from very rare
crossover events in the hybrids (Quezada-
Martinez et al. 2021). In the case of B. juncea,
the availability of several related species which
share the A or B genome or subgenome in
common greatly facilitates this process: in
hybrids which share a genome (e.g., AAB,

AABC genome structure), homologous chromo-
some pairing can be used to transfer genetic loci
directly, and may hence allow for large-scale
introduction of novel genetic variation or poten-
tially even QTLs (reviewed by Mason and
Chèvre 2017).

Within the Brassiceae tribe, many species are
known to successfully hybridize with B. juncea
(reviewed by Fitzjohn et al. 2007). Successful
interspecific hybridization is usually correlated to
some extent with phylogenetic divergence
between species: however, although the Bras-
siceae is thought to be a monophyletic clade,
genera within the Brassiceae are highly poly-
phyletic (Al-Shehbaz et al. 2006). Based on ITS
sequence comparisons (https://brassibase.cos.
uni-heidelberg.de/), “A genome species” Bras-
sica juncea, B. napus and B. rapa form one
subgroup which is very closely related to the “C
genome species” cytodeme of B. oleracea, B.
incana, B. rupestris, B. insularis, B. montana, B.
macrocarpa, B. villosa and B. cretica, while the
B genome closely groups with Sinapis arvensis,
Trachystoma labasii and Guiraoa arvensis
(Koch et al. 2012, 2018; Kiefer et al. 2014),
making these species potentially a good choice
for introgressions. Another 30–60 species fall
into a “relatively close” phylogenetic position to
the A and B genomes, including species in the
large polyphyletic genera Erucastrum and
Diplotaxis, as well as other Brassica species such
as B. fruticulosa (Koch et al. 2012, 2018; Kiefer
et al. 2014). Although phylogenetic proximity
may not always be directly related to hybridiza-
tion or introgression success, prior knowledge of
these relationships may be helpful in selecting
the best target species for introgression attempts,
if multiple options are available.

In recent years, due to the increasing acces-
sibility and reduced costs of whole genome
sequencing and other genomics approaches, huge
numbers of complex crop and wild relative
genomes are being sequenced and assembled,
providing a robust platform for genomics
approaches to breeding (Bevan et al. 2017). This
is of major benefit for introgression breeding: if
genome sequence data or even transcriptomics
data is available for the wild relative of interest,
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then this allows molecular markers to be rapidly
developed. This can be done via comparison of
the genomic regions of interest between B. jun-
cea and the wild relative to find variants of
interest, or via comparison of previously identi-
fied markers in B. juncea for potential cross-
genome use. Marker-assisted tracking of geno-
mic introgressions can be hugely beneficial for
early selection of plants which are carrying the
desired genomic segment. As well, markers can
be used to identify whether whole addition
chromosomes or recombinant chromosomes are
present: large numbers of putative introgression
lines can be screened with a marker at the top and
bottom of the wild relative chromosome con-
taining the target locus of interest, and individ-
uals where only one of the two marker loci is
present identified for further investigation.
Genomic or transcriptomic information can also

allow the detailed elucidation of the genomic
introgression fragments in terms of size and
location (He et al. 2017), and may even allow
identification of possible candidate genes if the
genomic introgression is small enough.

8.6 Conclusions

Introgression breeding for crop improvement in
Brassica juncea has been successfully carried out
to introduce novel genetic diversity from B. rapa,
B. nigra, B. napus and B. carinata, and with
wider relatives to develop hybrid breeding sys-
tems (cytoplasmic male sterile and fertility
restorer lines) and to introgress specific traits of
agronomic importance (Fig. 8.1). These include
resistances to major diseases and pests afflicting
B. juncea crops such as mustard aphid infestation
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arvensis

Sa

B. fru�culosa
F

Moricandia
arvensis

Ma

C
M
S

Fig. 8.1 Example introgressions into Brassica juncea
from related species. B. juncea is an allotetraploid with
2n = AABB; introgression can hence readily be achieved
between B. juncea and relative species which share
subgenomes in common (B. rapa, B. nigra, B. napus and
B. carinata; A genome = blue, B genome = green; brown
arrows), as well as between the closely related A and C
genomes (C genome = red, orange arrow indicates

possible introgression of C-genome segments into the A
genome; introgression from the C to the B is possible but
much more difficult). Wider introgressions (yellow) have
successfully transferred CMS from Moricandia arvensis,
herbicide resistance from Sinapis arvensis, mustard aphid
resistance from B. fruticulosa, and Sclerotinia resistance
from B. fruticulosa and Erucastrum cardaminoides, as
some examples
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and Sclerotinia disease, as well as introgression
of herbicide resistance. Despite these impressive
results, introgression breeding has a great deal of
as-yet-unexplored potential. Both the ready
introgressions between subgenomes permitted by
the genomic similarity between B. juncea and the
other “Triangle of U” species as well as the
extremely wide range of wild relatives for which
hybridization approaches are possible suggest
numerous possibilities for improvement. The
ongoing development of additional genetic and
genomic resources (genome references for the
wild species, markers and germplasm collec-
tions) as well as new biotechnological approa-
ches (hopefully including targeted transfer of
identified genes directly between species using
transformation, pending regulatory approval) can
only lead to immense benefits for B. juncea, an
important and diverse vegetable, oilseed and
condiment crop around the world.
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9In Vitro Culture
for Micropropagation, Somatic
Embryogenesis, Somatic Mutation,
and Somatic Hybridization
in Brassica juncea
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and Ferdinando Branca

Abstract

Development of Brassica juncea in vitro
regeneration protocol can be a useful tool for
breeders to select genotypes having interesting
traits which can be related to the oil produc-
tion which is the main goal for an oilseed
crop. Several techniques have been mentioned
for their possible application in breeding
programs, starting from the explant and
finishing with regenerated plant acclimatation.
Explant regeneration process needs the opti-
mization of protocol for the medium compo-
sition, its environmental conditions and plant
selection. Regeneration of explant is carried
out via organogenesis through the excised
organs in vitro regeneration or via somatic
embryogenesis (SE) which consist in the
production of somatic embryos following the
typical stages of the embryo’s development
(from “globular” to “heart” stage). Organo-
genesis is also studied to improve the effi-
ciency of Rhizobium radiobacter gene

mediated transformation protocol for the
infected explant regeneration. Breeding pro-
grams are also focused on the production of
homozygous pure lines through androgenesis
generating doubled haploid (DH) lines,
homozygous at each locus. In contrast, it is
possible to enhance the heterozygosity and
genetic variability through the somaclonal
variation of mutant hybrids which have
different traits compared to the parental plant.
Protoplast fusion is a technique which allows
the production of hybrid and cybrid combina-
tions of species that are sexually incompatible
facilitating the intergeneric and the intraspeci-
fic hybridization without genetic transforma-
tion. In this chapter these techniques have
been evaluated and described comparing sev-
eral methods and results.

9.1 Introduction

During the last decades Brassica plant tissue
regeneration has been improved and optimized
by organogenesis and somatic embryogenesis
utilizing various explants, as such as roots,
hypocotyl, cotyledons, leaf petiole, shoots, and
inflorescence portions (Cardoza and Stewart
2004). The setting up of in vitro plant regenera-
tion methodologies for Brassica species is
influenced by several factors such as culture
medium composition, temperature, light and
photoperiod, organs utilized for explants and

S. Treccarichi � G. F. Rizzo � F. Branca (&)
Department of Agriculture, Food and Environment
(Di3A), University of Catania, 95131 Catania, Italy
e-mail: fbranca@unict.it

S. Treccarichi
e-mail: simone.treccarichi@phd.unict.it

G. F. Rizzo
e-mail: giulio.rizzo@phd.unict.it

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
C. Kole and T. Mohapatra (eds.), The Brassica juncea Genome, Compendium of Plant Genomes,
https://doi.org/10.1007/978-3-030-91507-0_9

159

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_9&amp;domain=pdf
mailto:fbranca@unict.it
mailto:simone.treccarichi@phd.unict.it
mailto:giulio.rizzo@phd.unict.it
https://doi.org/10.1007/978-3-030-91507-0_9


genotype which shows different propagation
reactivity. Establishment of efficient in vitro
regeneration protocols for Brassica species is a
crucial starting point for improving their eco-
nomical value also in order to optimize new
biotechnological protocols for setting desirable
traits of the plant (Ravanfar et al. 2017).

In vitro culture allows selection in shorter
time than in conventional breeding, increasing
plants homozygous for economic locus by
establishing diploaploids or by somaclonal
mutants of the donor plant. Plant variability can
be enhanced through the somaclonal variation
and the epigenetic genetic traits of interest can be
detected performing molecular biology tech-
niques, such as the marker assisted selection
(MAS). Tissue culture exploits the cellular
totipotency which is the ability of a single cell to
be able to differentiate into embryonic or
extraembryonic cell by the stimulation of envi-
ronmental conditions and/or hormones.

Conventional breeding is a long and costly
process which requires space and work to ana-
lyze phenotypes showing interesting economic
traits; biotechnologies can reduce time to select
improved breeding lines in agronomic traits.

Since some decades Brassica breeding activ-
ities have been improved to enhance androgen-
esis protocols by anther or pollen culture, in
order to obtain pure lines (homozygous at each
locus) for hybrids’ F1 production.

In organic breeding it is not possible to use
cytoplasmic male sterility (CMS) lines such as
the Ogura-type (Ogura 1968), which was indi-
viduated in a rapeseed cultivar and is widely
utilized for Brassica oleracea F1 hybrids pro-
duction such as for broccoli, cauliflower and
cabbage (Branca 2008).

CMS system in Brassica has many limitations
including the difficult availability of restorer lines
(R), vulnerability to pest and diseases, difficulty
in maintenance of each line, non-synchronization
of flowering among the Brassica species, unsta-
ble sterility over environments and incomplete
fertility restoration (Sinha et al. 2016; Singh et al.
2017). The diploid Brassica species are B. rapa,
B. nigra, and B. oleracea and they represent the

U triangle (Nagaru 1935) model with A, B, and
C genomes, respectively. The above cited species
show self-incompatibility (SI) while B. napus
(AACC, n = 19), B. juncea (AABB, n = 18),
and B. carinata (BBCC, n = 17), exhibit self-
compatibility (Kitashiba and Nasrallah 2014). SI
system is carried out at the surface of stigma
epidermal cells through the failure of incompat-
ible pollen grains to germinate producing pollen
tubes (Kitashiba and Nasrallah 2014).

In the present chapter the main methods of
in vitro tissue cultures and their alternatives have
been described focusing on their possible appli-
cation in breeding programs to enhance com-
mercial, nutraceutical, and technological traits of
B. juncea oilseed crop.

9.2 Organogenesis

In vitro plant tissue culture can stimulate
organogenesis in differentiating cells by the
application of exogenous phytohormones and the
cells explant competence which influence tissue
formation (Sugiyama 1999). In vitro organo-
genesis processes determines complex cell mor-
phological modification which induces de novo
tissues production (Thorpe and Biondi 1981).

George and Rao (1980) cultivated hypocotyl
segments and cotyledons, excised from 8-day-old
seedlings of B. juncea var. Rai-5, on Murashige
and Skoog's basal medium (Murashige and
Skoog 1962) supplemented with 1 mg/L naph-
thalene acetic acid (NAA), 1 mg/L benzy-
ladenine (BA) and containing 2% sucrose; shoots
were produced on the cotyledons while the
hypocotyls gave only roots. B. juncea var. Rai-5
was subject of other trials in which in vitro yel-
low seeded variants were selected and analyzed,
finding 2% more of oil production than yellow
seeds (George and Rao 1983).

In B. juncea cv RLK-81–1 Sharma et al.
(1990) studied shoot and root regeneration from
excised 5 days old seedling cotyledons and they
observed the maximum adventitious shoot buds
differentiation by Murashige and Skoog medium
(MS) containing 5 lM 6-Benzyladenine (6-BA).
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Organogenesis developed only in the petiole’s
cut end in contact with the medium while in the
leaf surface there did not occur any organogen-
esis. (Sharma et al. 1990) also studied the effect
of sucrose and glucose on shoot buds differenti-
ation and they observed the best results by using
glucose 3% (about 95% of shoots regenerated)
and the worst one by using sucrose 1% (about
5% of shoots regenerated quickly turned brown
without much further growth). Organogenesis
can occur starting from callus arised from
hypocotyl and cotyledon explants cultured on
MS medium; callus formation carried out mostly
in cotyledon explant than to hypocotyle; callus
treatment with indole acetic acid (IAA)
(0.2 mg−1) and kinetinen (2.0 mg−1) showed
significant differences in the callus induction,
fresh and dry weight of callus (Ratan et al. 2001).

Bano et al. (2010) evaluated the in vitro
regeneration response of cotyledons, hypocotyls,
and roots explants of three B. juncea genotypes
(UCD-635, RL-18 and NIFA-RAYE) in MS
medium supplemented with auxins and cytoki-
nins. The hormones concentration (BAP /NAA
0.5 mg L−1 and Kin 2.0 mg L−1/IAA 0.2 mg
L−1 and Kin 3.0 mg L−1/IAA 0.5 mg L−1) and
their application played an important role for the
differentiation of the callus cells, induced by
cotyledons explants, producing shoots efficiently
of the UCD-635 and RL-18 genotypes.

Paladi et al. (2017) studied the effect of silver
nitrate (AgNO3) which modulates the organo-
genesis in B. juncea inducing high frequency of
shoots and several changes in antioxidant
defense; transcript profile of hormone synthesis
was analyzed signaling the activity of SOD, CAT
and EIN2 genes involved in the oxidative stress
response and in the ethylene synthesis (Paladi
et al. 2017).

Kashyap et al. (2019) studied the effect of the
formulated organic medium composed by ver-
micompost (30%) extracts integrated with
20 mg/L coelomic fluid in combination with
1 mg/L BA and 0.1 mg/L NAA in comparison to
standard MS medium; the organic medium
showed higher cotyledons’ survival rate than MS
medium, 98% and 63% respectively.

Cytokinins plays an important role in in vitro
hypocotyl callus regeneration; callus explant in
MS medium supplemented with 98.9 µmol/L,2,4-
dichlorophenoxyacetic acid (2,4-D) and
4.5 � 10–3 µmol/L kinetin, induced the upregu-
lation of transcriptomic factors involved in cyto-
kinins pathways (ARR genes) and in others plant
hormone signaling pathways such as auxins,
ethilens, and brassinosteroids (Lu et al. 2020).

Brassica juncea shoot regeneration was stud-
ied by Rhizobium radiobacter gene transforma-
tion which needs the tumor tissue stem’s explant
regeneration; R. radiobacter gene mediated
transformation requires an efficient tissue regen-
eration protocol and several authors studied the
effect of the concentration and combination of
different hormones in MS medium for shoot
regeneration from callus (Mathews et al. 1985,
1990; Guo et al. 2005). Cotyledons provided
high shoot regeneration frequency than leaves,
67.9% and 52.4% respectively, using 4.54 lM of
cytokinin-like herbicide thidiazuron (TDZ) com-
bined with 5.37 lM NAA in the medium; shoots
induction and differentiation in all cytokinins
used was enhanced in combination of auxin (Guo
et al. 2005) and further studies have been con-
ducted to enhance the regeneration from cotyle-
dons preparing explants for R. radiobacter
genetic transformation (Bhuiyan et al. 2011).

Pental et al. (1993) studied the effect of
genotype on shoots regeneration from hypocotyl
explants comparing 12 B. juncea cultivars grown
in different regions of the world (India, Australia
and Commonwealth of Independent States—
CIS) used for the R. radiobacter. mediated
genetic transformation; the Indian cultivar RLM
198 showed higher in vitro performances than
the other cultivars in MS medium supplemented
with BAP 1 mg/1 and 2,4-D 0.05 mg/L stained
with 20 lM of AgNO3. The AgNO3 effect was
also studied by analyzing in vitro shoot regen-
eration from several kinds of explants including
cotyledons, hypocotyl, petiole obtained from
three different B. juncea genotypes (I39/1,
AB79/1, J99). From each explant the transverse
thin cell layers (tTCLs) (400–500 lm thin) were
isolated; tTCLs of cotyledons gave the best
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results from the formed callus regeneration, fol-
lowed by petiole and hypocotyl (Aoun et al.
2008).

High regeneration efficiency is the main focus
for R. radiobacter mediated transformation;
B. juncea (Aari canola) showed about 70% effi-
ciency from cotyledon explant (Fig. 9.1) (Farooq
et al. 2019). R. radiobacter mediated transfor-
mation requires the optimization of regeneration
protocol to produce several shoots from induced
calli (the best result was 87% callus frequency on
MS supplemented with 4 lM BA, after 4 weeks)
to insert interesting traits into B. juncea genome.
Transformation occurred in R. radiobacter bin-
ary vector plasmid having Euonymusalatus
diacylglycerol acetyltransferase (EaDAcT)
involved in the fatty acids’ modulation and bar
gene, carrier of herbicide resistance to select
transgenic recombinant mutants (Naeem et al.
2020).

Organogenesis performing protocol can also
provide a valid tool to screen and investigate
biotic stress resistance such as white rust disease,
caused by Albugo candida; B. juncea resistant
mutant genotypes (C66 and C69) were compared
with the susceptible B. ca juncea var. Varuna
using various hormonal compositions (Chatterjee
et al. 2021).

9.3 Somatic Embryogenesis

Somatic embryogenesis (SE) is a process derived
from non-zygotic cells without vascular connec-
tion with the original tissue which evolves a
bipolar structure resembling a zygotic embryo
through a series of typical stages (Fig. 9.2) (von
Arnold et al. 2002). SE can occur directly from
the removed cells or indirectly through the callus
formation (Williams and Maheswaran 1986).
Microspores, ovules, zygotic and somatic
embryos, and seedlings represent the most used
target involved in the SE process. In Brassica
genus several researches have been conducted
aiming to reduce time-consuming and costly
manipulation of the explants cultivated through
the organogenesis process (Lichter 1989). SE
stages can be categorized to five steps which are:

1. Initiation of embryogenic cultures by cultur-
ing the starting explant on medium supple-
mented with plant grown regulators (PGRs).

2. Proliferation of embryogenic cultures on
medium supplemented with PGRs.

3. Development of somatic embryos in medium
without PGRs to inhibit proliferation and
stimulate somatic embryo formation and early
development.

Fig. 9.1 Regeneration of B.
juncea different from different
explants (Farooq et al. 2019)
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4. Maturation of somatic embryos by culturing
on medium supplemented with ABA and/or
reduced osmotic potential.

5. Development of plants on medium without
plant growth regulator (PGRs) (Högberg et al.
2001).

As reported in literature, the genotype is the
most important factor for embryogenic frequency
of most Brassica species. During the last
30 years several authors reported studies to
evaluate the regeneration response of the excised
organs in Brassica species and their response to
differentiate into embryos starting from excised
somatic cells.

Hypocotyl explants of B. juncea var. RL.M-
198 were used to analyze a simple regeneration
protocol based onMSmedium supplemented with
2%sucrose, 0.25mg L−1 2.4-D, 0.5 mg L−1NAA
and BAP; this method provides 31% embryos
production and each embryo developed about 25
shoots (Kirti and Chopra 1989). In vitro culture of
B. juncea could provide individuals, after in vitro
selection, show tolerant traits to prevent abiotic
stress such as sodium chloride level starting from
hypocotyl explants (Kirti et al. 1991a). Calli pro-
duced from hypocotyl explants differentiated into
somatic embryos and then shoots on the same
medium of Kirti and Chopra (1989).

Auxins content can significantly induce
developmental patterns interfering with the
embryo production in its evolution from globular
to transition to “heart” embryo stage (Hadfi et al.
1998).

In B. juncea cultivar Pusa Jai Kisan embryo-
genic calli were induced from hypocotyl seg-
ments and cotyledons of in vitro germinated
seedlings; the highest embryogenic calli fre-
quency was 98% in cotyledons on MS medium
supplemented with 2 mg/L 2,4-D. Somatic
embryo germination achieved best results by
adding 2.6 mg/L ABA to the embryos develop-
ment medium. Embryo development stages were
checked using transmission electron microscopy
(TEM) and scanning electron microscopy
(SEM) which allowed histological studies con-
cerning the embryos’ bipolar structure produced
(Akmal et al. 2011).

Faisal et al. (2021) developed and standard-
ized a protocol for direct somatic embryogenesis
and plant regeneration of aseptic seedlings
derived from unreaped green seeds of B. juncea
after 7, 14, 21, or 28 days from pollination;
immature seeds were disinfected and placed into
Nitsch culture medium fortified with sucrose (3%
w/v) followed by fructose and maltose. Protocol
application depended on the seeds’ age and
medium composition was an important factor
which influenced the number of embryos. The
highest number of embryos from immature seeds
was collected after 21 days from pollination
observing 12.7 embryos per seedling while after
7 days from pollination 4.1 embryos per seed-
ling. Intern simple sequence repeat (ISSR) PCR
analysis was performed to check genetic diver-
sity of regenerated plantlets and the ploidy level
and flow cytometry; the comparison between
these two methods showed no substantial

Fig. 9.2 Schematic overview of angiosperm somatic embryo development. Picture was taken from von Arnold et al.
(2002)
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differences between in vitro somatic embryo-
derived plants of B. juncea and control plants
grown to ex vitro conditions (Faisal et al. 2021).

SE was also checked starting from callus and
from cell suspension cultures; the most per-
forming callus induction was obtained with MS
medium fortified with 3.0 mg L−1 2,4-D. Further
regenerations were obtained supplementing
0.5 mg L−1 BAP in combination with 0.5–
1.0 mg L−1 2,4-D (Shyam et al. 2021b).

9.4 Anther/Microspore Culture
and Doubled Haploids

During the last year breeders have needed to
obtain homozygous individuals for each locus
providing pure lines which can be crossed and
used for breeding programs. In vitro anther cul-
tures were firstly successfully performed in
Daturainnoxia for which haploid embryos were
produced (Guha and Maheshwari 1964). Haploid
plant production occurs occasionally in natural
conditions (Chase 1963) and this process was
discovered in Zeamays (one haploid plant each
80,000 plants). Narayanaswamy and George
(1982) confirmed the possibility to grow sporo-
phytic cells under in vitro artificial stimulation.
Haploid technique through microspore embryo-
genesis can play a significant role to reach
homozygosity reducing time (Keller et al. 1987).
Pollen structure is characterized by dimorphism
that can produce sporophytic and/or gameto-
phytic organs and its type and stage of devel-
opment are the key elements for DH individuals
production. DH methods and technologies could
provide a useful tool in breeding self-
incompatible, outcrossing lines, which are com-
mon in B. oleracea complex species (n = 9).
Various techniques for microspore/anther culture
were developed in Brassica species (Palmer et al.
1996).

Malik et al.(2001) used B. juncea cv Pusa
Bold as a parent in a series of crosses among
Diplotaxisspp. genotypes and B. campestris to
produce cytoplasmic male sterile (CMS) lines
and to examine the androgenic plantlets

produced from microspore cultures; late season
donor plantlets (sown during the flowering
month) yielded about 8% higher androgenic
anthers than the usual season donor plants.
Microspores activation, after anther collection
and their incubation at 35 °C in darkness con-
ditions for 5 days, occurred in 4–16 days in the
responsive genotypes and in 4–28% anthers. Cell
division level was equal in about 80% of the
activated microspores using KA-77 medium
which induced androgenesis only in B. juncea.
The addition of glutathione and 30 µM AgNO3

in the medium enhanced the percentage of
androgenic anthers.

Brassica juncea cultivar Rajat had a signifi-
cant response in androgenesis producing around
3500 embryos/100 buds. The microspore
embryos germinated on B5 medium with 2%
sucrose after 20 days at 5–10 °C; androgenic
plantlets had about 52% survival and 74% fer-
tility (Chanana et al. 2005).

Androgenesis was usually successfully
induced by high concentration of colchicine
(>10 mg/L) for 24 h (Agarwal et al. 2006). In B.
juncea var. PR-45 higher temperature comple-
mented with an antiauxin 20 lM PCIB applica-
tion (p-chlorophenoxyisobutyric acid) improved
microspore embryogenesis markedly in compar-
ison to the colchicine treatment showing 586
embryos than 119 embryos in the control from
3 mL of microspore suspension dispensed into
60 � 15 mm petri dishes (Agarwal et al. 2006).

Culture medium composition markedly influ-
ences the embryos production; the addition of
activated charcoal in NLN medium supple-
mented with 13% (w/v) sucrose and 10 lM sil-
ver nitrate induced high microspore
embryogenesis level, ranging from 100 to 405
embryos per Petri dish corresponding to 2700–
10,935 embryos per 100 buds; embryos were
incubated at 4 °C for 10 days and plant micro-
spores produced (mostly haploids) were treated
with colchicine having 70% survival and 75%
chromosome doubling frequencies (Prem et al.
2008).

The B. juncea doubled haploid (DH) plants in
comparison to their original parents can achieve
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improvement in agronomic traits such as plant
height and seeds yield and also in the oilseed
content and erucic acid concentration (Ali et al.
2009).

9.5 Somatic Protoplast Fusion

Protoplast fusion is a technique which allows the
setting up of hybrid and cybrid combinations of
species that are sexually incompatible facilitating
the gene transfer in sexually incompatible spe-
cies, to another without genetic transformation.
This technology has allowed not only intra-
generic hybridizations, but the production of
intergeneric hybrids and cybrids (Cardoza and
Stewart 2004). Protoplast cell fusion process is
also used to integrate cytoplasmic traits by
modifying organelle combination, such as
chloroplasts and mitochondria and their
organellar DNA (Pelletier 1986).

In Brassica crops protoplast fusion occurred
successfully in B. rapa and B. oleracea for the
production of somatic hybrids to transfer biotic
stress resistance genes involved in the bacterial
soft rot disease caused by Erwiniacarotovora
subsp. carotovora. Fusion of protoplasts was
confirmed by selecting recombinant hybrids
through OPA-01 primers (Ren et al. 2000).

Interspecific hybridization could be achieved
through mesophyll protoplast fusion using poly-
ethylene glycol to produce interspecific hybrids
between B. juncea cv. RLM-198 and B. spi-
nescens. Hypocotyl derived protoplasts were
fused and fusion products were microscopically
identified. Putative somatic hybrids were of
intermediate phenotype of the parents (Kirti et al.
1991b).

Intergeneric somatic hybridization has been
conducted by protoplast fusion originating
“Brassicamoricanda” hybrids from B. oleracea
var. capitata (2n = 18, CC) (red cabbage) and
Moringacampestris (2n = 28, MM) as parental,
donor line; protoplasts were isolated from
B. oleracea var. capitata hypocotyl calli and
from Moricandia arvensis cells suspension.
(Toriyama et al. 1987). Intergeneric somatic
hybridization has been performed to produce

hybrids between B. juncea (2n = 36, AABB) cv.
RLM-198 and M. arvensis obtaining shoots with
5% fusion frequency; somatic hybrid pollen was
sterile and the siliqua were produced by back-
crossing with B. juncea (Kirti et al. 1992).
Diplotaxiscatholica (2n = 18) and B. juncea
somatic hybrids were produced and confirmed by
molecular characterization by specific rDNA
nuclear wheat probe 18–25 s to detect Hind III
fragment which is present in both parental spe-
cies (Kirti et al. 1995).

Intergeneric somatic hybrids which show
fertility can be important generic resources con-
cerning biotic or abiotic stress resistance as
reported by Kumari et al. (2018) which produced
B. juncea � Sinapisalba hybrid, confirmed by
cytological analysis and using 10 simple
sequence repeat (SSR) markers to check the
hybridization of the regenerated plants analyzing
the parents’ polymorphic amplicons. Somatic
hybrids were screened and selected for their
Alternariabrassicae resistance and for heat stress
tolerance. Further studies were conducted to
characterize B. juncea and Sinapisalba somatic
hybrid screening Sclerotinia sclerotiorum disease
resistance and large number of backcross popu-
lations (BC) were produced and BC1 progeny
were morphologically very similar (Kumari et al.
2020).

9.6 Somaclonal Variation

Somaclonal variation is an unpredictable in nat-
ural process which induces variation in regener-
ated plants and it can include heritable (genetic)
and non-heritable (epigenetic) traits which can be
useful compared to the physical and chemical
mutagens applied for crops improvement (Jain
et al. 1998). In vitro induced somaclonal varia-
tion shows cytological abnormalities, phenotypic
mutation and changes in genetic regulation
through the activation, silencing or mutation in
genes involved in qualitative and quantitative
traits; epigenetic variation could occur in tissue
culture process and quiescent transposable ele-
ments and retrotransposons activation indicates
this process. Heterochromatin modification is the
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basis of the phenotypic variation through the
modulation of gene function (Kaeppleret al.
2000). Sexual hybridization through protoplast
fusion has been tested to bypass genetic barriers
among Brassicaceae species related to their fer-
tility, such as chromosome pairing and new
nuclear-cytoplasmic combinations, obtaining
somatic hybrids and cybrids (Glimelius 1999).
Tissue culture exploits the efficiency of muta-
genic treatment to induce somaclonal variations;
In vitro culture can speed up the breeding pro-
gram by generating variability, followed by
selection (after preliminary screening) and prop-
agation of the desired genotypes (Lestari 2000).

Several of these variations are transient,
physiological, and developmental changes while
others are a result of epigenetic changes which
can induce specific mutations. The variations
recovered from somatic tissue cultures, referred
to as somaclonal variation which can be exploi-
ted in crop improvement (Bhojwani and Dantu
2013).

Somaclonal variation was used in Brassica
genotypes identifying male sterile somaclones in
B. juncea, B. napus, and B. carinata; in vitro
selection was adopted to select mutants having
high salt tolerance through the culture in MS
medium supplemented with 0.5% sodium and
potassium chloride salts for the callus embryo-
genesis and 1% salts for the stem segments of
regenerated plants (Chopra et al. 1989).

Somaclonal variation was observed in B.
juncea cultivar Prakash in the phenotyping of
multiple shoots formation in cotyledonary callus.
The main phenotypical variation detected inclu-
ded the number of branches, plants height, sili-
qua number, 1000 seeds weight and oil content
(Jain et al. 1989).

Brassica juncea cultivars RLM 198, RLM
514, RLM 619, and RL 1359 were evaluated for
their somaclonal variation and RLM 198 was the
best performer showing about 80% average in
the cotyledons regeneration process; heritable
somaclonal variations were screened for their
agronomic traits such as 1000 seeds weight,
in vitro ed in vivo germination percentage and
speed and seedlings height (Bhatia et al. 2001).

Abiotic stresses tolerance is an important
perspective for breeding programs related to the
environmental control and phytoremediation,
selecting somaclonal mutants having important
traits useful for reducing heavy metals’ accu-
mulation in the soil; B. juncea mutants having
enhanced Pb and Cd accumulation were selected
and regenerated from metal callus tolerant cells
developed in MS medium supplemented with
10–200 µM Cd or Pb (Nehnevajova et al. 2007).

Molecular markers such as random amplified
polymorphic DNA (RAPD) and ISSR can be
used to detect genetic variation in B. junceain
in vitro regenerated plants; no difference between
banding patterns has been reported comparing
regenerated with parental lines (Verma et al.
2016).

Erucic acid content is an important aspect to
take into consideration for technological proper-
ties related to the oilseed production. Somaclonal
variation can be a source of additional variability
in the biochemical pathways related to the fatty
acids content and accumulation in B. juncea
PM30 and CS54 genotypes (Shyam et al. 2021a).
Putative somaclones of CS54 genotype had 5.48
and 5.52% erucic acid in R0 and R1 regenerants
compared to the highest value of the mother plant
(41.36%); PM30 regenerant showed a complete
absence of erucic acid (Shyam et al. 2021a).
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Abstract

In recent years, the development of transgenic
Brassica juncea with enhanced tolerance to
biotic and abiotic stress conditions has been
reported by several research groups world-
wide. Herein, we present an exhaustive com-
pilation of the studies published on this
subject, with a special focus on long noncod-
ing RNAs and development of regulatory
genes of B. juncea as potential candidates for

alleviation of stress. The transgenic
approaches for abiotic stress mitigation and
disease resistance have also been discussed.
The potential of genetically modified
B. juncea plants as edible vaccines has also
been touched upon.

10.1 Introduction

Brassica juncea, Indian mustard, is an econom-
ically and industrially important oilseed crop. In
India, it is grown predominantly in the states of
Gujarat, Haryana, Madhya Pradesh, Rajasthan,
Uttar Pradesh, as well as in the South Indian
states of Andhra Pradesh, Karnataka, and Tamil
Nadu and contributes 28.6% to the total oilseed
production (Shekhawat et al. 2012). Primarily
cultivated for oil, B. juncea has been put to
myriad applications in the food and chemical
industry and is also used as a biofertilizer.
Mustard oilcake is a very nutritious feed for
livestock animals. India is the largest exporter of
mustard seed meal globally (Thakur et al. 2020).
The vegetative parts (leaves) of B. juncea plants
are consumed as a nutritional delicacy “saag” in
North India. Mustard oil is rich in antioxidants
(Tian and Deng 2020). It has very good com-
bustion and lubrication properties and is,
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therefore, a suitable material for biodiesel pro-
duction (Fadhil et al. 2020).

The production of mustard crop is severely
affected by biotic (leaf blight, white rust, stem
rot, powdery mildew, downy mildew, black rot,
aphids) and abiotic (drought, salinity, tempera-
ture extremes) stress conditions (Grover and
Pental 2003; Dutta et al. 2005; Ullah et al. 2012).
To meet the ever increasing demand of edible oil,
scientists are engaged in developing ways to
produce low-input, high-yielding, and better-
performing varieties that can withstand environ-
mental fluctuations and expand production across
marginal agro-climatic conditions. The main
strategies currently adopted for improvement of
Brassica species are molecular breeding and
genetic transformation. Although, more than
hundred cultivars of Indian mustard have been
developed using the conventional plant breeding
program (Chauhan et al. 2011), this approach has
fallen short of bringing any tangible break-
through in certain areas. Conventional breeding
has limitations of being time and labor intensive
and is often hindered by interspecific barriers
with potential of introducing undesirable genetic
recombination events and subsequent yield drag.
Moreover, there are limited sources of resistance
against aphids, Alternaria blight, downy mildew,
powdery mildew, stem rot, and Orobanche in the
Brassica germplasm. Most of the pests and dis-
eases are currently managed using insecticides
and fungicides, which are expensive, environ-
mentally unsustainable, and undesirable for the
consumers. These approaches are also insuffi-
cient in combating the new emerging pathotypes.
Genetic engineering techniques have been
employed for the development of transgenic
B. juncea germplasm with agronomically desir-
able traits. Advances in genetic engineering have
helped in genetic amendments for integration of
value-added traits, surmounting the interspecies,
and reproductive barriers.

Molecular responses of plants to environ-
mental cues, both biotic and abiotic, and bearing
of these cues on both vegetative and reproductive
fitness have been extensively studied. A number
of genes participating in such molecular signal-
ing events have been identified, isolated, and

modified, and their regulation and function have
been investigated. These genes can be easily
introduced into a defined recipient for obtaining
genetically modified plants with desired traits.
Transgenic approaches are valuable for better
and sustainable production of B. juncea. An
efficient and facile in vitro regeneration system
are a prerequisite for genetic transformation
of plants. Transgenic plants of Brassica
spp. expressing genes of interest have been
generated using different transgenesis methods,
for instance via Agrobacterium tumefaciens-
mediated transformation (Naeem et al. 2020),
biolistics (Chen and Beverdorf 1992), and pro-
toplast electroporation (Bergman and Glimelius
1993). The Agrobacterium-mediated genetic
transformation using hypocotyl explants is the
most widely used protocol, which is preferred for
its simplicity and cost effectiveness (Barfield and
Pua 1991; Pental et al. 1993; Dutta et al. 2005;
Das et al. 2006; Yusuf and Sarin 2007; Roy et al.
2009; Shen et al. 2013). This method has been
used to transfer many agronomically relevant
genes to B. juncea for phytoremediation of heavy
metals (Zhu et al. 1999), herbicide resistance
(Mehra et al. 2000), salt tolerance (Zhang et al.
2001), hybrid seed production (Jagannath et al.
2002), oil quality improvement (Hong et al.
2002; Das et al. 2006), and aphid resistance
(Kanrar et al. 2002a, b; Dutta et al. 2005).

In the present chapter, we have elaborated
upon various tools and techniques for genetic
transformation of B. juncea for biotic and abiotic
stress tolerance. The application and prospects of
the newly developed clustered regularly inter-
spaced short palindromic repeats and CRISPR-
associated protein 9 (CRISPR/Cas9)-mediated
genome editing tool for crop improvement have
also been included. Plants also counter biotic and
abiotic stresses by altering the expression of
specific transporters or through modulation of
epistatic interaction of interlinked genes in dif-
ferent pathways (Yu et al. 2012); we have
described developmentally regulated genes of B.
juncea and their plausible roles in genetic mod-
ification. The involvement of long noncoding
ribonucleic acids (lncRNAs) in response to dif-
ferent stresses, such as environmental (salinity,
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drought, high light intensity, temperature
extremes), nutritional (nitrogen/phosphate defi-
ciency), hypoxia, and pathogens, has also been
elucidated. The potential of transgenic mustard
for production of edible vaccines and biophar-
maceuticals is also discussed in this chapter.

10.2 Tools and Methods for Genetic
Modification in B. juncea

Various methods are used to modify the genome
of B. juncea plants; these include Agrobac-
terium-mediated gene transfer method, floral dip,
floral spray, and particle gun bombardment,
which are discussed below. The merits and
demerits of different methods are depicted in
Table 10.1.

10.2.1 Agrobacterium-Mediated Gene
Transformation

The Agrobacterium-mediated gene transfer is the
most common method used for genetic transfor-
mation of Brassica spp. This method has been

widely used by scientists to generate stable
transgenics (Pental et al. 1993; Rajwanshi and
Sarin 2013; Das et al. 2020). Although different
tissues, such as cotyledonary leaves, hypocotyls,
and pollens, have been used as explants, the
hypocotyls are the most suitable explants
for tissue culture owing to their amenability to
regeneration. Young hypocotyls excised from
3–4-day-old seedlings exhibit optimal regenera-
tion potential (Gasic and Korban 2006). The
addition of silver nitrate to the selection medium
is imperative to achieve high transformation
efficiency.

10.2.2 Floral Dip Method

The floral dip method of transformation is very
simple to perform. Floral buds are briefly dipped
in a solution of Agrobacterium. These buds
subsequently mature and set seeds. The trans-
genic plants are later selected from among the
progeny seedlings. Because in vitro regeneration
of plant tissue is not required, somaclonal vari-
ations can be avoided and the procedure can be
performed easily with high success rate. The

Table 10.1 Merits and demerits of different methods used to genetically modify Brassica juncea

S. No. Methods Merits Demerits References

1 Agrobacterium-
mediated genetic
transformation of
explants

Easy, minimal
equipment and facility
required, and less
expensive

Chimera formation and
somaclonal variation can be
performed only in invitro cultures

Eapen (2011),
Yusuf and
Sarin (2007),
Roy et al.
(2009)

2 Floral dip method
with
Agrobacterium

Easy to perform;
requires less time,
overcomes somaclonal
variation

Successful only in B. juncea Chhikara et al.
(2012) and
Wang et al.
(2008)

3 Floral spray
method with
Agrobacterium

Easier to perform, tissue
culture not required, one
successful report in B.
juncea

Requires mechanical maneuvering
of the unopened buds

Aminedi et al.
(2019)

4 Particle gun
bombardment

Genotype and cultivar
independent
transformation

Expensive, requires high technical
know-how, somaclonal variation,
chimera formation, complex
DNA, post-transcriptional gene
silencing in subsequent
generations, multiple copy
transgene integration and
recombination

Benedikt et al.
(1996)
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exogenously applied Agrobacterium colonizes
the deep-seated immature ovaries, wherein cells
of female gametophyte are transformed (Clough
and Bent 1998). The floral dip transformation
method has been harnessed for the improvement
of B. juncea for phytoremediation (Zhu et al.
1999), herbicide tolerance (Mehra et al. 2000),
salt tolerance (Zhang et al. 2001), hybrid seed
production (Jagannath et al. 2002), improvement
of oil quality (Das et al. 2006; Hong et al. 2002),
and aphid resistance (Kanrar et al. 2002a, b;
Dutta et al. 2005).

10.2.3 Floral Spray Method

High efficiency (10–30%) of B. juncea transfor-
mation has been achieved by spraying of
Agrobacterium cells (OD600 = 1.0) on floral
buds (Aminedi et al. 2019). This method, being
simple and highly reproducible, might prove
beneficial for functional genomics and transgenic
development programs in B. juncea and has
recently regained priority since the availability of
the reference genome sequence of this crop.

10.2.4 Particle Bombardment
Method

The particle bombardment device, also known as
the gene gun, enables the penetration of the plant
cell wall, thereby facilitating the transfer of
genetic material containing any gene of interest
into the cells. Tungsten or gold microparticles are
coated with plasmid DNA and then accelerated
under helium pressure and shot into plant tissue
placed on a petri plate, under aseptic conditions
(Gan 1989). As the microparticles enter the cells,
the transgenes are released from the particle
surface, allowing their incorporation into the
chromosomal DNA of the cells.

This method has been used to transfer genes
into single cells of excised globular-stage zygo-
tic B. juncea embryos. Bombardment of
embryos under optimal conditions does not affect
the normal in vitro embryogenesis. Benedikt
et al. (1996) were able to express the firefly

luciferase gene (Luc) in bombarded embryos
without affecting the viability of embryos.

10.3 Regulatory Genes for Growth
and Development in B. juncea
and Their Significance
in Genetic Manipulation

Plant development is mediated by cellular sig-
naling and communication integrating both
environmental and nutritional cues. Molecular
events regulating perception and downstream
signaling of these cues are regulated at the tran-
scriptional and post-transcriptional levels. (Byrne
et al. 2003; Stahl and Simon 2009). Here, we
highlight some of the regulatory genes that have
been identified through molecular cloning and
classical genetics and are found to play important
roles in growth and development of B. juncea.

10.3.1 MYB28 (BjMYB28) Gene

Glucosinolates are secondary metabolites that are
rich in nitrogen and sulfur. These secondary
metabolites are specific to Capparales (Brassica
spp. and A. thaliana). In recent years, these have
been classified as important because of their
potential in improving human health and agri-
culture (Fahey et al. 2001; Wittstock and Halkier
2002). Some of these have been found to have
antipest and antipathogen properties (Halkier and
Gershenzon 2006), whereas others are anticar-
cinogenic. However, there are others that show
antinutritional and goitrogenic properties in seed
meal (Fahey et al. 1997; Jugeet al. 2007; Cartea
and Velasco 2008; Traka and Mithen 2009;
Augustine et al. 2013).

The biosynthesis of glucosinolates occurs in
three important phases: (1) recruitment of pre-
cursor amino acids and elongation of side chain,
(2) formation of the core glucosinolate structure,
and (3) side group modification (Halkier and
Gershenzon 2006). The generation of a variety of
glucosinolate compounds is achieved by side
chain elongation of the R-group and side group
modification (Clarke 2010). Augustine et al.
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(2013) identified four MYB28 homologs in B.
juncea. They overexpressed the four BjMYB28
genes in two different genetic backgrounds of the
phylogenetically close model plant, A. thaliana.
They found that the genes encode functional
BjMYB28, which positively regulates MAM1 and
MAM3 and AtSt5b and AtST5c, which are
involved in chain elongation and formation of the
core structure, respectively. These findings indi-
cated their role in the biosynthesis of aliphatic
(Met-derived) glucosinolates. This identification
and characterization of BjMYB28 as well as
understanding of their molecular mechanisms
have provided a great boost in transgenic
approaches. Brassica juncea contains relatively
high levels of glucosinolates making them
antinutritional and less palatable. Hence, devel-
oping low-seed glucosinolate (<30 lmol/g DW)
lines (Potts et al. 1999) has been a major objec-
tive of research. The RNA interference (RNAi)
technology has enabled the development of low-
seed glucosinolates lines of B. juncea (Augustine
et al. 2013). The transgene-based RNAi sup-
pression strategy used against BjMYB28 led to a
significant (11.26 mol/g DW) suppression of
aliphatic glucosinolates without compromising
on the aromatic glucosinolate pool.

10.3.2 CO, FT, SOC1, and LFY Genes
in B. juncea

Flowering is generally regulated by an intricate
gene network that is receptive to endogenous and
exogenous signals (Andres and Coupland 2012;
Cho et al. 2017; van Dijk and Molenaar 2017).
The reduction of flowering time in B. juncea is an
important and desired trait because it allows
multiple cropping in a growing season or crop-
ping in the regions with a prohibitively short
growing season. Previous studies have indicated
CO, FT, FLC, SOC1, and LFY as key regulators
of flowering in plants, and CO has been identified
as the core gene. They belong to the B-box zinc
finger family (BBX) and are regulated mainly by
circadian clock and light signals. The CO initi-
ates flowering through its upstream regulators,
GIGAN-TEA (GI), FLAVIN-BINDING, KELCH

REPEAT, F-BOX 1 (FKF1), CYCLING DOF
FACTOR1 (CDF1) and downstream genes,
FLOWER-ING LOCUS T (FT) and TWIN
SISTER OF FT (TSF) (Samach et al. 2000;
Fornara et al. 2010; Valverde 2011; Mayee and
Singh 2016; Tyagi et al. 2018). When floral
development is initiated, the downstream target
FT, owing to its mobile nature, moves to SAM
systemically and binds to the bZIP transcription
factor, FD. This, in turn, activates the MADS box
transcription factors, SUPPRESSOR
OF OVEREXPRESSION OF CONSTANS 1
(SOC1) and APETALA1 (AP1), and accelerates
floral transition and patterning (Xu et al. 2012;
Wagner 2016; Lee et al. 2004; Liu et al. 2007,
2008). External factors like day length and
application of gibberellin significantly upregulate
the transcription of SOCI (Kim and Sung 2014;
Samach et al. 2000; Nakamura et al. 2005;
Melzer et al. 2008). Thus, CO-FT-SOCI is
widely accepted as a major network in pho-
toperiodically regulated flowering in plants.

Genome-wide analyzes of B. juncea led to the
identification of similar flowering regulator
genes. A total of 179 genes were identified of
which 84 were mapped on the B. juncea A
subgenome and 79 on the B subgenome.
Expression profiling conducted under long day
and vernalization conditions revealed that BjCO,
BjFT, and BjSOCI have slightly enhanced
expression during the early vegetative stage and
peaked in the leaf before flowering (Zhaoet al.
2019). Overall, these findings shed light on the
regulation of flowering in B. juncea. This new
evidence on the CO-FT-SOCI network in B.
juncea helped in manipulating the flowering
network through genetic approaches. In a study
by Tyagi et al. (2018), ectopic expression of B.
juncea-specific SOC1 variants resulted in the
formation of multiple vegetative rosettes in A.
thaliana. Taking cue from these findings, they
further performed introgression of B. juncea
SOC1-specific miRNA, which resulted in floral
transition and lateral branching, corroborating the
role of SOC1 in flowering. Furthermore, some
meristem identity genes including LFY (LEAFY),
the first gene to be expressed prior to flower
development and its mutated form, have the most
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drastic effects on the floral transition (Schultz and
Haughn 1991). After turning on the meristem
identity switch, the LFY gene has an additional
role as a transcription factor involved in the
activation of floral homeotic genes that specifi-
cally identify the organs in the flower (Huala and
Sussex 1992; Weigel et al. 1992).The expression
of LFY was reported to increase with the age of
the plant till it reached a threshold level, which is
required for transition from the vegetative to the
reproductive phase. Overexpression of AtLEAFY
in B. juncea “Varuna” was shown to accelerate
the flowering time by approximately a week
earlier compared with that in the wild type B.
juncea (Roy et al. 2009). LFY was isolated and
cloned from B. juncea and its temporal and
spatial expression in different cultivars with dif-
ferences in flowering time were studied with the
aim of overexpressing homologs of BjLFY in
B. juncea (Roy et al. 2011).

10.3.3 Sucrose Synthase (BjSUS)
Genes in B. juncea

Sucrose synthase (SuS) is a glycosyl transferase
enzyme that plays a key role in sugar metabo-
lism, primarily in sink tissues (Stein and Granot
2019). Genome-wide analysis led to the identi-
fication of 14 SUS genes in B. juncea (Koramutla
et al. 2019). All 14 SUS proteins have the
sucrose and glycosyltransferase domains, char-
acteristic of SUS in plants (Huber et al. 1996;
Hardin and Huber 2004; Li et al. 2015; Wang
et al. 2015). The SUS genes in general are
characterized into three subgroups, SUSI, SUSII,
and SUSIII. Phylogenetic analysis of BjSUS
genes showed that they belonged to each of the
subgroups, thereby supporting the hypothesis
that SUS genes are only present in higher plants
(Hirose et al. 2008).

Ectopic expression of SUS genes in many
crop plants showed that they control important
agronomic traits. Transgenic expression of potato
SUS led to enhanced leaf growth and fiber
elongation in cotton; in maize, the transgenic
plants showed high levels of starch and ADP-
glucose in mature seeds. Loss of function of SUS

genes in several plant species resulted in altered
phenotype. For example, suppression of sucrose
synthase reduced fiber and seed development in
cotton (Ruan et al. 2008), wood density in Pop-
ulus (Gerber et al. 2014), and callose deposition
in the sieve elements of Arabidopsis (Paul Barratt
et al. 2009). In B. juncea, BjSUS showed differ-
ential expression patterns across a wide range of
tissues. The stems, buds, and young pods showed
higher levels of BjSUS1 and BjSUS2 genes
compared to the young or mature leaves. Thus,
the differential expression of the BjSUS genes
across tissues at different time pointed toward
spatial and temporal regulation of these genes.
Furthermore, their expression was also found to
be activated by external application of MeJ, SA,
and ET and mechanical wounding in a time-
dependent manner. These findings support the
centrality of sucrose in energy metabolism,
physiological processes, and stress responses.
Thus, identifying the SUS genes in B. juncea and
understanding their expression patterns will
enable researchers in exploiting the gene func-
tions for developing B. juncea crops with desir-
able agronomical traits.

10.3.4 Auxin Response Factor (ARF)
Genes in B. juncea

A total of 65 ARF genes were identified in
B. juncea “Tumida.” These genes are randomly
represented in the A and B subgenomes. Fur-
thermore, gene and protein structure analyzes
showed that these were similar to those of A.
thaliana. The BjARF genes showed Auxinresp
domain at the N-terminal and the protein
sequences showed the presence of 9 motifs
conserved in all the 65 BjARFs identified. Pro-
moter cis-element analysis further showed the
involvement of BjARFs in the expression of most
of the plant hormones (Li et al. 2020). Moreover,
differential expression patterns of BjARF
observed during various stages of growth high-
lighted their role in many physiological activi-
ties. Auxin signaling has been known to be
pivotal in the growth and development of plants.
This important hormone regulates majority of the

176 A. Rustagi et al.



biological processes (Li et al. 2006; Roosjen
et al. 2018). Thus, identification of ARF genes in
B. juncea will help in detailed dissection of the
gene and protein structures subsequently leading
to the understanding of their roles as signal
molecules.

10.3.5 TRANSPARENT TESTA 1 (TT1)
Gene in B. juncea

Yan et al. (2010) isolated and cloned the full
length BjTT1 gene. They showed that BjTT1
contains two exons and one intron and encodes a
300 amino acid-long peptide having a conserved
WIP domain and a Zn finger. Its expression was
detected in the seed coat of B. juncea but no
significant difference in expression was reported
in the yellow-seeded and black-seeded B. juncea.
In A. thaliana, AtTT1 is reported to be involved
in flavonoid synthesis (von Wettstein et al. 1977;
Lepiniec et al. 2006). Given the high homology
between BjTT1 and AtTT1, the findings also
suggest a similar role in B. juncea, which needs
to be investigated. Keeping in mind the general
role of WIP domain Zn finger proteins in
eukaryotes, this insight into the gene structure
and function of BjTT1 will help in better under-
standing of the flavonoid biosynthesis in
B. juncea.

10.4 Genome Editing for Stress
Tolerance

Targeted genome editing technologies, especially
the CRISPR/Cas9 system provides accurate and
efficient ways to produce crops with high yield
under biotic and abiotic stress (Abdelrahman
et al. 2018). The CRISPR/Cas9-based nucleotide
editing using the cytidine deaminase-mediated
base editor (the CBE system) efficiently intro-
duced C to T conversion in rapeseed. In
B. napus, the CBE-based gene modification at
position P197 in acetolactate synthasegene
(BnALS1) conferred tribenuron-methyl resistance
whereas P197S substitution in the same gene
generated a herbicide-resistant mutant (Wu et al.

2020). A herbicide-resistant mutant of rapeseed
has also been developed by Cheng et al. (2021)
using A3A-PBE base-editing system by targeting
the ALS gene. The CRISPR/Cas9 system was
also used to study the molecular mechanism of
low boron adaptation in B. napus by Feng et al.
(2020). Knock-out of transcription factor BnaA9.
WRKY47 resulted in increased sensitivity under
low boron conditions compared with wild type
plants. Jiang et al. (2020) carried out gene
silencing using the genome editing system to
study the role of ORPHAN GENE (OG) in the
primary metabolism of soluble sugars in B. rapa.
The two transgenic lines (BrOG1A and
BrOG1B) developed using CRISPR/Cas9-
mediated mutation resulted in a decrease in
fructose, glucose, and total soluble sugar content
due to the upregulation of BrSUSS, BrSUS1b,
and BrSUS3. In Brassica, SUS and OGs are
known to play roles in the primary metabolism of
soluble sugars. Although there is limited infor-
mation on the functional significance of genes in
response to abiotic stress, the role of OGs in
increased tolerance to osmotic stress and soil
drought has been studied in Vigna unguiculata
under specific environmental conditions (Li et al.
2019).

Resistance to pod shattering in brassicas is
important for attaining high yield by preventing
the shattering of pods under extreme climatic
conditions. Zaman et al. (2019) demonstrated
multiplex genome editing using CRISPR/Cas9-
based knockout of JAGGED (JAG) gene
responsible for regulating fruit dehiscence. Of
the five homologs of JAG mutants, BnJAG.A08-
NUB mutant line in rapeseed showed significant
changes in pod dehiscence zone. The results
showed two fold higher resistance to pod shat-
tering in JAG mutant relative to that in wild type
plants. The CRISPR/Cas9 system assisted
molecular breeding for developing abiotic stress
tolerance has recently been studied in greater
depth in B. napus (Lohani et al. 2020; Razzaq
et al. 2021). With the CRISPR/Cas9 approach, a
novel susceptibility factor, CRT1a has been
identified in B. napus infected with Verticillium
longisporum. The genome-edited plants appeared
to develop normally, because only one active
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CRT1a locus was targeted, whereas other
CRT1a, CRT1b, and CRT3 loci were not affected
(Probsting et al. 2020). Since, B. juncea is
amphidiploid, there may be two or more than two
copies of the same gene in its genome. Hence,
the use of genome editing technology in the
development of stress-tolerant B. juncea still
remains a challenge and needs to be explored in
future research.

10.5 Abiotic Stress Tolerance
in Brassica Spp. Using
Transgenic Approach

Several research groups have been engaged in
engineering plants for multiple abiotic stress
tolerance, which is highly challenging owing to
the genetically multifaceted mechanism of stress
response in plants. Besides the conventional
approach of plant breeding to enhance abiotic
stress tolerance in plants, genetic engineering for
improving stress tolerance in different plant
species offers an additional approach (Gill et al.
2012).

10.5.1 Factors Affecting Genetic
Transformation
in B. juncea

Effective regeneration of plants entirely depends
on the plant genotype used because the in vitro
regeneration technique varies with genotypes
(Thakur et al. 2020). Gerszberg et al. (2015)
compared cotyledons and hypocotyls, from eight
cultivars of B. oleracea var. capitata for their
in vitro regeneration potential. The study
revealed the hypocotyl explants of all cultivars to
be the best suited for regeneration. Farooq et al.
(2019) also evaluated the regeneration potential
of four commercial cultivars of Brassica, among
which B. juncea cv. Aari canola exhibited a
higher regeneration frequency compared with B.
napus cv. Westar. They also examined the
regeneration efficiency from cotyledons, hypo-
cotyls, roots, and petioles in the four cultivars
and found it to be the highest for petiole and

cotyledonary explants. The age of the explants
has also been shown to determine the success of
the genetic transformation in several studies.
Bhuiyan et al. (2011a, b) showed better organo-
genesis from explants taken from 4 to 6-day-old
seedlings grown under in vitro conditions. Sev-
eral workers have recommended 48 h preculture
of explants prior to the cocultivation with
Agrobacterium for higher transformation fre-
quency (Bhuiyan et al. 2011a, b; Ahmed et al.
2017). The concentration of Agrobacterium sus-
pension and infection period has also been
described as major determinants of the transfor-
mation frequency. Infection of B. juncea explants
with Agrobacterium at a density equivalent to
0.01–0.1, absorbance unit (at 600 nm) for a
maximum of 30 min has been established as
optimal for transformation (Singh et al. 2010).
Use of the Positech system is also recommended
by several research groups to enhance the trans-
formation efficiency and capture the low positive
selection marker gene expressing lines. Sonntag
et al. (2004) obtained a transformation frequency
of 7.9% using a much higher concentration of
mannose (4.5 gL−1) in combination with sucrose
(10 gL−1) for the selection of transgenic B.
napus. Min et al. (2007) reported a transforma-
tion frequency of 1.4–3% for Chinese cabbage
using 7 gL−1 mannose and 2% sucrose.
Rajwanshi and Sarin (2013) obtained a transfor-
mation efficiency of 4% using a lower concen-
tration of mannose (0.09 gL−1) in combination
with glucose (5.0 gL−1) for the selection of
putative B. juncea transgenics.

10.5.2 Genetic Transformation
of Brassica for Abiotic
Stress Tolerance

The selection of a suitable promoter is necessary
to regulate the expression of a transgene in
transgenic plants for enhanced abiotic stress tol-
erance without any yield penalty. Different
studies showed salinity, drought, and abscisic
acid (ABA) treatment for inducing the promoter
activity, indicating its contribution to stress sig-
naling (Lohani et al. 2020). It is preferable that

178 A. Rustagi et al.



the stress tolerance associated genes are overex-
pressed only under stress conditions. Therefore,
using stress-inducible promoters for regulating
the expression of candidate genes is preferable
for developing stress-tolerant plants. Vacuolar
processing enzymes (VPEs) are vacuole local-
ized cysteine proteinases and are structurally and
evolutionarily linked to human caspases. The
A. thaliana genome has four VPE genes, namely
a-VPE, b-VPE, c-VPE, and d-VPE. We found
that overexpression of AtcVPE in B. juncea
resulted in improved tolerance to abiotic and
biotic stress (unpublished data from author’s
lab). The in-silico analysis of AtcVPE promoter
showed the presence of numerous cis-element
and TFs binding motifs that are involved in
phytohormone response and signaling, regulation
of developmental processes, and stress response
(Prasad et al. 2018). The promoter: GUS analysis
revealed that AtcVPE promoter is an inducible
promoter. Kaur et al. (2015) isolated a salinity-
associated 713 bp BjSOS2 promoter from
B. juncea to study the regulation of BjSOS2
under different abiotic stress conditions and
examined the efficacy of the promoter in genetic
engineering. Roy et al. (2008) showed that the
stress-inducible responsive to desiccation
(rd29A) promoter regulates gene expression in
transgenic plants. Several studies have revealed
that salinity, drought, and high temperature stress
induce the rd29A and rd29B genes (Yamaguchi
and Shinozaki 1994). Rajwanshi et al. (2016)
overexpressed the glyoxalase Igene (gly I) in B.
juncea plants under the regulation of a constitu-
tive (CaMV 35S) as well as a stress-inducible
(rd29A) promoter and compared the performance
of transgenic B. juncea under different abiotic
stresses. Regulation of gly I by constitutive
CaMV 35S promoter showed the transgene to be
constitutively expressed under stress and non-
stress conditions. The study revealed enhanced
salinity, drought, and heavy metal stress toler-
ance of the transgenic plants compared with the
untransformed controls. The transgenic plants
with gly I driven by rd29A promoter (rd29A:gly
I) exhibited improved performance under
200 mM NaCl, 200 mM mannitol, and 5 mM
ZnCl2 stress compared with those in which the

gene was under CaMV 35S promoter (CaMV
35S:gly I). Under non-stressed condition, trans-
genic lines of stress-tolerant B. juncea plants
having the constitutive CaMV 35S promoter
showed a higher yield penalty than the other lines
expressing the gly I gene under the regulation of
the stress-inducible rd29A promoter.

Identification and characterization of novel
miRNAs and genes encoding the same are also
important for developing transgenic Brassica
with enhanced abiotic stress tolerance (Rajwan-
shi et al. 2014; Rustagi et al. 2020).

A number of studies have been published on
the transfer of genes in different Brassica species
for increasing their abiotic stress tolerance
(Table 10.2). Prasad et al. (2000a, b) revealed
that transgenic B. juncea expressing the choline
oxidase gene (codA) isolated from Arthrobacter
globiformis showed up to 200 mM salt tolerance
with improved seed germination following
exposure to salinity stress. Park et al. (2003)
showed that B. campestris overexpressing either
the trehalose-6-phosphate synthase gene (otsA)
from Escherichia coli or the late embryogenesis
abundant (LEA) protein gene from Capsicum
annuum (CaLEA) exhibited enhanced salinity,
drought, and high temperature tolerance. Raja-
gopal et al. (2007) showed the potential of an
isoform of the vacuolar Na+/H+ antiporter iso-
lated from pearl millet (Pennisetum glaucum) in
conferring salinity tolerance up to 300 mM NaCl
in B. juncea. Wang et al. (2010) showed that the
Agcod Agene, when transferred to B. campestris
conferred enhanced tolerance to extreme tem-
peratures (45 and 1 °C) and up to 300 mM
salinity in B. campestris with increased betaine
accumulation and sustainable photosynthetic
rate. Saxena et al. (2011) showed that overex-
pression of the Oryza sativa glyoxalase II gene
(glyII) in B. juncea conferred enhanced salinity
tolerance with a higher germination percentage
under 200 mM NaCl stress in the transformed
plants. Transgenic Brassica overexpressing
P. glaucum NHX1 showed tolerance to extreme
salinity stress (up to 300 mM NaCl) with
enhanced Na+ accumulation in leaves compared
with that in seeds. Ying et al. (2014) showed that
the overexpression of genes coding for the NAC
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Table 10.2 Genes conferring abiotic stress tolerance in Brassica transgenics

Gene name Source of
transgene

Transgenicplant
developed

Type of abiotic stress
tolerance conferred

References

Thioredoxin-h2 (AtTrx-h2) A. thaliana B. napus Salt (50 and 100 mM
NaCl)

Ji et al.
(2020)

Expansin-like B1 (BrEXLB1) B. rapa B. rapa Salt (250 mM NaCl),
oxidative stress
(10 mM H2O2),
osmotic stress
(250 mM D-
mannitol), drought
(4% PEG-6000)

Muthusamy
et al. (2020)

Alternative oxidase (BnaAOX1b) B. napus B. napus Salt (100, 150, and
200 mM NaCl),
osmotic stress
(300 mM mannitol),
ABA treatment
(10 lM ABA)

Yang et al.
(2019)

Dihydroflavonol-4-reductase
(AtDFR)

A. thaliana B. napus Salt (200 and
300 mM NaCl

Kim et al.
(2017)

SIP1 (6b INTERACTING
PROTEIN1) (BnSIP1-1)

B. napus B. napus Osmotic pressure
(400- and 600-mM
mannitol), salt (150
and 200 mM NaCl),
ABA treatment (50
and 100 lM ABA)

Luo et al.
(2017)

Glyoxalase I (BjglyI) B. juncea B. juncea Salinity (200 mM
NaCl), drought
(200 mM mannitol),
heavy metal (5 mM
ZnCl2)

Rajwanshi
et al. (2007,
2016)

Late embryogenesis abundant
protein gene (AtLEA4-1)

A. thaliana B. juncea Drought (20% and
40% PEG-6000,
salinity (200 and
400 mM NaCl)

Saha et al.
(2016)

ENHANCED DROUGHT
TOLERANCE1/HOMEODOMAIN
GLABROUS11 (AtEDT1/HDG11)

A. thaliana B. oleracea Salt (250 mM NaCl),
osmotic stress (25%
PEG-6000)

Zhu et al.
(2016)

Brass in osteroid biosynthetic gene
(AtDWF4)

A. thaliana B. napus Drought (withholding
water), heat (45 °C)

Sahni et al.
(2016)

Aminolevulinate synthase encoding
gene (YHem1)

Saccharomyces
cerevisiae

B. napus Salt (200 mmol L−1

NaCl)
Sun et al.
(2015)

AtABI1 A. thaliana B. napus Drought (withholding
water)

Babula-
Skowrońska
et al. (2015)

BnNAC485 B. napus B. napus Salt (200 mM NaCl),
osmotic stress
(300 mM mannitol),
ABA treatment
(1 µM ABA)

Ying et al.
(2014)

(continued)
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Table 10.2 (continued)

Gene name Source of
transgene

Transgenicplant
developed

Type of abiotic stress
tolerance conferred

References

Phosphatidylinositol-specific
phospholipase C2 (BnPLC2)

B. napus B. napus Low temperature
(−5 °C)

Nokhrina
et al. (2014)

Glyoxalase II (OsglyII) O. sativa B. juncea Salinity (150 and
200 mM NaCl)

Saxena et al.
(2011)

Nicotianamine synthase (OsNAS1) O. sativa B. napus Salinity(20
mMNa2CO3)

Kong et al.
(2011)

Gamma-tocopherol methyl
transferase (c-TMT)

A. thaliana B. juncea Salt (400 mM NaCl),
heavy metal (40 mM
CdCl2), osmotic
stress (200 mM
mannitol)

Yusuf et al.
(2010),
Kumar et al.
(2013a, b,
2014)

Choline oxidase (AgcodA) Arthrobacter
globiformis

B. campestris High temperature
(45 °C), low
temperature (1 °C),
salinity (100, 200,
and 300 mmol L−1

NaCl)

Wang et al.
(2010)

Inositol polyphosphate kinase
(ThIPK2)

Thellungiella
halophila

B. napus Salt (100 and
200 mM NaCl),
drought (water
witholding),
oxidative stress (1
and 2% H2O2)

Zhu et al.
(2009)

Na+/H+ antiporter (PgNHX1) Pennisetum
glaucum

B. juncea Salinity (300 mM
NaCl)

Rajagopal
et al. (2007)

1-aminocyclopropane-1-carboxylate
(ACC) deaminase

Pseudomonas
putida UW4

B. napus Flooding, Ni stress Farwell et al.
(2007)

Betaine aldehyde coding Bet-a gene E. coli B. oleracea Salinity (150 and
300 mM NaCl)

Bhattacharya
et al. (2004)

Pathogenesis-related (PR) protein
gene (PsPR10)

Pisum sativum B. napus Salinity (75 mM
NaCl)

Srivastava
et al. (2004)

LEA protein gene (CaLEA) Capsicum
annuum

B. campestris Salinity (250 mM
NaCl), drought (10%
PEG-6000), high
temperature (45 °C)

Park et al.
(2003)

Trehalose-6-phosphate synthase
gene (otsA)

E. coli

AgcodA A. globiformis B. juncea Salinity (50, 100,
150, and 200 mM
NaCl)

Prasad et al.
(2000a, b)

Lectin Cicer arietinum B. juncea Salinity (200 mM
NaCl) and drought
(200 mM mannitol)
stress

Kumar et al.
(2015)
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domain proteins (BnNAC485) imparted
enhanced salinity (200 mM NaCl) and drought
(300 mM mannitol) tolerance in transgenic B.
napus. Saha et al. (2016) reported that the
overexpression of LEA protein genes isolated
from A. thaliana conferred enhanced salt (up to
400 mM NaCl) and drought (40% PEG-6000)
tolerance in transgenic B. juncea plants. Addi-
tionally, the study showed that the transgenic
plants had higher survivability under stress con-
ditions with improved chlorophyll and proline
contents and increased antioxidant enzyme
activities, including catalase, ascorbate peroxi-
dase, guaiacol peroxidase, and glutathione
reductase. Kim et al. (2017) showed the over-
expression of dihydroflavonol-4-reductase
(DFR) from Arabidopsis led to enhanced salin-
ity tolerance in B. napus. The transgenic plants
exhibited increased anthocyanin content, thereby
reducing the accumulation of reactive oxygen
species (ROS) under salinity stress. Luo et al.
(2017) showed that the overexpression of 6b
INTERACTING PROTEIN1 (BnSIP1-1) in
Brassica improved tolerance against salinity,
osmotic pressure, and ABA treatment and
enhanced seed germination in the transgenic
plants. Yusuf et al. (2010) showed that transgenic
B. juncea plants with increased a-tocopherol
levels in plants because of overexpression of the
gamma-tocopherol methyl transferase (c-TMT)
gene from Arabidopsis had better tolerance to
high levels of NaCl (200 mM), CdCl2 (20 mM),
and mannitol (200 mM) stress as measured by
different growth parameters. A higher photo-
synthetic efficiency was revealed by chlorophyll
a fluorescence measurement. This lipid-soluble
antioxidant was also found to modulate the other
water-soluble components of plant antioxidant
machinery under induced abiotic stress condi-
tions in the transgenic B. juncea plants (Kumar
et al. 2013a, b, 2014). In an another study,
Kumar et al. (2015) showed that transgenic
B. juncea plants harboring chickpea lectin gene
showed enhancement in the tolerance to salinity
(200 mM NaCl) and drought (200 mM mannitol)
stress in comparison with untransformed control
plants by enhancing the accumulation of osmo-
lytes and reducing the cell membrane injury.

A recent study showed that the overexpres-
sion of B. rapa expansin-like B1 (BrEXLB1)
conferred drought tolerance in transgenic B. rapa
with sustainable seed germination, root devel-
opment, and photosynthesis (Muthusamy et al.
2020).

10.6 Genetic Modification
of B. juncea for Disease
Resistance

Pathogenic infection and disease progression are
greatly influenced by the environment. The study
of disease occurrence in plants and its relation to
factors, such as nutrition, humidity and wind,
started during the eighteenth century (Colhoun
1973). Climate changes in the twenty-first cen-
tury have been influencing host plant growth and
plant–pathogen interaction in terms of suscepti-
bility, pathogen reproduction, dispersal, and
survival. The classic disease triangle proposed by
Stevens (1960) illustrates interaction among
susceptible host, virulent pathogen, and favor-
able environment for disease development. The
climate change can have positive, negative, or
neutral effects on reproductive fitness, virulence
potential, and disease development pattern of
pathogens. Simultaneously, the disease resistance
pathways in plants, mediated by pattern-triggered
immunity (PTI) and effector-triggered immunity
(ETI), the RNA interference (RNAi), and net-
works of defense hormone are also affected by
climate change. Hence, the changing pattern of
disease and pathogens owing to climate change
warrant an effort toward development of biotic
stress-tolerant/resistant crops along with novel
agricultural practices and sustainable agriculture.
An indepth understanding of the mechanism of
plant defense against pathogens is a prerequisite
in designing new methods to improvise the cur-
rent approaches of crop protection.

Improvement of the disease resistance poten-
tial of B. juncea is challenged by various factors
such as environmental sensitivity, low heritabil-
ity, complexity in disease resistance, costly and
precise phenotyping, and limited availability of
resistant germplasm. Moreover, contemporary
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protective measures rely on fungicides, resulting
in skewed ecosystem and biomagnification. The
advancements in “omics” technologies have
provided a boost to the understanding of plant–
pathogen interactions. Likewise, the transgenic
technology and molecular-assisted breeding have
emerged as a promising tool for the development
of disease-resistant varieties.

10.6.1 Pests and Pathogens of B.
juncea

There are various biotic constraints that limit and
reduce the productivity of mustard crop. The
most devastating diseases include alternaria
blight (Alternaria alternata, A. brassi-
cae, A. brassicicola, A. raphani), sclerotinia
stem rot (Sclerotinia sclerotiorum), white rust
(Albugo candida), downy mildew (Hyaloper-
onospora brassicae), blackleg (Leptosphaeria
maculans, L. biglobosa), white leaf spot
(Neopseudocercosporella capsellae), clubroot
(Plasmodiophora brassicae), powdery mildew
(Erysiphe cruciferarum), turnip yellow virus,
cauliflower mosaic virus, turnip mosaic virus,
and leaf blight (Pseudomonas syringae).

Of these, Alternaria blight, downy mildew,
Sclerotinia stem rot, and white rust, account for
major losses in pod formation (37–47%) and
grain yield (17–54%). Alternaria species occur
most commonly among the different Brassica
crops. A. brassicae majorly affects the oil yield-
ing Brassica (B. juncea, B. rapa). Other species
of Alternaria (A. alternata, A. brassicicola, and
A. raphanin) commonly infest vegetable brassi-
cas. The symptoms of Alternaria infection could
be observed on leaf, petiole, stem, inflorescence,
siliquae, and seeds at the adult stage. Alternaria
infection may lead to 11–100% loss in crop
(quantitative as well as qualitative). The crop loss
varies as per the time of infection, the prevailing
environmental conditions, and the methods
employed for control of infection, if any.

Sclerotinia sclerotiorum causes sclerotinial
stem rot. The leaves and cotyledons are infested
at the seedling stage. The fungus colonizes the
intercellular spaces, causing necrosis of

cotyledons and leaf lesions, before it enters a
biotrophic phase while growing down the petiole
and into the stem. The leaves and stems are
infested at adult stage of plant. The symptoms
include lesions filled with watery liquid and
necrotic tissues harboring white fluffy mycelium.
During the fruiting stage, the stem gets filled with
numerous sclerotial bodies. As the number and
size of the sclerotial bodies inside stem increases,
the stem gets blackened and the nutrient flow in
plants is obstructed. In severe situations, the
plant dies.

Downy mildew, caused by the oomycete,
H. brassicae infects the aerial parts of the plant.
This pathogen infects commercially important
Brassica crops such as broccoli, cabbage, radish,
and rapeseed. The symptoms appear on cotyle-
dons and leaves as yellowish green growth on the
underside of leaves. In mature plants irregular
angular yellow blotches are formed, which may
have dark specks.

Among the insect pests, aphids pose a big
havoc for Brassica crops. The most destructive
pest of Brassica is mustard or turnip aphid,
Lipaphis erysimi pseudo brassicae, which causes
more than 50% reduction in yield. The aphids
excrete honeydew, which promotes fungal
growth (sooty mold). Furthermore, aphids of the
L. erysimi group are carriers of more than 13
different viruses, including Turnip mosaic virus
(TuMV). Among other destructive insect pests of
Brassica crops are Lepidopteran pest, diamond-
back moth, and Plutella xylostella (Px).

Nematodes, as pathogens, feed on all parts of
plants. There are specific parasitic nematodes that
cause primarily soil-borne diseases and attack the
root system of host plants. They produce the
nutrient deficiency symptoms such as wilting or
stunting.

10.6.2 Transgenic Technology
for Disease Resistance
in B. juncea

The germplasm of B. juncea lacks innate
immunity against biotic stressors; hence, it is
difficult to develop disease tolerant/resistant
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cultivars of B. juncea through conventional
breeding approaches. Therefore, transgenic
technologies are being used for the development
of biotic stress-tolerant B. juncea. Some of the
major biotic stress resistant lines developed so
far, include those expressing chitinases, glu-
canases, and cry proteins. These transgenic
plants show effective tolerance to pathogens,
such as Alternaria brassicae, L. maculans or
S. sclerotiorum or pests, such as Lipaphiserysimi
or Plutellaxylostella (Poveda et al. 2020).

A large number of transgenic lines of different
Brassica species have been generated by trans-
formation with genes coding for chitinases.
Chitinase is an enzyme (a pathogenesis-related
protein) that catalyzes the breakdown of complex
chitin, the main component of the fungal cell
wall. Chitinase gene isolated from tobacco was
transferred into B. juncea where the transgenic
plants inhibited the A. brassicae fungal colony
size by 12–56% in comparison with the
untransformed control (Mondal et al. 2007). The
A. tumefaciens-mediated transformation of
B. juncea has been achieved using chitinase C
(ChiC) encoding gene from Streptomyces griseus
(Ahmad et al. 2015).

Brassica juncea has been transformed with
synthetic chitinase gene (NIC). The leaf tissue
extracts from transgenic plants exhibited con-
siderable resistance and antifungal activity
against A. brassicae (Munir et al. 2016). Trans-
formation of B. juncea with two genes from
barley, a class II chitinase gene and the gene
coding for a ribosome inactivating protein (RIP),
which inactivates foreign ribosomes in distantly
related species and in other eukaryotes, including
fungi, have been achieved (Chhikara et al. 2012).
Transgeniic B. juncea expressing class I basic
glucanase from tomato showed tolerance to
A. brassicae. The lesions in transgenic plants
were restricted in size, number, and spread as
compared to untransformed control plants
(Mondal et al. 2007).

During the past few decades, cationic
antimicrobial peptides (CAPs) have emerged as
very promising candidate gene for production of
transgenic plants resistant to a broad spectrum of
phytopathogens. The CAPs are structurally of

two types: a-helical peptides, such as cecropins
and magainins and b-sheet peptides, such as
defensins, protegrins, and tachyplesins (Osusky
et al. 2000; Phazang et al. 2020). Several trans-
genics of Brassica have been generated, which
code for CAPs to produce antimicrobial proteins,
and show enhanced disease tolerance and inhi-
bition of pathogen growth. Wang and Fristensky
(2001) generated rapeseed transgenic lines
expressing a-helical peptides that were resistant
against L. maculans. Rustagi et al. (2014, 2020)
transformed B. juncea “Varuna” with MsrA1
gene coding for a cecropin-melittin cationic
peptide. The transgenic plants were able to
counter the growth and disease progression
caused by A. brassicae and S. sclerotiorum. In
vitro assays showed that quantified protein from
leaf tissues of transgenic plants inhibited the
hyphal growth of Alternaria by 44–62%. The
Alternaria infection was delayed and the number
and size of lesions and time taken for complete
leaf necrosis was less in transgenic plants as
compared to untransformed control assessed. The
disease protection varied from 69 to 85% in
different transgenic lines. The transgenic plants
showed tolerance to S. sclerotiorum infection as
well. The sclerotial bodies formed in the stem of
transgenic plants were less in number and smaller
in size. The number of days for stem breaking
was also more in the MsrA1 gene expressing
plants. A disease protection of 56–71.5% was
obtained.

The recent studies on genetic transformation
of B. juncea for tolerance to selected fungi and
insect pests are summarized in Table 10.3.

10.7 Long Noncoding RNA:
A Future Tool for Genetic
Modification of B. juncea

One of the key mechanisms that cells use to
regulate gene expression is through the noncod-
ing RNAs (ncRNAs). Long noncoding RNAs
(lncRNAs) are longer than 200 nucleotides
(nt) unlike the 18–30 nt long small RNAs
(miRNAs and siRNAs). The ncRNAs modulate
the expression of genes at the transcriptional as
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Table 10.3 Development of biotic stress resistant Brassica juncea plants through genetic engineering

S. No. Name of gene Gene source Mechanism of action Pathogen References

1 Lectin Hevea
brasiliensis

Fungal immobilization by
binding with carbohydrate in the
cell wall

A. brassicae Kanrar
et al.
(2002a, b)

2 Class I chitinase Nicotiana
tabacum

Degradation of fungal cell wall A. brassicae Mondal
et al.
(2003)

3 Class I basic
glucanase

Lycopersicon
esculentum

Degradation of fungal cell wall A. brassicae Mondal
et al.
(2007)

4 Class II chitinase Hordeum
vulgare

Degradation of fungal cell wall A. brassicae Chhikara
et al.
(2012)

5 Ribosome
inactivating protein
(RIP)

Hordeum
vulgare

Inactivation of foreign
ribosomes

A. brassicae Chhikara
et al.
(2012)

6 MsrA1 Cecropin–
melittin
cationic
peptide

Lethal membrane dysfunction
by making pores through
membrane of pathogen

A. brassicae and
S. sclerotiorum

Rustagi
et al.
(2014)

7 Lectin Cicer
arietinum

Fungal immobilization by
binding with the carbohydrate of
cell wall

A. brassicae Kumar
et al.
(2015)

8 Endochitinase 42
(ech42)

Trichoderma
virens

Fungal cell wall degradation A. brassicae and
A. brassisicola

Kamble
et al.
(2016)

9 Non-expressor of
pathogenesis-related
(NPR1)

B. juncea Activation of the salicylic acid
(SA)-mediated plant defense

A. brassicae and
Erysiphe
cruciferarum

Ali et al.
(2017)

10 Mitogen-activated
protein kinase 3
(MPK3)

B. juncea Activation of the SA-mediated
plant defense

A. brassicae Tasleem
et al.
(2017)

11 NIC Synthetic
chitinase

Fungal cell wall degradation A. brassisicola Munir
et al.
(2016)

12 Wheat germ
agglutinin (WGA)

Triticum
aestivum

Not mentioned Lipaphis erysimi Kanrar
et al.
(2002a, b)

13 Leaf agglutinin
membrane (ASAL)

Allium
sativum

Blockage of the insect
gutepithelium

L. erysimi Dutta et al.
(2005)

14 ACA Agglutinin Allium cepa Blockage of the insect gut
epithelial membrane

L. erysimi Hossain
et al.
(2006)

15 (E)-ß, farnesene Ebf Myzus
arvensis

Volatile sesquiterpene as alarm
pheromones

L. erysimi Verma
et al.
(2015)

16 LL Lentil lectin Lentil Blockage of the insect gut
epithelial membrane

L. erysimi Rani et al.
(2017a, b)

(continued)
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well as the post-transcriptional levels and can
inhibit RNA translation into proteins or alter the
RNA stability (Ponjavic et al. 2007; Peschansky
and Wahlested 2014). Several groups have
shown that these lncRNAs are involved in reg-
ulating gene expression under diverse biological
functions in response to a variety of stresses such
as salinity and drought, nitrogen/phosphate defi-
ciency, excess light, extreme temperatures,
hypoxia, and bacterial pathogens (Zhang et al.
2013; Hivrale et al. 2016; Zhao et al. 2016; Song
and Zhang 2017).

10.7.1 lncRNAs Involved in Abiotic
Stress Pathways
in Brassica

Bhatia et al. (2020) identified 7613 putative
lncRNAs through in silico genome analysis in
B. juncea. Of these, 1614 lncRNAs were found
to be differentially expressed in response to heat
and drought stress conditions. They further
characterized these lncRNAs by functional
annotation through coexpression analysis and
pathway enrichment analysis. The identified
abiotic stress responsive lncRNAs were involved

in both enzymatic and non-enzymatic antioxi-
dants pathways such as glutathione metabolism
and phenylpropanoid biosynthesis and cysteine
metabolism. They also found that lncRNAs
coexpress with transcription factors associated
with abiotic stress response. The LncRNAs act-
ing as putative targets and endogenous target
mimics of miRNAs involved in response to heat
and drought were also identified (Bhatia et al.
2020). A total of 2725, 1672, and 2810 lncRNAs
were identified in three Brassica sp., B. rapa,
B. carinata, and B. hexaploid, respectively, using
next-generation sequencing (Wang et al. 2018).
At least 725 lncRNAs were reported to be dif-
ferentially expressed in the hexaploid compared
with the parent species. Using bioinformatics
tools, 109 lncRNAs were annotated and their
target mRNAs were identified to be involved in
diverse biological functions such as immune
system processes, response to environmental
stimulus, metabolic processes, biological regu-
lation, reproduction, and pigmentation in
B. hexaploid (Wang et al. 2018). The RNA-seq
data also revealed 10,001 lncRNAs in B. rapa of
which 9687 were novel and expressed upon heat
and cold treatments. The coexpression network
constructed for lncRNAs and miRNAs showed

Table 10.3 (continued)

S. No. Name of gene Gene source Mechanism of action Pathogen References

17 CPPI chickpea
protease inhibitor

C. arietinum Disruption in assimilation of
dietary protein

L. erysimi Rani et al.
(2017a, b)

18 RiD defensin Rorippa
indica

Inhibition of nutrient uptake L. erysimi Sarkar
et al.
(2017)

19 HSPRO2 nematode
resistance protein-
like homolog

R. indica Activation of basal plant
resistance

L. erysimi Bose et al.
(2018,
2019)

20 cry1Ac protein Bacillus
thuringiensis

Lysis of the gut epithelial cells Helicoverpa
armigera and
Plutella xylostella

Moon
et al.
(2007)

21 cry1C proteins B.
thuringiensis

Lysis of the gut epithelial cells H. armigera and
P. Xylostella

Kamble
et al.
(2013)

22 BjuWRR1, a CC-
NB-LRR

B. juncea Degradation of Avr proteins White rust
Albugo candida

Arora
et al.
(2019)
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that lncRNAs regulated the expression of 192
and 67 target genes in response to heat and cold
treatments, respectively. Also, lncRNA–pri-
miRNA regulatory networks and their crosstalk
under heat and cold stress were identified (Song
et al. 2016). Under heat stress, interactions
among the upregulated lncRNAs, mRNAs, and
microRNAs showed that several phytohormones,
including salicylic acid (SA) and brassinosteroid
(BR), were linked with heat tolerance. At least 25
lncRNAs that were highly coexpressed with 10
heat responsive genes were reported, indicating
special roles in heat tolerance. Thirty-nine
lncRNAs were predicted as endogenous target
mimics (eTMs) for 35 miRNAs, and five of them
were validated to be involved in heat tolerance in
Chinese cabbage (Wang et al. 2018). Zhang et al.
(2018) further recognized 1299, 1885, and 1910
lncRNAs in B. rapa, B. napus, and B. oleracea,
respectively, involved in lncRNA–miRNA
mediated regulatory networks, proving that
lncRNAs play key roles in stress responses,
defense responses, multi-cellular organismal
processes, immune system processes, develop-
mental processes, and cell death (Zhang et al.
2018). In another study, Tan et al. (2020) com-
pared transcripts from drought-tolerant and
drought-sensitive genotypes of B. napus
responding to drought stress and rehydration
response at the seedling stage. They identified 34
transcription factors (TFs) corresponding to 126
differentially expressed lncRNAs in the drought-
tolerant genotype and 45 TFs corresponding to
359 differentially expressed lncRNAs in the
drought-sensitive genotype. Differential expres-
sion analysis of lncRNAs indicated that up and
down regulated mRNAs coexpressed with
lncRNAs participated in different metabolic
pathways and were involved in diverse regula-
tory mechanisms in the drought-tolerant geno-
type. Especially, some lncRNAs were
coexpressed with BnaC07g44670D (a homolog
of ABF), which are associated with plant ABA
hormone signal transduction. Additionally, some
mRNAs colocalized with lncRNAs,
XLOC_052298, XLOC_094954, and
XLOC_012868, which were mainly found to be

involved in the signal transport and defense
against stress response (Tan et al. 2020).

10.7.2 lncRNAs Invoved in Biotic
Stress Pathway
in Brassica

lncRNAs have also been found to be involved in
biotic stresses. Joshi et al. (2016) identified 3183
novel lncRNAs, which have been shown to be
upregulated in response to S. sclerotiorum
infection in B. napus. They also identified
lncRNA–pri-miRNA regulatory networks and
41lncRNAs, which are precursors to miR394,
miR156, and miR169. These miRNAs have
earlier been reported to be upregulated upon
infection with fungal pathogens, suggesting that
lncRNAs have important functions in fungal
phytopathogenesis (Joshi et al. 2016).

The long noncoding RNAs have so far not
been used for genetic manipulations in B. juncea.
Thus, understanding the lncRNA-mediated reg-
ulatory network in Brassica sp. can be extended
to B. juncea and lncRNAs can be used in
developing stress-tolerant plants.

10.8 Genetic Transformation
of Brassica for Development
of Edible Vaccines

Vaccination is the most effective way to prevent,
control, and eradicate infectious diseases.
Although, traditional mammalian cell expression
system has been widely utilized for large-scale
production of recombinant proteins or subunit
vaccines, the plant-based recombinant expression
system possesses significant advantages and
represents a promising alternative to the current
methods (Chan and Daniell 2015; Diamos et al.
2020). Oral delivery is immunologically more
advantageous in generating effective mucosal
and systemic immune response (Ko 2014). This
dual immune response becomes pivotal, espe-
cially in case of infectious diseases where the
pathogens make their entry into the system
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crossing the first line of defense (Saxena and
Rawat 2013; Debnath et al. 2021).

The utilization of plants as protein production
systems is wide and varied. The demonstration of
expression of a vaccine antigen within plants
started in 1990 with the efforts of Curtiss and
Cardineau as they successfully expressed the
Streptococcus mutant surface protein antigen A
(SpaA) in tobacco (Curtiss and Cardineau 1990).
Since then, several plant expression systems have
been well established for a number of antigenic
proteins such as surface protein antigen A
(SpaA) of the Streptococcus mutans, hepatitis B
surface antigen (HbsAg), E. coli heat–labile
enterotoxin, Norwalk virus capsid protein and the
rabies virus glycoprotein (Mason et al. 2005;
Sahai et al. 2013). Several plant species like
tobacco, potato, rice, wheat, maize, carrot, let-
tuce, celery cabbage, spinach, cauliflower, and
brassica have been utilized for the production of
pharmaceutical proteins and antibodies according
to the desired mode of antigen delivery (Merlin
et al. 2017; Kurup and Thomas 2020).

Brassica species have also been exploited for
the expression of antigenic pathogenic proteins.
Lee et al. (2011) expressed Plasmodium vivax-
derived MLC chimeric recombinant gene in B.
napus for the development of plant-based vac-
cine. First, they synthesized a synthetic chimeric
recombinant gene consisting of merozoite sur-
face protein-1 (MSP-1), which is the main anti-
genic protein of P. vivax, and a sporozoite stage
surface antigen called circumsporozoite protein
(CSP). Thereafter, cotyledonary explants of
B. napus were transformed with the MLC gene
construct via Agrobacterium-mediated transfor-
mation method. The results showed that BALB/c
mice orally immunized with MLC chimeric
recombinant protein produced antigen-specific
IgG1 antibodies. Furthermore, they found a
higher concentration of Th1-related cytokines,
IL-12, TNF, and IFN-c in the spleen of orally
immunized mice. They concluded that the chi-
meric MLC recombinant protein produced in
B. napus could potentially be used as potential as
an excellent vaccine candidate for oral immu-
nization against vivax malaria (Lee et al. 2011).

Gorantala et al. (2014) evaluated the expres-
sion of protective antigen (PA), an antigenic
protein of Bacillus anthracis, in B. juncea for the
development of oral anthrax vaccine. They
transformed hypocotyl explants of B. juncea with
a plant expression vector having PA gene by
agroinfection. Functional activity of PA assessed
by macrophage lysis assays confirmed the bio-
logical activity of plant-produced protective
antigen protein. Furthermore, orally immunized
BALB/c mice showed enhanced serum anti-PA
IgG and IgA antibody titers. This study suc-
cessfully demonstrated the generation of immune
protective response against anthrax in orally
immunized mice with transgenic B. juncea. In
another study by the same group, an additional
antigenic protein of B. anthracis, namely edema
factor (EF), was expressed in B. juncea plant
using Agrobacterium-mediated plant transfor-
mation method. The initial studies using the
CHO cell lines confirmed that the antigenic
protein expressed in plants is biologically active
and can be used for oral immunization studies.

Recently, in the principal author’s lab, one of
the antigenic proteins of B. anthracis, namely
edema factor (EF) and its catalytic mutant (EFM;
H351AEF), has been expressed in B. juncea
(communicated). Experiments on Chinese ham-
ster ovary (CHO) cells confirmed that the plant-
produced edema factor was biologically active
and mutant of edema factor can be used along
with protective antigen (PA) for the development
of highly efficacious and safe vaccine against
anthrax. The expression of mutant EF probably
results in an otherwise structurally intact protein
that could be used for the generation of
immunological response.

For the production of vaccines, oil crops
evidently provide production advantages along
with formulation and delivery benefits. One
major advantage of using oil crops as production
hosts is that the oil bodies can be exploited to
simplify the downstream processing and decrease
the purification steps (Daniell et al. 2001). Being
a major oil and edible crop plant, B. juncea has
excellent potential for the production of
biopharmaceuticals.
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10.9 Conclusion

Genetic modification of B. juncea for biotic and
abiotic stress tolerance has been achieved by
genetic transformation. Among the various
methods, Agrobacterium-mediated genetic trans-
formation is most widely used and preferred
mode. The novel technology of genome editing
using the CRISPR/Cas9 system has opened ways
of targeted gene modification to alleviate biotic
and abiotic stresses. For an efficacious use of this
technology, the protocol for gene editing needs to
be optimized and suitable target genes need to be
explored. The regulatory genes of B. juncea are
crucial players in understanding the different
molecular mechanisms involved in stress toler-
ance. A thorough knowledge about these genes is
inevitable if novel genes are to be explored for
stress tolerance mechanism. One of the key
mechanisms of regulation of gene expression is
through lncRNAs. The stress-specific lncRNAs
may be identified and used for generating high-
yielding, disease-resistant, and abiotic stress-
tolerant Indian mustard lines. The study of path-
ways involved in the perception and response to
stress and their regulatory molecules may unravel
a set of key genes in B. juncea. We must have a
thorough knowledge of the molecular mechanism
of plant–pathogen interactions for the improve-
ment of Brassica spp. Novel genes having regu-
latory role in disease tolerance need to be
identified and characterized in this regard.
Numerous advances have been achieved in
molecular genetics of brassicas. Genetic engi-
neering needs to be amalgamated with the crop
breeding efforts to develop climate-resilient and
high-yielding crops in future. Refined transgenic
techniques for the transfer of DNA sequences will
have immediate value as research tools. Every
major discovery is accompanied with criticisms.
The use of genetic modification (GM) techniques
in edible foods involves several ethical, natural,
and socioeconomic issues which will need con-
sideration before the technique can be applied.
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11Molecular Linkage Mapping
in Brassica juncea: Founding
the Basis for Marker-Assisted
Selection

Satish K. Yadava and Nirala Ramchiary

Abstract

Genetic maps are a prerequisite for under-
standing genome organization, map-based
cloning, and marker-assisted selection of
agronomically important traits in crops. The
application of genetic markers to genetic
mapping and quantitative trait locus analyses
in Brassica juncea is now well-established.
Extensive genetic mapping efforts have been
made in B. juncea allowing inclusive
genome-wide comparisons, discovery of evo-
lutionary rearrangements, and identification of
syntenic relationships with other Brassica
species. The earliest genetic maps developed
in B. juncea used different types of mapping
populations and were based on DNA markers
like restriction fragment length polymor-
phism, random amplified polymorphic DNA,
and amplified fragment length polymorphisms
which were gradually superseded by
single-nucleotide polymorphisms due to their
abundance in the genomes and their flexibility

for high-throughput genotyping platforms.
High-resolution genetic maps of B. juncea
have provided the scaffolds on which
whole-genome sequences have been assem-
bled, thus representing a vital link between the
breeding and sequencing research. Molecular
breeding of several qualitative and quantita-
tive traits, like white rust resistance, fatty acid
contents, seed coat color, and glucosinolates
content, have been successfully undertaken
using a wide array of genetic markers and
maps. Extensive research on white rust resis-
tance utilizing diverse genotypes with varied
levels of resistance/susceptibility to the dis-
ease by using different approaches, like
bulked segregant analysis and comparative
mapping with Arabidopsis thaliana, has led to
the identification of key genetic loci imparting
resistance against one of the most destructive
diseases in B. juncea. Seed coat color is
another trait of interest in breeding of
B. juncea lines, as the character is known to
be associated with protein and fiber content
and has also been proposed as an important
factor for increasing seed oil content. Different
studies on the genetic improvement of the
B. juncea cultivars leading to enhancement in
the nutritional quality of the oil and meal have
focused on composition and quantities of
various fatty acids and glucosinolates. This
chapter assembles the past and present
research in classical and modern molecular
breeding approaches, and describes the

S. K. Yadava
Centre for Genetic Manipulation of Crop Plants,
University of Delhi South Campus, Benito Juarez
Road, New Delhi 110021, India

N. Ramchiary (&)
School of Life Sciences, Jawaharlal Nehru
University, New Mehrauli Road, New Delhi 110067,
India
e-mail: nramchiary@jnu.ac.in

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
C. Kole and T. Mohapatra (eds.), The Brassica juncea Genome, Compendium of Plant Genomes,
https://doi.org/10.1007/978-3-030-91507-0_11

197

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_11&amp;domain=pdf
mailto:nramchiary@jnu.ac.in
https://doi.org/10.1007/978-3-030-91507-0_11


advances with specific examples of crucial
agricultural and economic traits in B. juncea.

11.1 Introduction

Brassica juncea is an important oilseed crop
which is also cultivated as a condiment and
vegetable in a few parts of the world. Diverse
phenotypes of the crop include Indian oilseed
mustard (B. juncea var. oleifera), root mustard
(B. juncea var. rapifera), stem mustard (B. jun-
cea var. tsatsai), leaf mustard (B. juncea var.
rugosa), and cut leaf mustard (B. juncea var.
crispifolia) (Labana and Gupta 1992). The veg-
etable types are mainly cultivated in China, while
mustard is a principal edible oilseed crop in India
and is grown to a lesser extent in Canada, Aus-
tralia, Russia and Ukraine.

It has been reported that genetic variability in
oilseed B. juncea is dispersed between two major
genepools commonly described as the Indian and
the east European genepools (Pradhan et al.
1993; Oram et al. 1999; Srivastava et al. 2001).
Pradhan et al. (1993) explored genetic diversity
in B. juncea based on pheno-morphological traits
by utilizing Indian, exotic (Commonwealth of
Independent States—former USSR) and some
synthetic B. juncea accessions, and grouped them
into different clusters, wherein the maximum
genetic distance was observed between the lines
belonging to the two germplasm types. Marker-
based phylogenetic analyses undertaken in sub-
sequent studies confirmed the existence of two
genepools (Jain et al. 1994; Srivastava et al.
2001; Burton et al. 2004). These studies also
revealed a very narrow genetic base of the Indian
genepool which is also widely distant from the
east European exotic genepool (Pradhan and
Pental 2011).

Classical genetic analysis has been used to
unravel the inheritance of various monogenic and
polygenic traits. The development of several
types of molecular markers has helped in the
construction of genetic maps and dissection/
identification of quantitative trait loci (QTLs),

some of which have been used for marker-
assisted selection (MAS) of the traits of interest.
Furthermore, this information also leads to the
identification and isolation of causative genes
that increase our understanding of the trait vari-
ation. In this chapter, an attempt has been made
to deliberate on the studies on the development
of genetic maps and mapping of genes and QTLs
in B. juncea using various molecular markers and
mapping populations.

11.2 Construction of Genetic Maps

Several marker systems have been used to con-
struct genetic maps in B. juncea. Classical map-
ping efforts in B. juncea included use of isozyme
markers, the majority of which concentrated on
peroxidase isozyme patterns (Edwards et al.
2007). In order to characterize 12 genotypes of
Indian mustard, Kumar and Gupta (1985) per-
formed a comparative study of the activities of
the peroxidase and esterase isozymes based on
the presence and absence of bands along with
their intensity-based scores at five developmental
stages of siliqua. The studies revealed the pres-
ence of similar profiles for the number of iso-
zyme bands at all the five stages for peroxidase,
and a variable number of isozyme bands for
esterase indicating different isozymes were active
at various stages of siliqua development. Thus,
patterns based on the scores for the total perox-
idase activity appeared to be more informative
compared to the results on individual banding
patterns and could therefore be successfully used
to characterize different Indian mustard geno-
types. Existence of separate morphotypes in B.
juncea was shown by Chen and Tong (1985)
based on polyacrylamide gel electrophoresis for
studying peroxidase and acid phosphatase iso-
zymes at three leaves seedling stage. Isozymes
have also been used as genetic markers for dis-
cerning the hybridity in B. juncea compared to
the parental lines and in breeding programs due
to their relationships with agronomically impor-
tant traits. However, these parameters are influ-
enced by environmental factors and the
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developmental stage of the plant, and therefore,
these markers were progressively substituted by
DNA-based markers.

DNA markers have traditionally been clas-
sified into three main classes. These are as
follows: (1) First-generation restriction-based
DNA markers that include restriction fragment
length polymorphism (RFLP), (2), second-
generation amplification-based DNA markers
like random amplified polymorphic DNA
(RAPD), variable number of tandem repeats
(VNTRs) that include both minisatellites and
microsatellites (SSLP: simple sequence length
polymorphism; SSRs: simple sequence repeats;
STRs: short tandem repeats; STMS: sequence
tagged microsatellite sites), and (3) third gen-
eration DNA markers such as single-nucleotide
polymorphisms (SNPs) and indels (insertions
and deletions).

11.2.1 Maps Developed Using First-
Generation DNA
Markers

The earliest report on genetic mapping presented
the nature of intervarietal RFLPs and their
inheritance, linkage relationship, and association
with quantitative traits (Sharma et al. 1994)
(Table 11.1). The study used B. juncea cv. Var-
una and two exotic lines, BEC-144 and BEC-286
showing differences at both the morphological
and molecular levels. The map covered a total
length of 173.9 cM and included 15 loci dis-
tributed over six linkage groups (LGs) out of a
total of 28 loci. Significant marker-quantitative
trait associations for primary branches per plant,
secondary branches per plant, and days to flow-
ering were identified using single factor analysis
of variance. Mohapatra et al. (1995) also
assembled a partial RFLP genetic map of B.
juncea from F2 progenies of the same
Varuna/BEC-144 cross and mapped 45 RFLP
loci and one seed coat color marker on 14 LGs,
covering 407.9 cM of the genome. Based on the
same Varuna/BEC-144 cross, Upadhyay et al.
(1996) carried out genetic mapping and QTL

analysis using a F2 population and showed
linkage of RFLP markers with yellow seed coat
color and six other traits—days to flowering,
plant height, number of primary branches, sec-
ondary branches per primary branch, siliquae per
secondary branch, and seeds per siliqua.

Cheung et al. (1997) developed a RFLP-based
genetic map by using cDNA markers from B.
napus for genotyping of a F1-derived doubled
haploid (DH) population of 119 individuals.
The DH lines were developed from a cross
between two lines—J90-4317 and J90-2733,
which were contrasting for glucosinolates con-
tent, oil content, protein content, and white rust
resistance. J90-4317 had both low oil and glu-
cosinolates content, but had a high protein con-
tent and was susceptible to white rust, while J90-
2733 had high levels of glucosinolates and oil
content, but showed low protein content and was
resistant to white rust. The map harbored 343 loci
spanning a genetic length of 2073 cM. The
markers were distributed over 18 major LGs and
five small groups of two to five loci. A large
percentage of marker loci was duplicated illus-
trating that complex duplications and subsequent
rearrangements occurred after allopolyploidy.
Cheung et al. (1998a, b) and Prabhu et al. (1998)
later used this cross to identify markers and
QTLs linked with white rust resistance in addi-
tion to seed quality traits.

In a mapping effort by Axelsson et al. (2000),
an integrated map was developed by utilizing
marker information from two individual RFLP-
based maps using mapping populations that
shared a common parent. The crosses were per-
formed between a resynthesized B. juncea and B.
juncea cultivars. Their results showed that the
two individual maps were perfectly collinear
with each other as demonstrated by the distri-
bution and ordering of 137 common marker loci
shared between the two maps. These maps
comprised 183 and 296 loci and covered
1266 cM and 1041 cM units, respectively. The
two maps allowed the first documentation of the
A and B subgenome components of B. juncea.
Disomic inheritance of parental alleles was
observed at all loci, with chromosomes of
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Table 11.1 Overview of the genetic mapping studies in Brassica juncea

Publication Parental lines Mapping
population

Number of
segregating
progenies

Type of
markers

Number
of linkage
groups

Total
markers

Genetic
length
(cM)

Average
interval
size (cM)

Sharma et al.
(1994)

Varuna,
BEC-144

F2 50 RFLP 6 15 173.9 19.3

Upadhyay
et al. (1996)

Varuna,
BEC-144

F2 48 RFLP 9 25 243.3 16.2

Cheung et al.
(1997)

J90-4317,
J90-2733

DH 119 RFLP 18 326 1945.4 6.6

Axelsson
et al. (2000)

J-o-3DH1, J-
o-7DH1,
resynthesized
B. juncea line
BjRS

BC1 120
(BjNAT),
60 (BjSYN)

RFLP 18
(BjNAT),
18
(BjSYN)

183
(BjNAT),
296
(BjSYN)

1,266
(BjNAT),
1,041
(BjSYN)

7.7
(BjNAT),
3.7
(BjSYN)

Sharma et al.
(2002)

Varuna,
BEC-144

RIL (F6) 94 RAPD 21 114 790.4 6.9

Lionneton
et al. 2002

BJ-99, BJ-70 DH 131 AFLP,
RAPD

18 273 1641 6.3

Mahmood
et al. (2003a)

RLM-514
(HEP), LEP

DH 61 (S
population),
51 (R
population)

RFLP 18 280 1564 5.2

Pradhan
et al. (2003)

Varuna,
Heera

DH 123 RFLP,
AFLP

18 1029 1628.7 3.5

Christianson
et al. (2006)

AC Vulcan,
UM
3132

F2 140 RFLP,
SSR

18 323 1577.3 4.9

Ramchiary
et al. (2007a)

Varuna,
Heera

DH 123 RFLP,
AFLP,
SSR

18 1448 1840.1 1.3

Panjabi et al.
(2008)

Varuna,
Heera

DH 123 IP, RFLP
and gene
markers

18 533 1922.2 3.6

Yadava et al.
(2012)

TM-4,
Donskaja-IV

DH 100 IP, AFLP,
SSR

18 911 1629.9 3.7

Paritosh
et al. (2014)

Varuna,
Heera

DH 123 SNP,IP 18 1708 1933.5 1.4

Zou et al.
(2016)

Sichuan
Yellow,
purple
mustard

F2 168 DArT-seq
markers

18 3329 1578.5 0.5

Li et al.
(2016)

Tumida,
multiceps

F2 200 SSR 17 116 2061.0 17.9

Yang et al.
(2016)

03A0106,
T84-63

F2 100 SNP 18 5333 4710.3 0.9

Dhaka et al.
(2017)

EH-2, Pusa
Jaikisan

DH 182 SSR 18 860 2073.6 3.0

(continued)
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B. rapa and B. nigra pairing exclusively with
their corresponding A or B subgenome homo-
logues, respectively.

11.2.2 Maps Developed Using
Second-Generation DNA
Markers

Sharma et al. (1999) performed bulked segre-
gant analysis (BSA) (Michelmore et al. 1991)
of recombinant inbred lines (RILs) using
RAPDs to identify markers linked to QTLs
influencing seed oil content, a trait with quan-
titative mode of inheritance in B. juncea. The
F6 RILs were developed from an intervarietal
cross (Varuna � BEC-144) that was previously
used by Sharma et al. (1994). Sharma et al.
(2002) used the same set of RILs for the con-
struction of a linkage map and identification of
QTLs influencing oleic acid level. The map
included 114 markers distributed over 21 LGs
spanning a genetic distance of 790.4 cM
(Table 11.1).

Lionneton et al. (2002) constructed a molec-
ular map of B. juncea using RAPD markers in
conjunction with amplified fragment length
polymorphisms (AFLPs) using 131 segregating
F1-derived DH progenies from a highly poly-
morphic BJ-99/BJ-70 cross. The parental lines
were contrasting for plant height, flowering time,
and seed coat color. BJ-99 was a yellow-seeded

Russian genotype, taller in nature, and late-
flowering, while BJ-70 was a brown-seeded
Indian genotype with short stature and was
early flowering. This genetic map harbored 273
loci (264 AFLPs, 9 RAPD) distributed over 18
LGs covering 1641 cM of the B. juncea genome.
The average estimate of genome length was
1937.6 cM, and the estimated coverage of the B.
juncea genome was 2251.5 cM. The framework
map was presumed to cover 72.9% of this
estimation.

Mahmood et al. (2003a) used reciprocal DH
populations for studying the genes controlling
the fatty acid profile in B. juncea using a genetic
map with 316 RFLP loci. The DH populations
were developed from a cross between two agro-
nomically contrasting canola and non-canola
quality B. juncea genotypes. The linked mark-
ers were grouped into 18 LGs and seven
unlinked fragments, spanning a genetic length of
1564 cM. A total of 276 and 307 loci were
mapped in the R and S populations, respectively,
with 267 loci being common among the two
populations. The nomenclature of the A sub-
genome LGs (A1-A10) of B. juncea was based
on the A subgenome (N1-N10) LGs of B. napus
(Cheung et al.1997; Butruille et al. 1999), while
the B genome LGs were named as B1–B8. Gene
order was shown to be preserved mostly,
although frequent rearrangements were also
identified in intra-genomic comparisons. The
study was also the earliest to indicate that sex-

Table 11.1 (continued)

Publication Parental lines Mapping
population

Number of
segregating
progenies

Type of
markers

Number
of linkage
groups

Total
markers

Genetic
length
(cM)

Average
interval
size (cM)

Rout et al.
(2018)

EH-2, J8,
Donskaja-IV

DH 166 (EJ8),
163 (DE)

IP, SSR,
SNP

18 (EJ8),
18 (DE)

388
(EJ8),
653 (DE)

1125.6
(EJ8),
1708.2
(DE)

3.9 (EJ8),
0.4 (DE)

Khattak et al.
(2019)

G266, G302 F6 RILs 167 IP 18 304 1671.13 5.5

Paritosh
et al. (2021)

Varuna,
Heera,
Tumida

DH 92 (VH),
119 (TuV)

IP, SSR,
SNP

18 (VH),
18 (TuV)

3780
(VH),
9041
(TuV)

3232.3
(VH),
3417.4
(TuV)

0.9 (VH),
0.4 (TuV)
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based peculiarities were absent from recombi-
nation in B. juncea, and therefore, recombination
did not depend on the direction of the cross. It
was thus apparent that there were no restrictions
on using a parent as the male or a female geno-
type in a crossing scheme. Moreover, integrated
genetic maps of B. juncea could also be assem-
bled from separate crosses as they were inde-
pendent of male or female meiosis. The results
also suggested that the direction of the cross in an
experiment would not consequently impact fine-
mapping for map-based cloning which requires
accurate positioning of loci in a particular
interval.

Pradhan et al. (2003) developed a high-
density genetic linkage map of B. juncea using
a F1-derived DH population of 123 lines
developed from a Varuna/Heera cross. The two
parents are highly divergent as Varuna is a well-
adapted, widely cultivated Indian genotype,
while Heera is a canola quality exotic accession.
These two parental lines were also highly con-
trasting for several agronomically important
qualitative and quantitative traits. The 1,029
mapped loci (996 AFLPs and 33 RFLPs) were
distributed over 18 LGs with a total map length
of 1629 cM. The study also identified a set of
26 primer pairs for AFLP-based whole-genome
selection (nine EcoRI/MseI, six EcoRI/TaqI, six
PstI/MseI, and five PstI/TaqI) generating a total
of 385 markers with a coverage of 96% of the
genome, as mapped with the total set of 91
primer pairs. The whole-genome selection
markers were spaced at an average interval of
6.8 cM between two consecutive markers. The
selected set of AFLP primers could thus be used
for whole-genome selection in backcross
breeding programs in B. juncea. Ramchiary
et al. (2007a) further saturated this genetic map
by the addition of more AFLP, RFLP, SSR, and
gene-based markers resulting in a revised link-
age map of B. juncea consisting of 1448
markers (1297 AFLPs, 72 RFLPs, 69 SSRs, and
10 genic markers) with an overall genetic dis-
tance of 1840.1 cM.

Christianson et al. (2006) utilized a combina-
tion of microsatellite and RFLP markers to gen-
erate a linkage map based on a F2 and a backcross

population for genetic mapping of resistance to
Leptosphaeria maculans in B. juncea. The par-
ental lines included—‘AC Vulcan’, a B. juncea
mustard cultivar, and UM3132, an inbred line of
B. juncea described by Keri et al. (1997). Indi-
vidual ‘AC Vulcan’ plants were pollinated by
UM3132, and a single F1 plant from this cross
was self-pollinated for the development of the F2
population segregating for resistance. The F1
plant was also crossed with the susceptible parent
UM3132 for the development of a first-generation
backcross population. The total map with 323 loci
covered 1577.3 Kosambi cM across 18 LGs. This
map showed almost perfect collinearity with the
genetic map developed by Axelsson et al. (2000)
based on 75 common marker loci, except for four
pairs of markers that were inverted between the
two maps.

Panjabi et al. (2008) established the earliest
and an exhaustive comparative linkage map of B.
juncea showing a high level of synteny among
the A. thaliana and B. juncea genomes. The map
used single copy genes from Arabidopsis hosted
on The Arabidopsis Information Resource
(TAIR). Polymerase chain reaction (PCR) pri-
mers spanning intronic sequences were designed
from genes which were present at approximate
intervals of 100–200 kb. A total of 533 loci were
mapped consisting of 486 intron polymorphism
(IP), 34 RFLP, and 13 gene-based markers
spanning 1992.2 cM. The 10 LGs of the A
subgenome of B. juncea map were designated as
A1–A10 corresponding to the nomenclature of
LGs N1–N10 of the A subgenome of B. napus
(Parkin et al. 2005). Homeologies among the A,
B, and C subgenomes as described in this study
were used for the nomenclature of the eight B
subgenome LGs. A. thaliana genomic blocks
were assigned to the LGs of the B. juncea link-
age map on the basis of the distribution of 24
genomic blocks (A–X) described earlier for a
hypothetical progenitor of the A. thaliana and
Brassica ancestors by Schranz et al. (2006). This
approach facilitated the identification of con-
served blocks between A. thaliana and B. juncea.
The study also identified the evolutionary rear-
rangements leading to karyotype diversification
among the three genomes.
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For QTL mapping of yield-associated traits in
B. juncea, Yadava et al. (2012) constructed a
genetic map consisting of AFLPs, IPs, and SSR
markers. The TD map described in this study was
derived from the F1 of a cross of an Indian type
(TM-4) with an exotic type (Donskaja-IV).
The TD genetic map harbored 911 marker loci
comprising of 585 AFLPs, 8 SSRs, and 318 IP
loci with a total genetic length of 1629.9 cM.
This study also reported the first detailed inte-
grated map of B. juncea assembled by employing
common markers as anchors among the two
maps—Varuna � Heera map (described in
Pradhan et al. 2003; Ramchiary et al. 2007a and
Panjabi et al. 2008) and the TD map. This inte-
grated map included a total of 2662 marker loci
and spanned a total genetic length of 1927.1 cM.
By projecting QTLs detected in the TD popula-
tion on the QTLs identified in the VH population,
and using VH map as the reference map, Yadava
et al. (2012) optimized the number of consensus
QTLs between the two populations, reduced the
confidence intervals of these consensus or meta-
QTLs, and consequently improved upon the
accuracy and validity of the meta-QTLs
substantially.

Khattak et al. (2019) also developed a genetic
map based on IP markers using RILs for
exploring the genetic basis of 2-propenyl and 3-
butenyl glucosinolate biosynthesis by QTL
mapping and RNA sequencing (RNA-seq) in B.
juncea. The map spanned 1671.13 cM with an
average distance of 5.5 cM between two con-
secutive markers and resulted in the identification
of a novel major QTL for 2-propenyl and 3-
butenyl glucosinolates on the LG A08.

11.2.3 Maps Developed Using Third-
Generation DNA
Markers

Paritosh et al. (2014) performed the RNA-seq of
two B. juncea lines, Varuna and Heera, for the
development of SNP markers with applications
in both genome-wide and localized fine-
mapping. Contigs obtained from the RNA-seq
data were separated into gene models specific to

the two subgenomes of B. juncea by comparisons
with the A subgenome hosted on the Brassica
database (BRAD) and to their work on the RNA-
seq of B. nigra for the B subgenome (Paritosh
et al. 2020). The contigs were also used to detect
SNPs, which were placed on a genetic map
developed by using F1-derived DH lines based
on the Varuna/Heera cross. The genotyping was
based on a dataset of 999 SNPs identified in this
study and 709 IP loci previously described in
Panjabi et al. (2008). The total map length was
1933.5 cM, with an average interval size of
1.4 cM (Table 11.1). This map also provided a
detailed understanding of the arrangement of the
genomic blocks of A. thaliana (Schranz et al.
2006) in the A and B subgenomes of B. juncea.
Different genes were also marked with codomi-
nant SNP markers in the vicinity of loci con-
trolling glucosinolate (LGs A02, A03, A09 and
B01) and erucic acid (LGs A08 and B07) traits,
thus creating opportunities for the transfer of ‘00’
traits from Heera into Indian lines. The study
revealed the diverse nature of the constituent A
and B subgenomes of B. juncea and strengthened
the assumption that independent hexaploidiza-
tion events have led to the evolution of the
constituent A and B subgenomes of B. juncea
based on comparative analysis of the arrange-
ment of gene blocks and patterns of genome
fragmentation.

Based on the GBS approach, DArT-seq, Zou
et al. (2016) developed a dense B. juncea linkage
map with high-throughput markers. An F2 pop-
ulation of 168 segregating individuals derived
from crossing Sichuan Yellow (SY) and purple
mustard (PM) was used in the study. A total of
3329 of the markers were assigned into 18 large
LGs with an average density of two loci per cM.
These 3329 linked markers revealed 1570 dis-
tinct genetic loci on the 18 LGs and covered
1579 cM. Single markers consisted of 1132
unique loci, while 438 were defined by multiple
markers and were classified as genetic ‘bin loci’.
By comparison of this map and the positioning of
the marker sequences with respect to their orga-
nization in the physical genome of A. thaliana,
the study reported both a highly consistent
collinearity of the ancestral blocks and
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substantial block variation among the different A
subgenomes. A total of 30 potential inversions
distributed over large intervals and 20 potential
translocation events among the three A sub-
genomes were identified by comparative analyses
of genome sequences of B. rapa and B. napus,
and marker sequences anchored on this genetic
map.

Using 200 F2 progenies developed from a
cross between a tuber mustard and a leaf mus-
tard, Li et al. (2016) developed a genetic map in
B. juncea containing 116 SSR markers. A total of
520 pairs of SSR primer sequences designed
from the transcriptome of the tuber mustard were
used to amplify genomic regions with a two-
stage screening being implemented for the iden-
tification of polymorphic markers between the
two parental lines and the F1 progeny. Seventeen
LGs were identified in the linkage map with a
total genetic distance of 2061.0 cM and an
average distance of 17.92 cM between two con-
secutive markers. Based on this genetic map,
QTL detection was performed for stem expan-
sion traits pertaining to stem weight, stem
diameter and stem length.

Yang et al. (2016) developed a high-
resolution linkage map developed with 5333
bin markers distributed over the 18 pseudo-
chromosomes while reporting the draft genome
of the allopolyploid B. juncea var. tumida. The
genome was constructed by a de novo assembly
using shotgun reads, single-molecule long reads
(PacBio sequencing), genomic (optical) mapping
(BioNano sequencing) and genetic mapping.

Dhaka et al. (2017) identified genic SSRs in
B. juncea and its ancestral species (B. rapa and
B. nigra) by using unigene data of B. rapa har-
vested from NCBI Unigene database and tran-
scriptomes of B. nigra and B. juncea developed
by Paritosh et al. (2014). The study identified a
total of 20,529 genic SSRs from the three Bras-
sica species. The study also described the
development of the first SSR-based genetic map
of B. juncea using F1-derived DH lines of EH-
2/Pusa Jaikisan cross, as the segregating proge-
nies. The map included 860 markers consisting
of 462 unigene derived microsatellite (UGMs),

157 BAC-derived SSRs, and 241 IP loci, span-
ning 2073.6 cM.

Rout et al. (2018) analyzed oil content using
eight bi-parental linkage maps of B. juncea
developed using eight distinct mapping popula-
tions. The seven parental lines of these mapping
populations were highly contrasting for quanti-
ties of oil and erucic acid in the seeds. These
eight mapping populations were arranged into
two groups of five and three populations, con-
sisting of DH lines which were distinguished on
the basis of whether they exhibited segregation
for erucic acid (SE populations) or had zero
erucic acid content (ZE populations). Three
linkage maps (EJ8A8B7, EJ8Z, and DEZ) were
developed in this study–EJ8A8B7 map consisted
of 388 loci with a genetic length of 1125.6 cM,
while the EJ8Z and DEZ maps harbored 470 and
650 loci and spanned genetic distances of 1244.0
and 1680.2 cM, respectively. The other five
genetic maps were reported earlier (Ramchiary
et al. 2007a; Panjabi et al. 2008; Yadava et al.
2012; Paritosh et al. 2014; Rout et al. 2015;
Dhaka et al. 2017), but were updated with SSR
loci to extend the coverage of the B. juncea
genome. An integrated genetic map was also
reported in this study which was assembled by
including the marker loci from the eight con-
stituent maps using the common markers as
anchors. This highly saturated map consisting of
3510 markers harbored a wide array of genetic
markers including IP, SNP, genic SSR, genomic
SSR, AFLP, and RFLP loci distributed over
2002.6 cM. A large fraction of about 70% of
these mapped loci were unambiguously desig-
nated with their corresponding A. thaliana gene
IDs and the genomic blocks of Arabidopsis
(Schranz et al. 2006).

The latest linkage map to be developed in B.
juncea was based on the novel GBS approach-
based mapping performed by Paritosh et al.
(2021) using SphI-MlucI and HinfI-HpyCH4IV
restriction enzyme combinations. The study
reported simultaneously but independently
developed genetic maps from two F1DH popu-
lations of B. juncea–VH and TuV. The VH
genetic map which was firstly developed by
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Pradhan et al. (2003) and later also included 833
markers comprising IP, genic SSR, and SNP loci
(Panjabi et al. 2008; Paritosh et al. 2014) was
further supplemented with GBS markers based
on the SphI-MlucI enzyme combination. The VH
genetic map harbored a total of 3780 markers
among which a large proportion of 2947 were
GBS-based SNP markers. The TuV genetic map
was constructed from a population of 119 F1-
derived DH individuals of a Tumida/Varuna
cross and consisted of 524, IP and SSR markers
that were common with the VH population along
with the 8517 GBS markers, based on the HinfI-
HpyCH4IV enzyme combination, which were
added for a substantial genome coverage
(Fig. 11.1). This map included a total of 9041
markers that were more than twice the number of
markers in the VH map. The average distance of
0.4 cM between two consecutive loci in the TuV
map was also less than half in comparison to
0.9 cM in the VH map. Both these maps were
used to anchor scaffolds/contigs on to the 18 LGs
of B. juncea, thus resulting in a chromosome-
scale assembly of B. juncea line Varuna which
appears to have a substantial improvement
compared to the previous draft assembly of
B. juncea var. tumida, a vegetable type of mus-
tard (Yang et al. 2016).

11.3 Genetics and Mapping
of Important Traits

An array of molecular markers has been used for
mapping QTLs and cloning of genes influencing
important agronomic, yield influencing, and seed
oil quality traits in B. juncea. High-density
genetic maps are an essential prerequisite for
plant breeding applications such as the discovery
of marker-trait associations and comparative
genetic studies. In B. juncea, the principal
objectives for genetic improvement of the crop
apart from yield (described in Chap. 20) are
white rust resistance, seed coat color, fatty acids,
oil content, and glucosinolate content.

11.3.1 White Rust Resistance

The white rust disease caused by Albugo candida
is one of the most destructive diseases of B.
juncea. The accessions belonging to the Indian
germplasm of B. juncea are extremely suscepti-
ble to A. candida (Li et al. 2008; Panjabi-
Massand et al. 2010; Awasthi et al. 2012) and
experience considerable damages in the crop
yield (Lakra and Saharan 1989; Saharan and
Verma 1992). Of the 13 pathotypes of A. candida
studied in various Brassica species (Verma et al.
1999), the most prevalent race afflicting B. jun-
cea has been recognized as race-2 (Petrie 1988;
Rimmer et al. 2000). Extensive genetic research
in B. juncea has shown that a single dominant
gene governs resistance against race-2 (Tiwari
et al. 1988; Sachan et al. 1995).

Rakow (1995) established a cross among two
breeding lines of B. juncea (J90-4317 and J90-
2733) with the objective of developing white rust
resistant, high oil content, canola quality B. jun-
cea. Among the two parental lines, J90-4317
(white rust sensitive) was used as the female par-
ent, while J90-2733 (white rust resistant) was used
as the male parent. Cheung et al. (1998a) identi-
fied a single gene responsible for conferring
resistance toA. candida race-2 (Acr) using 119 F1-
derived DH progeny lines of the J90-4317/J90-
2733 cross. The study identified a dominant RFLP
marker, X140a, cosegregating with the Acr locus
and two other RFLPmarkers, X42 (dominant) and
X83 (codominant), closely linked with the Acr
locus. Prabhu et al. (1998) also used the same DH
population to identify RAPD loci associated with
resistance/susceptibility to white rust using BSA.
The resistance locusAc21was shown to be flanked
by two markers,WR2 andWR3, within an interval
of 10 cM. These two markers were also observed
to be highly effective in identifying the resistant/
susceptible genotypes in the DH population.

RAPD markers were also used by Mukherjee
et al. (2001) for genotyping of a set of 94 F7
generation RILs obtained by selfing the F2 pro-
genies of a cross between Varuna and BEC-144,
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and reported the identification of flanking mark-
ers for a white rust resistance locus in BEC-144.
A total of eight informative primers were able to
distinguish the resistant bulk from the susceptible
bulk. The rust resistance locus, designated as Ac2
(t), was flanked by OPB061000 and OPN011000
at 5.5 cM and 9.9 cM, respectively. Absence of
polymorphism between BEC-144 and Varuna for
the markers which exhibited close linkage with
the resistance locus Ac21 mapped by Prabhu et al.
(1998), suggested that the locus mapped in this
study might be different. Varshney et al. (2004)
designed a PCR-based codominant cleaved
amplified polymorphic sequence (CAPS) marker
for the closely linked RAPD marker,

OPB061000 and a more tightly linked marker for
the white rust resistance gene, using AFLP and
BSA. They also validated the CAPS marker in
two different F2 populations developed from
Varuna/BEC-144 and Varuna/BEC-286 crosses,
and established its efficacy in MAS for white rust
resistance.

Somers et al. (2002) focused on developing
DNA markers for a novel B. napus locus (Ac2V1)
in a B. juncea genetic background using a BC3F2
population by identifying DNA markers derived
from the introgressed B. napus chromosome
segment. Two B. juncea cultivars were used as
parental lines consisting of AC Vulcan (white
rust race 2V-susceptible) and B. napus line S86-

Fig. 11.1 Density gradient-based linkage map of B.
juncea developed with intron polymorphism (IP), simple
sequence repeats (SSRs), and genotyping by sequencing-
based (GBS) single-nucleotide polymorphism
(SNP) markers using DH lines of the Tumida/Varuna
cross. The vertical ruler on the left represents the scale of

measurement for the genetic lengths of the linkage
groups. The density gradient at the bottom shows the
color-coded density of markers in cM/locus. The figure
was created using the R package LinkageMapView
(Ouellette et al. 2018)
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69 (white rust resistant). BSA was performed
with the two parents and two DNA bulks of eight
white rust resistant and nine white rust-
susceptible BC3F2 seedlings derived from a sin-
gle BC3F1 plant. BSA using AFLP markers
resulted in a total of 22 candidate markers being
amplified. Eight of the 19 B. napus markers
showed linkage to a single resistance gene.

Panjabi-Massand et al. (2010) used two east
European germplasm lines, Heera and Donskaja-
IV for understanding the genetics of resistance to
A. candida race 2V. The study was based on two
DH populations which were derived from the
Varuna/Heera and TM-4/Donskaja-IV crosses.
The Indian type parental lines–Varuna and TM-4
were susceptible, while the two east European
lines–Heera and Donskaja-IV were partially and
completely resistant, respectively. QTL analysis
in the two DH populations revealed two major
loci for resistance to white rust. In Heera, the
locus AcB1-A4.1 was located to LG A4, while in
Donskaja-IV, the locus AcB1-A5.1 was located to
LG A5. AcB1-A4.1 and AcB1-A5.1 accounted for
76% and 70% of the total phenotypic variance,
respectively. The study also described the use of
comparative mapping with A. thaliana for gen-
erating marker loci closely linked with the white
rust resistance loci. The comparative mapping
showed that the AcB1-A4.1 locus in B. juncea
was homologous to the ‘S block’ of chromosome
5 of A. thaliana (Panjabi et al. 2008). A total of
54 IP primer sequences were developed from the
S block of A. thaliana to densely map this QTL
interval on the B. juncea map. Of the 54 primer
pairs tested, eight markers mapped to the AcB1-
A4.1 region. At5g41560 and At5g41940, within
an interval of 1.2 cM on the VH map, showed
perfect cosegregation with the phenotype except
for the four individuals. Conversely, the QTL
region of AcB1-A5.1 in the TD map was
observed to be homologous to the ‘J’ block of
chromosome 2 of A. thaliana (Panjabi et al.
2008). A total of 147 IP primer sequences were
constructed from the J block of A. thaliana, of
which 38 pairs of sequences were polymorphic
between the two parents. Cosegregation analysis
with four of these markers which mapped to the
QTL region, AcB1-A5.1 was observed to lie

between the markers At2g34510 and At2g36360.
The IP marker, At2g36360 was found to be
strongly linked with the resistance trait locus
since no recombinants were observed. Based on
these results, Arora et al. (2019) further showed
the presence of a single CC-NB-LRR protein
encoding R gene in Donskaja-IV (named as
BjuWRR1) which conferred complete resistance
to a range of isolates of A. candida. This was the
first report of a gene conferring white rust
resistance in the Brassica species (Arora et al.
2019). Identification of such resistance genes and
markers will assist the introgression of resistance
into otherwise susceptible varieties.

A new locus imparting resistance to A. can-
dida isolate AcB1 was located by genetic map-
ping and QTL analysis to LG A6 of B. juncea by
Bhayana et al. (2020). The study used a F1-
derived DH mapping population developed from
a Tumida/Varuna cross. Tumida was observed to
be resistant to the A. candida isolate AcB1, while
Varuna was highly susceptible. The study used
GBS markers to map the resistance locus to the
interval of 63.0 cM–70.8 cM on LG A6
(Fig. 11.2). To identify the candidate gene(s)
present within this region, the study used the
currently available genome assemblies of B.
juncea lines—Tumida (Yang et al. 2016) and
Varuna (Paritosh et al. 2021). The study reported
BjuA046215, a CC-NBS-LRR (CNL) type R
gene with all the known subdomains of the
proteins specified by such genes, to be the most
probable candidate gene lying in the mapped
interval that encodes a protein.

11.3.2 Seed Coat Color

Many studies have demonstrated the advantages
of the yellow seed over brown seed characteris-
tics of Brassica because of higher oil and pro-
tein content, and a lower fiber content in yellow-
seeded Brassica genotypes (Stringam et al. 1974;
Woods 1980; Hutcheson 1984; Shirzadegan and
Röbbelen 1985; Rahman and McVetty 2011). It
has been estimated that a shift to yellow-seeded
cultivars can achieve an oil increase of up to 2%
(Banga 1996).
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Different studies on seed coat color in B.
juncea have shown that the trait is under the
control of two loci segregating independently of

each other, with either of these when harboring
dominant alleles produce brown seeds. In addi-
tion, the maternal genotype also influences the

Fig. 11.2 Mapping of white rust resistance in the LG
BjuA6. The LG contained 629 polymorphic markers
(markers mapping at the same position were removed).
The genic simple sequence repeats, intron polymorphism,
genic single-nucleotide polymorphism, and GBS-based
single-nucleotide polymorphism markers are represented
with pink, red, green, and black color, respectively.

A single major QTL (AcB1-A6.1; red bar) conferring
resistance to white rust isolate AcB1 mapped to an
interval of 63.0–70.8 cM. A CNL type R gene,
Bju046215, was identified in the tumida genomic
sequence spanning the QTL region (Adapted from
Fig. 11.2 in Bhayana et al. 2020)
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manifestation of the trait (Vera et al. 1979; Vera
and Woods 1982; Anand et al. 1985; Thiagarajah
and Stringam 1993; Choudhary and Solanki
2007). While elucidating the genetics of seed
coat color inheritance in B. juncea, Vera et al.
(1979) concluded that the character is controlled
by two duplicate pairs of genes (R1 and R2) for
brown color, either of which can produce brown
seed color when a single dominant allele is pre-
sent, while yellow seed results when all alleles at
both loci are recessive. By crossing a double
heterozygote plant B-1092 (R1r1R2r2) of the
cultivar Blaze with a yellow-seeded homozygous
recessive (r1r1r2r2) plant from the same variety,
Vera and Woods (1982) confirmed the regulation
of seed coat color by two different dominant gene
pairs by developing pure-breeding, brown-
seeded strains carrying the gene for brown seed
color at one locus, but not at the other, i.e., two
different types of lines, homozygous dominant at
one locus and homozygous recessive at the other
(R1R1r2r2 and r1r1R2R2).

A combination of BSA and AFLP method-
ologies was employed by Negi et al. (2000) to
detect marker loci linked to seed coat color in B.
juncea. Three AFLP markers were specific for
brown-seeded individuals and were therefore
identified as being tightly linked to the seed coat
color trait. For converting one AFLP marker into
a sequence-characterized amplified region
(SCAR) marker, the PCR walking methodology
developed by Siebert et al. (1995) was employed
to isolate genomic regions adjacent to the AFLP
marker. The AFLP marker on conversion into the
codominant SCAR marker (SCM08) generated
amplification products which were polymorphic
between yellow and brown-seeded individuals
and easily differentiated between homozygous
(BB) and heterozygous (Bb) brown-seeded
individuals.

Upadhyay et al. (1996) used a F2 population
from an intervarietal cross of B. juncea cv.
Varuna and exotic collection BEC-144 in a
RFLP-based analysis for identifying association
of markers with yellow seed coat color and six
quantitative traits. The single factor analysis of
variance revealed that the marker BJG357c
showed tight linkage (3.9 cM) with yellow seed

coat color locus (r1). The seed coat color trait
was found to segregate into 15 (brown):1 (yel-
low) ratio confirming the digenic inheritance of
the trait with duplicate gene action as reported
earlier by Vera et al. (1979).

A population of 131DH lines produced from
an F1 plant of a cross between BJ-99 (with yel-
low seeds) and BJ-70 (with brown seeds) was
used to develop an AFLP-based linkage map of
B. juncea by Lionneton et al. (2002). The 131
DH progenies consisted of 100 lines with brown
seed coats and 31 lines with yellow seed coats.
This 3:1 ratio suggested a segregation of two
Mendelian trait loci (MTL) determining seed
coat color in this population which were assigned
to two distinct LGs, with Bjc1 and Bjc2 coseg-
regating with the markers, E3M3_7 on LG3 and
E8M7_4 on LG6, respectively.

Padmaja et al. (2005) employed microsatellite
markers in B. juncea to map two independent
loci controlling seed coat color using three pop-
ulations consisting of segregating DH lines.
Three SSR marker loci (Ra2-A11, Na10-A08,
and Ni4-F11) were identified by BSA showing
strong association with seed coat color. Subse-
quent genetic mapping located Ra2-A11 and
Na10-A08 on LG1 at an interval of 0.6 cM from
each other and marker Ni4-F11 on LG2 of the
linkage map of B. juncea (Pradhan et al. 2003).

Mahmood et al. (2005) also used a mapping
population consisting of 112 DH lines from a
cross of black/brown-seeded B. juncea ‘RLM-
514’ of Indian origin, reciprocally crossed with a
yellow-seeded B. juncea breeding line. Segrega-
tion analysis revealed that seed color was prob-
ably controlled by two unlinked loci with
duplicate gene action. QTL analysis however
identified three consistent QTLs across environ-
ments affecting seed color on LGs A6, A10 and
B4. A major percentage of the phenotypic vari-
ances were described by these QTLs showing
43%, 31%, and 16% of the total variation,
respectively, while these QTLs collectively
exhibited a large fraction of 62% of the total
available phenotypic variation in the population.

A F2 population of 386 plants segregating for
seed color was used by Huang et al. (2011) from
a cross between two B. juncea landraces with
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light-yellow seed (Wuqi yellow mustard) and
brown seed (Wugong mustard). Each F2 indi-
vidual was selfed to generate F2:3 progenies,
which were subsequently used to establish the
genotype of each F2 individual and to identify the
markers linked to the yellow seed color allele.
Four closely linked AFLP and SSR markers from
a total of twenty AFLP and eight SSR markers
were identified, which demonstrated good
collinearity with those of A. thaliana chromo-
some 3, locating the homologue of the yellow
seed color allele between At3g14190 and
At3g32130. The same cross was used for fine-
mapping of the yellow seed trait in B. juncea by
Huang et al. (2012). AFLP and SSR marker
techniques were used to identify markers linked
to the brown seed locus in a population of 1258
F2 plants. The study identified 14 AFLP and 2
SSR markers that were closely linked to the
brown seed locus from a total of 256 AFLP
primer combinations and 456 pairs of SSR pri-
mers. The SSR marker CB1022 showed
codominant inheritance with its ability to distin-
guish between the different genotypes in the
population. The study also reported the conver-
sion of two AFLP markers (EA06MC11 and
EA08MC13) into SCAR markers, SC1, and SC2,
which were subsequently mapped to the A9/N9
LG of B. napus based on synteny with the earlier
reported genetic map of B. napus (Basunanda
et al. 2010).

In continuation of their previous study in
which two separate loci (BjSc1 and BjSc2) were
mapped (Padmaja et al. 2005), Padmaja et al.
(2014) also identified three candidate flavonoid
genes in B. rapa—DFR, TT1, and TT8 on LG A9
based on a genome search using the Brassica
database (BRAD, http://brassicadb.cn). Two
homeologous TT8 genes, BjuA.TT8 and BjuB.
TT8 were mapped to LGs A9 and B3 of the
B. juncea genome, respectively, and showed
perfect cosegregation with BjSc1 and BjSc2
locus, respectively.

Huang et al. (2016) also used the
Wuqi/Wugong mustard cross for the develop-
ment of IP and SCAR markers linked to the
yellow seed color gene in B. juncea. A total of
twenty genes and eight marker sequences from

the A09 chromosome were selected to design the
IP and SCAR primers for screening a BC8S1
population consisting of 1256 individuals. Of the
ten markers which were developed (five IP and
five SCAR markers), two markers—IP4 and Y1
flanked the yellow seed color gene at distances of
0.1 and 0.3 cM, respectively. Another three IP
markers, IP1, IP2, and IP3 which were derived
from Bra036827, Bra036828, and Bra036829
independently, also cosegregated with the target
gene. Detailed annotations of the genes in this
region revealed that only Bra036828 was asso-
ciated with flavonoid biosynthesis and had high
similarity with the TRANSPARENT TESTA6
gene. The study concluded that Bra036828 was
possibly the gene responsible for yellow seed
color.

11.3.3 Fatty Acids and Oil Content

In recent years, emphasis is being laid on the
objectives of enhancement in essential nutri-
tional quality of oil by development of low erucic
acid cultivars. The oil quality of seed is deter-
mined by the underlying fatty acid composition,
and high levels of erucic and eicosenoic acids are
undesirable for oil quality compared to other
oilseeds (Gupta and Pratap 2007). Therefore, the
principal focus in breeding of B. juncea has been
genetic improvement of seed quality by varying
the proportion of fatty acids and to breed varieties
suitable for nutritional and industrial purposes.

There have been several studies on genetic
analysis of various fatty acids such as oleic and
erucic acids performed by generating markers
and identification of QTLs for these traits. The
studies undertaken for understanding the genetics
of erucic acid in B. juncea have revealed that the
trait is under the control of two genes with
additive effects, with zero-erucic acid content
attributed to recessive genes (Kirk and Hurlstone
1983; Bhat et al. 2002; Gupta et al. 2004).

Earlier studies have used RFLP and AFLP
markers for genetic mapping of QTLs associated
with fatty acids including erucic acid trait in
B. juncea (Cheung et al. 1998b; Lionneton et al.
2002; Mahmood et al. 2003a). Cheung et al.

210 S. K. Yadava and N. Ramchiary

http://brassicadb.cn


(1998b) mapped the two Fatty acid elongase
(FAE) genes as the loci controlling erucic acid
(C22:1) in seeds using a segregating F1DH
population. The study also identified two QTLs
associated with oil content which collocated with
the FAE loci indicating that these two genes also
influenced oil content in B. juncea. This con-
clusion was supported by the fact that the plants
harboring low C22:1 alleles at both FAE loci
also had low seed oil content. Mahmood et al.
(2003a) confirmed the previous research on the
inheritance of erucic acid content governed by a
two-gene model with additive effects in B. juncea
(Kirk and Hurlstone 1983) and in B. napus (Chen
and Beversdorf 19901990).

Three further studies by Bhat et al. (2002),
Lionneton et al. (2002) and Sharma et al. (2002)
independently identified markers and QTLs
linked with fatty acid (FA) content. According to
Bhat et al. (2002), the gene located in the A
subgenome displayed a greater influence on the
total erucic acid content in B. juncea than the
gene located in the B subgenome. However,
Lionneton et al. (2002) observed a bimodal dis-
tribution for the erucic acid content supporting
the hypothesis that only a single major gene
controlled this trait in B. juncea, in contrast to the
results reported by Kirk and Hurlstone (1983)
and Cheung et al. (1998a) who suggested that
two loci—one from B. campestris and the other
one from B. nigra—controlled erucic acid syn-
thesis. Sharma et al. (2002) used a linkage map
constructed with RAPD markers for locating
QTLs for oleic acid and identified two QTLs
with genetic lengths of 14 cM and 10.6 cM for
oleic acid levels on two different LGs of
B. juncea. The two QTLs together described
32.2% of the total phenotypic variance, while the
major QTL located on LG 9 explained 28.5% of
the trait’s phenotypic variance.

Mahmood et al. (2003a) performed the first
detailed genetic analysis of markers and local-
ization of QTLs associated with the oleic, lino-
leic, linolenic, and erucic acids content in
B. juncea. The study revealed that two QTLs
(E1a and E1b) were consistently associated with
erucic, oleic, and linoleic acid content in multiple
environments. The QTLs for erucic, oleic, and

linoleic acids together accounted for 85.8%,
70.9%, and 68.3% of the total phenotypic vari-
ation, respectively. These QTLs also showed
strong epistasis, and with inclusion of the epi-
static term into the model explained approxi-
mately 98%, 97%, and 85% of the variation for
erucic, oleic, and linoleic acids, respectively. The
study also noted that the same QTLs which were
associated with oleic, linoleic, and linolenic acids
acted in an opposing manner, and there was also
observed a significant negative relationship of
erucic acid with oleic and linoleic acids. It was
thus hypothesized that under the conditions
where erucic acid pathway is functional, the
majority of the oleic acid precursor is converted
into erucic acid and only a small percentage is
desaturated to linoleic acid leading to a strong
negative correlation of erucic acid with oleic and
linoleic acids.

Aggarwal et al. (2003) also carried out map-
ping of loci influencing the palmitic, stearic,
oleic, linoleic, linolenic, and erucic acids content
of mustard oil. The study reported similar find-
ings as reported by Mahmood et al. (2003a) in
that the content of erucic acid was negatively
correlated with the contents of all other fatty
acids, which were positively correlated. The
results of QTL analysis using two different
methods, single factor ANOVA (P < 0.02) and
interval mapping (LOD > 2.0) were comparable
and revealed the presence of two loci each on
three different LGs for the linoleic, linolenic, and
erucic acid contents. The loci for erucic and
linoleic acid located on LG 9 appeared to be
linked, while the position of the erucic acid locus
exactly coincided with the oleic acid locus
identified earlier (Sharma et al. 2002), thereby
indicating a common locus for both the traits.
A similar condition was reported for the LOD
peaks for erucic and linoleic acid contents on the
LG 17 in which the two markers OPD06600 and
OPA11400 showed significant linkages between
loci for linolenic acid and oleic acid. The study
concluded that this marker interval affected four
of the major fatty acids (oleic, linoleic, linolenic,
and erucic acids) of mustard.

Further genetic analysis of the erucic acid trait
influenced by the FAE1 gene was carried out by
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Gupta et al. (2004) by molecular tagging based
on QTL analysis and identification of SNPs in
the FAE1 gene. The research utilized 123 DH
lines derived from the high � low erucic acid
(Varuna/Heera) cross previously described by
Pradhan et al. (2003), and identified two QTLs
associated with seed erucic acid content which
were located to the LGs 3 and 17 of the B. juncea
genome. As previously reported by Bhat et al.
(2002), this study also revealed that the two
QTLs contributed disproportionately to the levels
of erucic acid in B. juncea. Two FAE1 genes
(FAE1.1 and FAE1.2) were identified in both
high and low erucic acid mustard lines in the
study by PCR amplification and subsequent
cloning and sequencing. The sequence compar-
isons among the corresponding FAE1 genes
between Varuna (high erucic acid) and Heera
(low erucic acid) revealed a total of seven SNPs,
four in FAE1.1 and three in FAE1.2. Using the
single-nucleotide primer extension method
(SNuPE) of SNP genotyping (Chen et al. 1999),
these two genes were mapped to two independent
intervals on the genetic map of B. juncea which
cosegregated with the two erucic acid QTLs.
These results were further corroborated by
genotyping of 40 segregating BC5F2 progenies
derived from the same cross, with Varuna being
used as the recurrent parent. Genotyping of these
40 BC5F2 progenies with the seven SNPs in the
FAE1 genes guided the identification of all nine
genotypes as expected from the segregation of
two independent loci. The results clearly showed
that the zero-erucic types were characterized by
e1e1e2e2 genotypes, while the highest erucic-
type individuals were identified by the
E1E1E2E2 genotypes. Also, the wild-type alleles
showed an additive effect on the erucic acid
phenotype with the heterozygote class
(E1e1E2e2) showing an intermediate phenotype.
Ramchiary et al. (2007a) also used the DH
population from the same Varuna/Heera cross
and identified QTLs for oil content using an
AFLP-based genetic map of B. juncea. Two of
the seven detected loci were major QTLs which
mapped to the known positions of the two FAE1
genes (FAE1.1 and FAE1.2). It was also reported
that the erucic acid content of the seed directly

influenced seed oil content in Brassica species,
as the rise in the molecular mass during the
extension of oleic acid (C18:1) to erucic acid
(C22:1) could explain the equivalent increase in
the oil content. Conversely, a corresponding
reduction in oil content has been observed with
the first rapeseed varieties which were free of
erucic acid (Ecke et al. 1995; Burns et al. 2003).

Jagannath et al. (2011) analyzed the pheno-
typic variation in different oil quality fractions
among Varuna (with high erucic acid), Heera
(with low erucic acid), and a zero-erucic Indian
variety (ZE-Varuna). The study was based on
DH lines derived from a Varuna/Heera cross and
segregating for erucic acid content (SE), as
described previously in Pradhan et al. (2003).
A second population consisting exclusively of
zero-erucic acid DH lines (ZE) was constituted
from the original population of 1200 DH plants
derived from the same Varuna/Heera cross. An
AFLP-based skeletal linkage map was con-
structed in this study using these ZE DH lines for
QTL analysis of oil quality fractions and oil
content. The study reported novel loci which
could potentially be used to improve oil quality
and oil content in B. juncea under zero-erucic
conditions. Furthermore, the results revealed that
a constraint on the available substrate caused by
a functional erucic acid pathway was responsible
for reduced levels of linoleic and linolenic acid in
Varuna, and not the effect of weaker alleles or
enzyme limitation.

A comprehensive analysis of QTLs influenc-
ing oil content was undertaken by Rout et al.
(2018) in eight different mapping populations.
These DH populations were derived from seven
different parents exhibiting extensive variation in
the levels of oil and erucic acid in the seeds. The
eight mapping populations as described in
Sect. 11.2.3 were categorized as SE and ZE
populations depending upon the segregation of
the erucic acid trait. The five F1DH source pop-
ulations segregating for one or both the erucic
acid genes located on the LGs A08 and B07 were
randomly sampled for constituting the five SE
populations (EJ8A8B7, DEB7, EPJA8B7, TDA8,
and VHA8B7). QTL studies of the erucic acid trait
in the three SE populations segregating for both
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the erucic acid genes (EJ8A8B7, EPJA8B7, and
VHA8B7) consistently identified major QTLs on
the LGs A08 and B07 comapping to the two
FAE1 loci in all the three environments. These
QTLs explained large average phenotypic vari-
ances varying from 87.5% (in EPJA8B7 popula-
tion) to 94.0% (in VHA8B7population). In
contrast, the other two SE populations (TDA8and
DEB7) detected major QTLs for the trait
comapping with the respective FAE1 locus in all
the environments. Comparisons among the QTLs
for seed oil content between the two types of
populations (SE and ZE) showed that the 23
QTLs detected in the SE populations were
exclusive and were entirely missing in the three
ZE populations. These loci influencing oil con-
tent constituted 76% of the major QTLs detected
in the five SE populations and merged into two
consensus QTLs in SE populations upon meta-
analysis (Oil-C-A8-1 on LG A08 and Oil-C-B7-1
on LG B07). In addition, results of multi-trait
analysis to correlate structures among erucic acid
and oil content in seeds revealed a strong pleio-
tropic effect between these two traits. As a
corollary, the study also noted that the two
‘Pleiotropic’ consensus QTLs influencing oil
content cannot be utilized in improving the oil
content in ZE B. juncea.

Saini et al. (2019) explored the sequence
variations in the promoter region of the gene
encoding fatty acid elongase (FAE1) by evaluat-
ing promoter polymorphisms in the FAE1.1 and
FAE1.2 genes associated with erucic acid content
in B. juncea. A low erucic acid (Pusa Mustard 30)
and a high erucic acid cultivar (Pusa Bold) were
used for sequencing the upstream regions of
FAE1.1 and FAE1.2 genes. Polymorphisms in the
promoter regions of FAE1.1 and FAE1.2 were
discovered in the form of a 28-bp deletion in
FAE1.1 and a 340-bp insertion of a transposon-
like element in the FAE1.2, in the low erucic acid
genotype. The markers based on sequence vari-
ability in the promoter regions clearly differenti-
ated the genotypes between low erucic acid and
high erucic acid groups of genotypes belonging to
B. juncea and its two ancestral diploid species, B.
rapa and B. nigra. Genotyping of these promoter-
based markers on a BC1F2 population developed

by crossing Pusa Mustard 30 with Pusa Bold
perfectly distinguished the parents and illustrated
unambiguous cosegregation with the biochemical
phenotype in the backcross progenies without
any recombination.

11.3.4 Glucosinolates Content

Several studies have been undertaken for under-
standing the genetics of seed glucosinolates in B.
juncea. Love and coauthors in as early as 1990
studied the genetic control of glucosinolate
composition in B. juncea in crosses between 2-
propenyl type glucosinolate containing parental
lines (Domo and ZEM 84–2293) and an Indian
3-butenyl type mustard line, 60143 (Love et al.
1990). Subsequent efforts by Stringam and Thi-
agarajah (1995) showed that glucosinolate
biosynthesis was under the control of nuclear
genes with five to nine genes influencing the
contents of aliphatic glucosinolates in B. juncea.

An exhaustive genetic evaluation of the glu-
cosinolate content and fractions in the varieties of
B. juncea indicated a large contrast in the com-
position observed in the Indian cultivars com-
pared to B. juncea germplasm from other
countries (Sodhi et al. 2002). It was observed that
the Indian varieties were rich with 2-propenyl
(allyl) and 3-butenyl as the major fractions of
glucosinolates, and 4-pentenyl as the minor
fractions. Conversely, the exotic germplasm was
typified by the existence of 2-propenyl as the
major glucosinolate fraction, trace amounts of 3-
butenyl, and a complete absence of the 4-
pentenyl types. The inheritance of total glucosi-
nolates was further investigated by using 752
F1DH and 1263 BC1 (BC1DH) progenies of a
cross between Varuna (with high glucosinolates)
and Heera (a low glucosinolate line). The
investigation revealed that the total glucosinolate
was under the control of seven genes based on
the segregation ratios calculated from the fre-
quencies of the low glucosinolate individuals
(Sodhi et al. 2002).

Molecular mapping of a number of seed
quality traits B. juncea was undertaken by Che-
ung et al. in 1998 with a F1DH mapping
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population derived from two parental lines, J90-
4317 (low glucosinolates) and J90-2733 (high
glucosinolates) (Cheung et al. 1998b). The study
detected two QTLs associated with the trait of 2-
propenyl and three QTLs for 3-butenyl glucosi-
nolates which described large proportions of the
total phenotypic variances. In a later study,
Mahmood et al. (2003b) reported three QTLs for
2-propenyl glucosinolate which explained 78%
of the total phenotypic variance, and five QTLs
for total seed aliphatic glucosinolates which
explained phenotypic variances between 30%
and 45%. Lionneton et al. (2004) also analyzed
sinigrin, gluconapin, and total GSL contents in a
DH population which was derived from parents
which contrasted for these fractions and total
glucosinolates (Lionneton et al. 2004). Two
QTLs each for sinigrin, gluconapin, and total
glucosinolates were identified which explained
between 4–18% of the trait variation.

Two different studies by Ramchiary et al.
(2007b) and Bisht et al. (2009) have reported in
details the genetic mapping of loci implicated in
the biosynthesis of aliphatic glucosinolates.
Ramchiary et al. (2007b) analyzed QTLs for
various seed glucosinolates among early (F1DH)
and advanced generation (BC4DH) populations
and suggested that epistasis and additive effects
of glucosinolate genes exist in different genetic
backgrounds in B. juncea. The common QTLs
detected in both F1DH and BC4DH populations
exhibited a change in the landscape of the phe-
notypic variances explained by the QTLs from
the former to the later generations. Notably,
while some of the QTLs detected in the F1DH
population became insignificant in the BC4DH
population, new QTLs were identified in the
BC4DH population for various glucosinolates.
This study, however, was not able to explain the
homeologous effects of loci from the two sub-
genomes on the individual or total seed glu-
cosinolate content. Bisht et al. (2009) followed
these results and carried out fine-mapping of six
seed glucosinolate QTLs (J2Gsl1, J3Gsl2,
J9Gsl3, J16Gsl4, J17Gsl5, and J3Gsl6) reported
by Ramchiary et al. (2007b) using candidate
gene approach. Further, DNA sequences of the
various genes implicated in the aliphatic

glucosinolate biosynthesis pathway were identi-
fied in A. thaliana and B. oleracea, and the
candidate genes were characterized in the two
parental lines, Varuna (high glucosinolate) and
Heera (low glucosinolate).

Rout et al. (2015) described the existing allelic
variations for five different seed glucosinolate
traits in B. juncea by performing QTL mapping
with two DH mapping populations (DE and VH
populations) derived from parental lines with
contrasting seed glucosinolates profiles. The seed
glucosinolate traits were evaluated in three envi-
ronments and subjected to QTL analysis followed
by QTL meta-analysis in Biomercator 2.1
(Arcade et al. 2004; Goffinet and Gerber 2000).
A total of 60 QTLs were identified in the DE
population from three environments which upon
intra-population meta-analysis reduced to 17 S-
QTLs (Stable QTL) and 15 E-QTLs (Environ-
ment QTL). The VH population detected a total
of 58 QTLs from the three environments that
were reduced to 15S-QTLs and 16E-QTLs upon
meta-analysis. In both the DE and VH popula-
tions, majority of S-QTLs explained large pro-
portions of phenotypic variances of the existing
trait variation and were therefore regarded as
major QTL. The study also identified three C-
QTL (consensus QTL) following inter-population
meta-analysis, Bju.GSL.A3.1, Bju.GSL.A9.1 and
Bju.GSL.B4.1 all of which comapped with glu-
cosinolate pathway candidate genes and were
distributed over LGs A03, A09, and B04. The
study also ranked the parental allelic variants of
QTLs or of the comapped candidate gene(s)
based on the phenotypic variances explained by
the component QTLs. The results of the study
appear significant for marker-assisted transfer of
the low glucosinolate trait and for breeding of
lines with lower seed glucosinolate content than
are currently present in B. juncea.

Sharma et al. (2016) isolated and character-
ized an ortholog of A. thaliana gene At1g16410,
described as CYP79F1, which is involved in the
initial step of core glucosinolate biosynthesis.
CYP79F1 was mapped to the QTL J16Gsl4 in
LG B04 using the existing B. juncea genetic map
of Panjabi et al. (2008). Functional validation of
the candidate gene CYP79F1 (named as BjuB.
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CYP79F1) responsible for regulating sinigrin
biosynthesis was undertaken using 95 F2 proge-
nies derived from a cross between Varuna and a
QTL-NIL (QTL Near-isogenic line) J16Gsl4
through cosegregation analysis of the genotype
and the phenotype. All the F2 progenies con-
taining the Varuna allele of the gene (wild type)
synthesized sinigrin while the progenies harbor-
ing the Heera allele were deficient in the syn-
thesis of sinigrin.

In a recent study, Khattak et al. (2019) iden-
tified one novel major QTL for 2-propenyl (sin-
igrin) and 3-butenyl (gluconapin) glucosinolates
on the LG A08 of the B. juncea genome using
167 F6 RILs developed from a cross among two
DH lines, G266, and G302. The seeds of the
parental line G266 had low 2-propenyl and
high 3-butenyl glucosinolates, while seeds of
G302 had high 2-propenyl and low 3-butenyl
GSL contents. The RILs were evaluated for the
2-propenyl and 3-butenyl GSL contents during
2016 and 2017 for undertaking QTL analysis.
Two collocating major QTLs for sinigrin con-
tents were identified on LG A08, and explained
42.3% and 42.6% of the total variation in 2016
and 2017, respectively. Another two QTLs for
gluconapin were detected and colocalized with
the QTLs for sinigrin content on the LG A08.
The QTLs for gluconapin contents exhibited
phenotypic variances of 31% and 38.4% of the
total variation in 2016 and 2017, respectively.
At4g20150-1 was identified as the IP marker that
was closest to the peak of the LOD profiles of
sinigrin and gluconapin content.

11.3.5 Future Scope of Works

RFLP, RAPD, and AFLP markers were earlier
used in the development of genetic maps and
discovery of quantitative trait loci in B. juncea.
Although there have been large-scale advance-
ments in the discovery of genetic markers in B.
juncea [(e.g., Illumina SNP chips, kompetitive
allele-specific PCR (KASP) assays, GBS and
sequencing technologies (e.g., Illumina, PacBio,
Nanopore)], the genomes of only two accessions
—Tumida and Varuna are currently available,

representing only a small fraction of the species-
wide genomic space (Yang et al. 2016; Paritosh
et al. 2014, 2021). In view of the extreme
diversity available among the different genotypes
of B. juncea, concerted efforts are needed to
detect further variations by including some
additional reference genomes that will provide
useful resources for genetic studies such as gene
mapping and cloning. The way forward thus lies
in undertaking pan-genomic studies in B. juncea
which harvest the enormous variation available
in different plant morphologies and entire
sequence diversity, to provide useful resources
for evolutionary studies, functional genomics,
and breeding of cultivated Brassicas. Recently in
B. napus, many presence and absence variations
were identified using pan-genome comparative
analysis based on de novo assembly and anno-
tation of eight accessions (Song et al. 2020).
A genome-wide association study based on these
structural variants (SV) to explore their contri-
bution to trait variation in three important yield-
related traits (silique length, seed weight, and
flowering time) led to discovery of causal asso-
ciations between SVs and yield-related traits that
were not captured by single-nucleotide
polymorphisms-based genome-wide association
study (GWAS) demonstrating the high worth of
structural variants. With the availability of pan-
genome in B. juncea, it is anticipated that
breeders will be able to apply gene-editing
technologies to rapidly manipulate and attain
desirable agronomic traits in the germplasm
lines, based on the information on causal genetic
variants underlying these traits. The currently
available genome assemblies and those that will
be available in future will also permit greater
utilization of the wide variability available within
the different genepools of B. juncea.
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Abstract

Indian mustard (Brassica juncea) is one of the
oldest cultivated amphidiploid crops by
human civilization. Natural interspecific
crossing between diploid progenitors B. nigra
(BB) and B. rapa (AA) resulted in evolution
of this allotetraploid plant species with a total
genome size of 1068 Mb. For genetic
improvement of the desired traits, it is a pre-
requisite to unravel the whole genome
sequence of this allotetraploid crop and its
diploid progenitors. There are several genome
and transcriptome sequencing initiatives con-
ducted in this regard to unravel structure and
functional annotation of genes in the genome.
Similarly, this genomic information was used
to obtain species specific molecular insights
into the important agronomic traits such as
fatty acid biosynthesis, anti-nutritional factors,
resilience to climatic perturbations and patho-
gen resistance. The nuclear and organellar
genome sequencing efforts in B. juncea,

therefore, helped in improving our under-
standing of the complex allotetraploid archi-
tecture and building a foundation to utilize the
information for translational genomics and
precession breeding in the future.

12.1 Introduction

Brassica juncea, commonly known as Indian
mustard, is an allopolyploid (AABB) formed by
the cross between B. rapa (AA) and B. nigra
(BB). This B. juncea (2n = 36) allopolyploidy
was discovered by Prakash and Chopra in 1991
by artificial resynthesizing (Prakash and Chopra
1991). Cytological investigations using flow
cytometry revealed the genome size to be
922 Mb (Yang et al. 2016). Previously, the B.
juncea genome size was believed to be 1068 Mb,
of which, 529 Mb and 632 Mb has been
acquired from B. rapa and B. nigra, respectively.
The genome of Brassica spp. has been used to
examine gene function divergence and genome
evolution as a result of polyploidy, widespread
duplication, and hybridization. These investiga-
tions and characterization are performed under
the title of “Multinational Brassica Genome
Project (MBGP)”, established in 2002 (https://
www.brassica.info/home/about_mbgp.html); the
project’s main goal was to distribute and orga-
nize Brassica genomic resources for the benefit
of the global Brassica research community.
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This helped greatly to study the qualitative and
quantitative information of the diversity within
Brassica spp. It allowed to generate a connection
between phenotypic character and genomic loci
responsible and to characterize the genes, and
detail the substantial numbers of functional pro-
teins within the organism. The database powered
by these services has also enabled the identifi-
cation and characterization of molecular genetic
markers and the construction of high-resolution
genetic maps. From this, gathering information
of plant evolution complexity and its translation
to the model plant has be come easy.

Genomic sequencing only provides informa-
tion of one allelic form of each gene, but to find
all variations in the heritable phenotype, three
approaches are essential; gene expression infor-
mation, comparison with known gene sequences,
and genetic association studies. Further, func-
tional genomics provides insights of the potential
role of a gene by analyzing the pattern of gene
expression. Since few genes are highly con-
served, their core function can be predicted by
comparing with annotated genes or available
databases. Identifying the genetic markers can
make it easy to pick certain alleles in the genome
which are associated with important function.
Genome sequence becomes applicable for crop
improvement through marker-assisted breeding.
Marker-assisted selection is likely to connect
with a novel agronomic characteristic when an
alternative allele of a gene is sequenced across
different genotypes. These findings permit the
identification of closely related genes with
improved quality and quantities which target the
improvement of biological pathways. The

sequence of the B. juncea genome will identify
orthologous genes, aim for germplasm enhance-
ment. Table 12.1 provides with the basic under-
standing of the difference in the diploid and
amphiploid genetic makeup of the Brassica
species. The model plant Arabidopsis has high
structural similarity with Brassica genes espe-
cially in the coding regions (*85% nucleotide
conservation) (Cavell et al. 1998). Therefore,
genome sequencing will serve as the foundation
for translational genomics of this crop based on
the functional insights of genes obtained from
Arabidopsis. Here, we will contextualize the
structural and functional details of B. juncea
genome sequencing initiatives using various
next-generation sequencing platforms.

12.2 Technological Advancements
in Plant Genome Sequencing

There are several sequencing technologies that
can be applied for genome sequencing in plants.
These are primarily divided into two approaches,
one of which is whole genome shotgun
sequencing. In the shotgun sequencing approach,
the complete genome is broken down into frag-
ments ranging between 5 and 20 kb. Sequencing
each fragment can be done by any suitable
sequencing method and the sequence assembly
can be done with computational tools to con-
struct the whole genome sequence. Another
approach is the application of bacterial artificial
chromosomes (BACs) alongside genetic map-
ping, fingerprinting, and end sequencing. Till
date, no technology exists that can read DNA

Table 12.1 Difference in
the diploid and amphiploid
genetic makeup of the
Brassica species

Species Genome type n IC GS

B. rapa AA 10 0.539 529

B. nigra BB 8 0.647 632

B. oleracea CC 9 0.71 696

B. juncea AABB 18 1.092 1068

B. napus AACC 19 1.154 1132

B. carinata BBCC 17 1.308 1284

1C: refers to the size of haploid genome, GS: genome size in Mbps, n: number of
homologous pairs of chromosomes
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from one end to the other of even moderately
sized chromosome.

The initial microbial genome sequencing was
primarily conducted by whole genome shotgun
technology. In this approach genomic DNA is
sheared to smaller insert libraries of 0.4–1.2 kb
and 5–20 kb library. The 0.4–1.2 kb library is
used for sequencing and the 5–20 kb library
acted as template in assembly. This technology
could not meet the demands of eukaryotic gen-
ome sequencing, which contains long range
repeats. Several technologies such as BAC, yeast
artificial chromosome (YAC), plasmic-based
conventional clones with large-insert (PBC) and
bacteriophage P1-derived artificial chromosome
(PAC) were developed by several groups.
Though the linear YAC vectors, with yeast cen-
tromere and arms, can carry inserts of 1000 kb,
the limitations such as instability of insert, chi-
merism, less amenable in extraction and purifi-
cation alongside similarly sized yeast
chromosomes, led researchers to look for alter-
native technologies too (Anderson 1993).
Meanwhile, in the early 1990s, the BAC library
technology emerged as backbone technology to
sequence the large complex eukaryotic genomes,
while the microbial genome sequencing was
dominated with whole genome shotgun technol-
ogy (Zhang and Wu 2001). The BACs are vector
derivatives of E. coli F factor with low copy
number and autonomous replicative capability
(Shizuya et al. 1992), and can host inserts of
120–200 kb efficiently, and even of 300 kb (Luo
and Wing 2003). With larger insert sizes, the
BAC-based sequencing gave an advantage dur-
ing assembly over shotgun sequencing. The first
BAC library for plants was developed for Sor-
ghum bicolor (Woo et al. 1994), followed with
rice (Tao et al. 1994), Arabidopsis (Choi et al.
1995), and other plants. Physical map of the
candidate genomes was constructed using the
corresponding species’ library, which in turn
were used to assist whole genome sequence
assembly.

The chromosome mapping, often termed as
physical mapping, is the sequential arrangement
of several overlapping contigs into putative
chromosome, on which DNA markers such as

genes of agronomic traits, repeats, transposons,
serve as landmarks. This gives the landscape of
DNA markers with estimated distance, across the
assembled chromosome. Genome assembly is the
process of arranging nucleotide sequences into the
correct manner and represent model for the actual
genome. Physical mapping of chromosomes/
genome is required to precisely place the assem-
bled scaffolds at the right place of the genome,
thus increasing the contiguity precision of gen-
ome construction. For instance, the 135 Mb
Arabidopsis genome is comprised of five chro-
mosomes. Hauge et al. (1991) utilized cosmid
library of 17,000 cosmid clones to construct the
physical map of Arabidopsis thaliana genome.
These 17,000 cosmid clones were assembled into
750 contigs, spanning 90–95% of the entire Ara-
bidopsis genome, however, lacking the landscape
and DNA marker information. Later Schmidt
et al. (1995) utilized YAC clones to construct the
physical map of Arabidopsis chromosome 4 with
much more resolution. This study resulted in
the construction of four contigs with information
about the distribution of 112 DNA markers, 20
unmapped genes, transposable elements and other
random genomic DNA fragments, and covered
90–95% of 21 Mb chromosome 4 of Arabidopsis
(Schmidt et al. 1995). Subsequently the physical
maps of chromosome 5 (Schmidt et al. 1997;
Kotani et al. 1997), chromosome 2 (Zachgo et al.
1996), and chromosome 3 (Camilleri et al. 1998)
were also constructed using available YAC
libraries. Following this, a complete A. thaliana
physical map with BAC was constructed (Mozo
et al. 1999). This model genome was further
enriched with mutant information and gene
expression data for functional annotation which
subsequently became the cornerstone for Brassica
genome annotation.

12.3 Sequencing Platforms
and Data Generation
for Brassica Genome

Multiple platforms were employed in B. juncea
genome projects for sequencing data generation.
Yang et al. (2016) used the Illumina HiSeq 2000,
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Illumina HiSeq 2500 platforms for 13 paired-end
(PE) and mate-paired (MP) Illumina libraries
(175.8 �) and PacBio RSII sequencing platform
for 1 single-molecule reads library (12.03 �), and
222 � of BioNano genome mapping data for
B. juncea var. Tumida T. genome sequencing
(Yang et al. 2016). Following this, Paritosh et al.
(2021) sequenced Brassica juncea var. Varuna
with dual library system, employing Illumina
HiSeq 1000 sequencer platform for llumina PE
libraries (200–350 bp) and PacBio RSII platform
for PacBio long range (30–50 kb) DNA (PB) li-
braries. The combination of PE and PB gave
higher resolution and better contiguity (Paritosh
et al. 2021). The progenitor species with A gen-
ome, the B. rapa was sequenced with Illu-
mina GA II platform with shotgun sequencing
libraries ranging three different insert sizes as
long (� 2 kb, 5 kb and 10 kb), medium
(� 500 bp), and short (� 200 bp), further sup-
ported with Sanger sequencing to fill the gaps in
assembly (Wang et al. 2011). This reference
genome was reannonated with sequencing data
from Illumina 55 Gb (114 �) PE, 8.7 Gb (18 �)
MP libraries with Illumina Hiseq2500 platform
and 6.5 Gb (13.4 �) reads of single-molecule
sequencing PacBio PB libraries data with an
average length of 12 Kb with PacBio Sequel II
platform (Cai et al. 2017). The genome informa-
tion is further improved with 19.40 Gb data
generated obtained from PacBio library-based
PacBio Sequel II platform (Zhang et al. 2018).
Zhang et al. also utilized Illumina HiSeq 4000
platform, for Hi-C mapping with 2 � 125 bp
reads, for improved chromosome. For the
sequencing of the B genome progenitor B. nigra,
Yang et al. (2016) generated 10 PE and MP
Illumina libraries (95.99 �) for B. nigra doubled
haploid line (YZ12151). Perumal et al. (2020)
used C2 and Ni100 cultivars. A total of 82 Gb
(137 �) for C2 cultivar and 115 Gb (192 �) for
Ni100 cultivar were generated with Illumina
HiSeq 2500 and Oxford NanoporeMinION and
GridION platforms were used for further assem-
bly. Paritosh et al. (2020, 2021) constructed
genome sequence for B. nigra var. Sangam with
three different sized, PE libraries (200–350,
300–450, and 400–550 bp) and MP libraries

(2–3, 4–6, and 10 kb) and Illumina HiSeq 1000
and Illumina MiSeq platforms.

12.4 k-mer Analysis and Error
Correction

k-mers are short sequence substrings obtained
from the insert reads. These are used to estimate
the genome size, by dividing the total number of
the k-mers with the depth of the major peaks. k-
mers are also used to remove the errors during
sequence assembly. A multiple appearance of
specific k-mer in the read data reflects errorless
sequencing, and error sequences were omitted
with lower frequencies. K-mers of 16nt (Wang
et al. 2011), 17nt (Yang et al. 2016; Perumal
et al. 2020), 21nt (Paritosh et al. 2020), 24nt
(Perumal et al. 2020) for short reads and even k-
mers of 91 bp (Cai et al. 2017), and 100 bp
(Paritosh et al. 2021) were used to cover the
complex region with PacBio reads.

12.5 Tools and Technologies Used
in B. Juncea and Its Progenitor
Genomes Assembly

The de novo assembly with short reads of
B. juncea var. Tumida reference genome was
done by ALLPATHS-LG and the gaps were fil-
led with Pacbio RS II reads (Yang et al. 2016).
The Irys View RefAligner utility was utilized to
draft assemble the genomic scaffolds, and the
scaffolds were anchored to the chromosomal map
obtained from BioNano data (Yang et al. 2016).
The availability of B. juncea var. Tumida as
reference made the B. juncea var. Varuna
genome assembly easier. The assembly was
carried out using Canu assembler (V1.4) with
PacBio sequence reads and the resolution of the
sequences was cross examined by mapping with
Illumina short read sequences using BWA-
MEM. This allowed the B. juncea var. Varuna
genome to be more precise (Paritosh et al. 2021).
The B. rapa reference genome (Wang et al.
2011) was de novo assembled using SOAPden-
ovo and was validated using NUCmer. The
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constructed chromosome assemblies were porous
with gaps, in particular with the repetitive
regions (Wang et al. 2011). The reference gen-
ome was reassembled to contigs by Cai et al.
(2017) with new reads, as well as with the reads
of Wang et al. (2011) using SOAPDenovo2.
These assembled contigs were then linked into
scaffolds using SSPACE (Cai et al. 2017). These
scaffolds were then examined with BAC library
sequences by BLAST as well as with Illumina
short reads and anchored into super-scaffolds
using GapCloser. The PacBio sequences were
also used for gap filling using PBjelly_V15.2.20.
The reassembled genome was then further vali-
dated with CEGMA analysis (Cai et al. 2017).
Zhang et al. (2018) again constructed B. rapa
genome by de novo assembly aided with Hi-C
mapping data for better assembly. Using Canu
(v1.5), the PacBio reads were assembled and the
resolution was enriched by aligning with Illu-
mina short reads using BWA (v0.7.15) and the
assembly was then validated with Pilon (v1.22).
The aligned and assembled scaffolds were further
anchored onto chromosomes using BioNano
optical mapping data with Lachesis. The Lach-
esis was also used to construct the spatial gen-
ome to visualize proximal interacting sequences
with Hi-C data and plotting with ggplot2 package
(Zhang et al. 2018). For B. nigra reference gen-
ome de novo assembly, the Illumina reads were
assembled using ALLPATHS-LG and the gaps
were then filled using GapCloser. The generated
scaffolds were then aligned by BLAST with
publicly available BAC library sequences of
B. nigra. These scaffolds were then assembled
into pseudo-chromosomes using available
genetic map. The assembled genome sequence
was further validated with CEGMA v.2.3 (Yang
et al. 2016). Perumal et al. (2020) independently
sequenced genomes of two other varieties of B.
nigra. The generated Nanopore reads were
assembled using CANU 1.6 and crosschecked
with three other assemblers; SMARTDenovo,
wtdbg, Miniasm (Perumal et al. 2020). The
assembled contigs were iterated with high-
quality Illumina reads using PILON. These iter-
ated contigs were then scaffolded using Dove-
tail’s HiRise pipeline and were anchored into

pseudo-molecules using available genetic maps
as references (Perumal et al. 2020). Paritosh et al.
(2020, 2021) sequenced genome of B. nigra var.
Sangam. The genome was assembled with
Nanopore reads using CANU 1.6 and the contigs
were mapped with high-quality Illumina reads
using BWA-MEM (v0.7.12) for higher resolu-
tion and iteration with PILON (v1.23) (Paritosh
et al. 2020). In parallel, the group also assembled
the genome of B. nigra var. Sangam with Illu-
mina reads using MaSuRcA, and the BWA-
MEM was used to align and position these con-
tigs with PacBio reads. The scaffolding was done
with SSPACE-LongRead.pl script and SSPACE-
STANDARD-3.0.pl script (Paritosh et al. 2021).
The assembled contigs were anchored onto
chromosomes using BioNano optical map data
and the generated genetic data was polished with
PILON (Paritosh et al. 2021).

12.6 Sequencing of Progenitor
Diploid Genomes

Population analysis-based genetic linkage maps
were earlier constructed for B. oleracea (Slocum
et al. 1990), B. rapa (Song et al. 1991; Chyi et al.
1992), B. napus (Ferreira et al. 1994), B. nigra
(Lagercrantz and Lydiate 1995), and other Bras-
sica species as well (Thormann et al. 1994).
B. rapa (AA) and B. nigra (BB) are the genomic
progenitors of B. juncea (AABB). RNA-seq
based single nucleotide polymorphism
(SNP) marker mapping revealed collinearity
between B. nigra genome and B. juncea B gen-
ome, and the B. juncea A genome with genome of
B. rapa (Paritosh et al. 2014). The estimations by
several groups put B. rapa (AA) genome to be
450–550 Mb, and confirmed to be of 442.9 MB
with BioNano data (Zhang et al. 2018). The
B. rapa genome underwent genome triplication,
and localized rearrangements such as deletions,
insertions, inversions, and substitutions (Hong
et al. 2008). Wu et al. (2000) constructed binary
vector-based library for B. rapa for cytoplasmic
male sterility locus studies. Subsequently, a
genome-wide BAC library was constructed for
B. rapa jointly by multiple groups (Mun et al.
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2008; Hong et al. 2006), and 12,017 BAC-end
sequences were analyzed for TEs, SSRs, cen-
tromeric satellite repeats and genes, that could
also act as markers. The coverage of genome with
TEs (14%), 43,000 genes (16.8%) and 1392 dif-
ferent SSRs, with estimated 110,000 SSRs
(*one SSR/*4.8 kb), were mapped with this
and BAC-end sequence analyses (Hong et al.
2006, 2008). Meanwhile, multiple groups devel-
oped different B. rapa genetic linkage maps
marked with different genetic markers (Kim et al.
2006; Choi et al. 2007). Wang et al. (2011) gen-
ome sequenced B. rapa by whole genome shot-
gun sequencing technology with short
(� 200 bp), medium (� 500 bp), and long (� 2,
5 and 10 kb) Illumina GA II libraries, and con-
structed an annotated draft genome. The paired
short read sequences upon assembly covered
222 Mb deriving unique scaffolds. The long-read
MP sequences (� 2 kb) were not initially used to
avoid chimeric reads and incorrect sequences that
are common to such libraries. The obtained
unique scaffolds were then matched with paired-
end sequences to assemble the unique contigs and
was matched and corrected with the available
BAC libraries (Mun et al. 2008; Hong et al.
2006), and previously assembled chromosome
sequences by BAC technology (Mun et al. 2010).
Thus, the sequence assembly covered 283.8 Mb,
with an estimated cover of >98% of the gene
space (Wang et al. 2011). The gaps in draft gen-
ome were predominantly with repeat and cen-
tromeric regions. Search analyses with 214,425
expressed sequence tags (ESTs) and 52,712 uni-
genes from NCBI and other sources identified
41,174 putative coding genes. Analysis of B. rapa
gene family revealed 1003 (5.9%) families out of
16,917 to be lineage specific (Wang et al. 2011),
while the rest shared features closely with related
plants such as Arabidopsis, Carica papaya, and
Vitis vinifera. The genome data is further upgra-
ded with more short reads and long PacBio reads
with reannotation (Cai et al. 2017). The gaps in
the previous versions are predominantly in the
repeat regions and centromeric regions are due to
usage of short read sequences. Zhang et al. (2018)

overcome this drawback and further enriched the
B. rapa genome sequence and developed a ref-
erence genome employing third generation
sequencing technologies such as optical mapping,
Hi-C, and single-molecule sequencing. This latest
study with integrated approach put the B. rapa
genome size to 442.9 Mb, shrinking the previous
estimations of 450–550 Mb (Zhang et al. 2018).
Optical mapping of B. rapa genome was per-
formed alongside PacBio long-read sequencing
with a focus on centromeric and repeat regions to
fill the gaps from previous genome versions. Hi-C
libraries were also generated to visualize the
proximal and physically interacting DNA ele-
ments. The resequencing and reannotation pro-
vide the B. rapa genome with 45,985 protein-
coding genes with 45,411 genes (98.75%) anno-
tated on chromosomes, leaving behind 574 genes
(1.25%) on scaffolds. The B. nigra (BB) genome
has an estimated size of 570–607.8 Mb, while
studies by Paritosh et al. (2020) suggested the B.
nigra genome to 522 Mb. The B. nigra under-
went whole genome duplication, and subsequent
rearrangements, making it a complex genome for
sequencing and annotation. Yang et al. (2016)
genome sequenced the B. nigra genome, covering
396.9 Mb of the genome, and annotated 49,826
genes. Perumal et al. (2020) assembled B. nigra
genome with whole genome shotgun Illumina PE
(300–700 bp insert) sequencing, Roche/454and
Illumina MP libraries (3–45 kb insert) and long
reads from Nanopore sequencing. The short reads
were assembled with the help of long reads and
the genome was annotated with RNA seq data
(Perumal et al. 2020). Perumal et al. (2020) pre-
dicted 59,877 and 67,030 genes in two different
genotypes, of which 55,022 (92.0%) and 59,780
(89.2%) genes were annotated with Uniprot
database. Following this, Paritosh et al. (2020)
utilized Optical Mapping and Nanopore long-
read sequencing to sequence and assemble the
B. nigra genome with higher contiguity. The
study identified 57,249 putative genes of which
42,444 genes were matched with transcriptome
data. Table 12.2 enlists the sequencing and
annotations efforts of B. juncea progenitors.
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12.7 Genome Sequencing
of Cultivated B. Juncea

Sequencing of B. juncea has served to resolve the
complicated allopolyploid genome using the
tools and technologies described earlier. B. jun-
cea carries an allopolyploid genome (AABB).
The draft genome sequence for B. juncea was
constructed (Yang et al. 2016) with multiple
sequencing technologies primarily with PE and
MP Illumina libraries, and certain portions with
long-read Bionano and PacBio sequencing. Flow
cytometric analysis suggested the genome size as
922 Mb. The first draft genome of B. juncea var.
Tumida was done using shotgun reads by de
novo assembly, single-molecule long reads
(PacBio sequencing), genetic mapping and
genomic (optical) mapping (BioNano sequenc-
ing). The assembled B. Juncea var. Tumida

genome resolved the complication of allopoly-
ploid genome, and it’s constructed by de novo
assembly. Subsequently, it was also demon-
strated that the homeolog expression dominance
in B. juncea to explore the A and B subgenomes
for their transcriptional behavior. The draft gen-
ome covered 85% (784 Mb) of the genome and
annotated with 80,050 genes, 21lncRNAs, 2,638
tRNAs, 511 rRNAs, 3,725 small RNAs, 1,402
microRNAs, and 15,418 small nuclear RNAs.
The B. juncea genome appears to have lost
identified 562 and 545 genes in A and B sub-
genomes (Yang et al. 2016). Genome-wide
RNA-seq analysis of the homoeologous genes
from different developmental stage, tissues and
two newly resynthesized B. juncea revealed, in
all the samples, on average 16.2% of genes dis-
played homeolog expression dominance,
whereas only 8.2% of genes showed expression
dominance toward to BjuB over BjuA excluding

Table 12.2 Sequencing and annotation of B. juncea progenitors

NCBI
accession

Organism Description

PRJNA558855 B. rapa Single-molecule real-time sequencing technology; Gene
expression; multi-isolate

PRJNA445393 B. rapa Subspecies Chinese Next-generation sequencing; transcriptome; multi-isolate

PRJNA244166 B. rapa Transcriptome or gene expression

PRJNA298858 B. rapa Global transcriptome profiling, transcriptome or gene expression;
multi-isolate

PRJNA249065 B. rapa Annotation; refSeqgenome; mono-isolate

PRJNA244166 B. rapa Deep transcriptome sequencing; transcriptome or gene expression;
mono-isolate

PRJNA636608 B. nigra Nanopore sequencing; raw sequence reads; multispecies

PRJNA642332 B. nigra var. Sangam Oxford nanoporeMinION; representative genome

PRJNA285130 B. nigra cultivar inbred line
YZ12151

Illumina HiSeq; chromosome

PRJNA615316 B. juncea Genome sequencing and assembly; multispecies

PRJNA516907 B. nigra hybrid Illumina/Roche 454 sequencing; multispecies

PRJNA327666 B. nigra RefSeqgenome; mono-isolate

PRJNA324621 B. nigra var. Sangam Genome sequencing, assembly, raw sequence reads,
transcriptome; mono-isolate

PRJNA320480 B. nigra Genome sequencing, assembly, raw sequence reads, gene
expression; multispecies

PRJNA311781 B. nigra RefSeqgenome; mono-isolate

The data is deposited to NCBI database (date of access 20th Aug 2021)
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B. juncea resynthesized lines. On the basis of this
observation, its inferred that no significant global
dominance for the subgenomes further strength-
ening recent polyplodization of B. juncea (Yang
et al. 2016). The sequencing and assembly of the
B. juncea genome facilitate the agricultural trait
improvements in this important crop.

The constructed B. juncea genome was further
enriched for improved contiguity using long read
sequencing technologies (Paritosh et al. 2020).
The chromosome-scale genome assembly of B
juncea generates a complete architecture of the A
and B genome. They subjected B. juncea var.
Varuna to SMRT sequencing on the PacBio RSII
platform. This study provided marked improve-
ment in B genome assembly of Varuna variety,
unlike earlier sequenced Tumida variety, expos-
ing extensive gene block fragmentations and
gene block associations than reported earlier. The
quality of genome sequence was improved to the
extent that, the longest contig covered 35.8 Mb
and the largest scaffold covered 72.1 Mb. RNA-
seq guided gene annotations revealed 101 959
putative genes, in A (46,381) and B (55,578)
subgenomes, of which 93% genes were validated
with uniprot entries (Paritosh et al.
2021). Transposable elements covered 385 Mb
(45.8% of B. juncea genome) of the genome,
with higher representation in B subgenome
covering 259 Mb of 51% of the subgenome than
the A subgenome, that covered 113 Mb of 33.9%
of A subgenome (Paritosh et al. 2021). Further,
we have also discussed organellar genome
sequencing in details. The details of genome
sequencing efforts in B. juncea are summarized
in Table 12.3.

12.8 Genome Annotation

Genome annotation is a method of genome study
to identify functional elements along the
sequence. It is the description of individual genes
and their proteins or predicting the meaning of
the genome sequence. Such prediction can be
structural annotation (including location of cod-
ing regions, open reading frames (ORFs), and
their corresponding regulatory motifs, functional

annotation (integration of additional data such as
spatio-temporal expression profile at transcrip-
tomic and proteomic level, interaction network,
physiological and biochemical functions), and
essential components (CDS, mRNAs, pseudo-
genes, promoters, and poly-A signals)). Annota-
tion of B. juncea var. Varuna genome was carried
out for transposable elements, centromeres, and
genes. For transposable element de-novo pre-
diction approach, centromeric region is identified
by correlation plot and RNA-seq analysis is
performed for gene annotation. There are 1590
consensus repeats generated when merged with
Arabidopsis thaliana transposable element data-
base, repeats were classified into retrotrans-
posons, DNA transposons, and other repeats.
Comparing to the A chromosome [(113 Mb
(*33.9%)], the B chromosome [*259 Mb
(*51%)] has more repeats. A genome of B.
juncea has a centromeric region already identi-
fied in B. rapa (A genome) and B. oleracea (C
genome), i.e., CentBr1 and CentBr2 but absent in
the B genome centromeric region. However,
seven new B genome-specific repeats along with
three new A genome-specific centromeric repeats
were identified from B. juncea. In gene annota-
tion, a total of 40,208 full-length high-quality
sequences were obtained and a total of 105,354
genes were predicted of which 48,270 in the A
genome and 57,084 in the B genome (validated
by the non-redundant proteins in the UniProt
plant database). Other studies have found a total
of 82,008 genes–38,232 (*79%), 43,776
(*76%) within the A and B genome, respec-
tively (Paritosh et al. 2014; Yang et al. 2016). B.
juncea var. Varuna, B genome has shown high
similarity with B. nigra genome. Orthologous
study has also identified a total of 19,404
orthologous groups of which 39,383 genes of A
had orthologs in B, and 42,727 genes of B had
orthologs in the A genome. Similarly, with using
non-redundant nucleotide and NCBI protein
sequences, SWISS-PROT, Gene ontology (GO),
Cluster of Orthologous Groups (COG), and
Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases, the Tumida variety was also
annotated for 80,050 protein-coding genes.
Additionally, Yang et al.(2016) identified 511
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Table 12.3 Publicly available B. juncea genome sequences, assembly and associated initiatives useful for genome
annotation

NCBI
accession

Project data type Scope Institute Remark

PRJNA719608 Transcriptome Mono-
isolate

Guizhou Academy of
Agricultural Sciences,
China

Transcriptome
sequencings of B. juncea
var. G170 (drought
tolerant and sensitive)
were performed for
identifying differentially
expressed genes related to
drought stress. The
identified genes were
considered as potential
candidates for enhancing
drought tolerance in B.
juncea

PRJEB41123 Genome assembly
(Chromosome scale) of B.
juncea (AABB) to
compare the architecture
of the A and B genomes

Mono-
isolate

University of Delhi, India A and B genome harbors
high number of
LTR/Gypsy
retrotransposons,
followed by centromeric
repeats, and B. nigra
specific gene clusters, that
segregates the collinearity
between A and B
genomes

PRJNA673122 Raw sequence reads Mono-
isolate

University of York, UK NA

PRJNA672814 Raw sequence reads Multispecies Huazhong Agricultural
University, China

Anthocyanin studies of B.
juncea

PRJNA670607 Transcriptome Multispecies Biozeron Shenzhen Inc.,
China

Gene expression studies
of B. juncea

PRJNA662836 Raw sequence data Multi-
isolate

Punjab Agricultural
University, India

B. fruticulosa is a wild
species belonging to
Brassicaceae, which carry
resistance to various
biotic stresses.
Introgression lines were
developed to transfer
desirable variation from
B. fruticulosa into B.
juncea

PRJNA663021 Raw sequence data Multispecies Punjab Agricultural
University, India

Molecular-genetic
analysis of B. juncea:
Development of B.
fruticulose introgression
lines to transfer desired
variations into B. juncea

PRJNA639209 Raw sequence data from
different inbred lines

Multi-
isolate

Punjab Agricultural
University, India

The project aims to SNP
genotype of land races,
advanced breeding
materials, determinate
mustard, resynthesized

(continued)
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Table 12.3 (continued)

NCBI
accession

Project data type Scope Institute Remark

genotypes and
introgression lines of B.
juncea. The data will be
used to establish diversity
conduits and association
panels

PRJNA615316 Genome sequencing,
assembly

Multispecies Hunan Agricultural
University, China

De novo assembly of a
chromosome-scale
genome of B. juncea
landrace Sichuan Huangzi
and resequencing of 480
B. juncea accessions

PRJNA562990 Transcriptome—raw
sequence reads

Multispecies Huazhong Agricultural
University, China

Transcriptome profile
revealed that cytokinin
promoted callus sprouting
in B. juncea

PRJNA550308 Genome sequencing and
assembly

Mono-
isolate

The Centre for Genetic
Manipulation of Crop
Plants, University of
Delhi, India

Genome assembly (highly
contiguous chromosome-
scale) of an oleiferous
type of B. juncea var.
Varuna, with
PacBio SMRT reads

PRJNA544908 Transcriptome—raw
sequence reads

Multispecies Xinyang Normal
University, China

Transcriptome elucidation
in the purple leaf of B.
juncea and identified
differentially expressed
genes involved in
anthocyanin biosynthesis

PRJNA507350 Transcriptome—raw
sequence reads

Mono-
isolate

University of York, UK Transcriptomic validation
in B. juncea by dissecting
the genetic architecture of
quality and agronomic
traits

PRJNA499035 Raw sequence reads Multispecies Institute for Plant
Breeding

Resequencing data for the
parents of a population of
interspecific Brassica
hybrids. The parents are
B. napus (Ag-Spectrum),
B. juncea (Purple leaf
mustard) and B. carinata
(C2). The resulting
population was
allohexaploid

PRJNA497315 Mitochondrial genome
and transcriptome
analysis

Multispecies Huazhong Agriculture
University, China

Mitochondrial genome
assembly of five
alloplasmiccytoplasmic
male sterile (CMS) lines
in B. juncea and
transcriptome analysis
with the RNA editing
profile

(continued)
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Table 12.3 (continued)

NCBI
accession

Project data type Scope Institute Remark

PRJNA479948 Transcriptome—raw
sequence reads

Multispecies Central University of
Punjab, India

Expression analysis to
identify vital genes and
pathways involved in the
regulation of various
metabolic and biological
processes, particularly
related to cadmium stress.
A transcriptomic
investigation to
understand the response
of B. juncea to cadmium
stress could provide
insights into improving its
phytoremediation
efficiency

PRJNA477240 Transcriptomics Mono-
isolate

Sichuan Agricultural
University, China

Transcriptomicsto
provides insight into stem
development in B. juncea
var. Tumida

PRJEB26751 SNP data Mono-
isolate

Sher-e-Kashmir
University of Agricultural
Sciences and Technology
—Jammu, India

The project involves
ddRAD-sequencing
followed by identification
of SNP identification

PRJNA471033 Raw sequence reads Multi-
isolate

University of York, UK B. juncea (Varuna x
Heera) developed from an
DH population VHDH

PRJNA448707 Transcriptome or gene
expression

Multi-
isolate

University of Minnesota
Duluth, Minnesota, US

RNA-Seq study of
expression in B. juncea
nectaries and leaves from
different lines

PRJNA431509 Epigenomic data Multispecies ICAR—Institute of
vegetable science, India

High through-put
sequencing of small RNA

PRJNA430791 Raw sequence reads Multispecies School of Life Science,
Lanzhou University,
China

Investigated the
molecular mechanisms of
anthocyanin accumulation
in B. juncea leaves

PRJNA395472 Transcriptome Multi-
isolate

Zhejiang A & F
University, China

Transcriptional changes
in B. juncea leaves after
armyworm chewing

PRJNA383771 Raw sequence reads,
assembly, transcriptome

Mono-
isolate

ICAR-Indian Institute of
Agricultural
Biotechnology, India

RNA-seq of B. juncea
under various Nitrate
treatments

PRJNA339019 Transcriptome Mono-
isolate

Southeast Chongqing
Academy of Agricultural
Sciences, Chongqing,
China

Transcriptomic profiling
of arthrobacterium–

induced systemic
resistance in B. juncea
var. Tumida infected by
Plasmodiophorabrassicae

(continued)
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Table 12.3 (continued)

NCBI
accession

Project data type Scope Institute Remark

PRJNA323808 Genome sequencing and
assembly

Mono-
isolate

SRM University, India Whole genome
sequencing and analysis
of B. juncea

PRJNA321670 Transcriptome or gene
expression

Multi-
isolate

Department of Plant
Molecular Biology,
University of Delhi, India

The transgenic line
BnCRY2aOE over-
expressing a blue light
photoreceptor
(BnCRY2a) flowered
earlier than wild-type
plants. To identify the
downstream candidate
genes involved in
regulating the early
flowering transgenic
phenotype, a genome-
wide microarray analysis
of the transgenic vs. wild
type plants was
performed. The
microarray analysis
unraveled the differential
up-regulation of genes
involved in flower
development, cell
differentiation and growth
as well as hormone
biosynthesis/signaling in
comparison to wild-type

PRJNA319668 Transcriptome or gene
expression

Multispecies Zhejiang University,
China

Analyzing and evaluating
reversibility and
heritability of DNA
methylation resulting due
to in vitro grafting
between B. oleracea and
B. juncea

PRJNA312980 Transcriptome or gene
expression

Mono-
isolate

Sichuan Normal
University, China

Identified B. juncea
transcripts using de novo
assembly of the Illumina
HiSeq 4000 sequencing

PRJNA301284 RefSeq genome Mono-
isolate

SRM University, India B. juncea genome
reference project

PRJNA298501 Raw sequence reads Multispecies Huazhong Agricultural
University, China

Investigated the
anthocyanin formation in
five Brassica species,
followed by transcriptome
analysis between purple
and green leaves. The
response of potential key
genes was examined for
pigmentation as well as
the physiological roles of
anthyocyaninsin Brassica
plant development

(continued)
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Table 12.3 (continued)

NCBI
accession

Project data type Scope Institute Remark

PRJNA296365 Transcriptome or gene
expression

Multi-
isolate

Department of Botany,
University of Delhi, India

Expression analysis of
cold-stressed siliques in
B. juncea

PRJNA290942 Transcriptome or gene
expression

Mono-
isolate

ICAR—National
Research centre on plant
biotechnology

Comparative
transcriptome analysis
between CMS
(Moricandiaarvensis) B.
juncea var. Pusa bold and
its fertility restorer line

PRJEB9362 Transcriptome Mono-
isolate

Fondazione Edmund
Mach, Italy

Identification of novel
and conserved miRNAs
involved in redox
regulation of salt stress B.
juncea

PRJNA289188 Transcriptome profiling Mono-
isolate

Zhejiang university,
China

To obtain ESTs from B.
juncea var. Tumida

PRJNA285130 Genome sequencing,
assembly

Multispecies Zhejiang university,
China

B. juncea var. timuda
genome sequencing and
assembly

PRJNA277020 Transcriptome profiling Multi-
isolate

Banaras Hindu
University, India

Microarray analysis of
Indian mustard plants
subjected to arsenate
stress

PRJNA276704 Transcriptome or gene
expression

Multi-
isolate

Jawaharlal Nehru
University, India

Assembly (de novo) and
stress related
transcriptomic profiling of
a salinity-tolerant B.
juncea var. CS52

PRJNA271638 Transcriptome or gene
expression

Multi-
isolate

ICAR-Directorate of
Rapeseed Mustard
Research, India

Elucidating salt (NaCl)-
induced changes in whole
transcriptome of B.
juncea var. CS-52

PRJNA271633 Transcriptome or gene
expression

_ ICAR-Directorate of
Rapeseed Mustard
Research, India

Salt stress induced
changes in transcriptome
of B. juncea

PRJNA270523 Transcriptome or gene
expression

Multi-
isolate

Plant Genomics and
Stress Biology,
Department of Botany,
Delhi University, India

RNA-Seq of B. juncea in
response to abiotic
stresses

PRJNA245462 Transcriptome or gene
expression

Multi-
isolate

Centre for Genetic
Manipulation of Crop
Plants, Delhi University,
India

Transcriptome profiling to
identify differently
expressed genes in
various parts of B. juncea
var. Heera

PRJNA244493 Transcriptome or gene
expression

Mono-
isolate

Bose Institute, India and
Genotypic Technology
Pvt. Ltd., India

Differentially expressed
transcripts of susceptible
B. juncea challenged with
Alternariabrassicicola

(continued)
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Table 12.3 (continued)

NCBI
accession

Project data type Scope Institute Remark

PRJNA231241 Transcriptome or gene
expression

Multi-
isolate

Plant Genomics and
Stress Biology,
Department of Botany,
Delhi University, India

Genome-wide perspective
of miRNAome in B.
juncea, induced by abiotic
stresses

PRJNA195539 Transcriptome or gene
expression

Mono-
isolate

Hunan Agricultural
University, China

B. juncea transcriptome
analysis

PRJNA185138 Transcriptome Multi-
isolate

Zhejiang University,
China

Profiling of miRNA in B.
juncea CMS and
maintainer fertile lines by
deep sequencing

PRJNA174360 Genetic map Mono-
isolate

_ Doubled haploid mapping
population derived from a
cross between Varuna and
Heera was used to
analyze yield influencing
traits in B. juncea. SSR
and RFLP markers were
mapped onto an already
existing AFLP map for
the QTL analysis

PRJNA173786 Cheung_97 genetic map Mono-
isolate

_ Cheung_97 genetic map
of B. juncea is based on
RFLP detected by
anonymous cDNA
markers from B. napus

PRJNA173691 Panjabi_08 genetic map Mono-
isolate

Centre for Genetic
Manipulation of Crop
Plants, University of
Delhi, India

Panjabi_08 genetic map
of B. juncea was
developed with PCR-
based Intron
Polymorphism markers to
study segmental structure
of the A and B genomes
of Brassica

PRJNA169393 Transcriptome or gene
expression

Multi-
isolate

Agriculture and Food
Systems, The University
of Melbourne, Australia

Understanding the
molecular mechanisms of
B. juncea underpinning
physiological tolerances
to salinity and alkaline
salinity

PRJNA136273 Transcriptome or gene
expression

Multi-
isolate

Prof. J.P. Khurana,
Department of Plant
Molecular Biology,
University of Delhi, India

Elucidating the role of
Cryptochrome 1, which
modulates the
development in Brassica
by regulating the gene
expression (involved in
light, stress and
phytohormone response)

PRJNA74717 RefSeq genome Mono-
isolate

Nanjing Agricultural
University, State Key
Laboratory of Crop
Genetics and Germplasm
Enhancement, P.R. China

Mitochondrial genome of
B. juncea

(continued)
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rRNAs, 2,638 tRNAs,3,725 small RNAs, 21
long noncoding RNAs, 15,418 small nuclear
RNAs and 1402 microRNAs, from the B. juncea
genome and even extracted syntenic ortholog
gene pairs (28,228 and 28,917) from the
B. juncea subgenomes. Gene loss has been
observed during speciation, a total of 562 (A
subgenome) and 545 (B subgenome) genes were
considered as lost, referring to their common
ancestral genomes. Likewise, many structural
and functional annotations have been performed
to investigate the structure, function, and regu-
lation of the genome which are enlisted in
Table 12.4.

12.9 Organellar Genome
Sequencing

12.9.1 Mitochondrial Genome
Insights

Mitochondrial genomes in angiosperms are more
complex compared to other organisms (Chang
et al. 2011). Analyses of different angiosperm
mitochondrial genome sequences have revealed
several common characteristics; however, a
number of diverse mitotypes have evolved within
each genus/species. Sequencing and comparative
investigations of six Brassica mitotypes indicates

a mechanism for mitochondrial genome devel-
opment in Brassica, which includes certain events
of evolution like mutation, genome compaction,
duplication, and rearrangements (Chang et al.
2011). Further, the analysis of the evolutionary
relatedness between Brassica mitotypes provides
information of mitochondrial genome of B. jun-
cea. The size of whole single circular mitochon-
drial genome of B. juncea is 219,766 bp
[GenBank: JF920288], which is reported to be
similar to that of B. rapa, i.e.,
219,747 bp. Whereas, the mitochondrial genome
sizes of B. carinata and B. oleracea are greater
than both B. juncea and B. rapa, i.e., 232,241 bp
and 360,271 bp, respectively. The report suggests
that the B. juncea mitotype is an evolutionary
outcome of an inherited mitotype of (B. rapa) cam
with certain modifications (Chang et al. 2011).
The percentage of the total functional genes in the
mitochondrial genome of B. juncea are almost the
same compared to B. rapa, B. oleracea and B.
napus mitotypes, expect B. carinata, where the
similarity is 27.98% (Chang et al. 2011).

One of the main aspects of mitochondria
genomes is producing cytoplasmic male sterility
(CMS), which is essential to explore the heterosis
in crop plants and is routinely utilized as a model
to investigate the interactions between nuclear
and cytoplasmic. These interactions are either
spontaneous or formed through interspecific

Table 12.3 (continued)

NCBI
accession

Project data type Scope Institute Remark

PRJNA72397 Transcriptome and gene
expression

Multi-
isolate

College of
Bioinformation,
Chongqing University of
Posts and
Telecommunications,
China

Transcriptome analysis of
the stem tumor mustard B.
juncea var. Tumida

PRJNA43723 Pradhan_03 genetic map Mono-
isolate

University of Delhi, India Pradhan_03 genetic map
of B. juncea is derived by
crossing of Varuna and
Heera parental lines

PRJNA615316 RefSeq genome – Hunan Agricultural
University, China

Representative genome of
B. juncea var Sichuan
Huangzi

Source NCBI-https://www.ncbi.nlm.nih.gov/bioproject/?term=brassica+juncea
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crossing, which results into an alloplasmic
condition/cytoplasmic substitution (Gaikwad
et al. 2006). CMS characterized, particularly by
non-Mendelian inheritance and the suppression
of the production of viable pollen. The CMS
could result due to mutations, recombination, or
rearrangements in the genome of mitochondria.
Knowledge of the B. juncea mitochondrial gen-
ome is crucial to develop superior phenotypes. In
this quest, numerous attempts are being under-
taken to sequence and assemble the mitochon-
drial genomes of B. juncea lines. For instance, a
study performed on five alloplasmic B. juncea
lines revealed that the mitochondrial genomes
from 221 to 256 kb (Wu et al. 2019), which is
somewhat greater compared to the typical B.
juncea size reported earlier (Chang et al. 2011).

Another comparative study between the mito-
chondrial genomes of the hau CMS line and its
iso-nuclear maintainer line in B. juncea showed a
difference in the genome sizes and GC content
(Heng et al. 2014). Mitochondrial genome of B.
junceahau CMS is reported to be of 247,903 bp
in size with a GC content of 45.08%, whereas
that of another normal line (J163-4) and a
maintainer line are 219,863 bp in size with a GC
content of 45.23%. Further, the mitochondrial
genome has numerous genes, of which, 35 are
protein encoding, 25 are tRNA, 3 are rRNAs, and
29 are ORFs of unknown function. Whereas,
genes in maintainer line are 36 for protein
encoding, 22 for tRNA, 3 for rRNAs, and 31 are
unidentified ORFs. In addition, sub-
stoichiometrical coexistence of distinct

Table 12.4 Structural and functional annotations performed in B. juncea

Annotation Description References

Nucleotide-binding site leucine-rich
repeat genes

Identified 289 NLR genes with a ratio of 0.61:1 of
toll/interleukin-1 receptor-NLR to non-toll/interleukin-1
receptor-NLR genes

(Inturrisi
et al.
2020)

Heat shock transcription factor A total of 60 HSF transcription factors were identified;
establish a phylogenetic relationship

(Li et al.
2020a)

Superoxide dismutase proteins (SOD),
belongs to the family of
metalloenzyme

Identified 29 genes; and cis-regulatory elements in the
promoter region, of which 10 SOD genes were abiotic
stress-responsive

(Verma
et al.
2019)

Receptor-like protein (RLP) and
Receptor-like kinase (RLK) genes

A total of 228 RLPS and 493 RLKS were identified (Yang
et al.
2021)

Jasmonate ZIM domain proteins 38 genes were identified in Tumida variety (Cai et al.
2020)

Auxin response factors 65 B. Juncea genes that encode ARF proteins were
identified, further promoter cis-element also
demonstrated in all the 65 genes

(Li et al.
2020b)

Teosinte branched1/Cycloidea/
proliferating cell factors

Identified 62 genes from the B. Juncea var. Tumida (He et al.
2020)

Chitinase gene family Identified 47 genes (Mir et al.
2020)

Nonexpressor of pathogenesis-related
genes

Identified 19 genes, which cluster into six separate groups
in the genome of B. juncea var. Tumida

(Wang
et al.
2021)

GRAS transcription factors A total of 88 GRAS genes were identified (Li et al.
2019)

Regulatory roles of lncRNAs Identified 7613 lncRNAs, of which 1614 lncRNAs are
involved in heat and drought related stress response

(Bhatia
et al.
2020)
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mitotypes is confirmed in hau CMS lines as well
as its maintainer lines in B. juncea (Heng et al.
2014). Further, it was demonstrated that a cyto-
toxic protein ORF288 associated with male
sterility in B. juncea causes aborted pollen
development (Jing et al. 2012). The toxicity
generating region of ORF288 is reported to be
located near the N-terminus, which repressed the
growth when heterologously expressed in E. coli
(Heng et al. 2018). However, heterologous
expression of ORF288 portions indicates that the
region which induces CMS is present between
amino acids 73 and 288, whose heterologous
expression did not inhibit E. coli growth. It is
reported that the transcript levels of orf288 are
associated with altered nuclear gene expression
and the hau CMS system. Apart from orf288, it
also reported that orf220 gene causes male
sterility in B. juncea (Yang et al. 2010). Both
positive and negative correlations have been
reported between the occurrence of CMS and
CMS-associated orfs, when CMS-associated orfs
were targeted and expressed in mitochondria.
Certain orfs can cause male- or semi-sterility,
while some do not. Understanding of nuclear-
mitochondrial compatibility is crucial as it can
result in differential expression of mitochondrial
genes, e.g., mitochondrial apta gene (Gaikwad
et al. 2006). Furthermore, it is essential to iden-
tify the molecular basis of mitochondrial
recombination in the male sterile cytoplasmic
hybrids to understand the underlying mechanism
as well as the environmental factors affecting
fertility reversion. For instance, analysis of floral
bud transcriptome under both pollination and
non-pollination state showed a variability in the
expression of Muts HOMOLOG1 (MSH1) (a
nuclear gene which regulates illegitimate
recombination in plant mitochondria) in response
to different sugars, which shows that physiolog-
ical changes are involved in the pollination sig-
naling and fertility reversion in CMS plants
(Zhao et al. 2021). This is indicative that the
gynodioecy is a reproductive plan of action that
might incorporate ecologically responsive genes
such as MSH1 as a switch for fertility-sterility
transition under reproductive isolation. It was
found that the mitochondrial genome in revertant

lines of B. juncea CMS cytoplasm undergoes
substoichiometric shift to suppress orf220 copy
number, whereas MSH1-RNAi with increased
orf220 copy number are male sterile (Zhao et al.
2016). This provides a valuable insight into
substoichiometric shift in CMS induction, fertil-
ity reversion as well as interplay of MSH1.

12.9.2 Chloroplast Genome
Sequencing

Chloroplast is a vital organelle in plants, which
harbors genetic and enzymatic resource required
for photosynthesis, as well as various important
biosynthesis pathways such as pigments, fatty
acids, vitamins, and amino acids. Understanding
of the chloroplast genome is therefore essential to
enhance the qualitative and quantitative traits of
B. juncea. As chloroplast genome engineering of
B. jucnea through chloroplast can increase the oil
content, improve oil quality, as well as make it
resistant to most of the abiotic and biotic factors.
Prabhudas et al. (2016) are the first to sequence
the complete chloroplast genome of B. juncea
(Indian mustard). The sequencing carried out on
Illumina Hiseq 2500 platform generated 100 bp
paired raw reads, which were qualitatively trim-
med followed by read quality assessment.

The chloroplast genome size is reported to be
153,483 bp, with 36.36% of GC content (Prab-
hudas et al. 2016). The assembled chloroplast
genome exhibited a quadripartite structure con-
sisting of an 83,286 bp large single copy region
and an 17,775 bp single copy region, which are
separated by a pair of IRa and IRb (inverted
repeats a and b) of 26,211 bp each. The GC
content was 34.12, 29.20, and 42.34% for large
single copy region, single copy region, and
inverted repeats, respectively. In the entire
chloroplast genome, a total number of 113 genes
were annotated, of which, 79 genes are protein
encoding, 30 are tRNA, and 4 are rRNA. Total
15 genes including 9 protein-encoding genes and
6 tRNA genes had either a single of couple of
introns. Gene duplications in inverted repeat
regions were extended to 4 rRNA, 7 tRNA, as
well as 6 protein-encoding genes.
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B. juncea share the chloroplast genome with
one of the hybridization donor B. rapa, which fits
the U model (Li et al. 2017). The phylogenetic
analysis indicated that the branch length of
B. juncea chloroplast genome is close to
B. oleracea, B. napus, and B. rapa more distant
from B. nigra and B. carinata, suggesting a
divergence from the two Brassica’s.

12.10 Conclusion

Rapid development in next-generation sequenc-
ing technologies has undoubtedly accelerated the
sequencing programs of B. juncea genomes
along with its progenitors to generate metadata at
less cost and time. The B. juncea bio-projects
have sequenced, assembled, analyzed and have
annotated the genome to highlight the impact of
recombination between progenitor-genomes of
Brassica spp. Apart from providing fundamental
knowledge about the evolution of B. juncea, the
bio-projects also helped in the identification of
candidate genes involved in various physiologi-
cal and biochemical processes. Importantly, the
information can be utilized form trait mapping to
targeted tinkering of the genetic makeup of
B. juncea and to further improve resistance to
biotic and abiotic stresses, enhance climate resi-
lience, increase yield as well as quality and
nutritional traits. The availability of the genomic
data will further advance the knowledge of cul-
tivated B. juncea lines and help to produce better
tool kits for molecular breeding and crop
improvement. Considering the level of diversity
and wealth of the species in the Brassica genus,
there is a lot yet to explore about B. juncea to
clarify the relationship between genotypes/
phenotypes. Similarly, progress in proteome
and transcriptome research has the capacity to
reveal the structural and functional role of genes
in B. juncea, altered in response to physiological
and environmental processes and pathogen
attacks. Overall, the information of nuclear and
organellar genomes, as well as the increasing
amount of “omics” resources will certainly con-
tribute toward the effective use of B. juncea.
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13Brassica juncea Genome
Assemblies—Characteristics
and Utilization

Kumar Paritosh and Deepak Pental

Abstract

Brassica juncea (AABB, n = 18, *922 Mb)
is a natural allopolyploid of B. rapa (AA,
n = 10) and B. nigra (BB, n = 8). Oleiferous
types of B. juncea (mustard) are extensively
cultivated in the Indian subcontinent. We
reported a highly contiguous genome assem-
bly of B. juncea variety Varuna, a mega variety
belonging to the Indian gene pool of mustard
using PacBio SMRT sequencing technology
and optical mapping. Two genetic maps using
F1DH populations—Varuna � Heera (VH)
and Tumida � Varuna (TuV) were used to
assign the scaffolds and contigs to 18 LGs of B.
juncea. We also assembled the genome of B.
nigra variety Sangam using long-read ONT
sequencing and optical mapping. The two
assemblies were annotated for transposons,
centromeric repeats, and protein-encoding
genes. Highly contiguous genome assemblies
of B. juncea, B. rapa, B. nigra, and B. oleracea
(CC, n = 9) by our group and others have
allowed structural analysis of the genomes in
terms of gene block arrangements and gene
content. B. juncea is a strict allopolyploid of B.
rapa and B. nigra with no apparent gene loss

or genome reshuffling or homeologous
exchanges. Comparison of the A, B, and C
genomes shows a common inter-paleogenome
non-contiguous gene block association point-
ing to a common origin for the three diploid
genomes in contradiction to A/C and the B
genomes belonging to two different plastid
lineages. We propose a new nomenclature for
the B genome LGs/pseudochromosomes based
on the homoeology between the B genome and
the A (B. rapa) genome, using the A genome
nomenclature as the baseline being the first
sequenced Brassica genome. Genome assem-
blies of B. juncea Varuna and more recently
line YS and short-read sequences of extensive
germplasm are proving very useful for breed-
ing of both oleiferous and vegetable types of
mustard.

13.1 Introduction

This review describes our efforts on the genome
assembly of an Indian gene pool line of oilseed
mustard—Brassica juncea variety Varuna and
puts it in the context of the genome assemblies of
other B. juncea lines, Brassica species belonging
to U’s triangle (Nagaharu 1935) and the model
crucifer species Arabidopsis thaliana. We also
discuss our work since publishing of the genome
assembly of B. juncea Varuna on bringing
genetics and genomics studies together for preci-
sion breeding of oilseed mustard for higher yields.
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B. juncea belongs to the family Brassicaceae.
Model species A. thaliana (At), also belonging to
the family Brassicaceae, was the first plant gen-
ome that was sequenced. A high-quality refer-
ence genome of At was assembled using a
minimum tiling path of bacterial artificial chro-
mosomes (BACs) that were sequenced by Sanger
technology (Arabidopsis Genome Initiative
2000). Even though, At is one of the smaller
genomes (*125 Mb) known among the flower-
ing plants, the genome assembly took consider-
able effort and resources. However, the effort was
worthwhile as it led to much deeper insights into
all the facets of plant biology using At as a model
species.

It was but natural that At genome assembly
and its impact on plant biology would spur
interest in the genomes of other members of the
family Brassicaceae; particularly, the Brassica
species (tribe Brassiceae) belonging to the U’s
triangle (Nagaharu 1935) that constitute some of
the most extensively grown oilseed and vegetable
crops, worldwide. U’s triangle describes the
relationship of three “diploid” species—B. rapa
(Bra, AA, n = 10, *485 Mb), B. nigra (Bni, BB,
n = 8, *522 Mb), and B. oleracea (Bol, CC,
n = 9, *630 Mb) and their three allopolyploids
–B. juncea (Bju, AABB, n = 18, *922 Mb), B.
napus (Bna, AACC, n = 19, *1130 Mb), and B.
carinata (Bca, BBCC, n = 17, *1100 Mb).

However, the genome size of the diploid
Brassica species is too large, 4 to 5 times the size
of the At genome; the genome assemblies of the
Brassica species had to wait for the short-read
sequencing technologies. The first draft genome
assembly published was that of B. rapa through
an international effort (Wang et al. 2011).
Between 2000, the year At genome assembly
was published and 2011, the year B. rapa draft
assembly was reported, many interesting insights
into the Brassica genomes were published.
Martin Lysak’s group, using labelled At BACs
for in-situ hybridizations with the chromosome
preparations of the species of U’s triangle and
some other species belonging to the tribe Bras-
siceae, showed that each probe hybridized to a
minimum of three chromosomal regions in the
diploids and six in the allotetraploids (Lysak

et al. 2005). This work clearly showed three
orthologous regions with gene collinearity in
diploid Brassica genomes vis-a-vis At genomic
regions. Isobel Parkin’s group showed by genetic
mapping in B. napus, using genic restriction
fragment length polymorphism (RFLP) probes
from the At genome, in general – three mapping
positions for each probe in the A genome linkage
groups (LGs) and a similar number in the C
genome LGs. Linked RFLP markers in the At
genome were linked over long genetic intervals
in the A and C genomes of B. napus. Both the
pioneering studies showed genome triplication
and gene collinearity defining syntenic regions
between At and the diploid Brassica genomes.

Our laboratory also showed, using intron
length polymorphism (ILP) markers that were
developed from the conserved exonic regions
enclosing an intron of different At genes, that
both the A and the B genomes of B. juncea had
up to three mapping locations for most of the
genic markers (Panjabi et al. 2008). Syntenic
regions showing gene collinearity could also be
mapped. Thus, it was clear that the three diploid
genomes A, B, and C are paleohexaploids with
extensive stretches of gene collinearity with the
At genome but a reduced chromosome number
due to genome reshuffling. Comparative archi-
tecture of the At and the A genome of B. rapa
was well summarized by Schranz et al. (Schranz
et al. 2006), marking gene blocks in At that
defined both the gene collinear regions and the
reshuffling of At gene blocks in the A (B. rapa)
genome.

Publication of a draft genome assembly of B.
rapa Chiifu (Wang et al. 2011) was a watershed
moment for the genomics of Brassica species.
The assembly confirmed that B. rapa genome
was the result of a genome triplication event. The
three constituent genomes had undergone
extensive chromosomal rearrangements leading
to gene block reshuffling vis-à-vis the gene block
order in At. The most significant observation was
that the three constituent genomes had undergone
differential gene losses and were termed—least
fractionated (LF), medium fractionated (MF1),
and most fractionated (MF2). A similar situation
was shown to exist in the B. oleracea draft
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genome assembly by Liu et al. (2014). A draft
genome assembly of B. napus variety Darmor-
bzh (a winter type oleiferous rapeseed) using
short-read sequencing was published by Chal-
houb et al. (2014).This was followed by a draft
genome assembly of B. napus ZS-81, a semi-
winter morphotype grown in China, by Sun et al.
(2017).

13.2 Third-Generation Sequencing
Technologies and Brassica
A and C Genomes

Long read sequencing technologies–Pacific Bio-
science’s (PacBio) single-molecule real-time
(SMRT) technology and Oxford Nanopore’s
sequencing technology (ONT) changed the scope
of plant genome assemblies dramatically—al-
lowing chromosome-scale assemblies (reviewed
by Todd and Van Busen 2020). The long read
sequence data were supported by new assembler
software–Falcon (Chin et al. 2016) and Canu
(Koren et al. 2017). Two other technologies—
chromatin confirmation capture (Hi-C) and opti-
cal mapping facilitated higher-order scaffolding
of long-read contigs providing chromosome-
scale assemblies. Long-read technologies, how-
ever, have one major flaw–sequences have a
significantly higher error rate as compared to the
short-read Illumina sequences. Assembler soft-
ware such as Canu and Falcon achieve self-
correction in the hierarchical genome assembly
process (HGAP). Programs like Pilon (Walker
et al. 2014) use short-read Illumina sequences to
polish long-read sequencing based contigs.

The third-generation technologies have been
extensively used in the recent years for Brassica
genome assemblies. B. rapa Chiifu assembly was
improved by SMRT sequencing and Hi-C scaf-
folding (Zhang et al. 2018). Genome assemblies
of B. rapa and B. oleracea were published using
ONT long reads and optical mapping (Belser
et al. 2018). Genome assemblies of eight differ-
ent B. napus varieties, grown in different agro-
ecologies globally, have been assembled by ONT
sequencing and Hi-C scaffolding and extensively
compared to study the pan-genome structure in

this important oilseed crop grown in the sub-
temperate regions of the world (Song et al.
2020).Genome assembly of B. napus variety
Darmor-bzh has also been improved by third-
generation technologies (Rousseau-Gueutin et al.
2020). While the short-read-based assembly of
Darmor-bzh reported abundant homeologous
exchanges (Chalhoub et al. 2014), the long read
assembly has not reported any.

13.3 Genome Assemblies
of B. juncea

B. juncea (mustard) is an important oilseed crop
of the Indian subcontinent, well adapted to dry-
land cultivation (Chauhan et al. 2011). Although
there is interest in the crop in other parts of the
world due to its productivity under low moisture
availability, oleiferous types of B. juncea are
extensively cultivated in South Asia only. We
reported two divergent gene pools in the oleif-
erous mustards—the Indian gene pool and the
East European gene pool (Pradhan et al. 1993).
Significant variation has also been reported in B.
juncea from China with distinct vegetable and
oleiferous types (Kang et al. 2021).

It is quite creditable that despite very little
area under B. juncea, Ming Fang Zhang’s labo-
ratory in China undertook the task of putting
together a draft genome assembly of a vegetable
type line of B. juncea type Tumida (Yang et al.
2016). The assembly was based on Illumina short
reads providing a *176 � coverage, gap filling
with *12 � SMRT sequences, and long-range
scaffolding with BioNano optical mapping.

In a quest to search for new single nucleotide
polymorphism (SNP)-based markers for mapping
different agronomic traits in B. juncea doubled
haploid (DH) populations, we identified
transcriptome-based markers between the Indian
and East European gene pool lines Varuna and
Heera (Paritosh et al. 2014). Later, after the
genome of line Tumida was published, we found
many discrepancies between our SNP-based
genetic map and the published genome assem-
bly. Our laboratory felt the need for a genome
assembly of an oleiferous type of mustard,
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particularly of an Indian gene pool line, as the
crop is so important for meeting the edible oil
requirements of a growing population in South
Asia. We, therefore, undertook the sequencing of
B. juncea variety Varuna as it is one of the most
extensively grown mega variety of mustard
released by the public-funded breeding programs
in India (Chauhan et al. 2011).

To assemble the genome of B. juncea variety
Varuna (genome size *922 Mb), high molecu-
lar weight DNA was subjected to SMRT
sequencing on a PacBio RSII platform at the
University of Arizona Genome Sequencing
facility. No PacBio machine was available in
India at that time. A total of 9,735,857 reads
were obtained providing *100 � coverage of
the genome. The reads were assembled into 1253
contigs with an N50 value of *5.7 Mb using
Canu assembler. The contigs were subjected to
hierarchical mapping using three different optical
maps. Two maps were developed with nicks,
labels, repairs, and stains (NLRS)-based labeling
using I BssSI and I BspQI enzymes and one with
Direct labeling and stain (DLS) labeling using
the DLE-1 enzyme. Corrections were made at

each mapping stage, and corrected sequences
were mapped again on the consensus maps.
A total of 45 contigs were identified with
misassemblies which were corrected by breaking
the misassembled regions and aligning the edited
contigs again to the consensus maps. The
assembly after corrections and multiple rounds of
scaffolding consisted of 61 scaffolds and 714
unscaffolded contigs/fragments (Table 13.1).
Scaffolds were error-corrected using Illumina
short reads (*40 � coverage) in three iterated
rounds of the Pilon program.

As paralogs within the A and B genomes are
evolutionarily more distant than the homoeologs
between the A and B genomes, there is always a
possibility of misincorporation of conserved
homoeologous regions of one of the constituent
genomes into the other. We used two strategies
to identify such misassemblies, independent of
the assembly, and corrections carried out using
optical mapping. We sequenced a DH line of B.
nigra (BB) Sangam, genome size *522 Mb,
using the Illumina HiSeq platform obtaining
contigs with an N50 value of *85.9 kb. The
assembled draft genome covered *470.8 Mb of

Table 13.1 Assembly statistics of B. juncea variety Varuna and B. nigra variety Sangam genomes

B. juncea B. juncea A B. juncea B B. nigra B

PacBio ✓ ✓ ✓

Nanopore ✓

BioNano ✓ ✓ ✓ ✓

Linkage Map ✓ ✓ ✓ ✓

Total assembly size 869,539,390 – – 515,400,203

Number of contigs 1253 – – 1549

Longest contig 35,843,917 – – 17,509,570

N50 contig length 5,734,093 – – 1,488,221

Number of scaffolds 61 – – 15

Longest scaffold 72,092,522 – – 115,616,497

N50 scaffold length 33,612,814 – – 68,578,869

Unscaffolded contigs 714 (partial) – – 1,051(partial)

Number of pseudochromosomes/LGs 18 10 8 8

Scaffolds assigned to LGs 56 37 19 14

Length of assigned sequences to LGs 840,173,505 333,021,048 507,152,457 505,183,631

Length of unassigned sequences 35,468,516 – – 30,296,383
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the B. nigra genome (for details see Paritosh
et al. 2021).

We compared the 1253 SMRT-based B.
juncea contigs with the B. rapa (A) genome
sequences (Wang et al. 2011) and of B. nigra
(B) to identify the A and B subgenome specific
contigs in the B. juncea assembly. Predicted
protein-encoding genes in the B. juncea contigs
and scaffolds of B. nigra were subjected to a
reciprocal protein blast to identify the best
matching homologous regions. B. juncea
SMRT contigs with 95% genes showing the
best matching orthologous genes to either of
the two parental genomes were grouped as the
A or B genome-specific contigs. Of the 1253
contigs, 691 contigs were found to belong to
the B genome and 505 contigs were specific to
the A genome; 57 contigs remained
unassigned.

We further used two genetic maps of B. jun-
cea to assign the scaffolds and contigs obtained
with SMRT sequencing and optical mapping to
18 linkage groups (LGs) of B. juncea. Genetic
maps have also been useful in discerning
misassemblies. We used a map of B. juncea
developed from a F1DH population derived from
a cross between Varuna x Heera (an East Euro-
pean gene pool line); this VH population
map besides the earlier mapped 833 ILP and
999 SNP markers was further enriched with
additional 2947 GBS (genotyping by sequenc-
ing) markers. Fifty-six of the 61 scaffolds and
nine of the 714 contigs could be assigned to the
18 B. juncea LGs to constitute 18 pseudochro-
mosomes. The GBS markers were used to com-
pare their position on the genetic map with their
physical location on the pseudochromosomes—a
very high correlation was observed. However, an
involved comparison between genetic marker
order and their physical location identified 18
misassemblies. All these 18 misassemblies had
been observed in the optical maps also.

To make sure that homoeology between the A
and the B genomes is not confounding the gen-
ome assembly of B. juncea, we used another
F1DH population (name TuV) developed from a
cross between B. juncea lines Tumida (earlier
sequenced vegetable type mustard) and Varuna.

The TuV genetic map containing 524 ILP and
simple sequence repeat (SSR) markers common
with the VH population and additional 8517
GBS markers showed correlation with the
physical location of the markers on the optical
map corrected SMRT scaffolds. The TuV genetic
map helped in assigning two more scaffolds to
the pseudochromosomes.

13.4 The Final B. juncea Varuna
Genome Assembly

We found that optical mapping was able to
capture all the misassemblies and provided
accurate scaffolding of the SMRT contigs. Fur-
ther three rounds of Pilon using Illumina short-
read sequences were sufficient to remove errors
resulting from the long read sequencing
chemistry.

The final genome assembly of B. juncea
Varuna consisted of 58 scaffolds and nine contigs
assigned to the 18 pseudochromosomes
(Fig. 13.1); three scaffolds and 705 contigs
remained unassigned. The size of the assigned
sequences was calculated to be around 840.2 Mb
(*91.2% of the estimated genome size of
922 Mb) around 35.4 Mb of the sequenced
genome (3.7%of the total genome) remained
unassigned. Three of the pseudochromosomes
were covered with only one scaffold, four with
two scaffolds, six with three, and the rest with
four or more scaffolds and a few contigs.

A comparison of the chromosomes level
assembly of B. juncea Varuna genome with the
assembly earlier reported for B. juncea Tumida
(V1.1) (Yang et al. 2016), and its improved
version V1.5 (Yang et al. 2018) showed a high
level of contiguity and lesser number of gaps in
the Varuna assembly (for detail see Paritosh et al.
2021). Misassemblies were found to be more
pronounced in the assembly of the B genome of
B. juncea Tumida. The coverage achieved for the
B genome in the Varuna genome assembly was
significantly higher −*507.1 Mb, as compared
to the earlier reported coverage of *395.9 Mb
in V1.1 (Yang et al. 2016) and *377.6 Mb in
V1.5 (Yang et al. 2018) in B. junceaTumida.
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Fig. 13.1 Graphical representation of the Brassica
juncea (AABB) pseudochromosomes; a 10 chromosomes
of the A genome, b 8 chromosomes of the B genome.
A new nomenclature has been adopted for the B genome
chromosome following Paritosh et al. (2020). Horizontal
lines represent the predicted genes; color of the lines was
assigned based on the synteny with the A. thaliana gene

blocks (A–X) as defined by Schranz et al. (2006); black
and red dots represent the centromeric and telomeric
repeats, respectively. Figure modified from Paritosh et al.
(2021) incorporating changes in the nomenclature of the
pseudochromosomes of the B genome following Paritosh
et al. (2020)
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B. juncea Varuna genome assembly was
annotated for transposable elements, cen-
tromeres, and protein-encoding genes. Around
385 Mb (*45.8%) of the assembled genome of
Varuna was found to be constituted of trans-
posable elements (TEs) – the B genome had a
higher repeat content *259 Mb (*51%) as
compared to the A genome – *113 Mb
(*33.9%). Retrotransposons—LTR/Copia and
LTR/Gypsy were the predominant TEs present in
the Varuna genome.

Candidate centromeric regions were identified
from the correlation plots between GBS markers
on the genetic maps and the physical positions of
their respective tags on the pseudochromosomes;
regions with significantly low recombination
frequencies were marked as potential centromeric
regions and analyzed for repeats that were absent
from other parts of the pseudochromosomes.
CentBr1 and CentBr2, identified as centromere-
specific sequences in B. rapa (A genome) and B.
oleracea (C genome) in earlier studies (Wang
et al. 2011; Liu et al. 2014), were found to be
present in the A genome of B. juncea but absent
from the centromeric regions of all the pseu-
dochromosomes of the B genome. Three new A
genome-specific centromeric repeats and seven B
genome-specific repeats were identified. Besides
centromeric regions, highly contiguous genome
assembly could allow us to identify telomeres in
15 out of 18 assembled pseudochromosomes.

Genome sequences assigned to the 18 pseu-
dochromosomes of Varuna were repeat-masked
and analyzed for gene content with Augusts
software (Stanke and Morgenstern 2005), using
543 randomly selected full-length CDS obtained
from the PacBio-based RNA-seq analysis as the
training set. A total of 101,959 genes were pre-
dicted to which 46,381 in the A genome, and
55,578 in the B genome were assigned to the
individual chromosomes. The earlier B. juncea
Tumida genome assembly, predominantly based
on short-read sequencing, had reported only
80,050 genes.

It can be concluded that the third-generation
genome assembly technologies have provided a
superior genome assembly in B. juncea Varuna

as has been reported in other crop species
including B. napus.

13.5 Evolutionary Implications
of the B. juncea Genome
Assemblies

While the accuracy of the genome assembly is of
prime importance, all high impact journals would
like to have some new biological insights. For us,
the most interesting biological aspects were to
compare the structure of the A and B genome of
B. juncea as the Varuna assembly was the first
contiguous assembly for the B genome. We took
the A and B genomes of B. juncea Varuna as
representative of the A and B genomes of B. rapa
and B. nigra. The logic of this was based on a
comparison of the assembly of the A genome of
B. juncea Varuna with the most recent B. rapa
Chiifu assembly (V3.0) (Zhang et al. 2018).
A gene-to-gene correlation analysis based on the
least Ks values showed very high collinearity
between the BjuA and BraA genomes. The B.
rapa V3.0 reported a gene content of 45,985
genes, whereas our analysis had predicted 46,381
genes in the BjuA genome. This analysis con-
firmed that there have been no significant struc-
tural changes in the BjuA genome after the
allopolyploidy event and that the two A genomes
—BjuA and BraA can be taken as equivalent.
The B genome of B. juncea Varuna contained
57,084 genes, and the genome assembly was
highly contiguous.

While genome triplication (the b event) and
subsequent gene fractionation and gene blocks
rearrangements are a characteristic feature of the
genera belonging to the tribe Brassicaceae
(Lysak and Koch 2011), some intriguing ques-
tions remain—were structurally similar or dis-
similar genomes involved in the b event and were
there a single or more than one independent
hybridization events? Two different models have
been proposed for the evolution of the Brassica
genomes. One model suggested genome tripli-
cation with three near-similar proto-Calepineae
karyotype (PCK; n = 7) genomes that
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precipitated differential gene loss, reduction in
chromosome number, and new gene block
associations followed by changes resulting from
homoploid hybrid speciation (Cheng et al. 2017).
Another model on genome triplication suggested
that two of the three paleogenomes—MF1 and
MF2, formed an allotetraploid with MF1 estab-
lishing dominance in gene retention, followed by
crosses with the LF genome (the actual b event)
leading to chromosomal reshuffling and further
gene fractionation (Tang et al. 2012). However,
neither a single nor a two-step b event resolves
the issue of the presence of two distinct plastid
lineages (the rapa lineage and the nigra lineage)
in the tribe Brassiceae (Warwick and Black
1991; Pradhan et al. 1992; Arias and Pires 2012;
Li et al. 2017). The two-step model was devel-
oped further to accommodate the presence of the
two distinct plastid genome lineages by sug-
gesting reciprocal crosses between the tetraploid
(MF1 + MF2) lineage and the LF lineage
(Sharma et al. 2014).

We assigned all the At gene blocks present in
the A and B genomes of B. juncea and the C
genome of B. oleracea (Belser et al. 2018) to the
three constituent paleogenomes—LF, MF1, and
MF2. The A and C genomes besides being less
divergent showed extensive similarity in their
gene block arrangements as compared to the B
genome homoeologs. Contiguous genome
assemblies have shown the A, B and C genomes
to be even more fragmented than reported earlier
(Wang et al. 2011; Liu et al. 2014; Belser et al.
2018; Zhang et al. 2018) with extensive intra-
block fragmentation. Gene block associations
reported in the selected taxa of different tribes
identified in the family Brassicaceae have been
used by Lysak et al. (2016) to understand inter-
tribe and intra-tribe evolutionary relationships.
We scanned the gene block associations in the
BjuA, BjuB, and BolC genomes and classified
these under four categories—(a) intra-
paleogenome contiguous gene block associa-
tions, (b) intra-paleogenome non-contigous gene
block associations, (c) inter-paleogenome con-
tiguous gene block associations, and (d) inter-
paleogenome non-contiguous gene block asso-
ciations (Fig. 13.2).

The ancestral intra-paleogenome contiguous
gene block associations—A-B, F-G, G-H, T-U,
and W-X, reported to be absent in the A and C
genomes of B. rapa, B. oleracea, and B. napus
were found in one or the other constituent pale-
ogenomes. The earlier assemblies missed these
associations, and therefore, it was concluded that
their absence was a characteristic feature of the
tribe Brassiceae (Lysak et al. 2016). Intra-
paleogenome non-contiguous gene block asso-
ciations are key to understand the pre-b event
structure of the three paleogenomes. A previ-
ously reported association V-K-L-W-Q-X does
not exist in any of the Brassicaceae pale-
ogenomes; only V-K-L is a shared association.
We report some new associations in this category
—three of these Q-X, W-X-Q-R, and V-K-L are
present in all the three paleogenomes pointing to
a shared ancestry; W-E, M–N-T-U, and O-P-W
are present only in MF1A, MF1B, and MF1C.
Novel associations in the MF1 genome could
predate the b event and could have contributed to
gene block fragmentation upon hybridization.

The most intriguing structural aspect was the
presence of a common inter-paleogenome non-
contiguous gene block association JMF1-IMF1-
SMF2-SLF lending support to a monophyletic
origin of the A and B genomes (Fig. 13.2).
A gene-to-gene collinearity analysis showed
similar junctions in the JMF1-IMF1-SMF2-SLF of
the A, B, and C genomes (Paritosh et al. 2021).

13.6 Post B. juncea Varuna
Assembly Developments

While the B. juncea genome assembly manu-
script was under review, we put together a highly
contiguous genome assembly of a DH line of B.
nigra Sangam using Nanopore MinION platform
and optical mapping (Paritosh et al. 2020). The
obtained long-reads provided *100 � coverage
of the B. nigra genome if we consider the gen-
ome size to be *522 Mb. The raw reads were
assembled into 1549 contigs with an N50 value
of *1.48 Mb using the Canu assembler
(Table 13.1). The total size of the assembled
contigs was *515.4 Mb, covering *98% of the
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Fig. 13.2 Gene block
arrangements in the A and B
genome pseudochromosomes
of Brassica juncea and C
genome of B. oleracea
(Belser et al. 2018). LF, MF1,
and MF2 paleogenomes are
represented by red, green, and
blue colors, respectively.
Gene block arrangements in
the A and C genomes were
found to be more similar as
compared to the B genome.
The inter-paleogenome
arrangement JMF1-IMF1-SMF2-
SLF is conserved in all the
three diploid genomes—A, B,
and C, suggesting a common
origin for the A/C and B
genomes. Modified from
Paritosh et al. (2021),
pseudochromosomes
nomenclature for BjuB
genome is as suggested for
the BniB genome by Paritosh
et al. (2020)

13 Brassica juncea Genome Assemblies—Characteristics and Utilization 249



B. nigra genome. Nanopore contigs were error-
corrected with *100 � Illumina PE reads using
the Pilon program for five iterative cycles.

Optical mapping was used for finding the
misassemblies in the contigs and for assembling
the contigs into scaffolds. Two different optical
maps, one with direct label and stain
(DLS) technology using the DLE-I enzyme and
the other with nick, label, repair, and stain
(NLRS) technology using BssSI enzyme, were
developed. A hybrid assembly protocol was
used, which generated 15 scaffolds with an N50
value of *70.4 Mb covering *506.4 Mb of the
genome. One hundred forty-eight contigs were
found to contain misassemblies, mostly due to
the merger of some of the highly conserved
syntenic regions. A total of 1051 unmapped
sequence fragments with an N50 value
of *36.7 kb, covering *30.4 Mb of the gen-
ome, remained unscaffolded (Table 13.1).

A genetic map of B. nigra, with 2723 mark-
ers, was used to validate the integrity of the
scaffolds and to assign these to the eight pseu-
dochromosomes—BniB01—BniB08. The GBS-
based genetic markers were physically mapped
on the scaffolds; no misassemblies were
observed. Fourteen out of 15 scaffolds could be
assembled into eight pseudochromosomes; fif-
teenth scaffold contained the plastid genome.
Five out of the eight chromosomes were repre-
sented by a single scaffold each; the remaining
three chromosomes consisted of two, three, and
four scaffolds. The size of the final B. nigra
genome that could be assigned to the pseu-
dochromosomes was *505.18 Mb (*96.7% of
the estimated genome size). A total of 57,249
protein-encoding genes were predicted in the B.
nigra genome using Augustus program.

A comparison of the B. nigra (BniB) pseu-
dochromosomes with the BjuB genome pseu-
dochromosomes showed very high gene
collinearity between the two B genomes except
for the three inversions in the Bni pseudochro-
mosome. The gene content of the two B genomes
—57,249 in BniB vs 57,084 in BjuB was also
found to be similar. Further no exchanges (� 5
consecutive genes) were observed between the
homoeologus regions of the BjuA and BjuB

genomes. Therefore, the comparative structural
analysis of the BjuA and BjuB genomes with
BolC in Paritosh et al. (2021) was perfectly valid.

In 2020, two more B. nigra genome assem-
blies of lines Ni100 and C2 were published
(Perumal et al. 2020). The two B. nigra assem-
blies do not record any inversions observed in the
B. nigra Sangam genome. The B. nigra Ni100
and C2 genomes show total gene collinearity
with one another and the B genome of B. juncea.
Incidentally, the two genome assemblies used a
B. juncea VH genetic map developed in collab-
oration with our lab using transcriptome-based
genetic markers (Harper et al. 2020).

More recently, a genome assembly of B.
juncea variety Sichuan Yellow (SY) has been
published using PacBio SMRT sequencing and
optical mapping and Hi-C analysis (Kang et al.
2021). The VH genetic map has been used also
in this assembly to assign contigs to the pseu-
dochromosomes. The statistics of this assembly
are very similar to the B. juncea Varuna assem-
bly stats reported by us. While the SY assembly
is comparable to the Varuna assembly in stats, in
the gene block arrangement on the pseudochro-
mosomes of SY, many small gene blocks are
amiss.

13.7 Evolutionary Conclusions
on the B Genome

To accommodate two plastid lineages in Brassica
coenospecies—the B. rapa lineage and B. nigra
lineage, we expected that the A/C and the B
genome, if they had resulted from two indepen-
dent crosses with divergent female parents,
should not have any common inter-paleogenome
non-contiguous gene block associations. The
presence of such an association in all the three
genomes points to a monophyletic origin of the
A/C and B genomes (Fig. 13.2). Genome
assemblies of some more taxa belonging to the
tribe Brassicecae could reveal a triplicated gen-
ome with no common inter-paleogenome non-
contiguous gene block association.

We carried out an analysis of the extent of
homoeology between the BraA (Zhang et al.
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2018) pseudo chromosomes and the B. nigra
Sangam pseudochromosomes (Paritosh et al.
2020). We proposed a new nomenclature for the
pseudochromosomes of the B genome which
reflects homoeologous relationships with the
BraA genome—the first diploid species that was
sequenced from the tribe Brassiceae. We had
earlier given a nomenclature based on the syn-
teny between the A and B genomes of B. juncea
using ILP and SNP markers (Panjabi et al. 2008;
Paritosh et al. 2014). However, the presence of a
common inter-paleogenome non-contiguous
gene block association in the three genomes
A/C and B requires a further change in the
nomenclature to acknowledge this new evidence.
Figures 13.1 and 13.2 are, therefore, based on the
new nomenclature for the pseudochromosomes
of the B genome.

All nomenclatures should reflect relatedness;
the new BniB and BjuB nomenclature reflect the
structural relationship between the pseudochro-
mosomes of the A, B and C genomes more
accurately.

We hope that this new nomenclature will be
accepted by the Brassica research community.

13.8 Implications of B. juncea
Genome Assemblies for Plant
Breeding

We had reported earlier that the Indian and the
East European gene pool lines are heterotic for
yield (Pradhan et al. 1993). The lines of the two
gene pools are highly contrasting in many yield-
influencing traits. Our laboratory has mapped
several qualitative and quantitative trait loci
using different mapping populations developed

from crosses between the Indian and East Euro-
pean gene pool lines (Table 13.2).

Along with the genome assembly of B. juncea
variety Varuna, we carried out short-read
sequencing of six parental lines that have been
used to develop the F1DH populations men-
tioned in Table 13.2. We sequenced three lines
of the Indian gene pool—Varuna, Pusa Jaikisan,
and Kranti, five lines of the East European gene
pool—Heera, EH2, Donskaja-IV, Skorospieka,
Cutlass, and two intermediate lines—TM4 and
J8 (unpublished results). Short-read sequences of
ten different Chinese gene pool lines reported by
Yang et al. (2016) were also used for the anal-
ysis. Short-read sequences of all the lines were
mapped on the B. juncea Varuna assembly, and
SNPs were identified between the sequenced
lines using GATK-based realignment pipeline
(Van der Auwera et al. 2013).

PCA analysis between all the lines using total
identified SNPs showed that the Indian gene pool
has least genetic variability, whereas the East
European gene pool lines are more variable. The
Chinese gene pools lines grouped into two dif-
ferent clusters, one for the vegetable types and
the other for the oilseed types. Intermediate type
lines grouped apart from the Indian, East Euro-
pean, and the Chinese gene pools (Fig. 13.3).

All the genetic intervals mapped for different
yield related quantitative trait loci (QTLs) in
different mapping populations (Table 13.2) have
been converted to their physical positions on the
Varuna genome assembly (unpublished results).
SNPs, both synonymous and non-synonymous,
present in the genic regions within the physical
intervals have been marked and can be used for
fine mapping and discovery of the candidate
gene(s). The Varuna genome assembly and short-

Table 13.2 Summary of different populations developed by CGMCP and used for mapping yield-influencing
quantitative traits

Mapping population Parental lines Size of mapping
population

References

VH Varuna � Heera 166 Ramchiary et al. (2007), Rout et al. (2018)

EPJ EH2 � PusaJaikisan 182 Dhaka et al. (2017), Rout et al. (2018)

TD TM4 � Donskaja-IV 166 Yadava et al. (2012), Rout et al. (2018)
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read sequences of the germplasm available with
us have been used to identify allelic diversity for
the white rust resistance conferring CC-NBS-
LRR (CNL type R gene BjuWRR1) mapped in
Donskaja-IV in the TD population and
BjuWRR2 in line Tumida in TuV population
(Arora et al. 2019; Bhayana et al. 2019).The
recent publication on the genome assembly of a
Chinese type of B. juncea has also reported
short-read sequences of 480 lines collected from
different parts of the world and mapped many
traits by association mapping (Kang et al. 2021).
Allelic diversity can now be studied in a much
wider germplasm.

The highly contiguous genome assemblies of
Varuna and a Chinese yellow seeded line (YS)
along with the short-read sequences of extensive
variability available in B. juncea will support
future research on trait mapping, gene identifi-
cation, allelic diversity analysis, and trait diver-
sification in both oilseed and vegetable types of
mustard. However, answering some of the lin-
gering evolutionary questions and the possibility
of mobilizing genes form other taxa of the tribe
Brassiceae to crop Brassicas, including

B. juncea, would require some more genomes to
be sequenced.
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14Resequencing in Brassica juncea
for Elucidation of Origin
and Diversity

Lei Kang, Lunwen Qian, Hao Chen,
Liu Yang, and Zhongsong Liu

Abstract

Brassica juncea (L.) Czern. et Coss. was
formed 8000–14,000 years ago by hybridiza-
tion between B. rapa and B. nigra. Domesti-
cation and improvement of this species have
resulted in diverse morphotypes, which pro-
duce seed oil, condiment, swollen root and
stem vegetables and leafy vegetables. Various
studies had been done in the past to investi-
gate the genetic diversity and origin of
B. juncea germplasm and varieties using
morphological traits and biochemical markers.
However, the origin and domestication of the
ancient allotetraploid species B. juncea remain
uncertain. The genome sequence of three
types B. juncea has been reported, which
provides an opportunity to resolve the origin,
domestication and diversification of B. juncea.
Genetic variation in mustard was identified by
resequencing of 480 global accessions. Pop-
ulation genetic and phylogenetic analyses
revealed evidence for three clade and six
distinct genetic groups. Nuclear and organelle
genomic analyses supported a monophyletic
origin of B. juncea in West Asia. During
mustard eastward spread following three

independent migrations, new forms were
evolved by gene mutations and introgressions.
Sweep scan, genome-wide association study
and RNA seq identified causal variants and
genes for flowering time and morphological
variations associated with domestication and
diversification of the versatile mustard. In this
chapter, we provide comprehensive insight
into the diversity, origin and domestication of
B. juncea.

14.1 Introduction

The allotetraploid Brassica juncea (AABB,
2n = 36) is originated from interspecific crosses
between the parental species B. rapa (AA,
2n = 20) and B. nigra (BB, 2n = 16) (UN 1935).
B. juncea is an economically important species,
grown worldwide as oilseed, condiment and
vegetable crops. Taxonomically, four subspecies
had been recognized in B. juncea that were
domesticated for a variety of uses (Gladis and
Hammer 1992). These include juncea (seed
mustard) that is used as oilseed and a condiment,
integrifolia (leaf mustard) with a diverse varia-
tion of leaf, napiformis (root mustard) with a
tuberous root and tumida (stem mustard) with an
enlarged edible stem (Fig. 14.1).

Brassica juncea had a long history of
domestication and cultivation. Carbonized mus-
tard seeds were unearthed at Banpo site in China,
gonging back to New Stone Age (about 4800
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BC) by 14C analysis (Wu et al. 2009). There are
earliest historical records of mustard as a condi-
ment (spice) in Sanskrit and Sumerian literatures
dating back to 3000 BC (Hemingway 1995).
Vavilov (1951) proposed Afghanistan and its
contiguous regions were original place of B.
juncea origin, with Asia Minor, central/western
China and eastern India were diversity centers.
However, many investigators (Bailey1930;
Mizushima and Tsunoda 1967; Sun 1970; Hinata
and Prakash 1984) argued that B. juncea origi-
nated in the Middle East where the distribution of
progenitors B. rapa and B. nigra are overlapped.
Morphological studies proposed a China origin
of B. juncea (Prain 1898; Sinskaja 1928), and the
view has been supported by recently genome
resequencing analysis (Yang et al. 2016, 2018).
By contrast, the biochemical evidence (Vaughan
et al. 1963), molecular markers (Song et al. 1988;
Chen et al. 2013) and chloroplast-specific simple
sequence repeat (SSR) markers (Kaur et al. 2014)
suggested a polyphyletic origin. To date, there is

no generally accepted hypothesis for the center
of origin and domestication events of B. juncea,
due to the limited number and diversity of
accessions analyzed or narrow breadth of the
genetic data in these studies. Recently, the pro-
duction of vast genomic data enabled researchers
to understand the origin and domestication of
crop plants (Larson et al. 2014). In this chapter,
we employed the population genomics strategy
to insight into the origin and diversity of B.
juncea.

14.2 A Chromosome-Level
Assembly of a Yellow-Seeded
Brassica juncea

The first draft genome of B. juncea var. tumida
(assembled 784 Mb) was assembled by Illumina
reads, PacBio single-molecule reads, BioNano
optical mapping and genetic mapping (Yang
et al. 2016). Recently, an oleiferous type of

Fig. 14.1 Morphotype of B. juncea varieties. a B. juncea
var. napiformis. b B. juncea var. tumida. c, d B. juncea
var. multisect Bailey. e B. juncea var. rugosa. f B. juncea

var. lapita. g B. juncea cultivar Sichuan Yellow. h B.
juncea accession PI 426178 (Afghanistan cultivar)
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B. juncea var. Varuna (assigned 841.2 Mb) was
assembled by PacBio single-molecule real-time
reads, BioNano optical mapping and genetic
mapping (Paritosh et al. 2021). Another oilseed
type with yellow coat, B. juncea var. Sichuan
Yellow (SY, Fig. 14.1g), was assembled by
PacBio long-read integrated with BioNano opti-
cal mapping and Hi-C data (Kang et al. 2021).
98.4 Gb subreads were generated with an N50
length of 13.6 Kb on the PacBio Sequel plat-
form, and 137.85 Gb Illumina reads from 350 bp
library. First, PacBio reads were assembled into
contigs, and later polished using the high-quality
Illumina reads, further extended the scaffolds by
BioNano optical map. The pseudo-chromosomes
were constructed by a high-density linkage map
and Hi-C data. The total size of the assembled
SY was 933.5 Mb, with 867.3 Mb (*92.9%)
assigned to the 18 chromosomes, which is
superior to previously published genomes of
stem (Yang et al. 2016) and Indian (Paritosh
et al. 2021) mustards in terms of the assembled
scaffolds size, accuracy, contiguity and anchor-
age. The contiguity and completeness of the SY
genome were supported by BUSCO and
CEGMA assessments, by alignment of randomly
selected bacterial artificial chromosomes (BACs)
and paired BAC-end sequence from the Purple-
leaf Mustard BAC library (Liu et al. 2016), by
evaluation of long-terminal repeat (LTR) conti-
nuity by the LTR Assembly Index (Ou et al.
2018), by genome-ordered graphical genotypes
(He and Bancroft 2018), and by the consistency
of SY with those of B. rapa (Z1) (Belser et al.
2018) and B. nigra (Ni100-LR) (Perumal et al.
2020) and other reported Brassica genomes
(Song et al. 2020; Yang et al. 2016; Paritoshet al.
2021).

14.3 Genetic Diversity, Structure
and Relationship of Brassica
Juncea

Genetic diversity evaluation is a prerequisite for
germplasm utilization, genetic improvement and
utilization of heterosis. The genetic diversity and
structure of B. juncea have been studied using

ecogeographic, phenotypic and molecular mark-
ers. Two geographical races of oilseed mustard
have been described, the Indian race and the
Oriental race (Vaughan et al. 1963; Vaughan
1977). Based on amplification fragment length
polymorphism (AFLP) markers, Srivastava et al.
(2001) assessed that the Indian and Chinese oil-
seed mustard formed one cluster, while the
Australia, Canada, Eastern Europe and Russia
accessions formed another cluster. The genetic
diversity of 119 global oilseed mustards were
investigated using 99 SSR markers, and two
distinct groups were also identified (Chen et al.
2013). Group 1 consisted of germplasm from
central and western India and eastern China, and
group 2 comprised central and western China,
European and Australian accessions, as well as
northern and eastern India lines. Wu et al. (2009)
assessed genetic diversity of 95 oil and vegetable
mustards from China, France, India, Pakistan and
Japan, using sequence related amplified poly-
morphism (SRAP) markers. Three distinct
groups were clearly identified, vegetable, spring
and winter oilseed mustard, which reflected their
growth habit. The winter oil mustard accessions
from southwestern China were closely related to
Indian mustard, in agreement with previous
AFLP studies (Srivastava et al. 2001). The
genetic diversities among 101 oilseed mustard
landraces from western China were analyzed
using AFLP, SRAP and SSR markers (Xu et al.
2008). The winter types showed a higher genetic
diversity than spring types, and the genetic dif-
ferences were mainly due to geographical and
ecological conditions. Genetic diversity of 73
mustard accessions from China Tibet and 35
from southwest of China, northwest of China and
India was analyzed using SRAP markers and
phenotypic traits (Song et al. 2013). China Tibet
accessions were clustered into a distinct group,
showing higher genetic diversity than others. Sun
et al. (2018) divided 25 wild mustard populations
from China into Northern and Southern lineages,
and proposed two migration routes, eastward
along the Yellow River or Yangtze River,
respectively.

China has the richest vegetable mustard
resources and has been cultivated in the last sixth
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century AD (Jia 2009). In total, 16 varieties with
typical characters were identified (Yang et al.
1989). Among these, 11 varieties of leaf mustard
were classified based on diverse leaf shapes,
showing most highly diversified (Yang et al.
1989; Yao et al. 2012). Using 69 microsatellite
loci, 34 Chinese vegetable mustards are divided
into seven groups, inconsistent with the mor-
phological classifications, which may be due to
lack of sufficient genetic markers (Yao et al.
2012). Song et al. (1988) distinguished root
mustard from other type B. juncea accessions
using specific probe and enzyme digest. Tuber
(stem) mustard is an agriculturally and econom-
ically important vegetable, cultivated along the
Yangtze River. 133 stem mustard cultivars were
divided into up-, mid- and down-Yangtze River
groups, according to their geographical distribu-
tions (Fang et al. 2013). The mid-Yangtze River
group had highest genetic diversity, indicating
that it was the diversity center of tuber mustard,
and then this crop was spread along the Yangtze
River in both directions.

The genome of B. juncea var. tumida (T84-
66) has been assembled (Yang et al. 2016),
which provides an opportunity for detecting
genomic validation in mustard accessions. A to-
tal of 891,289 single nucleotide polymorphisms
(SNPs) were identified in a panel of 109 B.
juncea accessions, using specific-locus amplified
fragment sequencing (Yang et al. 2018). Four
groups were recovered, including root mustard,
leaf/stem mustard, Oil (IN) (India mustard) and
Oil (A, C, E) (accessions from Australia,
Northwest China and Europe). It proposed that
the root mustard diversified first, the Oil (A, C,
E) group diversified second, and the Indian
mustard domesticated from Leaf/Stem mustard
(Yang et al. 2018).

To construct a comprehensive map of genetic
variations of B. juncea, Kang et al. (2021) rese-
quenced 480 accessions, represented the global
diversity of mustard. These accessions were
sequenced with a median depth 15-fold and
scored 4.53 million high-quality SNPs. The
genetic structures of the global mustard acces-
sions were characterized for clusters (K) from 2

to 10, and the marginal likelihood plateaued at
K = 6. A total of 90 admixed lines with their
main genetic components less than 0.6 were
excluded, for better clarify the relationships of
mustard population. Based on phylogenetic and
principal component analyses, the remaining
accessions indicated three distinct clades, which
exhibited strong geographic separation and dis-
tinctive botanical features. Clade I comprised
root mustard from Northeast Asia and was
recovered as sister to all other B. juncea sub-
species. Clade II corresponded to seed mustard
distributed in West Asia, Central Asia, and
Northwest China along the ancient Steppe Route
(Christian 2000). Clade III comprised Indian
mustard and South China vegetable mustard
along the South Silk Road.

Clades II and III contained a large number of
versatile accessions and were further classified
into two and three groups, respectively (Kang
et al. 2021). Finally, the global B. juncea
accessions were classed into six genetic groups
(G1–G6). G1 is the root mustard group. G2,
consistent of yellow-seeded or Oriental mustard,
were mainly from Northwest China, as well as
some lines collected from the former Soviet
Union, Canada and Europe with recorded intro-
ductions from China (Musil 1948; Pustovoit
1973; Oram et al. 2005). G3 comprised seed
mustard from Tibet, central and western Asia and
Eastern Europe. G4, also yellow-seeded mustard,
comprised mainly accessions from Southwest
China. G5 comprised leaf, stem and several seed
mustards, which were sourced from southern
China, Japan and the USA (Bailey 1930; Musil
1948). G6, brown or Indian mustard, were almost
from South Asia.

The genetic divergence among the six diverse
groups was assessed by calculating their pairwise
fixation statistics (Fst) (Kang et al. 2021). G1
showed very strong differentiation from the other
five groups, while G2 was found to have mini-
mum divergence from G3. The nucleotide
diversity (p) and linkage disequilibrium
(LD) analyses showed that G5 had the highest
nucleotide diversity and the greatest linkage
disequilibrium (LD) decay. In contrast, G6
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showed the lowest nucleotide diversity, consis-
tent with earlier reports (Srivastava et al. 2001;
Khan et al. 2008).

14.4 Cytoplasmic Variation
in B. juncea

The amphidiploid B. juncea is originated from
hybridization between B. rapa and B. nigra, with
B. rapa as the mother parent (Uchimiya and
Wildman 1978; Erickson et al. 1983; Song et al.
1988; Chang et al. 2011; Li et al. 2017). How-
ever, Kaur et al. (2014) reported that the East
European and northwestern India B. juncea
accessions carried cytoplasm from B. nigra,
genotyped using chloroplast-specific SSRs.
Recent studies also have found B. juncea lines
from north and eastern India owned the cyto-
plasm of B. nigra (Banga and Banga 2016). To
better evaluate the cytoplasmic donor and varia-
tion in a global panel of B. juncea, Kang et al.
(2021) have assembled 478 chloroplast (CP) and
10 mitochondrial (MT) genomes. The cpDNA-
based phylogeny revealed that 467 mustards
were clustered in the B. rapa lineage, accorded
with the previous conclusions that B. rapa was
the cytoplasm donor. The other 11 mustard lines
were clustered in the B. rapa group, suggesting
that an introgressive hybridization occurred
between B. rapa and B. juncea. Based on SNP
and InDel (insertion/deletion) variants, the B.
juncea CP and MT genomes were concurrently
divided into three types and were named plas-
motype I-III. All root mustard (G1) harbored
plasmotype I, while all Indian mustard (G6) and
most (94.2%) leaf/stem mustard (G5) carried
plasmotype III. The others three oilseed mustard
groups owned all three plasmotypes, with plas-
motype II being predominant (Kang et al. 2021).

14.5 The Origin of Brassicas juncea

Previous studies suggested that the B. juncea had
evolved from multiple interspecific hybridiza-
tions events between wild B. rapa and B. nigra
(Vaughan et al. 1963; Vaughan 1977; Prakash

and Hinata 1980; Song et al. 1988; Chen et al.
2013; Kaur et al. 2014). In a recent study, Yang
et al. (2016) revealed a monophyletic origin for
B. juncea by phylogenetic analyses of A-
subgenomes of Brassica species. His team
(2018) further demonstrated that the root mustard
diversified first, followed by oilseed mustard, leaf
mustard and stem mustard. Subgenome phylo-
genies confirmed that the G1 root mustard was
closest to its progenitor species, supported the
hypothesis that B. juncea is a monophyletic ori-
gin (Kang et al. 2021).

Organellar DNAs inherited from a maternal
parent are often used to investigate origin and
phylogenetic relationship of a species. B. rapa is
the maternal ancestor of B. juncea (Uchimiya and
Wildman 1978; Erickson et al. 1983; Song et al.
1988; Chang et al. 2011; Li et al. 2017; Kang
et al. 2021), instead of earlier report that the
cytoplasmic donor of East European and north
India B. juncea landrace was B. nigra (Kaur et al.
2014; Banga and Banga 2016). CP and MT
phylogenies and PCR validations led to the
identification of the three plasmotypes of
B. juncea, and the cytoplasmic donor is the
B. rapa (Kang et al. 2021). Plasmotype I of
mustard was inherited from B. rapa and then
evolved into plasmotype II and III via InDels and
base substitution. It also revealed that the
B. juncea is a monophyletic origin based on
variation of cytoplasmic DNA.

Where B. juncea originated geographically
has been disputed for almost a century. Histori-
cally, three geographic regions, i.e., the Middle
East (Burkill 1930; Mizushima and Tsunoda
1967; Sun 1970; Hinata and Prakash 1984),
Central Asia (Vavilov 1997), and China (Yang
et al. 2018), were proposed to be the putative
center of origin for B. juncea. However, the
Middle East is the only region where wild
B. rapa and B. nigra overlapped (Tsunoda1980;
OECD 2016), and wild B. juncea forms are
growing (Olsson 1960; Mizushima and Tsun-
oda1967; Tsunoda and Nishi 1968; Kayaçetin
2019; Dönmeza et al. 2021). As above, G3 had
all three plasmotypes and higher nucleotide
diversity, which means that the source region of
the G3 accessions is a plausible origin center of

14 Resequencing in Brassica juncea for Elucidation … 261



B. juncea. Taken together, B. juncea was sup-
ported to originated in West Asia (Middle East)
(Kang et al. 2021).

14.6 The Spread and Domestication
of Brassicas juncea

B. juncea was originated from the natural cross
between the two diploid progenitors *8000–
14,000 years ago (Kang et al. 2021), which was
slightly latter than the previous estimate
of *0.039–0.055 million years ago derived by
Bayesian Markov chain Monte Carlo simulation
(Yang et al. 2016). There are at least three
independent evolutionary routes of the B. juncea
by demographic history model.

Root mustard (G1) was the first group to
differentiate from the ancient population,
approximately *2500 years ago. Root mustard
is mainly cultivated in Mongolia and northern
China and is morphologically (lobed leaves and
enlarged taproot: Sinskaja 1928; Bailey 1930)
and physiologically (vernalization requirement,
Kumazawa and Abe 1955) distinct from other
subspecies. Early taxonomists treated root mus-
tard (an introduction from China) as a separate
species (B. napiformis) (Bailey 1930). In contrast
with the hypothesis by Yang et al (2018), we
think there is little possibility that root mustard
originated in China because of the absence of the
diploid progenitor species B. nigra. We specu-
lated that it was likely domesticated in Mongolia
and northeast China, on the basis of historical
records of the Ming Dynasty (Wang 1587) that
documented the spread of root mustard from the
north to south China.

The G3 seed mustard was evolved from wild
mustard. When it spread eastward into Afghani-
stan, diverse accessions were developed, while
accessions from its different parts can be clearly
distinguished in nuclear or cytoplasmic genomes.
Subsequently, the G3 mustard migrated to
northwest China through the ancient Steppe
Route, finally arrived Tibet via the Hexi corridor.
A new yellow-seeded mustard (G2) was
domesticated from G3 by spontaneous gene

mutations about 500 years ago (Liu et al. 2009,
2015), probably in Xinjiang (Vavilov 1992).

The G3 mustard spread via the passes of
Hindu Kush, directly into Punjab (the heart of
past India, present Pakistan). In Pakistan’s Har-
appa, the ancient mustard (2400–1700 BC) was
excavated (Hutchinson et al. 1976). The B. jun-
cea accessions from southern Afghanistan, bor-
dering Pakistan and India, are clustered into the
same G6 group and have plasmotype III as
Indian mustard, which implies that Indian mus-
tard (G6) was domesticated from G3. Indian
mustard then spread eastward (Pokhariaet al.
2017; Rahman et al. 2020), a new form with
broad-leaf mustard, var. rugosa (Fig. 14.1e)
(Prain 1898) formed probably at Kautilya
Dynasty (around 300 BC) (Prakash et al. 2012).
These broad-leaf mustards spread through
ancient trade routes into Southwest China and
harvested as vegetable before the sixth century
AD. Later, in the eighteenth century, a mustard
form with swollen stem, var. tumida was devel-
oped from var. rugosa in the Sichuan Basin
(Chen 1982). The G4 was proved that evolved
from hybridization of G2 from northwestern
China with G5 in southwestern China (Kang
et al. 2021).

14.7 Adaptability of Brassica juncea
to Flowering Time in Different
Geographic Regions

Flowering time is an essential feature associated
with crop domestication. As a cumulative long-
day plant species, B. juncea does not require
strict vernalization for flowering, except for root
mustard and a few leaf mustard varieties (e.g.,
var. multiceps). We used the cross-population
composite likelihood ratio test (XP-CLR) to
detect signatures associated with flowering time
during B. juncea domestication (Kang et al.
2021). By comparing with G6 (early flowering),
43 and 38 candidate selection regions were
identified in G1 (need vernalization) and G2
(flowering under long day), respectively,
including 63 flowering time candidate genes.
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Meanwhile, our genome-wide association study
(GWAS) has identified 56 candidate genes, of
which 12 were detected by both. Two genes,
BjuA10g14550S (SRR1) and BjuB05g31990S
(VIN3) involved in photoperiod and vernalization
pathways (Staiger et al. 2003; Sung and Amasino
2004) were significantly associated with flower-
ing time in four environments. The strong LD
was found between SRR1 and VIN3, suggesting
that selection for environmental adaptability has
led to the coevolution of important flowering
genes in various flowering pathways (Kang et al.
2021). Hap1 of SRR1 and VIN3 were present in
the G1 root mustard accessions with the latest
flowering times, which was domesticated in cold
and high latitude area. Hap2 of SRR1 and VIN3
related to the G2 and G3 seed mustards with
moderate flowering times, which were developed
under long day and great diurnal temperature
range. Hap3 of SRR1 and VIN3 mainly corre-
sponded to G4, G5 and G6 accessions with
earliest-flowering, which were domesticated in
warm, short-day environments.

14.8 The Genetic Basis
of Morphological
Diversification in Brassica
juncea

14.8.1 Seed Size

Brassica juncea harbors significant variation in
thousand seed weight (TSW) varies from around
0.29 g in leaf mustard to more than 7.0 g in
oilseed mustard (Dhaka et al. 2017; Kang et al.
2021). Dhakaet al. (2017) reported six ‘consen-
sus’ QTLs in four mapping populations derived
from three Indian and three Eastern European
accessions in different environments and pre-
dicted 11 candidate genes. Allelic diversity of 10
functional genes for seed size were examined in
123 B. juncea accessions from Australia, China,
Eastern Europe and India (Sra et al. 2019). Two
genes, IKU1 and GRF2 were identified as targets
of artificial selection based on sequence
diversity.

To understand the genetic base of seed weight
among the diverse groups of mustard, a total of
65 and 22 candidate genes were identified as
responsible for TSW by XP-CLR and GWAS,
respectively (Kang et al. 2021). Of which, seven
were detected by both. For instance,
BjuA04g00760S (CYP78A9) was significantly
associated with TSW, which was reported to
regulate seed weight in B. napus (Shi et al.
2019). Four haplotypes were detected in
CYP78A9, Hap1 related to ten G5 vegetable
accessions with the lightest TSW, whereas Hap4
correspond to seven G3 oilseed accessions with
the highest TSW. Another candidate gene,
BjuB05g28000S (CaM7), regulating the seed
weight in Gossypium hirsutum (Cheng et al.
2016a, b), also had four haplotypes. CaM7-Hap1
related to the lowest TSW accession from G1,
while CaM7-Hap4 was present in ten oilseed
mustards from G2 with the largest TSW. How-
ever, Hap2 and Hap3 of CaM7 related to acces-
sions corresponded to these with CYP78A9-Hap2
and -Hap3 in four environments, produced big-
ger seeds in long-day than short-day environ-
ments. Moreover, these two gene were up-
regulated in the big-seeded accession 7981,
contrasted with the small-seeded accession SY.
The results revealed that selection of these hap-
lotypes adapted to local photoperiod during
domestication, leaded to diversification of mus-
tard seed size (Kang et al. 2021).

14.8.2 Root Expansion

Artificial selection of B. juncea resulted in the
edible storage organs’ formation, including root
expansion, and stem swelling (Fig. 14.1). Vege-
tative storage organs are also observed in other
Brassica species, including turnip (B. rapa
ssp. rapa), kohlrabi (B. oleracea) and rutabaga (B.
napus). In Brassica, the swollen root and stem
mainly store glucose and fructose, instead of
starch as in potato tubers (Liu et al. 2019). Several
reports have revealed that possible genomic
selective regions during domestication and regu-
latory genes involved in swollen organs formation
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(Cheng et al. 2016a, b; An et al. 2019; Liu et al.
2019). However, the molecular mechanism
underlying storage organs’ formation and its reg-
ulation are poorly understood. The selection sig-
natures in root mustard were investigated using
XP-CLR. Fourteen candidate genes involved in
auxin signaling, sugar transport, cell division and
cell wall metabolism were identified that poten-
tially control tuberous roots forming in root mus-
tard (Kang et al. 2021). For example, CDC48A4
(BjuA03g27650S) regulated of cell division and
growth (Rancour et al. 2004) showing significant
genotype diversities between root and non-root
mustard was up-regulated during root enlarging.
The expression of EXPB1 (BjuB02g61740S) was
down-regulated in root mustard, consistent with
the corresponding EXPB1 orthologs action during
storage root development in radish (Xie et al.
2018) and sweet potato (Noh et al. 2013).

14.8.3 Stem Swelling

Stem mustard is an important vegetable crop, and
its enlarged edible stem used to produce pickles
(e.g., Fuling hot pickled tuber mustard). As men-
tioned above, it’s domesticated from leaf mustard.
The stem of stemmustard can enlarge tomore than
20 cm in diameter, whereas the diameter of leaf
mustard’s stem is usually less than 5 cm (Shi et al.
2012). The enlargement of the swollen stem is a
complex biological process and has been reported
that regulated by temperature, photoperiod, cell
division and cell wall remodeling (Shi et al. 2012;
Sun et al. 2012; Li et al. 2020; Zhang et al. 2020).
Twelve candidate genes were identified in stem
mustard, related to cell division, cell expansion,
auxin signaling and glucose transport (Kang et al.
2021). The functions of these genes are further
verified by expression data. For example,
BjuA05g02460S which is orthologous to the gene
GRF7 regulating leaf and stem development
(Wang et al. 2014) was up-regulated during stem
swelling. Two genes, BjuA10g12920S (IAA33)
andBjuB03g51870S (ARF5) related to auxinwere
down-regulated after stem swelling.

14.9 Conclusions

In summary, the B. juncea is a monophyletic
origin in West Asia, raised 8000–14,000 years
ago. Six genetic clusters were domesticated
through gene mutations, introgressions and arti-
ficial selection during its eastward spread.
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15Large Scale Genome Analysis:
Genome Sequences, Chromosomal
Reorganization, and Repetitive DNA
in Brassica juncea and Relatives

Manosh Kumar Biswas, Trude Schwarzacher,
and J. S. Pat Heslop-Harrison

Abstract

Sequencing technology and bioinformatics
tools enable us to generate and analyses whole
genome sequences of Brassica crops and wild
relatives. High quality assembled references
genome for the Brassica species are available,
aiding downstream genome scale analysis
such as variant calling, chromosomal rear-
rangement, translocations, repetitive DNA
diversity, genome wide association mapping
and transcriptomics. In this chapter, we are
illustrating the current state of large scale
genome analysis in Brassica juncea and its
relatives.

15.1 Introduction

Brassica juncea (Brassicaceae or Cruciferae), as
discussed in other chapters, is the most important
oilseed in India and Bangladesh, and extensively
grown (along with B. napus) in China and
Canada (Bañuelos et al. 2013; Agrawal et al.
2020, 2021). One of the species in the small

genus Brassica (37 species), B. juncea is globally
distributed except in polar regions and it has been
cultivated for centuries in many parts of the
world including Asia, Europe, central Africa and
southern Russia. Apart from oil production, B.
juncea is also cultivated for vegetables where
leaves, seeds, stems and roots are used in Asian,
European and African cuisine, emphasizing the
morphological and genetic diversity in the spe-
cies. Four main cultivar groups of B.
juncea cultivars are recognized: integrifolia,
juncea, napiformis and tsatsai (Hanelt et al.
2001). Integrifolia produces leafy vegetables
popular in China, Japan and Korea. Napiformis
are root mustard, and tsatsai, also known as
multishoot mustard, and very popular in China
and Korea where it is used to make pickles
(Ghawi et al. 2014; Wiersema and León 1999).
Juncea, by far the most important group, is the
oilseed used for oil production (with seed meal as
co-product), animal fodder, green manure or
mulch, medicinal purposes and some industrial
uses. B. juncea oil may be sharp (hot or spicy)
from mustard oil with erucic acid (restrictions on
import and use in many countries), although low
erucic acid, canola, types are widely grown.

Within Brassica species, genomes with dis-
tinct genetic identity are designated by letters.
The three major diploid species are B. rapa (AA
genomes, 2n = 20), B. nigra (BB genomes,
2n = 16) and B. oleracea (CC genomes,
2n = 18). Three allotetraploid species evolved
from pair-wise natural hybridization between the
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three basic diploid species: B. juncea (AABB,
2n = 36), B. napus (AACC, 2n = 38) and B.
carinata (BBCC, 2n = 34). Thus, B. juncea is an
allopolyploid of two diploid species B. rapa
(AA) and B. nigra (BB) and B. juncea genome
contains the largely conserved genomes of both
progenitor species (Axelsson et al. 2000; Qiao
et al. 2020). Although known from the wild,
resynthesized hybrids have also been made by
crossing the ancestral species to increase the
genetic diversity available (Bansal et al. 2009).
Brassica juncea is self-pollinated, though 20–
30% cross-pollination has been recorded. Bees
are the main pollinator of this species. Brassica
juncea is suitable for cultivation in moisture-
limited (drought) and hot conditions. The gen-
ome sizes—number of base pairs in an unrepli-
cated haploid chromosome set—of diploid
species are estimated to be 529 Mbp (B. rapa)
and 639 Mbp (B. oleracea) (Belser et al. 2018)
and that of B. nigra averaging 580 Mpb (Perumal
et al. 2020), 3–4 times larger than the model
Brassicaceae species Arabidopsis thaliana, but
only 15% of diploid cereals crops such as barley
or rye. B. juncea has an estimated genome size of
910–920 Mb (Yang et al. 2016; Yang et al.
2018a; Paritosh et al. 2021), somewhat smaller
than B. napus, 1130–1280 Mbp (Song et al.
2021).

Multidisciplinary approaches including
genetics, genomics, cytogenetics and bioinfor-
matics assist with meeting breeding challenges
and improvement of Brassica crop species. Over
the last few decades, a large number of breeding
lines, reference genome assemblies, transcrip-
tome sequences and phenotypic data have been
generated for B. juncea and its relatives for
addressing questions about diversity and genetic
improvement. In this chapter, we discuss the
recent progress and future path of the large scale
of genome or genomic data analysis, and the
nature of sequences included in the genome, for
accelerating genetic improvement of B. juncea
and its relatives.

15.2 Genome Sequences

Complete genomic DNA sequences have been
generated for the diploid and tetraploid Brassica
species, and these have been of increasingly
high-quality since publication of the first plant
genome sequence, the Brassicaceae species A.
thaliana, in 2000 (https://doi.org/10.1038/
35048692). By 2020, extensive and detailed
reports of genome sequences of crop Brassicas
are appearing regularly, using increasingly high-
quality sequencing methods supported by
improved assembly algorithms, bioinformatics
and databases (including NCBI Genbank, Swis-
sProt, EBI and the China National GeneBank
Database). Web-searching, now dominated by
Google, allows genome browsers and databases
to be found and accessed: individual databases
often become outdated or superseded within a
few months of publication, because of the
increased amount of data to be included,
improvements in algorithms and presentation, the
high cost of database maintenance to keep
Websites available and compatible with newer
Internet browser versions, changing Website
availability restrictions and often dependency on
short-term grant funding for maintenance. For
example, a state-of-the-art database in 2010 of
restriction fragment polymorphisms or amplified
fragment length polymorphisms (AFLPs), writ-
ten with a Flash-based graphical interface, would
neither have useful information nor work in a
browser by 2021.

15.2.1 Whole Genome Assemblies
of Brassica Species

Following the sequencing of the A. thaliana
genome (Arabidopsis Genome Initiative 2000),
many comparisons of Brassica gene sequences
became possible, before complete genome
sequencing of diploid and tetraploid Brassicas.
After a period involving sequencing of large-
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insert clones (bacterial artificial chromosomes,
BACs), genome sequencing relied on the avail-
ability of massive shotgun (random) approaches,
sequencing the genome tens to hundreds of times
(the Genome Coverage, Table 15.1) as random
fragments less than 100–300 bp length, before
assembly into contigs (contiguous stretches of
DNA) using computational approaches. Using
these draft assemblies, the genes of B. juncea
(AB genomes) were studied in detail in the early
2010s (Wang et al. 2011), often through refer-
ence to the diploid A genome (B. rapa) pro-
genitor and Arabidopsis, since DNA sequencing
and assembly methods were not suitable for a
tetraploid species at that time. A range of
sequencing technologies with different capabili-
ties has been used (Table 15.2) since, leading to
the high-quality B. juncea sequences (Yang et al.
2016; Paritosh et al. 2021) now published
(Table 15.1). In the diploid species sequenced
first, genetic recombination maps from segre-
gating hybrid-derived populations analysed with
polymorphic DNA markers were important for
linking fragmentary assemblies (with the contigs
joined by inserting a row of NNNN indicating
unknown nucleotides). More recently, long-
molecule sequencing technology (PacBio
Sequel or Oxford Nanopore Technology), along
with optical mapping (BioNano) means that
genetic maps, although useful, are not essential
for sequence assembly.

Sequence assembly quality is measured using
different parameters (measured with various tools
and algorithms), and these parameters need to be
evaluated in the context of the use of the
assembly. The parameter N50 is widely quoted,
and gives the length of the shortest continuous
stretch of DNA (or contig) that, along with
longer contigs, represents half the total genome
length. Thus, a complete, end-to-end, assembly
would have an N50 of the median chromosome
length, and the total assembly include each
individual chromosome; such complete assem-
blies are becoming available in the 2020s for the
first time. N50 is the minimum number of contigs
which include half of all the DNA sequence: a
perfect genome sequence will have an N50 of
half the number of chromosomes of the

organism. A highly fragmented (often called
‘draft’) assembly of a genome sequence may
have an N50 of 10s of thousands of contigs (so
N50 will be a few kb), and there will be gaps and
unassembled regions. A fragmented or partial
genome sequence is useful for gene sequence
identification and marker development. Study of
genome and chromosomal rearrangements, copy
number variation (CNV) or linkage require more
complete assembly (lower N50 and larger N50)
than an assembly used for identification and
analysis of genes.

It is normal for genome assemblies to be
improved by their original authors in the years
following the original publication. This leads to
Version numbers, V1 being followed by V2, and
sometimes minor changes (e.g. V1.4) are indi-
cated after a decimal point. These revisions, often
only reported in on-line databases, may include
additional sequencing (sometimes using a dif-
ferent, long-read, technology), or genetic linkage
maps, or may be software based, with improved
calling of bases from the original sequencing, or,
very often, using improved assembly algorithms
and manual optimization.

15.2.1.1 Diploid Assemblies
The whole genome of the diploid B. rapa
ssp. pekinensis line Chiifu-401–42 was
sequenced and assembled using 72 � coverage
of paired short read sequences generated by
Illumina GA II technology with stringent
assembly parameters (Wang et al. 2011). This
draft genome was 283.8 Mb long and calculated
to cover >98% of the gene space. This assembly
integrated *200,000 sequences from the ends of
large DNA clones (BAC-end sequences) into 159
super-scaffolds that represented 90% of the
assembled sequences, with an N50 scaffold size
of 1.97 Mb. After that ten pseudo-chromosomes
were assembled using 1400 genetic markers
mapped on the scaffolds. This assembly was the
first sequenced genome among the Brassica
species and it was used as references genome of
other species. The first version of the assembly
updates with additional short read data was
released as v2.0. The scaffold order was
improved in the version v2.5 (http://brassicadb.
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org/brad/datasets/pub/Genomes/Brassica_rapa/
V2.0/V2.5/). The B. rapa genome, like most
other species, includes highly repeated sequences
and complex centromeric regions which were
under-represented in the early assemblies. It is
not possible to assemble the genome completely
using short read technologies only, even when
supplemented with large-insert BAC clone data,
and therefore the genome v2.5 is quite frag-
mented, allowing comprehensive analysis of the
gene space but limiting the utility of this
assembly for extensive genetic and genomic
analyses. In order to expand the utility of the
reference genome of B. rapa, at the structural
level, a massively improved assembly v3.0
(Zhang et al. 2018) has been created using
single-molecule sequencing (PacBio), optical
mapping (BioNano), and chromosome confor-
mation capture technologies (Hi-C). In the earlier
versions, the genetic map derived from the
crosses between distantly related cultivars of B.
rapa was used to assign scaffolds to chromo-
somes, which may have resulted in errors in the
assembly including possible overlapping
sequences. v3.0 serves as an important commu-
nity resource for genetic and genomic studies in

B. rapa, facilitating breeding, and comparative
genomic analysis with other Brassica species.

A high-quality continuous DNA sequence of
the second diploid progenitor of B. juncea, the B
genome B. nigra, was published in 2020 (Peru-
mal et al. 2020). Although survey sequences and
many shorter sequences were published earlier,
the lower economic value of B. nigra (black
mustard) and more limited interest in its genetic
diversity for introgression compared to the A
genome, lowered the incentive for sequencing.
Now, B. nigra (genotypes Ni100 and CN115125)
genome sequencing and assembly was performed
using a combination of Nanopore sequencing,
with Illumina error correction, Hi-C sequencing
and genetic mapping technology. Reads were
assembled to the contigs then the assembly was
polished with short reads (Illumina). The final
contigs were developed from SMARTdenovo
using 30–64� coverage of CANU-corrected
reads. The assembly genome was 447 Mb, rep-
resenting 78% of the predicted genome size of
genotype Ni100 (Perumal et al. 2020).
Genotyping-by-sequencing data was applied to
anchor assembled scaffolds to eight pseudo-
chromosomes.

Table 15.2 Key sequencing technologies used for Brassica species genome assemblies current in 2021

Technology Features Error rate

Nanopore MinIon,
PromethIONOxford Nanopore
Technology ONT

Single-molecule sequencing with read length from short to
to >1 Mb

error
rate >10%

Illumina
HiSeq, MiSeq

150–300 bp reads, usually from both ends of a fragment
(paired ends) from 300 bp to 30 kb long (mate pairs)

<0.01%

Sanger Reads 500–1000 bp of single DNA clones or PCR products.
Very expensive per base but used to fill gaps of a few kb, and
confirm polymorphisms

1–0.1%

Hi-C Chromatin conformation and capture. Cross-couples DNA
molecules and sequences both ends, identifying those
together in nuclei. The hybrid DNA molecules are then
sequenced at each end with Illumina technology

n/a

Sequel/Pac BioPacBioSMRTreads Reads of 5–20 kb 5–15%
error rate

BioNano Optical mapping of patterns of hybridization to stretched
single molecules

BGI DNBSeq Alternative technology to Illumina. 50–150 bp reads, usually
paired ends from 100 to 300 bp fragments

<0.01%
error rate;

n/a not applicable
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For the remaining diploid species, the C
genome B. oleracea, five genotypes have been
sequenced and assembled (Table 15.1), although
only two were assembled at chromosomal level.
The draft assembly of B. oleracea var. capi-
tata line 02–12 genome was made by including
Illumina, Roche 454 and Sanger sequence data
(Liu et al. 2014). The assembly represent 85% of
the estimated 630 Mb genome with more than
98% of the gene space. A popular inbreed line B.
oleracea L. var. botrytis (C-8) was sequenced
and assembled using 69.06 Gb of high-quality
PacBio long reads and 45.99 Gb of Illumina
reads (Sun et al. 2019) represents *200 fold
coverage of the cauliflower genome. All these
reads assembled in to 1.4 k contigs and size of
the genome was 584 Mb. Quality of the assem-
bly verified by mapping the Illumina reads to the
contigs by BWA-MEM tools. Almost 99% of the
reads mapped to the assembly, which covered
99.15% of the assembled sequence.

Additional diploid Brassica sequences are
being generated, particularly for genomes where
introgression of agronomic and quality traits,
including biotic and abiotic stress resistances, are
valuable, with the assembly quality depending on
the aims of the experiment. For example, a de
novo draft assembly of B. fruticulosa with
2,710,391 scaffolds a maximum of 61 kb long
(N50 483 bp) was valuable to identify intro-
gression (Agrawal et al. 2021).

15.2.1.2 Brassica juncea Genome
Assemblies

By 2021, three complete genome sequences of
the tetraploid B. juncea (AABB genome) had
been published. Compared to a diploid species,
the tetraploid has about two loci, one in each
genome, for each sequence, giving an additional
challenge to making an assembly. The diploid
species may also have two alleles at each locus
from the immediate parents (reduced by using
inbred lines) as well as different chromosome
rearrangements, including deletions and dupli-
cations within and between chromosomes. In
Brassica, remnants of ancestral whole genome
duplication events are a particular challenge
because the diploid species are themselves

mesohexaploid so each diploid genome is tripli-
cated with three copies.

Yang et al. (2016) used an inbred (homozy-
gous) line of B. juncea var. tumida for whole
genome sequencing and assembly. In combina-
tion of 12� coverage with PacBio single-
molecule long reads and 176� coverage Illu-
mina shotgun reads, a 784 Mb genome assembly
representing 85% of the estimated B. juncea
genome was completed. The first version of
assembly was refined using a million BioNano
data reads, each over 150 kb length (222 genome
coverage), with the final assembly giving a
955 Mb genome length with scaffold N50 of
1.5 Mb. Then a high-resolution genetic map with
5,333 bin markers were used to construct 18
pseudo-chromosomes of the B. junea genome.
A total 91.5% from A-subgenome and 72.3%
from B-subgenome sequences were anchored
onto the 10 and 8 pseudo-chromosomes of the
assembled B. juncea genome, respectively.
Finally, B. juncea chromosomes sorted into the
402.1 Mb B. juncea A and 547.5 Mb B. jun-
cea B subgenomes. The assembly further vali-
date by mapping PacBio data, published BACs
from B. nigra, 458 core eukaryotic genes and
expressed sequence tags (ESTs) from the US
National Centre for Biotechnology Information
(NCBI) database.

In the first version of the B. juncea genome
Yang et al. (2016), He and Bancroft (2018)
showed clearly the that there were problems with
the contiguity of the two genomes present, due to
inter-homeolog polymorphisms (IHPs), that were
more abundant than the allelic single nucleotide
polymorphisms (SNPs) used for genetic map-
ping. A careful transcriptome analysis showed
the scaffold chaemerism in the first version of the
assembly. Subsequent versions of the assembly
have improved and updated the genome
sequence of B. juncea (Yang et al. 2018b and
BRAD v. 1.5, not published in Genbank). He and
Bancroft (2018) exemplify the challenges of
assembly of a tetraploid genome with their crit-
icism of its chaemeric nature and potential jumps
between the diploid genomes.

Paritosh et al. (2021) sequenced and assem-
bled the genome of the B. juncea variety Varuna,
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giving a second de novo B. juncea genome
assembly. SMRT (single-molecule real-time)
sequencing on the PacBio RSII and the Illumina
HiSeq platform were used to generate raw reads.
PacBio reads were assembled with Canu assem-
bler and obtained 1253 contigs then Illumina
HiSeq reads were mapped on the PacBio contigs;
98% of the short reads mapped to the PacBio-
contigs demonstrating that the long-read
sequences had covered most of the genome.
Contigs were then corrected for the mis-
assemblies and scaffolded with BioNano optical
mapping. To generate the final chromosome level
assembly of the B. juncea genome, three linkage
maps were used (two for B. juncea and one
for B. nigra), giving the highly contiguous gen-
ome assembly with an N50 value of >5 Mb.

Complementing the B. juncea (AB) sequence,
Paritosh et al. (2021) also sequenced a doubled
haploid (DH) line of B. nigra (B) variety Sangam
using the Illumina HiSeq platform and assembled
in to 57 941 contigs with an N50 value of *
34.6 kb. These B. nigra contigs were scaffolded
with the Oxford Nanopore long-read sequence
and finally assembled into eight pseudo-
chromosomes and it represent around 346.9 Mb
of B. nigra out of 470.8 Mb sequenced B. nigra
genome.

Recently, third B. juncea genome has been
sequenced and chromosome-scale de novo
assembly reported by the Kang et al (2021). The
whole genome was assembled using PacBio
long-read, Illumina short read sequencing, Bio-
Nano optical mapping and Hi-C seq data. First
PacBio (*93�) reads were assembled into
contigs then Illumina reads (*130�) were
applied to contig correction for generation of the
first version of the assembly (V1). An optical
consensus map generated using BioNano
(202� coverage) data and this map implemented
to assemble 1,897 super-scaffolds with an N50 of
5.87 Mb (assembly V2). All these super- scaf-
folds assembled into pseudo-chromosomes were
checked against a high-density genetic linkage
map consisting of 15,543-markers. Finally, Hi-C
data was used to confirm the pseudo-
chromosomes. The assembly size of this
yellow-seeded B. juncea genome is

933,496,244 bp containing 82,723 protein cod-
ing genes and *50% of the genome annotated
as TE elements.

15.2.1.3 Other Tetraploid Sequence
Assemblies

The B. carinata (BC) genome was de novo
assembled using 83.09 Gb (76�) ONT Nano-
pore, 180.53 Gb (166�) Hi-C sequencing and
64.24 Gb (59 � ) Illumina reads. The assembly
was 1086.8 Mb, representing 94.44% of the
estimated genome. The B. carinata genome is
larger than two other tetraploid species B. jun-
cea (� 955 Mb) and B. napus “Darmor-bzh”
(849.7 Mb) (Chalhoub et al. 2014; Yang et al.
2016; Yang et al. 2018a; Song et al. 2021).
Around 94% (1,019.1 Mb) of the assembled
genome were anchored to 17 chromosomes.
Among these 52% (530.6 Mb) and 48%
(488.5 Mb) reads were anchored onto the eight
(B. carinata B) and nine (B. carinata C) pseudo-
chromosomes, respectively.

The first draft genome of B. napus was
developed from the European winter-type culti-
var ‘Darmor-bzh’ (Chalhoub et al. 2014), and has
been largely used for DNA marker development
and mapping. A second European winter-type
cultivar ‘Tapidor’ was also assembled with Illu-
mina short reads (Bayer et al. 2017), and a
Chinese semi-winter-type cultivar ‘Ningyou7’
was assembled from short reads and gaps were
filled in by PacBio reads (Zou et al. 2019). The
genome of B. napus cultivar ‘ZS11’, with high
oil content and high seed production, was
assembled based on a hybrid strategy using BAC
large-insert clones and short reads (Sun et al.
2017). Recently an improved assembly has been
released for the cultivar ‘ZS11’ (Chen et al.
2021) WITH long PacBioSMRT reads, genetic
maps and Hi-C technologies.

15.2.2 Transcriptome Sequences
and Assembly
of Brassica Species

Large scale RNA-sequence data (EST) is a
powerful and cost-efficient method for
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transcription profiling, gene annotation (gene
modelling) for the assembled genome (Ozsolak
and Milos 2011), and expression measurement of
the genes in different tissues or under different
conditions (Mortazavi et al. 2008). RNA-seq data
also enables detection of alternative splicing
(AS) events at single nucleotide resolution (Sul-
tan et al. 2008), increasingly recognized as a
major aspect of regulation of cell development.
A total of *27 million Illumina RNA-seq
paired-end reads were generated for the eight
different tissues of two B. rapa cultivars (Chiifu-
401-42 and Caixin accession, L58). These RNA-
seq along with public EST of Brassica species
were used for gene modelling of the
sequenced B. rapa genome. Similarly, B. nigra
was annotated using a combination of sequenced
39 Gb RNA-seq data from B. nigra cv. Ni100
and C2 and public Brassica EST sequence data.
B. oleracea genome was annotated using only
Brassica ESTs from NCBI. For the B. juncea
and B. napus genome annotation publicly avail-
able transcripts from Brassica and its relative
species were used. Large number of high-quality
full-length transcript sequences were generated
from the six different tissue samples (root, stem,
leaf, flower, silique and seed) of B. carinata ap-
plying the PacBio single-molecule real-time
sequencing technology. Further Illumina RNA-
seq data from six tissues and drought-treatment
leaf samples of B. carinata were generated for B.
carinata genome annotation as well as predict the
differential expressed gene in this species.

Comparative transcriptomics approaches is
popular to identify putative genes underlying
(responsible) for the particular traits. It is one
kinds of snapshot methods to detect genes and
their putative role/function. In this approach,
total RNA from the samples were extracted and
cDNA library prepared and subsequent the
library sequenced to get raw RNA sequences
reads, after that a series of bioinformatics tools
and methods use to analysis and compare
these transcriptome data. In Brassica compara-
tive transcriptomics approaches applied for
characterization many genes including disease
resistance, aphid resistant, stress tolerance (salt,
biotic, abiotic), anthocyanin etc.

Chao et al. (2020) developed a massive
number of RNA-seq data from 103 tissues from
rapeseed cultivar Zhong Shuang11 (ZS11) at
seven developmental stages (seed germination,
seedling, bolting, initial flowering, full-bloom,
podding and maturation). In this analysis, the
expression patters of 101,040 genes were deter-
mined by estimate FPKM value. All the analysis
are deposited in a searchable database called
Brassica EDB (https://brassica.biodb.org/index).

15.3 Genome Composition
and Genome Size

The DNA sequence includes genes and regulatory
sequences, but the majority of the sequence of
most plants and animals are represented by
repetitive elements (Biscotti et al. 2015). A typi-
cal plant genome includes both tandemly repeated
satellite DNAmotifs, located at a small number of
chromosomal location, and transposable elements
which may be dispersed throughout the genome
or amplified at particular locations; together, 60%
or more of the nuclear DNA may be represented
by these repetitive sequences. Genome size vari-
ations among species occurs by duplication of
parts of the genome including genes, but more
often through gain or loss of repetitive DNA:
transposable elements insertion and deletion
events occur in the Brassicaceae during the evo-
lution of the species (Nouroz et al. 2017). Large
scale genome sequencing and comparative
genomics analysis of Brassica species enable us
to explore the genomic composition and evolu-
tion events of the species.

Based on assemble and annotation informa-
tion, we compared the gene number, genome size
and gene density among the six Brassica species.
In terms of assemble genome size B. carinata
genome is the largest and it is 3-2fold bigger than
B. rapa, B. nigra and B. olerecia genomes
(Fig. 15.1). Similarly, maximum number of the
gene counts in the B. carinata genome, B. nigra
and B. oleracea genomes contains similar num-
ber of the genes. The highest gene density was
found in the B. rapa genome (1 gene per 8 kb
genome).
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Around 47% of the B. juncea genome consists
TEs; A genome (113 Mb; *33.9%) has less
repeat content than the B genome
(*259 Mb; *51%).LTR/Copia and
LTR/Gypsy, types retrotransposons were the
predominant in B. juncea genome (Paritosh et al.
2021). Among the six Brassica species B.

oleracea contains highest proportion of TEs in its
genome and it was 70% (Fig. 15.2).

Simple sequences repeats—arrays of tandem
repeats of short nucleotide motifs typically
between 1 and 5 bp long—also are found abun-
dantly in all plant genomes. Being typically
dispersed in the genome, and showing rapid and

Fig. 15.1 Comparative illustration of the gene number, genome size and gene density of six Brassica species

Fig. 15.2 Comparative
features of the genome
composition of six Brassica
species

278 M. K. Biswas et al.



heritable evolutionary changes in the number of
copies of the repeats, flanking PCR primers can
be used to generate molecular markers. Thou-
sands of potential SSR markers have been iden-
tified in Brassica species using whole genome
sequencing data and transcriptome sequence data
or BAC-end sequences. Now, hundreds of the
SSR markers have been optimized and mapping
in the Brassica genomes, and are now used
extensively for linkage map development,
studying genetic diversity and for analysis of
population structures (Fig. 15.3).

15.4 Conclusions and Applications

As for many other important crops, the avail-
ability of whole genome sequence in B. juncea,
as well as sequences for diploid relatives and the
wider pool of germplasm, is proving critical for
identifying key genes and their controlling ele-
ments related to agronomy, biotic and abiotic
stress resistance, yield and quality. Whole gen-
ome sequencing enables development of DNA
markers at known genomic locations and enables
mapping of genes. Quantitative trait loci (QTLs)
are identified in DNA sequences where poly-
morphisms have been identified, by measuring
phenotypes in genetically segregating popula-
tions of a few hundred plants derived from
contrasting inbred parents. Genome wide

association studies (GWAS) identify phenotypic
traits that correlate with particular DNA poly-
morphisms in measurements of the trait in large
numbers—ideally hundreds, but often tens—of
plants which are not closely related. With a
genetic map, segregation of markers can be
examined, along with character traits. The gen-
ome sequence also underpins the generation of a
pangenome for the species, more broadly
allowing the complete allelic diversity of genes
to be identified. Importantly for the future, copy
number variation (CNV) and structural variation
will be increasingly easy to analyse with long-
molecule DNA sequencing. The sequencing
information can be combined with epigenomics
and modification of expression. The availability
of high-quality genomic DNA sequences from
Brassica juncea is underpinning future
improvement of the crop.
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16Brassica juncea L.: Chloroplast
Genome

Sudheesh K. Prabhudas, Raju Balaji,
and Purushothaman Natarajan

Abstract

Brassica juncea L. is one of the major edible
oilseed crops of India. It is an amphidiploid
species with Brassica rapa L. and Brassica
nigra L. as its progenitor species. The B.
juncea L. chloroplast genome sequence is
similar to its maternal progenitor species B.
rapa L. The chloroplast genome encodes 113
genes consisting of 4 rRNA, 30 tRNA, and 79
protein-coding genes. Phylogenetic analysis
of multiple accessions of chloroplast genomes
of six major Brassica species of the triangle of
U reconfirmed their divergence into two major
lineages, the rapa/oleracea and the nigra
lineages. The rapa/oleracea lineage consisted
of three major groups consisting of four of the
six major species of Brassica and the oleracea
lineage consisted of the remaining two
species. The usage of multiple accessions of

chloroplast genomes further resolved the
phylogenetic analysis, and in the future, using
more accessions might resolve the actual
divergence time among the species.

16.1 Introduction

Chloroplast (cp) is the plant organelle belonging
to the plastid group. It evolved by endosymbio-
genesis of an ancient cyanobacterium into a non-
photosynthetic eukaryotic ancestor cell, and the
evolution of photosynthetic eukaryotes dates back
to 1.25 billion years ago (Gray 1992; Gibson et al.
2018). Chloroplasts are the metabolic centers of
plants playing a pivotal role in photosynthesis, de
novo fatty acid synthesis, amino acid synthesis,
and innate immunity of the plant (Padmanabhan
and Dinesh-Kumar 2010; Reyes-Prieto and
Moustafa 2012; Li-Beisson et al. 2017). The cp
population in a single cell varies from 20 to 120
based on tissue type and ploidy of the organism
(Mochizuki and Sueoka 1955). During the course
of evolution, most of the cyanobacterium genome
migrated to the host nuclear genome, and the
resulting cp genome has been reduced to harbor
120–130 genes, mostly coding for transcription,
translation, and photosynthesis. The organization
of the cp genome is essentially circular and
quadripartite, with two single-copy sections (long
single-copy region, LSC, and short single-copy
region, SSC) separated by a pair of inverted repeat
regions (IR). The cp genomes having linear, stem-
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loop structure and multiple mini circular frag-
mented genomes have also been reported in Cla-
dophorales and Dinoflagellate plastids (Bendich
2004; De Vries and Archibald 2018). The cp
genome is usually maternally inherited in
angiosperms, with a few exceptions of paternal
and bi-parental inheritance (Birky 1995; Cor-
riveau and Coleman 1988).

Brassica juncea L. is one of the six major
crops belonging to the genus Brassica. Three are
the parental diploid crops belonging to the tri-
angle of U consisting of Brassica nigra L. (BB,
2n = 16), Brassica rapa L. (AA, 2n = 20), and
Brassica oleracea L. (CC, 2n = 18). Three are
the amphidiploid offsprings of the triangle of U
comprising Brassica juncea L. (AABB,
2n = 36), Brassica napus L. (AACC, 2n = 38),
and Brassica carinata L. (BBCC, 2n = 34)
(Nagaharu 1935). B. juncea L. is a hybrid
between B. rapa L. and B. nigra L. and its cp
genome is identical to that of its maternal
ancestor B. rapa L.

16.2 Brassica juncea Chloroplast
Genome

The first report of complete cp genome of B.
juncea L. utilized the shallow whole-genome
sequence data from the Illumina sequencing
technology (Prabhudas et al. 2016a). The cp
genome exhibited circular quadripartite structure
with a GC content of 36.36% and total length of
153,483 bp. The LSC and SSC were 83,826 bp
and 17,775 bp with GC content of 34.12% and
29.20% respectively. The IR pair were 26,211 bp
long each with a GC content of 42.34%. The
presence of rRNA genes in IRs accounts for its
high GC content. The total 113 annotated genes
include 4 rRNA, 30 tRNA, and 79 protein-
coding genes (Fig. 16.1). Currently, NCBI hosts
five different accessions of B. juncea L. cp gen-
omes four of which have the same sequence

length of 153,483 bp, and one accession has total
length of 153,490 bp.

16.3 Chloroplast Genes

The cp genome of B. juncea L. consists of a total
of 85 protein-coding genes which includes six
duplicated genes present in each of the inverted
repeats. Eight rRNA genes are present in both the
inverted repeats and 37 tRNA genes. Despite
having a prokaryotic origin some of the cp genes
developed introns in their sequence. Genes like
ATP synthase subunit F (atpF), NADH dehy-
drogenase subunit A (ndhA), large ribosomal
subunit 2 (rpl2), RNA polymerase subunit C1
(rpoC1), certain tRNA genes (trnV-UAC, trnL-
UAA, trnK-UUU, trnI-GAU, and trnA-UGC)
have developed a single intron whereas genes
like protease (clpP) and conserved open reading
frame (ycf3) has developed two introns in their
sequence. The small ribosomal subunit 12 exhi-
bits trans-splicing with its 5′ end in the LSC and
two copies of its 3′ region present in each of the
IR regions. Table 16.1 furnishes the genes in the
cp genome of B. juncea L. classified based on
their functions.

In the B. juncea cp genome, the relative syn-
onymous codon usage (RSCU) and amino acid
frequency of the protein-coding sequences were
analyzed and presented in Table 16.2. Leucine
(30.9%) and cysteine (3.5%) were the most and
least common amino acids in the cp-encoded
proteins, respectively. The codons AUU (12.3%;
encoding isoleucine) and UGA (0.1 percent;
encoding translational stop) were the most and
least utilized, respectively. We discovered 32
non-preferred (RSCU < 1) and 32 preferred
(RSCU > 1) synonymous codons. In general,
synonymous codons with a C-ending were pre-
ferred, while the non-preferred codons more
likely ended in U. In the B. juncea cp genome, no
codons were characterized as rare (RSCU < 0.3).
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16.4 Simple Sequence Repeat
(SSR) and Inverted Repeat
(IR) Analysis

SSRs are found across the genome at different
loci (Asaf et al. 2017). The cp genome exhibits
uniparental inheritance and SSRs have diversity
within the same species. As a result, cp SSRs
have been widely employed as molecular

markers in target gene calibration, genetic map
generation, and mapping research (Flannery et al.
2006; Yin et al. 2017). There are a total of 67
SSRs in the B. juncea L. cp genome, with 62
mononucleotides (mono) and 5 dinucleotides
(di) SSRs. Mono SSR is the most common type
of SSR; T type SSR accounts for 53.73 percent
of total SSRs.

Assessment of the SSRs in the seven cp
genomes of Brassica (Fig. 16.2) showed that all

Fig. 16.1 Chloroplast genome map of Brassica juncea L.
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Table 16.1 List of genes in B. juncea chloroplast genome

Function Gene group Gene names

Photosynthesis ATP synthase atpA atpB atpE atpFa atpH atpI

Cytochrome b/f complex petA petB petD petG petL petN

NADH dehydrogenase ndhAa ndhB ndhC ndhD ndhE ndhF

ndhG ndhH ndhI ndhJ ndhK

Photosystem I psaA psaB psaC psaI psaJ

Photosystem II psbA psbB psbC psbD psbE psbF

psbH psbI psbJ psbK psbL psbM

psbN psbT psbZ

Large subunit of Rubisco rbcL

Self-
replication

Ribosomal proteins (SSU) rps2 rps3 rps4 rps7 rps8 rps11

rps12c rps14 rps15 rps16 rps18 rps19

Ribosomal proteins (LSU) rpl2a rpl14 rpl16 rpl20 rpl22 rpl23

rpl32 rpl33 rpl36

RNA polymerase rpoA rpoB rpoC1a rpoC2

Ribosomal RNAs rrn4.5 rrn5 rrn16 rrn23

Transfer RNA’s trnA-
UGCa

trnC-
GCA

trnD-
GUC

trnE-
UUC

trnK-
UUUa

trnS-
UGA

trnG-
UCC

trnH-
GUG

trnL-
UAAa

trnT-
GGU

trnF-
GAA

trnI-
CAU

trnI-
GAUa

trnL-
CAA

trnL-
UAG

trnN-
GUU

trnfM-
CAU

trnM-
CAU

trnP-
UGG

trnP-
GGG

trnT-
UGU

trnQ-
UUG

trnR-
UCU

trnS-
GCU

trnV-
GAC

trnR-
ACG

trnS-
GGA

trnS-
GGA

trnV-
UACa

trnW-
CCA

trnY-
GUA

Other genes Subunit of acetyl-CoA-
carboxylase, c-type cytochrome
synthase, envelope membrane
protein, protease, maturase K

accD, ccsA, cemA, clpPb, matK

Proteins of
unknown
function

Conserved open reading frames
(ORF/ycf)

ycf1 ycf2 ycf3 ycf4 ycf15

a Consists of one intron
b Consists of two introns
c Exhibits trans-splicing
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Table 16.2 The codon frequency and relative synonymous codon usage (RSCU) in the protein-coding sequences of
the B. juncea cp genome

Amino acid Codon Amino acid
residue (%)

RSCU Amino acid Codon Amino acid
residue (%)

RSCU

Ala GCU(A) 7.2 1.85 Leu CUC(L) 2.1 0.41

Ala GCC(A) 2.3 0.6 Leu CUA(L) 4.2 0.82

Ala GCA(A) 4.4 1.12 Leu CUG(L) 1.9 0.37

Ala GCG(A) 1.7 0.42 Lys AAA(K) 11.1 1.49

Arg CGU(R) 3.8 1.34 Lys AAG(K) 3.8 0.51

Arg CGC(R) 1.2 0.44 Met AUG(M) 6.6 1

Arg CGA(R) 3.8 1.35 Phe UUU 11.4 1.34

Arg CGG(R) 1.4 0.5 Phe UUC 5.6 0.66

Arg AGA(R) 5 1.75 Pro CCU(P) 4.7 1.59

Arg AGG(R) 1.8 0.63 Pro CCC(P) 2.2 0.73

Asn AAU(N) 10.6 1.54 Pro CCA(P) 3.3 1.14

Asn AAC(N) 3.1 0.46 Pro CCG(P) 1.6 0.54

Asp GAU(D) 9.2 1.61 Ser UCU(S) 6.5 1.76

Asp GAC(D) 2.2 0.39 Ser UCC(S) 3.3 0.89

Cys UGU(C) 2.7 1.53 Ser UCA(S) 4.4 1.19

Cys UGC(C) 0.8 0.47 Ser UCG(S) 2.2 0.59

Gln CAA(Q) 7.9 1.54 Ser AGU(S) 4.5 1.21

Gln CAG(Q) 2.3 0.46 Ser AGC(S) 1.4 0.37

Glu GAA(E) 11.1 1.5 Thr ACU 6.1 1.64

Glu GAG(E) 3.7 0.5 Thr ACC 2.6 0.71

Gly GGU(G) 6.5 1.31 Thr ACA 4.5 1.22

Gly GGC(G) 1.9 0.38 Thr ACG 1.6 0.44

Gly GGA(G) 8.2 1.65 Trp UGG(W) 4.9 1

Gly GGG(G) 3.2 0.65 Tyr UAU(Y) 8.6 1.62

His CAU(H) 5 1.5 Tyr UAC(Y) 2 0.38

His CAC(H) 1.7 0.5 Val GUU(V) 5.8 1.47

Ile AUU(I) 12.3 1.49 Val GUC(V) 1.9 0.5

Ile AUC(I) 4.8 0.58 Val GUA(V) 5.7 1.45

Ile AUA(I) 7.7 0.93 Val GUG(V) 2.3 0.58

Leu UUA 10.4 2.02 STOP UAA(*) 0.6 1.8

Leu UUG(L) 5.9 1.15 STOP UAG(*) 0.3 0.78

Leu CUU(L) 6.4 1.25 STOP UGA(*) 0.1 0.42
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seven cp genomes are almost similar. Most of the
SSRs in the seven cp genomes consist of mono
and di repeat motifs. The mono repeats vary from
62 (B. juncea) to 66 (B. oleracea and B. rapa
c13), and the di repeats vary from 5 (B. juncea,
B. rapa c13, B. rapa 18R-1, and B. rapa
subsp. Rapa) to 7 (B. nigra). However, there is
only one trinucleotide repeat present in the
B. nigra species of cp genome. The comparison
is given in Table 16.3.

The IR scope program was used to analyze the
expansion and contraction of typical cp genomes
from Brassica species from the organellar gen-
ome database and nucleotide database. (Amiry-
ousefi et al. 2018). The LSC regions ranged
between 83,030 and 83,558 bp, the SSC regions
ranged from 17,683 to 17,834 bp and the IR
regions ranged from 26,035 to 26,219 bp as
shown in Fig. 16.3. The IR regions were almost
similar in size among most of the species except
for B. napus L. cp genome. The IR and LSC of
B. napus L. exhibited a slight contraction in
comparison to the other cp genomes, which is
also reflected in its cp genome size. The
remaining cp genomes had only a few base pairs
difference at the IR junctions.

16.5 Phylogenetic Study in Brassica

The cp gene sequences obtained using Sanger
sequencing technique have played a crucial role
in phylogenetic studies and have resolved many
evolutionary relationships between closely rela-
ted species (Palmer et al. 1983). The next-
generation sequencing techniques make it easy to
get entire cp genomes by employing shallow
whole-genome sequencing without the need to
extract cp genomes individually (Prabhudas et al.
2016b). The evolutionary study based on cp
genes and nuclear genome blocks revealed that
there were two lineages Rapa/Oleracea lineage
and the nigra lineage that diverged approxi-
mately 12 Mya and underwent two poly-
ploidization events to give rise to the three
diploid species of triangle of U (Sharma et al.
2014). In a more recent study, about 60 different
accessions of cp genome sequences belonging to
all the six species of triangle of U were used to
evaluate their evolutionary relationship. The
phylogenetic tree revealed four major clades with
Brassica rapa L., the progenitor species of
Brassica juncea L., occurring in clades I and III

Fig. 16.2 Simple sequence repeat (SSR) motifs of seven chloroplast genomes of Brassica species
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Table 16.3 Comparison table of SSR’s in chloroplast genomes of major Brassica species

Species Repeat/motif
length

Number of repeats Total %

6 7 8 9 10 11 12 13 14 15 > 15

Brassica juncea A 0 0 0 0 13 5 1 3 2 1 0 25 37.31

C 0 0 0 0 0 0 0 1 0 0 0 1 1.49

T 0 0 0 0 9 13 5 5 2 0 2 36 53.73

AT 2 1 1 0 0 0 0 0 0 0 0 4 5.97

TA 0 1 0 0 0 0 0 0 0 0 0 1 1.49

Total number of repeats 67

Brassica napus A 0 0 0 0 0 9 8 0 3 1 3 24 34.29

C 0 0 0 0 0 2 0 0 0 0 0 2 2.86

T 0 0 0 0 0 15 10 5 4 1 3 38 54.29

AT 0 2 1 2 0 0 0 0 0 0 0 5 7.14

TA 0 1 0 0 0 0 0 0 0 0 0 1 1.43

Total number of repeats 70

Brassica nigra A 0 0 0 0 0 8 3 0 3 2 2 18 26.87

C 0 0 0 0 0 1 0 0 0 0 0 1 1.49

T 0 0 0 0 0 14 7 6 9 0 3 39 58.21

AT 0 5 1 0 0 0 0 0 0 0 0 6 8.96

TA 0 0 0 0 1 0 0 0 0 0 0 1 1.49

TC 0 1 0 0 0 0 0 0 0 0 0 1 1.49

ATA 1 0 0 0 0 0 0 0 0 0 0 1 1.49

Total number of repeats 67

Brassica oleracea A 0 0 0 0 8 7 1 2 2 1 0 21 29.17

C 0 0 0 0 0 1 0 0 0 0 0 1 1.39

T 0 0 0 0 18 11 4 3 4 4 0 44 61.11

AT 2 3 0 0 0 0 0 0 0 0 0 5 6.94

TA 0 0 0 1 0 0 0 0 0 0 0 1 1.39

Total number of repeats 72

Brassica rapa 18R-1 A 0 0 0 0 14 5 2 1 3 1 0 26 38.24

C 0 0 0 0 0 1 0 0 0 0 0 1 1.47

T 0 0 0 0 10 12 6 4 2 2 0 36 52.94

AT 2 1 1 0 0 0 0 0 0 0 0 4 5.88

TA 0 1 0 0 0 0 0 0 0 0 0 1 1.47

Total number of repeats 68

Brassica rapa c13 A 0 0 0 0 14 5 2 1 3 1 0 26 36.62

C 0 0 0 0 1 1 0 0 0 0 0 2 2.82

T 0 0 0 0 11 13 5 4 3 0 2 38 53.52

AT 2 1 1 0 0 0 0 0 0 0 0 4 5.63

TA 0 1 0 0 0 0 0 0 0 0 0 1 1.41

Total number of repeats 71

(continued)
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Table 16.3 (continued)

Species Repeat/motif
length

Number of repeats Total %

6 7 8 9 10 11 12 13 14 15 > 15

Brassica rapa
subsp. Rapa

A 0 0 0 0 14 5 1 1 3 1 1 26 37.14

C 0 0 0 0 0 1 0 0 0 0 0 1 1.43

T 0 0 0 0 11 13 5 4 3 0 2 38 54.29

AT 2 1 1 0 0 0 0 0 0 0 0 4 5.71

TA 0 1 0 0 0 0 0 0 0 0 0 1 1.43

Total number of repeats 70

Brassica carinata A 0 0 0 0 14 5 1 1 3 1 1 26 37.14

C 0 0 0 0 0 1 0 0 0 0 0 1 1.43

T 0 0 0 0 11 13 5 4 3 0 2 38 54.29

AT 2 1 1 0 0 0 0 0 0 0 0 4 5.71

TA 0 1 0 0 0 0 0 0 0 0 0 1 1.43

Total number of repeats 70

Fig. 16.3 Inverted repeat junction sites. The genes
transcribed on the sense and antisense strand are depicted
on the top and bottom of each track respectively for the
respective species. The junction sites between each of the
two corresponding sites are denoted as JLB (LSC/IRb),

JSB (IRb/SSC), JSA (SSC/IRa), and JLA (IRa/LSC). The
scale bar above and below the genes represent the number
of bases present in each corresponding region at the
junctions and the arrows point to the distance towards the
start or stop site of the nearest gene to the junction site
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pointing to having two different cp lineages. All
of Brassica juncea L cp accessions grouped with
the clade I, whereas the Brassica napus
L. accessions grouped with either of the lineages
of its progenitor Brassica rapa L. Brassica
oleracea L. occupied the clade II and Brassica
nigra L. and Brassica carinata L. shared the
clade IV, since there was only single accession
for each of them (Li et al. 2017). In an attempt to
replicate the phylogenetic study, we mined the
47 cp genome sequences available in NCBI for
B. rapa L., B. oleracea L., B. napus L., B. juncea
L., B. carinata L. and B. nigra L. each having 11,
11, 10, 6, 5 and 4 accessions respectively. Ara-
bidopsis thaliana L. cp genome was used as an

outgroup and the sequence alignment was per-
formed using the MUSCLE module of MEGAX
tool and the overhang sequences in the alignment
were trimmed. The best fit model for generating a
maximum likelihood tree was suggested as
GTR + G + I by the MEGAX tool (Kumar et al.
2018). The phylogenetic tree was generated
using MrBayes v3.2.7 tool with the alignment
file from MEGAX tool as input (Ronquist et al.
2012). Tree generated by MrBayes was visual-
ized in FigTree v1.4.4 (Rambaut 2009).

The phylogenetic tree in Fig. 16.4 concurs
with the findings of Sharma et al. (2014), and
show the divergence of Brassica into the nigra
lineage containing B. nigra L. and B. carinata

Fig. 16.4 Phylogenetic tree constructed using MrBayes using the GTR + G + I nucleotide model for the alignment of
complete chloroplast genomes of Brassica genus. The probability percentage is displayed at the nodes of the tree
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L. and Rapa/Oleracea lineage containing B. rapa
L., B. juncea L., B. oleracea L. and B. napus L.
The tree also had four clades similar to that of Li
et al. (2017). Clade I was represented by B. rapa
L., B. juncea L., and two accessions of B. napus
L. The clustering of all B. juncea L. accessions
with B. rapa L. proves its monophyletic origin.
Clade II was completely represented by B. oler-
acea L. Clade III in our case represented com-
pletely B. napus L. and none of the B. rapa L.
accessions, one of the reasons could be the
absence of the broccoletto accession of B. rapa
L. used by Li et al., in NCBI. However, the
grouping of B. napus L. into clade III in itself
hints at the presence of the second type of B.
rapa L. ancestral species other than the one
present in Clade I. Clade IV was represented by
the nigra lineage (B. nigra L., and B. carinata
L.). The divergence of B. nigra L. and B. cari-
nata L. has been reported to be 1.07 Mya by Li
et al. (2017) based on single accessions, but in
the current tree, it is evident that the possible
divergence could be much more recent than
reported time. However, the divergence times
reported in different studies are relative and
depend mostly on the dating technique used for
the fossils that are used for calibrating the
molecular clocks in phylogenetic analysis.

16.6 Conclusion

Cp genomes are relatively more conserved when
compared to nuclear genomes and its uniparental
inheritance has made it an ideal candidate for
phylogeny-based studies. We have reported the
cp genome of Brassica juncea L. with a total
length of 153,483 bp consisting of 113 genes.
The phylogenetic study involving 47 complete
cp genome sequences gave a resolved picture of
the evolution of Brassica species. The cp gen-
omes of other species in the genus Brassica other
than the six major species can also give an idea
of inter-species relations. The availability of
multiple accessions of complete cp genomes also
helps resolve the intra- and inter-species rela-
tionship of Brassicaceae family.
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Abstract

Brassica species present maximum diversity
and play an important role in agri and
horticulture sectors. Brassica transcriptome
landscape has facilitated the identification of
agronomically important genes relevant for
biotic and abiotic stress tolerance and other
traits. Genomes of five important Brassica
family members including B. rapa, B. oler-
acea, B. nigra, B. napus, and B. juncea have
been assembled to provide valuable genomics
information on agronomic traits for use in
molecular breeding. The whole genome tran-
scriptomic (RNA Seq) analysis tools have
become significant for further investigation

and analysis of crop diversity and loci gov-
erning important traits. Over the years,
RNA-seq in Brassicas has expanded rapidly
providing gainful insights into differential
gene expression, genome structure, diversity,
evolutionary analysis, and marker develop-
ment. The sequencing tools for Brassica crops
and the resultant genomic databases are def-
initely making strides in unraveling genomics
detailing of glucosinolates, anthocyanins, dis-
ease resistance, flowering, and hormones. In
this article, we present an overview on the
transcriptomics research in Brassica species
and discuss the advances in genomics tools
such as RNAinterference and genome editing.
Blend of genomics and breeding efforts
should foster the development of climate
smart Brassicas to achieve sustainability in
the times of changing environment.

17.1 Introduction to Crop
and Evolution

Brassica crops provide the maximum diversity of
products from a single genus Brassicaceae
includes 372 plant genera and almost 4060 are
accepted species names (Brassicaceae—The
Plant List) and 3660 species are classified within
the 321 genera (Kiefer et al. 2014). Brassica
species play an essential role in agriculture and
horticulture (Rakow 2004; El-Esawi 2016).
Annual coverage of cultivation of Brassica
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oilseed crops is * 34 million hectares of the
world’s agricultural land (FAO 2013). India
stands third in rapeseed-mustard production with
a total of 12–15% of cultivated oilseeds’ area
(Venkattakumar and Padmaiah 2010). Members
of Brassica are mostly adaptive to lower tem-
peratures and hence are well adapted to cultiva-
tion at high elevations and as winter crops in the
subtropical areas. In temperate zones, oilseed
rape (Brassica napus) and turnip rape (Brassica
rapa) are predominately cultivated, while Indian
mustard or rai (Brassica juncea) is cultivated as
major oil source in the subtropics of Asia. The
three allotetraploids (B. juncea, B. carinata, and
B. napus) account for 12% of edible oil pro-
duction of the world (http://www.fao.org/faostat
). Besides this, Brassicas serve as leaf, flower,
and root vegetables that are eaten fresh, cooked
and processed and also being used as fodder and
forage. There is a wide variation among the
Brassicas for morphological and adaptive traits
which has been useful for breeding for improved
cultivars (Jambhulkar 2015; Rai et al. 2021).

Wild diploid Brassica and their related hybrid
amphidiploids have evolved naturally and are
confirmed by extensive experimental crosses
between diploid and/or tetraploid followed by
karyotyping and microscopic observations at the
synapsis stage of meiosis in these crosses (Cheng
et al. 2014). Based upon the studies, the genetic
relationships of these species were identified by
the Korean botanist Nagaharu (1935) that three
basic diploid Brassica forms were probably the
parents of subsequent amphidiploid crops.
Brassica nigra (black mustard), the ancestor of
culinary mustards, is found as annual herb
growing in the rocky Mediterranean coasts.
Natural populations of B. oleracea and associ-
ated types have been identified as potential pro-
genitors of many European cole vegetables
which are capable of conserving water and
nutrients. The putative ancestor of B. rapa may
have originated from the high plateau regions in
today’s Iran–Iraq–Turkey which had the ability
to grow rapidly in the hot, dry conditions,
forming copious seed (Dixon 2007; El-Esawi
2016). Brassica carinata (n = 17) hybrid might
have originated from the hybridization of

B. oleracea (n = 9) with wild or semi-
domesticated forms of B. nigra (n = 8).
Another amphidiploid, Brassica juncea (n = 18)
is a hybridization product of B. rapa (n = 10)
and B. nigra (n = 8) (Frandsen 1943). The third
amphidiploid, B. napus (n = 19) developed from
a cross between B. rapa (n = 10) and B. oleracea
(n = 9). Besides these, an additional gene pool
involves genera and species related to Brassica
crops in 36 cytodemes such as Diplotaxis,
Enarthrocarpus, Eruca, Erucastrum, Hirschfeldia,
Rhynchosinapis, Sinapis, Sinapodendron, and
Trachystoma genera (Harbered 1976; Branca and
Cartea 2011). The nuclear DNA content among
the different species in Brassicaceae has a very
narrow range (0.16 pg < 1C < 1.95 pg) much
lower than Poaceae, and Fabaceae suggesting a
dynamic, genome size divergence during evolu-
tion in the Brassica members. Genetic relation-
ship of the Brassica species and genome size are
presented in Fig. 17.1. Despite such conservative
DNA content, a great deal of structural evolution
of genomes has taken place during the evolution
(Lagercrantz and Lydiate 1996; Lan et al. 2000).
According to Song et al. (1995) genome insta-
bility was the basis for all the genomic changes
observed in allopolyploids.

The evolution of Brassica and allied genera
from a common ancestor with n = 6 was
explained through the phylogenetic studies sug-
gesting an increase in the number of chromo-
somes and partial homology of A, B, and C
genomes (Branca and Cartea 2011). Whole
genome sequencing and comparative genomic
analysis based on the genome sequences of B.
rapa and A. thaliana further suggested the whole
genome triplication (WGT) phenomenon in the
speciation and morphotype diversification of
Brassica spp. After WGT, extensive genome
fractionation, block reshuffling and chromosome
reduction produced the stable diploid species
(Cheng et al. 2017a, b). Further rearrangement of
these species and their hybridization has led to
Brassica speciation (Cheng et al. 2014). Genome
sequencing of B. juncea and B. napus revealed
that A subgenomes of these species had inde-
pendent origins. Homoeolog expression domi-
nance has been observed between subgenomes of
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allopolyploid B. juncea and differentially
expressed genes for glucosinolates and lipid
metabolism showed more selection potential over
neutral genes (Yang et al. 2016). In B. napus,
transcriptomic shock was found to be dominated,
and variation in the expression level dominance
biasness was observed from tissue to tissue along
with more transgressive upregulation, rather than
down regulation (Li et al. 2020).

17.2 Transcriptome Studies

In the initial era of genomics, gene expression
studies were initially restricted to few/specific
genes using techniques like expressed sequence
tags (ESTs) (Marra et al. 1998), Northern
hybridization (Alwine et al. 1977), PCR analyses
of specific genes (Becker-André and Hahlbrock
1989). This was followed by genome scale
approaches to transcript characterization, namely
serial analysis of gene expression (SAGE) (Vel-
culescu et al. 1995) and DNA microarrays
(Lockhart et al. 1996) which allowed a direct
transcript quantification and discovery of new
genes. With the advancement of sequencing
techniques, i.e., next generation sequencing
(Margulies et al. 2005), the whole genome tran-
scriptomics (RNA Seq) has become a significant
tool for transcriptome analysis of non-model

organisms (Ellegren et al. 2012; Lamichhaney
et al. 2012).

17.2.1 Transcriptome Sequencing

RNA-Seq combines the high-throughput
sequencing methodology with computational
methods to capture and quantify transcripts
(Ozsolak and Milos 2011) in a tissue, organ, or
organism (Martin et al. 2013; Conesa et al.
2016). This technique enables comparative
quantification of total gene expression in differ-
ent tissues, developmental stages, or environ-
mental conditions and has been used to identify
genes responsible for specific biological or reg-
ulatory functions. Moreover, a comprehensive
“snapshot” of the total transcripts present in a
sample can be developed to determine the pres-
ence or absence of specific transcripts and
quantify transcript abundance. RNA-seq can also
provide valuable information on unusual tran-
scriptional events, such as alternate splicing,
gene fusion, and novel transcripts (Mutz et al.
2013). There are three basic strategies for RNA-
seq analysis: genome mapping, transcript map-
ping, and reference-free assembly (Conesa et al.
2016). In case of genome mapping, all the
resultant RNA-seq reads are mapped against the
organism’s reference genome for transcript

Fig. 17.1 Genetic
relationship of the Brassica
species [1C, 1C nuclear DNA
content (pg); GS, genome size
(Mbp)] (Johnston et al. 2005;
Chang et al. 2008)
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identification which can be subsequently quan-
tified. Transcripts not able to be mapped to the
reference genome are identified as novel tran-
scripts and all the relevant genome information is
used to predict novel transcript function enabling
further genome annotation (Conesa et al. 2016;
Yang et al. 2016). Finally, reference-free
assembly uses an RNA-seq derived transcript
profile to de novo assemble a complete tran-
scriptome in the absence of a reference genome;
this approach is also known as de novo tran-
scriptome assembly (Grabherr et al. 2011). Sev-
eral next generation sequencing (NGS)
ctechnologies have been developed for tran-
scriptome analysis, including Illumina, Solexa,
SOLID, and Roche 454 (Conesa et al. 2016). Of
these, Illumina has become the predominant
transcriptome platform for NGS research, due its
cost-effectiveness and high-throughput nature. In
the “short-read sequencing,” total transcript can
be sequenced in short (< 500 bp) fragments,
which are then bioinformatically assembled with
or without a reference genome to obtain full-
length transcripts and isoforms. These total
transcripts may then be annotated using reference
databases for functional characterization and
comparative analyses (Garg and Jain 2013).

17.2.2 Long-Read-Based
Transcriptome
Sequencing

Recent improvements in long-read sequencing
(LS) technologies, such as Oxford Nanopore
Technologies (ONT) and PacBio (PB), have
enabled the direct RNA and cDNA sequencing of
full-length transcriptomes (Cui et al. 2020). With
the ability to sequence polynucleotide molecules
which are hundreds of thousands of nucleotides
in length, long-read transcriptome sequencing
has greatly improved the ability to obtain full-
length transcript information (Wang et al. 2016a,
b). Furthermore, LS-based transcriptomics pro-
vided support for alternate splicing analysis and
complete isoform characterization, which paved
the ways for existing genome annotations and
gene models. Recently, LS-based maize

transcriptome analysis helped to identify the
most comprehensive mRNA profile to date,
including identification of 57% novel transcripts
and isoforms. In B. napus, single molecule long-
read sequence analysis provided a highly accu-
rate and comprehensive transcriptome, in which
approximately 15,000 genes (18%) were identi-
fied as multi-exonic and showed complex alter-
native splicing (Yao et al. 2020). These data
facilitate a critical new understanding of B. napus
transcriptomics for functional genomics research.
Such work has not only revealed the previously
unexplored intricacies of B. napus transcrip-
tomes, but also exemplifies the importance of LS
in exploring and understanding transcriptome
complexities (Wang et al. 2016a, b).

The PacBio single-molecule real time (SMRT)
sequencing approach has been employed for
transcriptome sequencing of many different plant
species, including maize, rice, coffee bean,
Amborella trichopoda, Rhododendron lappon-
icum, and B. napus (Cheng et al. 2017a, b; Yao
et al. 2020). Using the SMRT approach, Sun et al.
(2019) reported the genome assembly of cauli-
flower of 584.60-Mb size constituting 47,772,
56.65% repetitive sequences. The study also
found larger genome size of cauliflower than A
genome of B. rapa, the B genome of B. nigra, and
the A or B subgenome of B. napus and B. juncea.
Interestingly, cauliflower had the same number of
genes as that in C genome Brassica species, and
higher abundance of repetitive sequences and
other noncoding sequences. In another study,
SMRT sequencing was employed to generate
transcriptome of Xinjiang green and purple
turnips, (Brassica rapa var. rapa) at five devel-
opmental stages. The results have yielded a novel
resource of alternative splicing, simple sequence
repeats, long-noncoding RNAs for use in future
genomics research of turnips (Zhuang et al.
2020). In contrast, transcriptomic study using
Oxford Nanopore Technologies (ONT) has been
severely limited, owing primarily to the low-
throughput and high read-error rates associated
with the platform. However, it is likely that the
continued improvements in the long-read RNA-
seq technologies will make these studies attrac-
tive and affordable in the near future (Cui et al.
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2020). As both ONT and PB LS-based tran-
scriptome analyses have been minimally explored
in Brassica genomes, these platforms are expec-
ted to play an important role in developing a
comprehensive transcriptome atlas of Brassica
species.

17.2.3 Single-Cell Transcriptomics

Single-cell transcriptomics or single-cell RNA
sequencing (scRNA-seq) has been used to study
cell-to-cell gene expression variation within a
cell population, which in turn helps to identify
the developmental trajectory of individual cell
types (Tang et al. 2011; Shulse et al. 2019).
Drop-seq is a recently developed high-
throughput scRNA-seq method which encapsu-
lates and separates cells in emulsified droplets,
enabling the user to transcriptionally profile
hundreds of thousands of cells in a single
experiment (Macosko et al. 2015). Recently,
Drop-seq profiling of > 12,000 Arabidopsis root
cells revealed distinct cell types involved in dif-
ferent root stages and developmental activities
(Shulse et al. 2019). In this study, the authors
demonstrated the rapid identification of rare and
novel cell types from plant tissue and simulta-
neous characterization of multiple and different
cell types. This analysis also demonstrated the
ability to determine the cell-specific transcrip-
tional response of environmental stimuli such as
exogenous sucrose treatment. Such approaches
will greatly enhance our understanding of the
functional role of tissues, cells, and genes in
plant developmental processes and environmen-
tal responses. The full potential of this recently
evolving technology in plant research is just now
being realized and scRNA-seq is expected to be
used extensively in future for many plant species,
including Brassica (Shaw et al. 2021).

17.2.4 Considerations
Regarding RNA Seq

RNA-seq is an efficient technique, showing high
resolution and cost advantages for profiling of

gene expression between samples or differential
expression (DE). However, there are several
sources of sequencing bias and systematic noise
because of wrong base calls, sequence quality
biases (Dohm et al. 2008; Hansen et al. 2010),
variability in sequence depth (Sendler et al. 2011)
and differences in the composition and coverage
of raw sequence data generated from technical
and biological replicate samples (Lü et al. 2009).

Thus, the guidelines and standards have been
defined by ENCODE to emphasize upon the best
practices designed to get quality transcriptome
measurements. RNA seq experiments should be
performed with two or more biological repli-
cates. A typical R2 (Pearson) correlation of gene
expression (RPKM) between two biological
replicates, for RNAs should be between 0.92 and
0.98 and the experiments with biological corre-
lations below 0.9 should either be explained or
repeated. Experiments related to global view of
gene expression typically require 30–60 million
reads per sample, whereas 100–200 million reads
required to get an in-depth view of the tran-
scriptome or new transcripts assembly. For
RNA-seq, sequencing platforms giving reads of
� 75 bp length is optimal to minimize the
sequencing cost. Other recommendations needs
to be taken care as suggested by ENCODE to
design the transcriptome experiments (ENCODE
2011, 2016) for significant finding.

17.3 Transcriptome Research
in the Brassica Genome

The use of RNA-seq in Brassica research has
expanded rapidly in the areas of de novo tran-
scriptome assembly and analyses, differential
expression triggered by various biotic and abiotic
stresses, noncoding RNA analyses, investiga-
tions of genome structure, diversity and genome
origin, evolutionary analysis, and marker devel-
opment (Bancroft et al. 2011; Izzah et al. 2014;
Kim et al. 2014; Parkin et al. 2014; Wang et al.
2015). So far, complete sequencing has been
reported in five important Brassica family
members which include diploids [B. rapa Wang
et al. 2011a, b, c; B. oleracea, Liu et al. 2014;
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B. nigra, Perumal et al. 2020] and allotetraploids
[B. napus, Chalhoub et al. 2014; B. juncea, Yang
et al. 2016]. In all cases, de novo transcriptome
assembly played an important role in decoding
the final whole-genome transcripts. Critically, the
Brassica transcriptome landscape has facilitated
the identification of agronomically important
genes, such as those relevant to biotic and abiotic
stress tolerance (Mohd Saad et al. 2021). For
example, transcriptome analysis in B. napus was
used to elucidate the genes involved lipid and
glucosinolate biosynthesis (Chalhoub et al. 2014)
which could greatly accelerate Brassica breeding
programs. Besides there are several other agro-
nomic traits which are targeted for Brassica
improvement, and genomic approaches are now
sought to aid the breeding efforts (Fig. 17.2).

RNA-seq-based genome analysis also pro-
vided a valuable foundation for the understand-
ing the phenomena of biased gene fractionation
and genome dominance of the mesohexaploid B.
oleracea genome, whereby one subgenome
exhibits transcriptional dominance over the two
other subgenomes (Parkin et al. 2014). In addi-
tion, a transcriptomic approach employed to
dissect the complexity of the origin and diversi-
fication of the B. napus genome found that over
8000 differentially expressed genes are associ-
ated with diversification in this species (An et al.

2019). Furthermore, RNA-seq has been used in
Brassica species to identify the roles of non-
coding RNAs (ncRNAs), particularly micro-
RNAs and long ncRNAs, in important biological
process such as abiotic stress (Ahmed et al.
2020). Harper et al. (2020) provided confirma-
tory results on the Associative Transcriptomics
platform in Brassica juncea. Using a diverse
panel of B. juncea accessions, transcriptome data
was mapped to pan-transcriptome. The authors
identified several single nucleotide polymor-
phism variants and measured the quantity of
thousands of transcripts. The study identified
potential candidate gene BjA.TTL for seed weight
trait and other markers for seed color and vitamin
E content.

17.3.1 Transcriptomic Studies
Related to Biotic
Stresses

Plant disease and pests cause significant yield
loss in Brassica spp. Major 16 disease and 37
insect pests have been reported in mustard or
oilseed rape growing regions (Zheng et al. 2020a,
b). The development of host resistance is one of
the most desirable and cost-effective method for
disease control. Plant-pathogen interaction is a

Fig. 17.2 General breeding
considerations for the
improvement of Brassica
family members
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broad process and starts with the detection of
microbial elicitors, pathogen-associated molecu-
lar patterns (PAMPs) by the membrane-localized
receptor proteins with PRRs motif of plants
(Dodds and Rathjen 2010; Zipfel 2014). Plant
immunity is mainly effector-triggered immunity
(ETI) constituting the hypersensitive response
(HR), however mostly, the effective resistance
against pathogen is imposed through PAMP-
triggered immunity (PTI) (Neik et al. 2017).
Plants also develop broad-spectrum immunity
through various hormonal signaling pathways
(Kazan and Lyons 2014).

The differentially expressed genes, QTLs, and
the corresponding pathways play important role
in host–pathogen interaction and other biotic
stresses have become more apparent with the
transcriptome profiling in several Brassica spe-
cies. The RNA-Seq analysis has strengthened the
basic understanding of the defense mechanism
and the factors imparting tolerance toward the
diseases like clubroot disease caused by Plas-
modiophora brassicae in B. rapa (Chu et al.
2014; Fu et al. 2019), B. napus (Hejna et al.
2019) and B. juncea (Luo et al. 2018). Similarly,
the RNA-Seq studies have also unraveled the
defense mechanism for the disease like Fusarium
wilt (F. oxysporum), Sclerotinia stem rot
(S. sclerotiorum), Blackleg (Leptosphaeria
maculans), Downy mildew (Hyaloperonospora
brassicae), etc. (Table 17.1A). Most of the
studies suggested upregulation of genes related
to salicylic acid (SA), jasmonic acid (JA)/ethy-
lene (ET) and brassinosteroid (BR) signaling
pathways induced after the pathogen infection.
The other components and the pathways pro-
viding a shield of host defense against the
invading pathogens include secondary metabo-
lites, phenolics, signal transduction, phytohor-
mones, Studies have thrown light on the
enrichment of genes in metabolic processes,
plant-pathogen interactions, plant hormone sig-
nal transduction, glucosinolate biosynthesis, cell
wall thickening, chitin metabolism and
pathogenesis-related (PR) genes and pathways
(Jia et al. 2017). Transcriptomic studies have also
revealed insights on the host-defense mechanism

(s) for insect-pest attack (Table 17.1B) which
includes pathways of cell wall synthesis, sec-
ondary metabolite production, redox homeosta-
sis, phytohormones signaling, glucosinolate
biosynthesis and degradation (Gruber et al.
2018).

17.3.2 Transcriptomic Studies
Related to Abiotic Stress

Abiotic stresses have become one of the major
threats which restrict crop production and pro-
ductivity. These influence plant growth at all the
phenological stages and induce yield losses
depending on stress intensity and durability.
Comprehensive studies regarding abiotic stress
impact and indices used to assess the impact of
these stress have been compiled by Rai et al
(2021). Abiotic stress tolerance is a quantitative
trait and involves cross talk between various
signaling, metabolic, and defense pathways
(Fig. 17.3).

Transcriptomic studies have been performed
to understand the plant stress responses to dif-
ferent abiotic stresses and the tolerance mecha-
nisms. Genome-wide gene expression analysis
under drought, salinity, heat, cold, Cadmium
metal stress and combined stresses have been
performed using RNA seq. These studies have
led to generation of enormous datasets which are
now being utilized to understand the abiotic
stress responses. For example, the major upreg-
ulated transcripts identified belong to classes like
transcription factors, kinases, heat shock factors
(HSFs), calcium signaling pathways, ROS
detoxification. Yue et al. (2021) identified can-
didate heat stress tolerance genes by comparative
transcriptomics study on contrasting B. rapa
accessions subjected to long-term heat stress
treatment. There were notable alterations in
functional gene expression, especially of pro-
cesses related to ER protein processing, hor-
mones and signal transduction pathways.
Transcriptomic studies related to abiotic stresses
in various Brassica species are summarized in
Table 17.2.
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Table 17.1 Brassica transcriptomics related to biotic stresses

S. No. Trait Brassica
species

Outcome References

A Disease resistance

1 Clubroot disease
(Plasmodiophora
brassicae)

Brassica rapa Upregulation of the genes related to salicylic
acid (SA), jasmonic acid (JA)/ethylene (ET),
and brassinosteroid (BR) signaling pathways
and are important at the late stage of the
infection

Fu et al.
2019

2 Clubroot disease
(P. brassicae)

B. rapa
ssp. chinensis

Upregulation of the genes of defense-
response, biological processes (jasmonate and
ethylene signaling and metabolism),
defensive deposition of callose and
biosynthesis of indole-containing compounds

Chu et al.
2014

3 Clubroot disease
(P. brassicae)

Brassica rapa
ssp. pekinesis

Upregulation of DEGs enriched in metabolic
process, biological regulation, response to
stimulus, plant–pathogen interaction, plant
hormone signal transduction, genes related to
disease-resistance, calcium ion influx,
glucosinolate biosynthesis, cell wall
thickening, salicylic acid (SA) homeostasis,
chitin metabolism, pathogenesis-related
(PR) pathway, etc. in the resistant line and,
upregulation of the indole acetic acid
(IAA) and cytokinin-related genes in the
susceptible line

Jia et al.
2017

4 Clubroot disease
(P. brassicae)

B. napus Upregulation of the genes related to indole-3-
acetic acid (IAA) signal transduction,
cytokinin synthesis, and myrosinase synthesis

Chen et al.
2015

5 Clubroot disease
(P. brassicae)

B. napus • Identification of genes for defense pathway,
phytohormone pathway

• Transcription factors with plant defense
domains ERF, bZIP, WRKY, MYB, plant
defense cis-regulatory ET/JA motifs, G-box,
GCC-box, W-box and pathogen-related
proteins

Hejna
et al. 2019

6 Clubroot disease
(P. brassicae)

B. napus • Receptor-like protein (RLP) genes,
resistance (R) genes, and genes involved in
salicylic acid (SA) signaling, Ca2+

signaling, leucine-rich repeat
(LRR) receptor kinases (RLKs) genes, the
respiratory burst oxidase homolog (RBOH)
proteins, and transcription factors [WRKYs,
ethylene-responsive factors, and basic
leucine zippers (bZIPs)]

Zhou et al.
2020

7 Clubroot disease
(P. brassicae)

B. nigra • Identification of Rcr6 for clubroot
resistance, located on B7 chromosome

Chang
et al. 2019

8 Clubroot disease
(P. brassicae)

B. juncea cv.
tumida Tsen

• Accumulation of defense proteins/genes–
pathogenesis-related proteins, pathogen-
associated molecular pattern-triggered
immunity, and effector-triggered immunity
signaling pathways, signaling and ROS and
cell wall modification

Luo et al.
2018

(continued)
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Table 17.1 (continued)

S. No. Trait Brassica
species

Outcome References

9 Fusarium wilt
(F. oxysporum)

B. oleracea • Activation of the early defense systems,
MAPK signaling pathway, calcium
signaling and salicylic acid-mediated
hypersensitive response (SA-mediated HR),
Ethylene (ET)- and jasmonic (JA)-mediated
pathways and the lignin biosynthesis
pathway

• Expression of the defense-related genes
encoding pathogenesis-related
(PR) proteins, UDP-glycosyltransferase
(UDPG), pleiotropic drug resistance, ATP-
binding cassette transporters (PDR-ABC
transporters), myrosinase, transcription
factors and kinases

Xing et al.
2016

10 Fusarium wilt
(F. oxysporum)

B. oleracea • Identification of differentially expressed
NBS-LRR and WRKY transcription factors
genes, one potential effector, two elicitors
and six virulence factors

Liu et al
2020

11 Fusarium wilt
(F.oxysporum)

B. rapa var.
pekinensis

• Identification of candidate genes Bra012688
and Bra012689 for fusarium yellows
resistance

Shimizu
et al. 2014

12 Fusarium wilt
(F. oxysporum)

B. rapa • The antagonistic transcriptional response
between SA and JA/ET has observed in
Fusarium yellows resistant lines

Miyaji
et al. 2021

13 Sclerotinia stem rot
(Sclerotinia
sclerotiorum)

B. napus • Identification of genes for detoxification,
secondary metabolites, effectors, signaling,
development, oxalic acid and ROS
production

Seifbarghi
et al. 2017

14 Sclerotinia stem rot
(S. sclerotiorum)

B. napus • The peroxisome related pathways along with
cell wall degradation and detoxification of
host metabolites as the key mechanisms
underlying pathogenesis of S. sclerotiorum
on B. napus

Chittem
et al. 2020

15 Sclerotinia stem rot
(S. sclerotiorum)

B. napus • Rapid induction of key pathogen responsive
genes including glucanases, chitinases,
peroxidases and WRKY Transcription
factors

• Induction of genes involved in plant-
pathogen interactions; Identification of
many novel disease responsive genes
including TFs associated with jasmonate
(JA) and ethylene (ET) signaling

Joshi et al.
2016

16 Sclerotinia stem rot
(S. sclerotiorum)

B. napus • Activation of the immune response, sulfur
metabolism, especially glutathione
(GSH) and glucosinolates in both R and S
genotypes

• R-genotype-specific genes related to the
jasmonic acid pathway, lignin biosynthesis,
defense response, signal transduction and
encoding transcription factors

• Identification of SNP‐trait association
including a tau class glutathione S‐
transferase (GSTU) gene cluster

Wei et al.
2015

(continued)
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Table 17.1 (continued)

S. No. Trait Brassica
species

Outcome References

17 Sclerotinia stem rot
(S. sclerotiorum)

B. oleracea • Downregulation of the virulence genes of S.
sclerotiorum including polygalacturonase,
chitin synthase, secretory proteins, and
oxalic acid biosynthesis in R line of B.
oleracea after 12hpi

• The R line of B. oleracea mediated
suppression the pathogen establishment by a
quick accumulation of ROS via activating
Ca2+ signaling and repressing the oxalic
acid generation in the pathogen

Ding et al.
2019

18 Sclerotinia stem rot
(S. sclerotiorum)

B. napus • Stage-specific DEGs: DNA binding, ATP
binding, ion binding and oxidoreductase
activity after 6 and 24 hpi. Most of the
hydrolase activity after 48 hpi

Peng et al.
2017

19 Sclerotinia stem rot
(S. sclerotiorum)

B. napus • Identification of 17 QTLs and 36 putative
candidate genes for SSR resistance
upregulated in resistant lines

Qasim
et al. 2020

20 Sclerotinia stem rot
(S. sclerotiorum)

B. napus • Identification of 7 QTLs and revealed
activation of JA- and ethylene-mediated
responses for SSR resistance

Bergmann
et al. 2021

21 Blackleg
(Leptosphaeria
maculans)

B. napus • Role of LepR1–AvrLepR1 gene interaction
in resistance reaction and their association
with the spatial transcriptional gradients
during ETD linked with pathogen detection,
IGS production and hormone signaling

Becker
et al. 2017

22 Blackleg
(Leptosphaeria
maculans)

B. napus • Upregulation of the membrane targeting
proteins, ribosome and suppression of
programmed cell death, as a resistant
reaction, whereas downregulation of the SA
and JA pathways as a susceptible reaction

• A threshold level of SA and JA signaling is
required for the activation of Rlm1-mediated
resistance

Zhai et al.
2021

23 Blackleg
(Leptosphaeria
maculans)

B. napus • Identification of plant defense related genes
(LepR3 and Rlm2) and proteins involved in
host-plant and pathogen interactions

Zhou et al.
2019

24 Blackleg
(Leptosphaeria
species)

B. napus • L. biglobosa “canadensis,” induced more
cell wall degrading genes

• L. maculans “brassicae” induced genes in
the Carbohydrate-Binding Module class
(CAZy, CBM50) that evade the basal innate
immunity of the host plant

Lowe et al.
2014

25 Downy mildew
(Hyaloperonospora
brassicae)

B. rapa L.
ssp. pekinensis

• Identified and characterized the long
noncoding RNAs involved in resistance to
downy mildew

• The long noncoding RNA, MSTRG.19915,
a natural antisense transcript of a MAPK
gene, BrMAPK15

Zhang
et al. 2021

(continued)
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17.3.3 Transcriptomic Studies
Related to Other Traits

Hybrid lethality is an important criterion espe-
cially in view of problems in gene exchange and
stabilization of a breeding population. Xiao et al.
(2021) observed that hybrid lethality in cabbage
is the result of program cell death, and hence
studied the transcriptome which showed the

activation of defense pathways, hormonal and
MAPK signaling pathway, related to Ca2+ and
hydrogen peroxide. Transcriptomic studies to
decipher the heterosis event in B. oleracea sug-
gested the involvement of regulatory processes
involving light and hydrogen peroxide-mediated
signaling pathways (Li et al. 2018). In B. napus,
biomass and yield traits, and harvest index traits
related genes were identified using RNA seq

Table 17.1 (continued)

S. No. Trait Brassica
species

Outcome References

26 Downy mildew
(Hyaloperonospora
brassicae)

B. rapa L.
ssp. pekinensis

• Identification of 54 DEGs involved in plant-
pathogen interaction, and 33 transcription
factors

Zheng
et al.
2020a, b

27 Leaf rust
(Alternaria
brassicicola)

B. juncea • A mutually shared function of NACs in
abiotic and biotic stresses was revealed in B.
juncea and S. alba

Mondal
et al. 2020

28 Black rot
(Xanthomonas
campestris)

B. oleracea • Upregulation of the genes of glucosinolate
biosynthetic and catabolic pathways, ROS
scavenging, hormonal, receptor-kinase-
related and nucleotide-binding site (NBS)-
encoding resistance genes during the early
infection stage

Sun et al.
2020

29 Soft rot (Erwinia
carotovora)

B. rapa
ssp. pekinensis

• Strong activation of the downstream
defense-related genes of PTI (CPK, CML,
RBOH MPK3, and MPK4) during infection

• Identification of immunity inducing role of
endogenous hormones (auxins, JAs, and
SA), exogenous auxins (MEJA and BTH),
and increased expression of the genes for
glucosinolate and lignin biosynthesis

Liu et al.
2019a, b

30 Turnip mosaic virus
(TuMV)

B. rapa
ssp. pekinensis

• Candidate genes of calcium signaling
pathways, heat shock proteins, WRKY
transcription factors, and non-specific lipid
transfer proteins

Lyu et al.
2020

B Insects-pests

31 Silverleaf whitefly
(SLWF)

Arabidopsis • Repression of JA, and induction of SA-
regulated genes; Accumulation of callose
synthase gene RNAs and callose deposition
in SLWF-infected tissues

Louisa
et al. 2007

32 Flea beetle B. napus • Up-regulation of the genes involved in cell
wall synthesis, secondary metabolite
production, redox, stress and hormone-
related responses, glucosinolate
biosynthesis and degradation

Gruber
et al. 2018

33 Plutella xylostella Arabidopsis
thaliana

• Overexpression of the genes associated with
plant signal molecules or phytohormones,
octadecanoid signaling

Ehlting
et al. 2008
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(Lu et al. 2017; Lu et al. 2017). Flowering time is
an important agronomic trait. Natural variation in
the expression levels of floral repressor FLOW-
ERING LOCUS C (FLC) leads to differences in
vernalization. In Brassica napus, nine copies of
FLC have been found which control time of
vernalization and the transcriptome study sug-
gested the dynamic shift in the expression of
multiple paralogs of BnaFLC (Calderwood et al.
2021). The RNA seq-based studies have also
helped in deciphering the mechanism involved in
bolting, flowering, leaf color, petal color and
size, seed color, embryo development, and oil
accumulation (Table 17.3). Dynamic gene
expression changes of acyl-CoA-binding pro-
teins, BnACBP2 and BnACBP6 were found to
regulate the distribution of lipids in embryos and
seed coats of B. napus suggesting their impor-
tance in fatty acid and triacylglycerol biosyn-
thesis and oil accumulation (Pan et al. 2019). In
B. rapa, which is important as a vegetable and oil

crop, seed related traits like size, color, and oil
content assume great relevance. Niu et al. (2020)
studied transcriptomes of seed samples and
developed transcriptional networks to identify
key regulatory genes governing the above traits.
This study has further highlighted regulatory
networks through transcription factors like TT8,
WRI1, FUS3, and CYCB1; genes underlying the
trait variation in the seeds for use in biotechno-
logical efforts to breed high yield and improved
oil content in Brassica crops.

17.4 RNA-seq-Based Marker
Development for Genotype
Analysis

RNA-seq analyses have become an important
resource for developing polymorphic genetic
markers, such as expressed sequence tag (EST)-
derived simple sequence repeat (SSR) markers

Fig. 17.3 Abiotic stress
responsive pathways in
plants, from signal perception
to downstream stress
responses. Source Ali Raza
et al. (2021)
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Table 17.2 Brassica transcriptomics related to abiotic stress

S. No. Trait Brassica
species

Outcome References

1 High
temperature
and drought
stress

B. juncea • 886 and 2834 transcripts, respectively coding
for transcription factors, kinases, heat shock
factors (HSFs) and dehydration responsive
element-binding (DREB) families

Bhardwaj
et al. 2015

2 Salinity
tolerance

B. juncea • Upregulation of the genes associated with ROS
detoxification, sulfur assimilation and calcium
signaling pathways

Sharma et al.
2015

3 Salt stress B. napus • Revelation of the genes involved in proline
metabolism, inositol metabolism, carbohydrate
metabolic processes and oxidation–reduction
processes in the salt-stress response at the
germination stage

Long et al.
2015

4 Salt stress B. napus • DEGs encoding transcription factors (582) and
transporter genes (438)

Yong et al.
2014

5 Drought and
salt stresses

B. napus • Responsive transcription factors, BnMYB44
and BnVIP1

Shamloo-
Dashtpagerdi
et al. 2018

6 Drought stress B. rapa ssp.
pekinensis

• Activation of transcription factor genes
containing domain of AP2/ERFs, bHLHs,
NACs and bZIPs. Differential acclimation
responses in glucosinolate metabolism in
leaves and roots

Eom et al.
2018

7 Dehydration
stress

B. rapa L.
ssp. pekinensis

• Identification of 37 transcription factors, 28
signal transduction, and 61 water- and
osmosensing-responsive genes

Yu et al. 2012

8 Heat stress B. rapa
ssp. chinensis

• Upregulation of DEGs of transcription factors
(TFs), kinases/phosphatases, related to
photosynthesis and effectors of homeostasis.
NAC069 TF in all the heat treatment stages

Wang et al.
2016a, b

9 Low-
temperature
Stress

B. napus • Upregulation of ABA and IP3/Ca2+ signal
transduction; Protein serine/threonine kinases,
myo-inositol-1-phosphate synthases and
calmodulins

Xian et al.
2017

10 Cold and
freezing stress

B. napus • 47,328 DEGs, Snf1-related protein kinase 2
(SnRK2), ABA receptors (PYR/PYL/RCAR)

Xin et al.
2019

11 Cold stress B. rapa • DEGs of phenylpropanoid biosynthesis,
phytohormone signal transduction, ribosome
biogenesis, MAPK signaling pathway, basal
transcription factors, and photosynthesis

Ma et al.
2019a, b

12 Cold stress B. juncea • Identification of core cold-inducible transcripts
(283), expression patterns of gene families for
transcription factors (TFs), transcription
regulators (TRs) and kinases, and induction of
cold stress-responsive protein kinases only
during the early silique developmental stage

Sinha et al.
2015

13 Freezing
stress

B. napus • Identification of DEGs for carbohydrates and
energy metabolism, signal transduction, amino
acid metabolism and translation. Up-regulation
of DEGs enriched in plant hormone signal
transduction, starch and sucrose metabolism
pathways

Pu et al. 2019

(continued)
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and single nucleotide polymorphisms (SNPs).
Such markers enable high-throughput and cost-
effective genotyping analysis (Paritosh et al.
2013; Izzah et al. 2014), and have various
applications in plant breeding, including genetic
diversity and population structure analysis, link-
age mapping, mapping quantitative trait loci
(QTLs) and association analysis, marker-assisted
selection, and evolutionary analysis (Izzah et al.
2014; Ding et al. 2015; Chen et al. 2017). RNA-
seq-based EST-SSR or SNP markers are devel-
oped using expressed transcripts or unigenes, and
are therefore expected to have a higher correla-
tion with functional traits than traditional
genome-wide SSR and SNP markers (Chen et al.
2017). Furthermore, RNA-seq-based EST-SSR
marker development requires minimal labor
compared to the conventional approach of EST
library-based SSR marker development (Tóth
et al. 2000).

RNA-seq-based EST-SSR and SNP markers
have been developed for many plant species,
including Brassica spp. SNP markers developed
from a complete transcriptome assembly of 40 B.
napus lines helped to elucidate the impact of
polyploidy on breeding and evolution of the B.
napus genome (Bancroft et al. 2011). In this
study, over 23,000 SNP markers were used to
create multiple linkage maps without a reference
genome, and elucidated the genome rearrange-
ments and genomic inheritance of the allote-
traploid B. napus genome (Bancroft et al. 2011).

Gene expression and transcriptome diversity
are contributed by a central mechanism known

as alternative splicing which is responsible for
plant development, evolution, complexity, and
adaptation (Mastrangelo et al. 2012; Ganie and
Reddy 2021). Typical codominant markers
InDel and SNP are highly polymorphic and are
used in marker-assisted selection, genetic map-
ping, identification, and characterization of
brassica germplasm. Three available transcrip-
tome datasets of cabbage were collected to
study alternative splicing events and markers
like InDel, SNP, SSR markers. Novel mRNA
transcripts among these three cabbage tran-
scriptomes were identified via alignment of
short reads to the cabbage genome dataset (Xu
et al. 2019). InDel genetic markers were used
for studying genetic diversity in 36 cabbage
genotypes and the transcriptomic analysis
showed 20.8% alternate splicing events in the
total cabbage genome.

17.5 Genomic and Computational
Databases for Brassica spp.

Genomic tools and resources are important in
revolutionizing the field of Brassica improve-
ment. With the advancement in sequencing
technology, mass sequencing of genomes of
various crops have become possible. The custom
computational tools and databases play important
role in proper utilization of the huge genomic
data being produced. Some of the genomic
databases for important oilseed crop Brassicas
are being outlined in this section.

Table 17.2 (continued)

S. No. Trait Brassica
species

Outcome References

14 Cadmium
stress

B. juncea • Altered gene expression related to plant
hormones, calcium signaling, and MAP
kinases altered Cd stress

Thakur et al.
2019

15 Chromium
stress

Brassica
napus

• Up-regulation of the several number of stress-
responsive DEGs, related metabolic pathways
like the tryptophan, vitaminB6 sulfur and
nitrogen in cultivar ZS 758 and zeatin
biosynthesis in cultivar Zheda 622. Cr also
highlighted the numerous TFs and proteins

Gill et al.
2016
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Table 17.3 Brassica transcriptomics for yield and other attributes

S. No. Trait and
technique

Brassica
species

Outcome References

Yield

1 Heterosis B. oleracea
L var. italic

• Identification of 53 candidate genes for curd yield
heterosis and regulatory processes involving light
and hydrogen peroxide-mediated signaling
pathways proposed to be functionally important in
yield or biomass heterosis

Li et al.
2018

2 Yield and
yield
attributing
traits

B. napus • Identification of 14 candidate genes important for
the developmental processes and biomass
accumulation,

Lu et al.
2017

3 Flowering
time
regulation

B. napus L • Identification of 36 genes associated with flowering
time, seed yield, or both, and novel indications for
neofunctionalization in homologs of known
flowering time regulators like VIN3 and FUL

Shah et al.
2018

4 Harvest
index-related
traits

B. napus • Identification of 33 candidate genes functionally
associated with photosynthesis, inflorescence, and
silique development

Lu et al.
2017

5 Diversity B. napus • Genetic diversity analysis
• Detection of 8,187 differentially expressed genes
with implications for B. napus diversification

An et al.
2019

6 Purple leaf
color

B. juncea • Identification of 2,286 differentially expressed genes
between the purple and green leaves

• 213 differently expressed transcription factors, and
role of MYB and bHLH transcription factors in
anthocyanin biosynthesis

• Up regulation of BjTT8 and BjMYC2 and
anthocyanin biosynthetic genes (BjC4H, BjDFR,
and BjANS) involved in the activation of the purple
leaf formation in B. juncea

Heng et al.
2020

7 White petal
color

B. napus • Identification of lower levels of lutein and
zeaxanthin responsible for white petal color

• BnNCED4b involved in carotenoid degradation and
abnormally high expression in WP petals

• Identification of transcription factor BNWRKY22
upstream of BnNCED promoting carotenoid
degradation

Jia et al.
2021

8 Petal size B. rapa • Identification of 52 differentially expressed genes
(DEGs) involved in control of petal size variation in
rapeseed

• Identification of BnaA05.RAP2.2 in the negative
control of petal size via ethylene signaling pathway

Qian et al.
2021

9 Flowering
diversity

B. napus • Variation of FLC expression during cold treatment
between paralogues

• Total FLC expression dynamics between cultivars
rather than specific FLC paralogues expression

Calderwood
et al. 2021

(continued)

17 Transcriptomics Research and Resources in Brassica spp. 309



17.5.1 Brassica Database (BRAD)

The Brassica database, BRAD is a decade old
database and was built after the whole genome
sequencing of Brassica rapa (Chiifu-401-42)
(Cheng et al. 2011). It is a web-based genomic
database which can be accessed through http://
brassicadb.org and alternative domain (http://
brassicadb.cn/). Major sections of the database
include Browse, Search, Tools, Download, and
Links.

Browse: It contains information on genetic
markers, gene families, various genes (glucosi-
nolate gene, anthocyanin genes, resistance genes,
flower genes, and auxin genes) and some basic
phenotype and species information. Markers and
map, subsection of Browse section gives infor-
mation of a reference genetic linkage map and
covers all ten chromosomes. The genetic map
was constructed using a population

(RCZ16_DH) of 119 doubled haploid (DH) lines
obtained from F1 cross between DH line (Z16)
and rapid cycling inbred line (L144) (Wang et al.
2011a, b, c). A total of 182 gene families in B.
rapa corresponding to that in A. thaliana are
given under the subsection gene families.
Another subsection under Browse is Glucosino-
late genes which describes 102 putative genes
and corresponding A. thaliana orthologs (Wang
et al. 2011a, b, c). Similarly, under Anthocyanin
genes 73 genes of B. rapa as orthologs of 41
anthocyanin biosynthetic genes are given (Guo
et al. 2014). Also, the other subsections consist
of 244 resistance genes, 136 flowering genes,
342 auxin genes, and 3561 transcription factors
of genes of B. rapa.

Search: This section provides the option of
keyword search for annotations, syntenic genes,
non-syntenic ortholog and gene sequence, and
flanking regions. Searching a gene ID under

Table 17.3 (continued)

S. No. Trait and
technique

Brassica
species

Outcome References

10 Early and late
bolting

B. rapa • Identification of six unigenes encoding the indole-3-
acetic acid-induced protein ARG7
(BraA02g009130), auxin-responsive protein
SAUR41 (BraA09g058230), serine/threonine-
protein kinase BSK11 (BraA07g032960), auxin-
induced protein 15A (BraA10g019860), and
abscisic acid receptor PYR1 (BraA08g012630 and
BraA01g009450), putative candidates for the late
bolting trait

Wei et al.
2021

11 Yellow seed
coat color

B. rapa • Identification of 19 unigenes associated with the
phenylpropanoid, flavonoid, flavone and flavonol
biosynthetic pathways as involved in seed coat color
formation

• Down regulation of BrTT8 and BrMYB5 in yellow
seed

Ren et al.
2021

12 Embryo
development
genes

B. rapa • Predominant expression of fatty acid biosynthesis,
biosynthesis of secondary metabolites, and
photosynthesis-related genes in embryos

• Upregulation of genes for lipid metabolism and
storage proteins in the middle and late stages of
embryo development

Zhang et al.
2014

13 Oil content B. napus • Identification of 64 lipid metabolism-related DEGs,
14 of which are involved in triacylglycerols (TAGs)
biosynthesis and assembly

Xiao et al.
2019

14 Marker
development

B. oleracea • Identification of InDel, SNP based markers Xu et al.
2019
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annotations provides result in five databases
(Gene Ontology, InterPro domain, KEGG,
Swissprot, and Trembl) and orthologous genes as
well as BLASTX (best hit) to A. thaliana.

Syntenic genes and non-syntenic orthologs
between Brassicaceae and A. thaliana, a well-
studied model plant can be accessed using a
simple keyword search in BRAD. Insyntenic
genes three abbreviations, viz. LF, MF1, and
MF2, are used for least fractionized, moderate
fractionized, and most fractionized, respectively,
to denote subgenomes. Non-syntenic genes in
BRAD are determined using two rules that the
BLASTP alignment identity should be more than
70% and the genes should not be syntenic
orthologs (Cheng et al. 2012). By using the
flanking region search in BRAD, users can find
the genomic elements such as genes, miRNA,
tRNA, rRNA, snRNA, transposons, and genetic
markers that flank the region of interest.

Tools: BRAD provides with two embedded
tools, viz. BLAST and Genome browse
(Gbrowse). BLAST can be used for sequence
analysis while Gbrowse can be used to visualize
B. rapa genome. Under the alternative domain of
BRAD (http://brassicadb.cn/) JBrowse is inte-
grated to visualize the genome of 35 species.

17.5.2 Brassica Genome

This database contains repeat information related
to Brassica at http://www.Brassicagenome.net
(Wang et al. 2011a, b, c; Golicz et al. 2016;
Hurgobin et al. 2018). The database Brassica
genome is maintained through grants from the
University of Western Australia and the Aus-
tralian Research Council. The pangenome of B.
oleracea, B. rapa, and B. napus can be down-
loaded from this database. It contains an inte-
grated analysis tool Blast Gbrowse by which a
query sequence can be blast against available
Brassica genomes and resulting hits can be
viewed using Genome Browser. Furthermore,
pangenome of B. oleracea, B. rapa, and B. napus
can be viewed and searched using embedded tool
JBrowse genome browse.

17.5.3 brassica.Info

“brassica.Info” was established under Multina-
tional Brassica Genome Project (MBGP) in 2002
and since then it collates and shares the open
source information regarding Brassica genetics
and genomics. Information regarding Brassicales
Map Alignment Project (BMAP) can also be
retrieved through this platform. The major sec-
tions of “brassica.info” include genome, phe-
nome, tools, infome, crop use, and outreach. The
section genome contains download links to ref-
erence annotated Brassica genomes, pan-
genomes of B. oleracea and B. napus, 52 B.
napus re-sequenced genomes, 4.3 million SNPs
and other Brassica genome resources. The sec-
tion phenome contains link to important research
articles related to Brassica ionome, metabolome,
proteome, and transcriptome. Under tools sec-
tion, information regarding clone libraries,
genetic markers, research populations (mapping
population, TILLING population, mutant popu-
lation, and Brassica rapa Fast plants) is pro-
vided. Another important section of “brassica.
info” is infome under which links to a range of
databases and web portals relating to Brassica
genetics and genomics are given.

17.5.4 BnPIR: Brassica napus
Pan-Genome
Information Resource

More whole genomes have been sequenced
owing to the advancement in sequencing tech-
nology. Moreover, for the better understanding
of genome complexity and genetic difference
analysis pan-genomes has been proposed. So,
based on the genome sequence of eight repre-
sentative rapeseed cultivars and 1688 rapeseed
re-sequencing data, BnPIR database (http://cbi.
hzau.edu.cn/bnapus) was constructed (Song et al.
2020). It is a comprehensive functional genomic
database and its important sections include pan
browser, search (gene, species, gene expression,
transposable elements, population variation and
NLR genes), Gbrowse, tools (blast, KEGG/GO
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enrichment, homologous region, orthologous,
phylogenetic tree, seq_fetch), and KEGG path-
way for all the eight representative rapeseed
cultivars, viz. Gangan, Zheyou7, Shengli, Tapi-
dor, Quinta, Westar, No2127, and ZS11. The
pan-genome is displayed using JBrowse and
details of a query gene can be visualized using
Gbrowse. Also Gbrowsesynteny can be used to
identify gene structural differences. Overall the
database BnPIR contains gene classification and
annotation, (presence/absence variations) PAV
and phylogenetic information, sequence and
expression data, and common tools for multi-
omics analysis.

17.5.5 BrassicaDB

The database BrassicaDB (http://brassica.nbi.ac.
uk/BrassicaDB/index.html) contains information
on genetic maps, markers, sequence accessions,
“BBSRC set” of Brassica SSR markers and
bibliographic information related to B. napus and
B. oleracea. Brassica BLAST server is embed-
ded in the database. This database was funded by
BBSRC UK CropNet until 2003. However,
newly deposited data is still automatically
updated periodically in the database. Chao et al.
(2020) developed the Brassica Expression Data-
base (BrassicaEDB, https://biodb.swu.edu.cn/
brassica/) for the brassica research commu-
nity to retrieve the expression level data for tar-
get genes in different tissues and in response to
different treatments to elucidate gene functions

and explore the biology of rapeseed at the tran-
scriptome level.

17.5.6 Bolbase

The database Bolbase (http://ocri-genomics.org/
bolbase) contains genome data of B. oleracea and
provides comparative genomics information
including syntenic regions (Yu et al. 2013). The
database Bolbase contains two important sec-
tions: (1) genomic data and genomic component
data (2) analysis on syntenic regions. The infor-
mation on genomic data includes genome
sequence, scaffold and psuedochromosome
sequences while genomic component data mainly
includes gene structure, location, functional
annotation, orthologs, syntenic regions, repeats
elements, and predicted noncoding RNAs. Major
sections of the database include browse, synteny,
search, and document. Bolbase contains impor-
tant tools including keyword and similarity
search, and an embedded generic genome brow-
ser (GBrowse) for visualization (Table 17.4).

17.6 Functional Genomics and Its
Role in Brassica Improvement

17.6.1 Functional Genomics

Functional genomics research in Brassica has
enabled the understanding the function and reg-
ulation of several genes associated with

Table 17.4 Genomic databases of Brassica

Sr. No. Name of the database Link

1 Brassica Database (BRAD) http://brassicadb.org/
http://brassicadb.cn/

2 Brassica genome http://www.Brassicagenome.net/

3 brassica.Info https://www.brassica.info/

4 Brassica napus pan-genome information resource (BnPIR) http://cbi.hzau.edu.cn/bnapus/

5 BrassicaDB http://brassica.nbi.ac.uk/BrassicaDB/

6 Bolbase http://ocri-genomics.org/bolbase/

7 BrassicaEDB https://biodb.swu.edu.cn/brassica/
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productivity related traits. Loss of function or
knockout mutants can be created using tech-
niques such as mutagenesis, RNA interference,
and CRISPR/Cas9. Mehmood et al. (2021) ana-
lyzed cold-stress responses in tolerant and sen-
sitive rapeseed lines using RNA-Seq and found
involvement of pathways of photosynthesis,
antioxidant defense, and energy metabolism.
Further authors validated the function of three
genes (nir, cml, and cat) by analyzing the
T-DNA insertion lines mutant lines of Ara-
bidopsis and suggested varied freezing response.
Function of a gene can be assigned using mutant
analysis which further can provide important
information on its regulation and metabolic
activity. In mutagenesis, mutation in a specific
gene is produced to disrupt its function and
phenotype of the mutant is then observed for
assigning function to the particular gene. One of
the most important objectives of mutagenesis is
to produce maximum genetic variation (Sikora
et al. 2011). Ethyl methanesulfonate or EMS is
the most commonly used chemical mutagen
while other chemical mutagens such as sodium
azide and methylnitrosourea are also in use
(Sikora et al. 2011).

17.6.2 TILLING for Identification
of Genes Related
to Erucic Acid
and Abiotic Stress
Tolerance

Targeting induced local lesions in genomes
(TILLING) is an efficient technique to detect
mautagenesis (McCallum et al. 2000). TILLING
as a reverse genetics tool provide numerous
advantages in functional genetics. It can be
applied to any species irrespective of its genome
size and ploidy level. This technique combines
the advantage of classical mutagenesis for pro-
ducing high frequency of mutation and high
throughput screening for nucleotide polymor-
phism (Kurowska et al. 2011). TILLING has
been applied for important crops including
B. oleracea (Himelblau et al. 2009), B. rapa
(Stephenson et al. 2010), and A. thaliana (Greene

et al. 2003). Briefly, TILLING includes three
major steps, i.e., (1) mutant population genera-
tion, (2) detection of mutation, and (3) analysis
of mutant phenotype. Sequencing of target gene
can be done to confirm the mutation, and phe-
notyping of M3 individuals is done for the
analysis (Kurowska et al. 2011). The seeds and
DNA samples from M2 population are archived
and form TILLING platform. RevGenUK (http://
revgenuk.jic.ac.uk/about.html) and CAN-TILL
(http://www.botany.ubc.ca/can-till/) are the TIL-
LING platforms related to Brassica (Himelblau
et al. 2009; Stephenson et al. 2010).

A TILLING platform in B. napus was con-
structed using EMS for functional genomics and
generated two mutated populations derived from
cv. Ningyou7. Furthermore, these populations
were used for forward genetic screen for gene
discovery. The TIILING platform was tested for
mutations in fatty acid elongase1 (FAE1) gene,
an important gene in erucic acid biosynthesis.
Using reverse genetics screening, 19 mutations
for FAE1 in 1344 M2 plants could be identified
out of which three mutations were associated
with reduction in erucic acid content (Wang et al.
2008). Another TILLING platform in diploid
Brassica (B. rapa) was also created using EMS
and is available publicly through RevGenUK
platform (Stephenson et al. 2010).

Phytoremediation potential of various species
of genus Brassica is well reported in literature
(Rizwan et al. 2018; Thakur et al. 2019; Raj et al.
2020). Function of a vacuolar transporter, i.e.,
calcium exchanger 1 (CAX1), was examined in
B. rapa using TILLING. The mutants for the
gene CAX1 were created through TILLING. It
was revealed that BraA.cax1a mutation enhances
cadmium uptake capacity but BraA.cax1a-12
mutants were found suitable for phytoremedia-
tion as it accumulated threefold more cadmium
than parental line as well as greater cadmium
tolerance (Navarro-León et al. 2019). A mutant
(BraA.hma4a-3) detected through TILLING,
having mutation for HMA4 transporter in
B. rapa, was found to be a better zinc accumu-
lator than parental line (R-o-18). Moreover,
BraA.hma4a-3 plants showed better tolerance
toward zinc toxicity (Blasco et al. 2019). Another
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study found that BraA.hma4a-3 mutants can
accumulate greater amount of cadmium in leaves
and showed better tolerance to cadmium toxicity
than parental line (Navarro-León et al. 2019).

17.6.3 RNA Interference

RNA interference (RNAi) is an important tool of
functional genomics. RNAi has been used suc-
cessfully to find out the function and biological
role of genes in crops including wheat, cotton
and B. napus (Travella et al. 2006; Abdu-
rakhmonov et al. 2016). It is a universal
eukaryotic process of sequence-specific gene
silencing (Hannon 2002). Dicer enzymes recog-
nize and cleave dsRNA into siRNA (21–25 bp
long double stranded fragments) which is further
processed into single stranded “passenger” and
“guide” RNAs. While the “passenger” RNA is
degraded “guide” RNA recognize and digest the
target RNA through RNA-induced silencing
complex (Hannon 2002).

For its use as functional genomics tool, knock
out lines are generated and phenotype is tested to
characterize the function of knock out gene.
RNAi as a functional genomics tool has many
advantages such as multiple target genes silenc-
ing (McGinnis et al. 2007). Using RNAi, a loss-
of-function analysis for BnaNPR1 was performed
and it was found that BnaNPR1 repression is
associated with reduction in S. sclerotiorum
resistance in B. napus (Diepenbrock 2000).
Another study demonstrated the function of
BnGPAT19 and BnGPAT21 in B. napus using
RNAi. Suppression of BnGPAT19 and
BnGPAT21 resulted in thinner cuticle and
necrotic lesions on fungal inoculation, indicating
the possible role of these genes in cuticular wax
biosynthesis (Wang et al. 2020a, b).

Glucoraphanin is a glucosinolate found in
Brassicales and its breakdown product sulphor-
aphane is known to have anti-cancerous proper-
ties (Fahey et al. 1997; Variyar et al. 2014). It is
known that GSL-ALK enzyme catalyze conver-
sion of glucoraphanin to undesirable products; a
total of 29 transgenic lines (knock-down of gene
GSL-ALK) of B. juncea were created using

RNAi. Silencing of GSL-ALK enzyme led to
reduction in undesirable glucosinolates while the
growth and seed quality was not hampered as
compared to untransformed control (Augustine
and Bisht 2015). Similarly, in another study the
transgenic B. juncea lines (BjMYB28 gene sup-
pressed) were created using RNAi, which leads
to reduction in glucosinolate content without
affecting its growth and development (Augustine
et al. 2013).

17.7 Genome Editing Tools

Advancements in genome editing techniques,
especially the Clustered regularly interspaced
short palindromic repeat /CRISPR-associated
protein 9 (CRISPER/Cas9) has become a pow-
erful tool for plant functional genomics research
(Feng et al. 2013; Shan et al. 2013; Liu et al.
2016). Using CRISPER/Cas9, the target DNA is
cut and which then is repaired by non-
homologous end-joining giving rise to indel
mutations. Knockout mutants created using the
CRISPER/Cas9 technology can be used for loss
of function analysis (Puchta 2017; Liu et al.
2019a, b). Further, high throughput functional
screening can be done as it is programmable and
highly precise (Liu et al. 2019a, b). This tech-
nology has been successfully used in different
plant species. However, in Brassica, there are
few successful examples of genome editing. In B.
napus, the modification of the metabolic pathway
for fatty acid synthesis was done using a
CRISPR/Cas9-based editing of target gene, fatty
acid desaturase 2 gene (FAD2), responsible for
the catalysis of the desaturation of oleic acid.
Seeds of one of the mutants having fad2_Aa
allele with a 4-bp deletion was found to have
significantly high oleic acid over the wild-type
seeds (Okuzaki et al. 2018). Pod shattering is a
problem for achieving higher yield in rapeseed
cultivation. Zaman et al. (2019) successfully
reported multiplex editing of five homeologs
BnJAG.A02, BnJAG.C02, BnJAG.C06, BnJAG.
A07, and BnJAG.A08. The knockout mutants
showed altered pod shape and size phenotypes.
One mutant, (BnJAG.A08-NUB-Like paralog of

314 A. N. Rai et al.



the JAG gene) had significant change in the pod
dehiscence and resistance to pod shattering by
* twofold. Ma et al. (2019a, b) synthesized a
tandemly arrayed tRNA-sgRNA sequence to
simultaneously generate several sgRNAs by
employing the plant endogenous tRNA process-
ing system in cabbage. Target genes included,
phytoene desaturase gene (BoPDS), self-
incompatibility determinant gene (BoSRK3),
and the male sterility associated gene (BoMS1).
The application of CRISPR/Cas9 system in
B. campestris was studied by targeting the
pectin-methylesterase genes Bra003491,
Bra007665, and Bra014410. Results have shown
the introduction of mutations at the rate, ranging
from 20 to 56%. The study has highlighted the
potential of CRISPR/Cas9 system for single and
multiplex genome editing in a stable and inheri-
table manner (Xiong et al. 2019). Jeong et al.
(2019) have successfully used CRISPER/cas9
system to modify the early-flowering trait in
B. rapa by designing seven guide RNAs to target
the FLOWERING LOCUS C (FLC). The double
knockouts, BraFLC2 and BraFLC3 showing
indel efficiency of 97.7 and 100%, were found to
have early-flowering phenotype without
depending on vernalization. Yellow seed color is
a desirable trait for seed quality. By using
CRISPR/Cas9 editing, yellow-seeded mutants
were generated in rapeseed having mutations in
the target gene, BnTT8 gene. The mutants were
found genetically stable with high seed oil, pro-
tein content and modified fatty acid (FA) profile
with no compromise on yield (Zhai et al. 2020).

17.8 Conclusions and Future
Perspective

The Brassica family has a wide spectrum of
phenotypic and genomic plasticity. Breeding
aimed at improvement in traits for biotic and
abiotic stress tolerance, and nutritional quality
besides yield associated characters is a continued
priority. Advances in genomics tools have
opened up new avenues in the detection of
genetic basis of trait variation and development
of molecular markers for accelerating

introgression of useful traits (Hu et al. 2021).
Transcriptomics advances including RNA-Seq
technologies are now increasingly used for pro-
filing gene expression of thousands of genes in
spatial and temporal mode. The availability of
assembled genomes has enabled molecular mar-
ker development, marker-aided selection and
functional genomics of important agronomic
traits for designing better crops. In this context,
functional gene characterization through
approaches like loss of function mutants has
become valuable for information on regulatory,
developmental, biochemical and metabolic net-
works. Besides other tools like TILLING for
fatty acid biosynthesis, insertional mutagenesis
and RNA interference for disease resistance and
glucosinolates synthesis have been useful in
Brassica breeding and improvement.

The study of transcriptomes in Brassica crops
has provided significant resource on genome
structure, diversity and genome origin, evolu-
tionary analysis, differential gene expression and
marker development. This has become possible
because of the advances in genome sequencing
of important Brassica species (B. rapa, B. oler-
acea and B. nigra, B. napus, B. juncea) for
investigating the whole-genome transcripts,
identification of agronomically important genes
for stress tolerance, and lipid and glucosinolate
biosynthesis. Brassica genome databases are an
information gateway for unraveling pathways of
biological processes regulated by noncoding
RNAs (ncRNAs), particularly microRNAs and
long ncRNAs. Further to these developments, the
genome editing based on CRISPR/Cas9 system
for single and multiplex genome editing has
opened up means for designing Brassicas with
useful targeted and precise trait modifications.
Genomics of the Brassicaceous crops along with
other omics technologies offer immense scope
for designing highly productive new crop vari-
eties in the Brassica family.
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18Metabolomics of Brassica juncea

Rimaljeet Kaur and Anju Sharma

Abstract

Plant metabolomics is an extensive, unbiased,
and highly efficient phytochemical analysis of
vast array of metabolites from a single extract.
It has contributed significantly in understand-
ing the basic metabolic mechanisms of plants,
identification of chemical compounds that
participate and respond to various environ-
mental changes, recognition of defensive
metabolites against pathogens and insects’
infestation, chemical footprints at different
phases of growth and development, deploy-
ment of gene mutations, discovery of agro-
nomically important metabolites,
accumulation and regulation of phytonutri-
ents, etc. Indian mustard, Brassica juncea is
an economical oilseed crop known for its
edible oil, vegetable, condiment, and animal
feed. It serves as a good candidate for
studying metabolic profile of primary and
secondary metabolites, responsive chemical
compounds to various abiotic and biotic
stresses, metabolic networks, and understand-
ing of metabolic mechanisms and pathways.

Indian mustard is the best representative for
phytoremediation as it possesses capability of
storing heavy metals directly as a crop and
indirectly as an excellent gene source for
improving other targeted crops. These species
exhibit the capacity of sequestering metals by
thiol-peptide compounds, contents of leaf
pigments, enzymatic and non-enzymatic
antioxidants. B. juncea as a vegetable crop is
also known to produce several bioactive
phytochemicals and nutrients of pharmaceuti-
cally relevant properties. Taken altogether, the
chapter encompasses various metabolomic
tools responsible for generating fast and wide
information of metabolites, detailed metabolic
profiling under heavy metal stress, therapeutic
potential, and nutritional quality attributes in
B. juncea. The information being assembled
would aid in gaining better insights to under-
stand the complexity of B. juncea metabolic
networks, responses of metabolites to envi-
ronmental and genetic alterations and basic
knowledge of B. juncea genotypes w.r.t
biodiversity, development, physiology, tissue
identity, resistance, etc.

18.1 Introduction

With the advent of leading-edge metabolomic
technologies following genomics era, researchers
gained access to characterize a cell or organism
at functional level. The information being

R. Kaur (&) � A. Sharma
Department of Biochemistry, College of Basic
Sciences & Humanities, Punjab Agricultural
University, Ludhiana 141004, India
e-mail: rimal-pbg@pau.edu

A. Sharma
e-mail: anjusharma3@pau.edu

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
C. Kole and T. Mohapatra (eds.), The Brassica juncea Genome, Compendium of Plant Genomes,
https://doi.org/10.1007/978-3-030-91507-0_18

323

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_18&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_18&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_18&amp;domain=pdf
mailto:<HypSlash>rimal-pbg</HypSlash>@pau.edu
mailto:anjusharma3@pau.edu
https://doi.org/10.1007/978-3-030-91507-0_18


generated possesses enriched precision and speed
in generating nutritionally improved germplasm,
which is a prime concern for providing food
safety and abundance (Parry and Hawkesford
2012). Metabolomics is the most complex and
major breakthrough in science which allows
speedy, accurate, and broad-spectrum detection
of metabolites from single isolation process
(Heyman and Dubery 2016; van Dam and
Bouwmeester 2016; Wuolikainen et al. 2016).
Specifically, metabolomics provides compre-
hensive investigation of cellular metabolites
participating in diverse cellular events and
metabolic pathways, thereby constituting the
physiological state of a cell (Yonekura-
Sakakibara and Saito 2006; Hong et al. 2016).
Remarkably, metabolomics uncovers the impact
of genes upon metabolic pathways, metabolic
regulation, and integrated networking of various
metabolites (Wen et al. 2015). Metabolomic
platform encompassing large scale annotation of
known and unknown metabolites is an integrated
approach of improving attributes of interest
(Matsuda et al. 2010; Lei et al. 2011; Pandey
et al. 2016). Recent efforts in plant metabolomics
have directed the improvement of yield and
stress-related traits. Integration of various omics
technologies guided researchers to functionally
characterize massive genes and metabolites,
identification of commercially important trait-
specific markers. Successively, it improves the
capability of a plant breeder for making favorable
decisions while crop improvement.

Metabolomics expedites the selection of
superior attributes and augments breeding mate-
rials in various crop species (Oikawa et al. 2008;
Fernie and Schauer 2009; Daygon and Fitzgerald
2013; Simo et al. 2014). Metabolic profiling of
Brassica juncea revealed the existence of various
bio-active compounds such as carbohydrates,
flavonoids, glycosides, phenolics, proteins, ster-
ols, and triterpene alcohols (Allen et al. 1976; Li
et al. 2000; Yokozawa et al. 2002; Das et al.
2009; Jung et al. 2009). Interestingly, several
researchers have investigated regulation of key
metabolites in B. juncea, especially under heavy
metal stress conditions (Bauddh and Singh 2012;

Mohamed et al. 2012; Ahmad and Gupta 2013;
Kanwar et al. 2015). Given this, the chapter
includes significant lead gained in the past dec-
ade in the field of phytoremediation and thera-
peutic properties of B. juncea metabolomics
along with a brief discussion on the current
contribution and the future scope of metabo-
lomics in accelerating crop improvement.

18.2 Classification of Metabolomic
Approaches and Metabolome
Technologies

Metabolomics approaches are classified into tar-
geted or non-targeted. Targeted metabolomics
requires prior knowledge of metabolites and
involves quantitative analysis of selected groups
of metabolites (e.g., amino acids, lipids, sugars,
and/or fatty acids). Thus, this approach investi-
gates specific metabolic pathways, validates
identified biomarkers, and does not achieve glo-
bal coverage (Roberts et al. 2012). On the con-
trary, non-targeted metabolomics approaches are
involved in global profiling of the metabolome
such as biomarker discovery (Vinayavekhin et al.
2010). Thus, non-targeted metabolomics often
provides more information than targeted meta-
bolomics, but targeted metabolomics typically is
more quantitative. A comprehensive view of
metabolome is not provided by a single analyti-
cal technique and thus, multiple technologies are
required for detailed and complete information
on metabolome (Hall et al. 2002; Sumner et al.
2002). Metabolome profiling requires coupling
of various biochemical techniques such as
infrared spectroscopy (IR), nuclear magnetic
resonance (NMR), thin layer chromatography
(TLC), HPLC coupled with ultraviolet and pho-
todiode array detection (LC/UV/PDA), coupling
of capillary electrophoresis to ultraviolet absor-
bance detection (CE/UV), laser-induced fluores-
cence detection (CE/LIF), mass spectrometry
(CE/MS), coupling of chromatographic tech-
niques such as gas chromatography, liquid
chromatography, high performance liquid chro-
matography with mass spectrometry (GC/MS,
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LC/MS, HPLC/MS) and NMR
(LC/NMR/MS/MS), Fourier transform ion
cyclotron mass spectrometry (FTMS) (Oliver
et al. 1998; Tweeddale et al. 1998; Bailey et al.
2000a, b; Fraser et al. 2000; Arlt et al. 2001;
Bligny and Douce 2001; Ratcliffe and Shachar-
Hill 2001; Baggett et al. 2002; Soga et al. 2002;
Huhman and Sumner 2002; Aharoni et al. 2002)
have all been used.

The most suitable technology is employed by
considering speed, selectivity, and sensitivity
features. For instance, NMR is rapid and selec-
tive but possesses low sensitivity; CE/LIF,
CE/UV is highly sensitive but lacks selectivity;
GC/MS and LC/MS provide good sensitivity and
selectivity but require longer time for analysis.

18.3 Metabolic Profiling
of B. juncea Under Heavy
Metal Stress

Heavy metals are regarded as toxic environ-
mental pollutants due to environmental and
ecological concerns (Nagajyoti et al. 2010). Non-
biodegradable nature of heavy metals causes
long lasting persistence in the environment
(Singh et al. 2011). They get frequently adsorbed
on the soil surface, followed by gradual distri-
bution in the soil. Plants accumulate heavy
metals upon exposure and adversely affect its
growth and development (Ramasubbu and
Prabha 2012). Due to their long-duration persis-
tence, these metals accumulate in the human
body through food chain, which results in serious
ill effects on health (Flora et al. 2012). The first
line of plant defense to heavy metals stress is the
production of reactive oxygen species (ROS) and
hence elicits oxidative stress in plants (Mithofer
et al. 2004). Plants exhibit various defensive
mechanisms in response to stress like chelation,
detoxification, exclusion of metal ions through
phytoremediation, and activation of various
stress protective proteins and osmolytes (Vam-
erali et al. 2010; Zhang et al. 2013; Zhou et al.
2013; Feng et al. 2021).

18.3.1 Cadmium Stress

Cadmium (Cd) being a phytotoxic metal affects
plant growth, development, and vital metabolic
processes. It causes browning of root tips, root
length inhibition, biomass reduction, chlorosis,
and even death and affects water and nutrient
uptake, photosynthesis, and respiration (Singh
et al. 2011). Cd toxicity causes blockage of
essential functional groups in biomolecules,
overproduction of ROS which triggers DNA and
proteins damage, removal of cofactors from
enzymes and makes them inactive, etc. (Mithofer
et al. 2004; Ramasubbu and Prabha 2012; Flora
et al. 2012). In order to alleviate Cd toxicity,
plants exhibit various resistance mechanisms
such as immobilization of cell walls, compart-
mentalization of vacuoles, exclusion of plasma
membrane, etc. Compounds with higher per-
centage of cysteine (Cys) sulfhydryl residues
such as thiol peptides play a critical role in Cd
detoxification. Non-enzymatic antioxidant,
reduced form of glutathione (c-Glu-Cys-Gly,
GSH) provides tolerance and sequestration of
heavy metals by chelation and protect cells from
oxidative stress damage (Vamerali et al. 2010;
Jiang et al. 2012). GSH also acts as a precursor of
phytochelatins (PCs) which are family of pep-
tides with the general structure (c-Glu-Cys)n-
Gly, where n = number of repetitions of the c-
Glu-Cys unit, that can vary from 2 to 11 (Zhang
et al. 2013). PCs possess high antioxidant
capacity and reduce free metal concentration
from the cytosol by binding and transporting the
metal to specific compartments such as vacuoles
(Zhou et al. 2013). Synthesis of PCs has been
reported in Cd stress Indian mustard plants
(Shekhawat et al. 2012).

Plants have acquired several resistance
mechanisms for ROS detoxification viz., activa-
tion of enzymatic and non-enzymatic antioxi-
dants. Enzymatic antioxidants include
superoxide dismutases (SOD), peroxidases
(POD), catalases (CAT), polyphenyl oxidase
(PPO), and glutathione peroxidase (GPOX), and
antioxidant metabolites such as ascorbate,
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glutathione, and a-tocopherol, scavenges free
radicals and provide an important line of defense
against Cd-induced oxidative stress (Jiang et al.
2012). Metabolic pathways such as ascorbate–
glutathione cycle reduce H2O2 by utilizing
ascorbate in an ascorbate peroxidase (APX)-
dependent reaction and recycles ascorbate in the
reduced form by dehydroascorbate reductase by
using GSH as a substrate. Oxidized glutathione
is, further, reduced by glutathione reductase in
the presence of NAD(P)H (Jiang et al. 2012).
Stress protective proteins, e.g., heat shock pro-
teins also protect plants against oxidative damage
(Donnelly and Robinson 1991; Chen and Yang
2012). Another resistance mechanism in plants
involves the action of plant growth regulators
(PGRs) and secondary metabolites. Plant hor-
mones including auxins, abscisic acid, brassi-
nosteroids, and polyamines regulate growth and
development metabolic processes. PGRs act as
stress protectants by activating antioxidative
defense systems in plants and scavenges ROS
(Haubrick and Assmann 2006; Sharma and
Bhardwaj 2007; Verma et al. 2012).

Different families such as Brassicaceae,
Fabaceae, and Caryophyllaceae exhibit the
potential of tolerating high concentrations of
metal(loid)s in the soil (Arnon 1949). Brassi-
caceae is the best-represented family among
metal-accumulator families, and Indian mustard
is a strong tool for developing effective Cd
phytoremediation strategies due to its ability to
store high concentrations of heavy metals in its
organs (Velikova et al. 2000). Therefore, Indian
mustard is involved directly as a phytoremedia-
tion crop and indirectly as an enriched source of
genes for improving other phytoremediation-
targeted plants (Maclachlan and Zalik 1963). In
B. juncea, an increased level of Cd toxicity
enhanced H2O2 content which might be due to
cell membrane destabilization (Srivastava et al.
2005). Additionally, activities of SOD, PPO,
GST, and GPOX enzymes in B. juncea were
upregulated on exposure to Cd stress which
causes detoxification and scavenging of free
radicals like DPPH, superoxide radical, singlet
oxygen, etc. (Fig. 18.1). Bauddh and Singh

(2012) studied Cd tolerance, its phytoremedia-
tion, and the role of antioxidants from the con-
taminated soil of two oil-yielding plants Ricinus
communis (L.) and B. juncea (L.). Plants were
treated with 25, 50, 75, 100, and 150 mg Cd/kg
soil for 60 days and observed that the contents of
two non-enzymatic antioxidants viz. proline and
malondialdehyde increased in the leaves of both
the species with increase in Cd level whereas
soluble protein decreased. The total metal accu-
mulation, bioaccumulation, and translocation of
Cd from roots to shoot were also found in both
B. juncea and R. communis at all Cd concentra-
tions. Further, Mohamed et al. (2012) observed
that with an increase in Cd concentrations, a
progressive accumulation of Cd occurs in roots
and shoots, along with an organ-dependent
alteration in mineral uptake. Root/shoot length,
fresh/dry weight, chlorophyll, and carotenoid
contents were decreased due to Cd treatment. Cd
exposure unregulated xanthophyll cycle, thereby
indicating the requirement of protecting photo-
synthetic apparatus from photoinhibition. Cd
stress also revealed that shoots are less efficient
than roots in scavenging ROS due to differential
activities of POD and CAT and solely with
respect to the highest Cd concentration, by
ascorbate level. Such variability in antioxidant
capacity might explain differences in lipid per-
oxidation of roots and shoots. Furthermore, glu-
tathione and phytochelatin contents are
significantly increased due to Cd stress in both
shoots and roots, regardless of the metal con-
centration involved.

Tan et al. (2021) compared the effects of Cd
stress in roots of B. juncea after 48 h and 7 d by
metabolite profiling. Significant differences were
observed in amino acids, organic acids, carbo-
hydrates, lipids, flavonoids, alkaloids, and
indoles and these metabolites exhibit important
participation in adapting B. juncea roots to Cd
stress. B. juncea roots regulate the synthesis of
amino acids such as arginine, valine, leucine,
isoleucine; lipid metabolism such as linoleic
acid, glycerophospholipid, and alpha-linolenic
acid metabolism and ABC transporters and thus,
resist 48 h Cd stress. However, 7 d Cd stress was
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resisted by regulating linoleic acid, alpha-
linolenic acid, glycerophospholipid metabolism,
and synchronizing the activity of ABC trans-
porters in B. juncea (Sect. 18.3.1).

18.3.2 Arsenic Stress

Arsenic (As) is non-essential and pervasive
metalloid that possesses high level of toxicity
and imposes environmental and health concerns.
Naturally, As occurs through dissolution and the
adsorption of As compounds onto pyrite ores
into the water by geochemical factors as well as
anthropogenic through insecticide and herbicide
uses, phosphate fertilization, and also from the
semi-conductor industry (Mondal et al. 2006).
The oxidation states of As are −3, 0, +3, and +5
and it exists in the form of arsenious acids
(H3AsO4, H3AsO4

−, H3AsO4
2−) and arsenic

acids (H3AsO4, H2AsO4
–, HAsO4

2−), arsenates,
arsenites, methyl arsenic acid, dimethyl arsenic
acid, and arsine, etc. in nature (Mohan and Pitt-
man 2007). Irrigation strategies involving con-
taminated groundwater causes entry of As into
the food chain, e.g., in rice (Meharg 2004). The
harmful effects of As are counteracted by
adopting two main practices viz., phytoremedia-
tion which involves the removal of As from the

environment, and safe crops development which
can be raised in contaminated environments
(Tripathi et al. 2008).

Various cellular, morphological, physiologi-
cal, and biochemical processes such as shoot and
root growth, germination, and biomass produc-
tion are interrupted upon exposure of plants to As
(Ahsan et al. 2008). Generation of ROS is also
induced by As exposure, despite the fact that As
is a non-redox-active metalloid (Srivastava et al.
2007; Mishra et al. 2008), owing to its intra-
conversion from one ionic form to other (Mylona
et al. 1998). The formation of free radicals leads
to oxidative stress that results in lipid peroxida-
tion, cell damage or even, cell death, biological
macromolecule decay, deconstruction of mem-
brane DNA, and proteins damage (Chardi et al.
2009; Flora 2011). To alleviate As stress, plants
have developed various defensive metabolic
pathways which not only maintain free metalloid
ion concentration to minimum (primary detoxi-
fication) but also prohibit/repair the damage
caused due to free ions (secondary detoxifica-
tion) (Bleeker et al. 2006; Srivastava et al. 2007;
Mishra et al. 2008). Free metal ions are detoxi-
fied with the activation of enzymatic and non-
enzymatic antioxidants, hormones, etc. (Peleg
and Blumwald 2011; Table 18.1) For instance,
Brassinosteroids (BRs), a group of polyhydrox-
ylated steroidal hormones, combat various
stresses like heat, cold, drought, salt, heavy
metals, pest infestation and pathogen infection
(Bajguz and Hayat 2009; Kanwar et al. 2013) by
crosstalking with other PGRs like salicylic acid,
jasmonic acid, cytokinins, auxins, etc. PGRs
trigger defensive mechanisms and protect the
plant from various stresses (Bajguz and Hayat
2009).

Studies by Garg and Singla (2011) have
reported that As (V) toxicity declined transpira-
tion rate, water and essential nutrients trans-
portation, and root activity. As also causes leaf
abscission, plant growth inhibition, and biomass
reduction by reacting with proteins’ sulphydryl
groups (Shao et al. 2011). Indian mustard is
grown hydroponically displayed reduction in
plant growth parameters due to As stress (Khan
et al. 2009). Lipid peroxidation occurs as a result

Fig. 18.1 Regulation of heavy metal detoxifying
metabolites in B. juncea
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of oxidative stress caused by As stress leads to
formation of Malondialdehyde (MDA) which
serves as an indicator of oxidative stress and
tissue damage in plants and animals. Several
studies in B. juncea have reported that stress
marker parameters like MDA and proline con-
tents were upregulated due to As (V) toxicity at
various growth and development stages. MDA
enhancement due to As (V) leads to the pro-
duction of superoxide radicals which increases
lipid peroxidation (Khan et al. 2009; Ahmad and
Gupta 2013; Kanwar et al. 2015). In order to
alleviate oxidative stress, plants activate their
antioxidative defense system (Kanwar et al.
2012). B. juncea plants treated with As (V) re-
sults in enhanced synthesis of stress protective
proteins and antioxidative enzymes activity such
as SOD, CAT, and GPX (Table 18.1; Gupta
et al. 2009; Kanwar et al. 2015).

The potential of a plant to resist As stress
depends upon its early perception. Studies have
concluded that phosphate starvation via As
(V) stress downregulates various genes in plants.
On the contrary, plants have evolved As
(V) sensing system which works antagonistic to
the phosphate-sensing mechanism (Catarecha
et al. 2007; Abercrombie et al. 2008). Important
steps involved in As tolerance have been impli-
cated as reduction of arsenate [As(V)] to arsenite
[As(III)], organ-and tissue specific and subcel-
lular distribution of As, complexation with
sulfur-containing ligands, and vacuolar seques-
tration (Srivastava et al. 2012; Kumar et al.
2015). These mechanisms to avoid As toxicity
are coordinated through transcriptome and pro-
teome changes (Chakrabarty et al. 2009; Yu et al.
2012).

The underlying principle of As detoxification
is chelation with sulfur-containing compounds
such as GSH, PCs, and sequestration of com-
plexes in the vacuoles (Table 18.1; Raab et al.
2005; Bleeker et al. 2006). The upregulation of
PCs due to As stress is observed in hypertolerant,
hyperaccumulator and non-hyperaccumulator
plants (Hartley-Whitaker et al. 2001; Cai et al.
2004; Srivastava et al. 2007; Mishra et al. 2008).
Abrupt biosynthesis of PCs via de novo pathway

due to As stress requires increased GSH
biosynthesis which further depends on cysteine
biosynthesis due to upliftment of sulfur assimi-
lation pathway (Rother et al. 2008). Hence,
exposure of plants to heavy metal stress might
lead to sulfur deficiency.

Several studies have depicted the significant
role of thiols in As stress and detoxification by
plants (Cai et al. 2004; Mishra et al. 2008; Cas-
trillo et al. 2013). Transcriptomic profiling of rice
plants treated with As (V) stress revealed the
involvement of various genes of sulfur assimi-
lation pathways such as CS and cECS, GSH
biosynthetic, and transportation pathways (Nor-
ton et al. 2008). Enzyme activity, phytochelatin
synthase was upregulated to maintain the rich
supply of GSH. Thus, As stress triggers sulfate
assimilation pathway (Harada et al. 2001) in
plants. PGRs not only regulates growth and
development but also respond to various abiotic
and biotic stresses (Wang et al. 2002; Maruyama-
Nakashita et al. 2004). For instance, jasmonic
acid triggers GSH biosynthesis genes and regu-
lates plant responses to sulfur depletion (Xiang
and Oliver 1998; Nikiforova et al. 2003). Hence,
As stressed plants activate jasmonate synthesis
which might be involved in perception and signal
transduction; thereby targets various defensive
genes to combat As stress (Grsic et al. 1999).
Further, signaling of As in B. juncea indicates the
pivotal role of jasmonates, and microRNA
specific microarray analysis in B. juncea also
indicated the involvement of As-specific micro-
RNAs in regulating the metabolism and function
of PGRs like auxins, ABA, jasmonates, and
sulfur metabolism (Srivastava et al. 2009, 2013).
Therefore, two main strategies are responsible for
As detoxification:
(i) Modification of signal transduction path-

ways on perceiving As stress which
involves PGRs such as jasmonic acid,
ethylene, auxins, and cytokinins to induce
abrupt biochemical alterations as well as
long-term adaptation responses.

(ii) Upregulation of As detoxification processes
through activation of sulfate assimilation
pathways to combat As stress.
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18.4 Therapeutic Potential
of B. juncea

B. juncea possess diverse medicinal properties
from seed and oil products. Seeds are an excel-
lent source of protein and edible oil. An essential
oil, popularly known as mustard oil is used in
cosmetics for hair control (Yu et al. 2003).
Commercialized oils of B. juncea exhibit chief
pungent chemical constituent, Allyl isothio-
cyanate. This isothiocyanate is most important
cancer chemo-preventive phytochemical and also
acts as antimicrobial agent against various
organisms (Luciano and Holley 2009; Okulicz
2010; Zhang et al. 2010). Metabolic profiling of
B. juncea revealed the biosynthesis of various
biochemical constituents/phytochemicals such as
carbohydrates, protein, flavonols, glucosinolates,
phenolics, sterols, and triterpene alcohols (Fabre
et al. 1997; Li et al. 2000; Yokozawa et al. 2002;
Das et al. 2009; Jung et al. 2009).

18.4.1 Glucosinolates

Glucosinolates are glucose derivatives attached
to sulphonated oxime through aliphatic, aro-
matic, or heterocyclic side chains (Chew 1988).

Brassicaceae plants constitute 200 diverse glu-
cosinolate compounds which are mainly catego-
rized into two main classes: aliphatic and
aromatic glucosinolates. Aliphatic glucosino-
lates, commonly found in Brassica species, pos-
sess but-3-enyl and prop-2-enyl (Fenwick et al.
1983) compounds. Seeds of B. juncea exhibit
three different types of glucosinolates such as
Sinalbin, Glucoarabin, and Glucohirsutin (Fabre
et al. 1997). Sinigrin and glucoraphanin are
mainly present in seeds and leaves of B. juncea
which act as a precursor of anti-cancerous com-
pounds, allyl isothiocyanate, and sulphoraphane,
respectively. Sinigrin has goitrogenic activity
while allyl isothiocyanate possesses fungicidal,
antitumor, antimicrobial, and antioxidant
activities.

18.4.2 Flavonoids and Other Phenolic
Compounds

Flavonoids and hydroxycinnamic acids are enri-
ched polyphenols in Brassica. Among flavonoids,
flavonols and anthocyanins exist largely in Bras-
sica species. Chemically, flavonoids are com-
prised of fifteen carbons with two aromatic rings
connected by a three carbon bridge. Quercetin,
Kaempferol, and Isorhamnetin are the main

Table 18.1 Key responsive metabolites in B. juncea under heavy metal stress

Type of
heavy
metal
stress

Metabolite involved Status References

Cd stress H2O2, SOD, PPO, GST, GPOX, POD,
CAT, ascorbate, glutathione,
phytochelatin, proline, MDA, flavonoids,
indoles, alkaloids

Increase Srivastava et al. (2005), Mohamed et al.
(2012), Bauddh and Singh (2012), and
Tan et al. (2021)

Soluble protein, chlorophyll, carotenoid Decrease Mohamed et al. (2012)

Xanthophyll cycle Activation

As stress SOD, CAT, GPX, ROS, brassinosteroids,
glutathione, phytochelatin, phytochelatin
synthase, malondialdehyde, proline,
jasmonate, abscisic acid, auxin,
superoxide radicals

Increase Grsic et al. (1999), Bleeker et al. (2006),
Srivastava et al. (2007), Mishra et al.
(2008), Ahsan et al. (2008), Norton et al.
(2008), Gupta et al. (2009), Khan et al.
(2009), Srivastava et al. (2009), Ahmad
and Gupta (2013), and Kanwar et al.
(2015)
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flavonols and are commonly found as O-
glycosides. Colored flavonoids and anthocyanins
have antioxidative activities and themost common
are pelargonidin, cyanidin, delphinidin, peonidin,
petunidin, and malvidin with cyanidin (Sadilova
et al. 2006; McDougall et al. 2007; Moreno et al.
2010) A novel and rare Kaempferol-3-Glucoside-
2″-Rhamnoside-7-Rhamnoside, was isolated
from B. juncea. Earlier known compounds
from the leaves of B. juncea are kaempferol-3-O-
(2-O-feruloyl-b-D-glucopyranosyl-(1 ! 2)-b-D-
glucopyranoside)-7-O-b-D-glucopyranoside,
kaempferol-3-O-b-D-glucopyranosyl-(1 ! 2)-O-
b-D-glucopyranoside-7-O-b-D-glucopyranoside,
1-O-sinapoyl-glucopyranoside, kaempferol-3-O-
(2-O-sinapoyl)-b-D-glucopyranosyl-(1 ! 2)-b-
D-glucopyranoside-7-O-b-D-glucopyranoside,
kaempferol-3-O-b-D-glucopyranosyl-(1 ! 2)-b-
D-glucopyranoside-7-O-b-D-glucopyranosyl-
(1 ! 6)-b-D-glucopyranoside, and kaempferol-3-
O-(2-O-sinapoyl)-b-D-glucopyranosyl-(1 ! 2)-
b-D-gluco-pyranoside-7-O-b-D-glucopyranosyl-
(1 ! 6)-b-D-glucopyranoside (Kim et al. 2002;
Jung et al. 2009). The major flavonoid in leaves of
B. juncea is Isorhamnetin 3,7-di-O-b-D-gluco-
pyranoside (Isorhamnetin diglucoside) (Yoko-
zawa et al. 2002).

Mustard meal is a good source of phenolic
compounds which are bitter and astringent in
nature. These compounds are now emerging as
value-added products due to their antioxidative
properties. The major phenolic compound in
mustard meal is sinapic acid (SA) (MW—
224.2 Da) and sinapine (MW—275 Da) (Das
et al. 2009).

18.4.3 Proteins, Phytosterols,
and Alcohols

Brassica species exhibit two major storage pro-
teins viz., napin and cruciferin which constitute
45–50% and 25%, respectively (Appelqvist et al.
1973). Napin of B. juncea consists of two
polypeptides, a small subunit of 29 amino acids

and a large subunit of 86 amino acids which are
held together by disulfide bridges (Dasgupta
et al. 1995). These bridges provide stability and
compactness to napin. Trypsin inhibitor is the
precursor of napin which is antifungal and aller-
genic in nature (Jyothi et al. 2007). Another
antifungal protein, juncin (18.9 kDa) was
extracted from B. juncea seeds (Ye and Ng 2009).

Phytosterols are highest in concentration
(64 mg/g) among various edible fats and oils in
mustard oil (Sabir et al. 2003). Long chain
alcohols and phytosterols are active components
of “healthy vegetables” in mustard seeds and are
useful in impeding hypercholesterolemia
(Table 18.2).

18.5 Concluding Remarks
and Future Perspectives

Following the plant metabolomics development,
an advanced shift from single metabolite analysis
to high throughput assays of profiling various
metabolites in one go has paved the way for
generating metabolic networks, identification of
biomarkers, and antioxidative constituents under
various abiotic and biotic stress conditions.
Metabolomics in B. juncea has allowed the
identification of metabolic changes and their
impact during stress conditions. Additionally,
seeds and oil metabolite profiling in B. juncea
revealed the existence of therapeutic potential
due to glucosinolates, flavonoids, phytosterols,
etc. In the last decade, integrating layers of
metabolomics with other omics approaches has
uncovered a plethora of known and novel
metabolites which contribute towards B. juncea
improvements in terms of resistance, yield, oil
quality, etc. To this end, high throughput avenues
such as GWAS, GBS, transcriptomics, pro-
teomics has allowed efficient integration of
metabolite profiling in designing and developing
agronomically superior plants that adequately
would meet the challenges of twenty-first century
agriculture.
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19Proteomics Approach to Uncover Key
Signalling Pathways in Brassica
juncea in Abiotic and Biotic Stress

Ankita Sehrawat and Renu Deswal

Abstract

Brassica juncea (Indian mustard) is an impor-
tant oil yielding crop. Total and sub-organelle
proteome of B. juncea is analyzed by SDS-
PAGE, two-dimensional gel electrophoresis
(2-DE), 2-D DIGE, iTRAQ, gel free/in-gel
trypsin digestion, MALDI-ToF/ToF and
nLC-MS/MS. For sub-organelle proteome
(cuticle, apoplast and nucleus) purity of
samples was assessed by checking the pres-
ence of a cytosolic marker, glucose-6-
phosphate dehydrogenase and a chloroplastic
marker, RuBisCO. Enzymes associated with
“mustard oil bomb” (myrosinase and its
associating proteins) are common in apoplast
and cuticle. S-nitrosylation (a post-
translational modification) analyzed in the
apoplast and nucleus showed the importance
of sub-organelle proteomics in identifying

regulation of Brassicaceae specific, defence
(glucosinolate-hydrolysis pathway), stress and
signalling pathway. Proteome analysis of
Cadmium (Cd) treated Brassica plants showed
the importance of peptide methionine sulfox-
ide reductase, 2-nitropropane dioxygenase,
O-acetyl serine sulfhydrylase and glutathione
S-transferase in the Cd hyperaccumulation
and tolerance. Functional categorization of the
mass spectrometry (MS) identified proteins
suggested that during both abiotic and biotic
stress, pathways of cellular detoxification
(including enzymes of ascorbate glutathione
cycle, superoxide dismutase and glutathione
S-transferase), redox homeostasis, defence
and photosynthesis are modulated. Interest-
ingly, no detailed study has been reported on
other PTMs except S-nitrosylation in B.
juncea. To have an overview of B. juncea
proteomics, collective information on the
proteome based studies are presented.

19.1 Introduction

Brassica juncea is a Brassicaceae (Cruciferae)
member, commonly known as Indian mustard,
yellow sarson, brown mustard, Chinese mustard
or oriental mustard. The leaves are simple and
petioled; ovate or obovate shaped; the flowers
show raceme inflorescences; flower bisexual with
four free sepals and four yellow coloured petals,
along with two longer and two shorter stamens.
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B. juncea is an important oilseed crop cultivated
in central and south Asia, China, northern Africa,
Europe and North America. It is a globally
important agronomic crop, as it is the second-
largest cultivated oilseed around the world, sup-
plying around 15% of the global consumption of
edible vegetable oils (Rahman et al. 2021). In
India, it is mainly cultivated in the north-western
agroclimatic zone, where productivity of the crop
is affected by abiotic stress. Abiotic stress affects
its growth and development, and therefore, its oil
yield. A total of 17% yield reduction was shown
in Brassica plants in high temperature stress
(Lobell and Asner 2003). Similarly, high salinity
levels in the north-western regions also reduce its
crop productivity. In addition to abiotic stress,
Albugo candida(an oomycete) causes white rust
disease in B. juncea and reduces its oil quality
and yield(up to 20–60%)(Arora et al. 2019). As
Indian mustard is grown in more than five mil-
lion hectares of land in India, the impact of both
biotic and abiotic factors is high.

Plants sense environment and adapt at cellu-
lar, physiological and developmental level by
evolving diverse mechanisms to achieve an
optimized growth and reproductive success.
Stress induces various changes by modifying
genome, proteome as well as metabolome. Ple-
thora of information on gene and protein data-
bases along with the recent development in
protein identification techniques such as
MALDI-ToF and mass spectrometry (MS) has
greatly strengthened the proteomics approach for
understanding the effect of stress on plants
(Hakeem et al. 2012). Proteome analysis of B.
juncea will be important in understanding
molecular regulatory mechanisms, manipulations
and stress-induced acclimatization occurring at
the cellular level.

Here information on the proteome based
studies is presented to give an overview of B.
juncea proteomics and to provide the current
status of B. juncea research. This will help in
understanding various regulatory pathways
involved in providing stress tolerance in this
important oilseed crop.

19.2 Proteomics of Brassica

Protein extraction is one of the most crucial steps
for proteome analysis both during gel based-
[two-dimensional gel electrophoresis (2-DE)]
and gel free proteomics. This is because the
quality of the results depends upon the removal
of interfering substances such as phenolics, pig-
ments, terpenes, lipids, oxidative enzymes and
inhibitory ions present in the plant tissue. These
interfering substances if not removed will result
in poor resolution of the protein reduce spot
number and finally lead to poor results. Proteome
analysis can be done at whole plant level or sub-
cellular level. Total and sub-organelle proteome
of B. juncea is analyzed by sodium dedocyl
sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE), 2-DE, 2-D DIGE (Two-
dimensional difference gel electrophoresis),
iTRAQ (Isobaric tags for relative and absolute
quantitation), gel free/in-gel trypsin digestion,
MALDI-ToF/ToF, and nLC-MS/MS.

19.2.1 Total Proteome

19.2.1.1 Seedlings
To get the optimum yield, protocol should be
standardized for different samples. As B. juncea
seedlings are rich in secondary metabolites,
therefore, either trichloroacetic acid (TCA)—
acetone precipitation or phenol extraction metha-
nol—ammonium acetate precipitation methods
are most commonly used for removing interfering
substances. 2-D gel comparisons of phenol and
TCA/acetone-based extraction buffers showed
both themethods are suitable for protein extraction
from Brassica seedlings (unpublished work, Dr.
Renu Deswal). However, compared with
TCA/acetone method, the protein yield is com-
paratively higher in the phenol-based method.

19.2.1.2 Seed
Recently, a simple and robust protocol for single
rapeseed seed protein extraction (SRPE) was
established by Rahman et al. (2021). Quality and
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yield of proteins extracted by SRPE method were
checked by downstream gel-based approach
(1DSDS-PAGE), which showed clear and well-
resolved polypeptides of the characteristic two
triplets for cruciferin and a single doublet for
napin. The predicted polypeptide of napin and
cruciferin on SDS-PAGE was confirmed by
western blotting using anti-2S napin and anti-12S
cruciferin antibody. This method was shown to be
useful for seed proteome extraction from various
Brassica species, including B. juncea, B. rapa, B.
fruticulosa and B. nigra and also highlighted the
usefulness of the method across a range of species
differing in pigmentation and oil content. This
study provided a useful methodology (SRPE
method) for identifying and characterizing very
high amount of seed storage proteins (SSPs) in an
economical and rapid way. Moreover, the samples
can further be used for MS.

Proteomics of a cell is too complex to
understand only by total proteome analysis.
Organelles provide a step up because they com-
partmentalize a set of proteins in the cell, there-
fore, help in the analysis of the physiology and
metabolism in time and space (Plöscher et al.
2009). Moreover, low abundant targets are
masked by abundant proteins such as RuBisCO
(ribulose-1, 5-bisphosphate carboxylase/
oxygenase), RuBisCO activase, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and heat
shock proteins, asthese compete with the low
abundant proteins either during column chro-
matography or 2-DE or MS identification during
total proteome analysis, leading to waste of effort
and time. In contrast, organelle proteomics will
selectively remove these abundant proteins and
help in providing deeper insight into the role of
regulatory and low abundant proteins in stress
and signalling.

19.2.2 Organelle Proteomics

Due to multicompartmental and dynamic nature
of protein localization, the revelation of the sub-
cellular distribution of proteins is one of the
major challenges in cell biology. Characteriza-
tion of organelle proteome will help in

understanding the protein functions and dynam-
ics. Unfortunately, there is no report on sub-
organelle proteome of B. juncea except cuticle.
For reports which are available pertains to dis-
tribution and identification of S-nitrosylated
proteins in different cellular compartments such
as apoplast and nucleus. The reason for the
selection of apoplast and nucleus for analysis
was their crucial role in signalling perception
response. Purity of sub-organelle fractions was
assessed by either performing the enzyme assays
for the cytosolic marker enzyme (glucose-6-
phosphate dehydrogenase, G6PDH) or by per-
forming the western blotting using anti-RuBisCO
antibodies for RuBisCO (a chloroplastic protein)
contamination. The isolated sub-organelle pro-
teins were resolved on the 2-D SDS-PAGE and
the proteins were identified by MS.

19.2.2.1 Cuticle
Cuticle is the outermost layer of the aerial parts of
the plant with a protective role against herbivores,
pathogens and UV radiation. It is the perception
site for biotic and abiotic stress signalling. How-
ever, only a few reports are available on the cuticle
proteome. Recently, leaf cuticle proteome of B.
juncea was isolated using organic solvents [chlo-
roform–methanol, 2:1(v/v)], and identified by gel-
based and quantitative shotgun proteomics (Arya
et al. 2021). A total of 615 proteins were identified,
out of which 169 (27%) had a signal peptide
indicating their extracellular localization. Identified
targets include xyloglucan endotransglucosylase/
hydrolase protein, succinate-semialdehyde dehy-
drogenase, GDSL esterse/Lipase ESM1, myrosi-
nase, MADS-box transcription Factor 32 and PsbP
domain-containing protein. Functional categoriza-
tion using QuickGO predicted the involvement of
identified targets in catabolism (21%), peptidase
activity (13%), oxidation–reduction (12%),
defence (9%), fatty acid binding (9%), nutrient
reservoir activity (8%), chitin-binding (7%) and
lipid transport (2%). Interestingly, antifreeze
activity was shown in the cuticle extracts using
nanoliter osmometer-phase contrast microscopy.
However, further work is required to under-
stand the role of antifreeze activity in B. juncea
cuticle.

19 Proteomics Approach to Uncover Key Signalling Pathways … 339



19.2.2.2 Apoplast
B. juncea apoplastic proteins were isolated from
seedlings using sodium acetate buffer (pH 3) by
vacuum infiltration method (Sehrawat and Des-
wal 2014a). The quality of the apoplastic fluid
assessed with G6PDH assay and western blotting
showed negligible cytoplasmic and chloroplastic
contamination. Contamination less apoplastic
fractions were resolved on the 2-D gel strips, pH
3–10 which showed that 93% spots focused on an
acidic pH. This is because of the acidic nature of
plant apoplast (pH < 6.5). Resolution of the
samples on the Zoom gels (pH 4–7) further con-
firmed the acidic nature of the extracted
apoplastic proteins. Around 109 spots were
resolved on the 2-D gel and identified by
MALDI-TOF/TOF and nLC − MS/MS. The sub-
cellular location of the identified proteins was
predicted by TargetP program (www.cbs.dtu.dk/
services/TargetP). Proteins with signal peptide
were predicted by SignalP-4.0 server (www.cbs.
dtu.dk/services/SignalP/), while proteins without
typical signal peptide sequences, but following
non-classical secretion mechanism was predicted
by SecretomeP program (http://www.cbs.dtu.dk/
services/SecretomeP-1.0). Using these prediction
tools and literature studies, 75% targets were
localized in the apoplast. Functional categoriza-
tion after MS identification of S-nitrosylated
proteins showed 41% and 38% targets to
bemetabolic/cell wall modifying and stress-
related, respectively (detailed in Sect. 14.3.3).
Apoplast being the first line of defence, majority
of the identified targets were expected to be stress,
defence and redox responsive proteins. Identifi-
cation of non-secretory S-nitrosylatedproteins
[acyl-binding/lipid transfer protein, cysteine pro-
teases, Cu/Zn superoxide dismutase (SOD) and
dehydroascorbate reductase (DHAR)] suggests
cold stress and nitric oxide induced transport of
these proteins to the apoplast (detailed in the
Sect. 14.4.3). Interestingly, enzymes associated
with “mustard oil bomb”, i.e. myrosinase and its
associating protein are common in apoplast and
cuticle. This study was crucial in understanding
the role of sub-organelle proteomics for identifi-
cation of spatially regulated targets of cold stress
signalling.

19.2.2.3 Nucleus
Nucleus is regarded as CPU (central processing
unit) of the cell, as it regulates all the important
cellular events. It is also regarded as principal
information and administrative centre of the cell
(Pandey et al. 2018). Nuclei from B. juncea
seedlings were isolated using sucrose density
gradient method (Sehrawat et al. 2019). The
integrity of the isolated nuclei was checked using
differential interference phase contrast micro-
scopy and fluorescence microscopy with the help
of DAPI (4′,6-diamidino-2-phenylindole) stain-
ing. Samples with intact, bright and homoge-
nously glowing nuclei were used for the
proteome analysis. For the isolated nuclei,
nuclear proteins were isolated using TriPure
reagent. This step helps in removing the nucleic
acids which interfere in isoelectric focusing of
the proteins. Chloroplastic contamination was
checked by measuring chlorophyll content using
a spectrophotometer and western blotting using
anti-RuBisCO antibodies. Cytoplasmic contami-
nation was measured in the final nuclear fractions
by assessing a cytoplasmic marker (G6PDH
enzymes). Highly pure nuclear fractions were
used for the proteome analysis. Nuclear proteins
were resolved as 178 reproducible spots on the 2-
DE gel. Nuclear localization signal (NLS) in the
MS identified targets such as myrosinase binding
protein 2-like, PYK 10 binding protein 1,
PYK10-binding protein 1-like and PYK 10
binding protein 2-like was predicted by BaCelLo
(balanced sub-cellular localisation predictor,
http://gpcr.biocomp.unibo.it/bacello/), which
confirmed targets nuclear localization. Plastid
sub-organelle proteome is not yet analyzed in
B. juncea. Nevertheless, in Sinapis alba (white
mustard, a Brassicaceae member), a specific
purification strategy for the analysis of low
abundant plastid proteome was shown (Schröter
et al. 2014). Additionally, using plastid sub-
proteome analysis of Sinapis alba, plastid-
encoded RNA polymerase (PEP), plastid tran-
scriptionally active chromosome proteins, RNA-
binding proteins, a novel thioredoxin as a subunit
of PEP, a 2-Cys-peroxiredoxin complex and
ferredoxin: NADP-oxidoreductase, were identi-
fied as potential redox regulators (Schröter et al.
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2010).Plants are constantly affected by both
biotic and abiotic stress, which not only affect
their yield but also their growth and survival. In
response to stress, plants have evolved various
mechanisms to perceive and acclimate. The role
of proteins in understanding plant stress response
is important, as they regulate physiological
characteristics and help in adapting to changing
environment. Proteins are “critical executors” of
regulatory pathways (Liu et al. 2019). Therefore,
it is important to identify and characterize these
proteins and their functions in stress.

19.3 Proteome Analysis Under
Abiotic and Biotic Stresses

19.3.1 Salinity Stress

B. juncea shows severe yield loss due to salinity
stress mainly in the north-western region of India
(Yousuf et al. 2016a). Comparative proteome
analysis of a B. juncea salt-tolerant genotype
(CS-52) with a salt-sensitive genotype (Pusa-
Varuna) using 2-DE showed differential accu-
mulation of 21 proteins. The identified proteins
were involved in osmoregulation, ion home-
ostasis, energy metabolism, antioxidant defence
system, photosynthesis, protein synthesis and
stabilization. Interestingly, both Fe-SOD and
Cu/Zn-SOD showed two-fold expression in
stress highlighting the importance of these redox
enzymes in maintaining the redox homeostasis in
salinity stress. CS-52 showed higher expression
of proteins involved in maintenance of turgor and
salt levels in comparison with PusaVaruna
(Yousuf et al. 2016a).

Glucose is a pivotal signalling molecule in
mediating metabolic and stress responses. In a
recent study, effect of glucose (2–8%) supple-
mentation in providing salinity tolerance (50–
100 mM) in B. juncea plants was shown (Sami
et al. 2021). In this study, seeds were given
salinity treatment by soaking them in three con-
centrations of NaCl (0, 50 or 100 mM for 8 h),
followed by foliar spray treatment with four
concentrations of glucose (0, 2, 4, or 8%) for
5 days. Salt stress reduced chlorophyll

fluorescence parameters (ɸPSII, Fv/Fm, qP and
ETR). Glucose-mediated recovery in chlorophyll
fluorescence parameters was observed in NaCl-
treated plants, probably due to enhanced thy-
lakoid stabilization and organization, which fur-
ther increased photosynthetic efficiency.
Scanning electron micrographs showed enhanced
stomatal aperture after glucose foliar spray to
NaCl-treated plants, indicating the role of sugars
as an osmolyte and in regulating stomatal aper-
ture movements, which further enhanced gaseous
exchange. Moreover, glucose enhanced photo-
synthetic efficiency by up-regulating activity of
photosynthetic enzymes (RuBisCO, carbonic
anhydrase), glycolytic enzymes (hexokinase) and
Calvin cycle enzymes (succinate dehydrogenase
and fumarase). Glucose is not only used as a
source of energy by stressed plant but also it
enhances osmotic pressure under salt stress
probably due to the increased expression of sugar
metabolism enzymes such as soluble sugar
invertase (SAI) and neutral invertase (NI). To
sum up, glucose application as foliar spray
increased plant growth, photosynthetic effi-
ciency, activities of antioxidative enzymes,
reduced ROS (superoxide anion and hydrogen
peroxide) and malondialdehyde content in
salinity exposed plants. Spray of 4% glucose
proved best in alleviating the harmful effects of
salt stress. This study clearly indicated positive
effect of glucose during salt stress in Indian
mustard and demonstrated it as a significant
signalling molecule in mediating stress tolerance
mechanism.

19.3.2 Drought Stress

Drought stress is one of the most harmful stresses
which causes the retardation of plant growth and
development, and finally yield loss. A few
attempts have been made in the past to analyze
the effects of drought stress on transcriptome of
B. juncea. However, to the best of our knowl-
edge, till now there is no report on analysis of the
proteome of drought stress treated B. juncea
plants. Nevertheless, proteome analysis in a
related species, Brassica napus leaves in drought
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stress using iTRAQ LC–MS/MS, identified
1,976 proteins with 417 proteins showing sig-
nificant changes under drought stress (Koh et al.
2015). Moreover, effect of drought stress on
protein modification was analyzed by examining
the post-translational modifications (PTMs) of
the identified proteins through MS/MS peptide
sequencing, which showed 9.2% proteins (181 of
the 1976 proteins) with oxidized peptides, while
only 0.3% proteins (5 of the 1976 proteins) were
identified with phosphorylated peptides. Proteins
associated with photosynthesis, protein synthe-
sis, stress and defence showed increased accu-
mulation, while metabolism, protein folding,
degradation and signalling related proteins
showed decreased accumulation. Interestingly, a
positive correlation between protein expression
and gene transcription was observed.

19.3.3 Cold Stress

Proteomics of crude, apoplast, nuclear fractions
in the cold stress treated B. juncea seedlings
showed the modulation of proteins of Brassi-
caceae specific glucosinolate-hydrolysis path-
ways such as myrosinase, myrosinase binding
protein, myrosinase binding protein-related pro-
tein and myrosinase associated proteins, there-
fore, highlighting the novel role of glucosinolate-
hydrolysis pathway in alleviating cold stress
(Abat and Deswal 2009, Sehrawat and Deswal
2014a; Sehrawat et al. 2019). Additionally, b-
glucosidase was also identified as a cold
responsive target in the nucleus. a-hydroxynitrile
glucoside/b-glucosidase system/cyanide bomb is
one of the most well characterized plant defence
systems in the herbivory attack. Interestingly, b-
glucosidases (in white mustard, maize and
almonds) resist digestion by Spodoptera littoralis
larvae (a lepidopteran) and remain intact in the
gut lumen, where they catalyze the activation of
plant défense after ingestion (Vassão et al. 2018).
Cold stress studies on B. juncea also indicated
stress and nitric oxide (NO) mediated cross-talk
(detailed in the following section). Interestingly,
C-repeat binding factor (CBF) dependent cold
stress signalling cascade was analyzed in

B. juncea and two novel isoforms of an upstream
regulator of CBF, inducer of CBF expression
(ICE, BjICE46 and BjICE53) were isolated
(Kashyap and Deswal 2019). This study showed
ICE-CBF pathway is conserved in B. juncea
along with the differential regulation of the ICE
isoforms in the cold stress.

19.3.4 Cadmium Stress

B. juncea is known as potential heavy metal-
phytoextractor for the bioremediation. It can
accumulate high levels of heavy metals from the
polluted soils (Alvarez et al. 2009). In the past
twenty-five years, B. juncea has been used as a
model plant to investigate the mechanisms of
cadmium (Cd) accumulation. Effect of Cd
(250 µM) on B. juncea roots using a proteomic
approach was first shown by fluorescence two-
dimensional difference gel electrophoresis (2-D
DIGE) and iTRAQ (Alvarez et al. 2009). Pro-
teins associated with sulphur assimilation,
xenobiotics, redox homeostasis showed up-
regulation, while proteins associated protein
synthesis and processing were down-regulated.
This study indicated the involvement of peptide
methionine sulfoxide reductase and 2-
nitropropane dioxygenase in redox homeostasis
and glutathione S-transferase, O-acetyl serine
sulfhydrylase and glutathione-conjugate mem-
brane transporter in the Cd hyperaccumulation
and tolerance. In another study, two weeks old
B. juncea seedlings were treated with CdCl2 (25,
50 and 100 µM) and the leaves were used for
gel-based proteomics (2-DE) and quadrupole
time-of flight mass spectrometry. Comparison of
2-D gels of control and Cd treated plants showed
lower abundance of 23 spots, while 13 spots
showed higher abundance (D’Alessandro et al.
2013). Proteomics analysis indicated Cd-
dependent alteration of beta carbonic anhydrase
and phosphoglycolate accumulation which
resulted in the increased photorespiration. It was
observed that in response to exposure to CdCl2,
Cd accumulated in roots and shoots, altered
photosystem efficiency (especially at 50–
100 µM), reduced transpiration and ATP
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synthesis, resulting in the reduction in the plant
growth.

19.3.5 Oxidative Stress

Hydrogen peroxide (H2O2) and other reactive
oxygen species (ROS) act as a signalling mole-
cules in response to the oxidative stress. Redox
status of Brassica juncea roots’ proteome was
analyzed using 2-DE proteomics in response to
exogenous H2O2 and buthionine sulfoximine
(BSO, depletes glutathione and accumulates
endogenous H2O2, Alvarez et al. 2011). A total
of 103 spots were identified, of which 29 proteins
were associated with amino acid biosynthesis,
redox homeostasis and glycolysis, which showed
a change in the redox status in response to H2O2

and BSO treatments. Identified targets involved
in the redox homeostasis were DHAR, glu-
tathione S-transferases and H-type thioredoxins.
Proteins involved in the amino acid synthesis
and proteolysis were cobalamin-independent
methionine synthase, 3-phosphoshikimate 1-
carboxyvinyltransferase, PAA2 20S proteasome
subunit, CLP protease proteolytic subunit 2 and
20S proteasome a-subunit C1. Interestingly, 14-
3-3 proteins, general regulatory factor 10
(GRF10 or GFe) and GF14l, involved in brassi-
nosteroid signalling, were identified in the
oxidative state, indicating that redox modifica-
tion of 14-3-3 proteins may change protein
conformation, therefore, modifying protein–pro-
tein interactions and signalling pathways. This
study identified oxidative stress redox-regulated
proteins using a proteomics (2-DE) approach and
indicated the role of redox-regulated pathways
including glutathione-ascorbate cycle in the
redox homeostasis.

In another study, H2O2 modified proteins
were identified using two-dimensional diagonal
redox SDS-PAGE to understand thiol-disulphide
exchange in B. juncea seedlings following
H2O2 (10 mM) treatment (Prakash and Deswal
2017). Redox responsive polypeptides (11) were
identified as RuBisCO large subunit, myrosinase,
cruciferin and NLI [Nuclear LIM (Lin11, Isl-1
& Mec-3 domains)] interacting protein

phosphatase. Redox modulation of RuBisCO
large subunit was further proved by western
blotting. Interestingly, small subunit of RuBisCO
did not show any redox changes, indicating dif-
ferential regulation of the two subunit in
response to oxidative stress. In silico analysis
showed more than 90% of the identified targets
(except NLI interacting protein) have oxidation
sensitive cysteines, which further strengthened
the importance of proteomics.

Interestingly, although the system (B. juncea)
is same, targets in the above mentioned studies
were not similar, probably because of the dif-
ferent plant parts (roots and seedlings) used for
the analysis and also the lack of exhaustive MS
identification of proteins targets.

19.3.6 Elevated CO2

It is well known that carbon (C) and nitrogen
(N) are two essential elements involved in nor-
mal plant growth and development. Proteome
analysis of N-efficient and N-inefficient B. jun-
cea, grown under low-Nand elevated CO2 using
2-DE and MALDI-TOF/TOF showed 158 can-
didate protein spots, of which, 72 spots were
identified (Yousuf et al. 2016b). Identified targets
were involved in energy metabolism, protein
synthesis, photosynthesis, transport, nitrogen
metabolism, signal transduction and defence.
Identification of proteins such as oxygen-
evolving enhancer protein, elongation factor-
TU, RuBisCOactivase, PII-like protein and
cyclophilin gave clue about how N-efficient
cultivar of B. juncea adapt to low N supply
under elevated CO2 conditions.

19.3.7 Albugo candida

Albugo candida (an oomycete) causes white rust
disease in B. juncea and reduces its oil quality.
Proteome study by Q-TOF–MS/MS of B. juncea
plants infected with white rust disease showed
modulation of 19 proteins including thaumatin-
like protein (PR-5), peptidyl-prolyl cis/trans
isomerase showing the importance of defence-
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related proteins in pathogenesis by suppressing
the host cell's immune response (Kaur et al.
2011).

PTMs are involved in the regulation of many
regulatory and metabolic processes. Recent
methodological progress has enabled identifica-
tion of numerous PTMs including phosphoryla-
tion, glutathionylation, acetylation, Tyr nitration,
methylation, S-nitrosylation, glycosylation and
sumoylation. These modifications regulate
metabolism, photosynthesis, DNA replication,
transcriptional- and translational-machinery. In
the following section, post-translational modifi-
cations analyzed in B. juncea are described.

19.4 Post-translational
Modifications (PTMs) Analysis
in Brassica juncea

19.4.1 Phosphorylation

Protein phosphorylation plays an important role in
coordinating the signalling events involved in the
development of plant. Brassinosteroids (BRs, a
type of phytohormone) are shown to regulate
phosphorylation in Brassicaceae members. In a
study based on MS-based phosphoproteomics on
BR treated plants, 1104 unique phosphorylated
peptides from 739 unique phosphoproteins were
identified (Lin et al. 2015). The protein–protein
interaction showed that majority of the identified
phosphoproteins have strong connections with BR
signalling components. This study suggested that
many downstream proteins of BR signalling were
induced by phosphorylation through kinases.

19.4.2 Glycosylation

An exhaustive identification of glycosylated
proteins in B. juncea has not been done yet. In the
B. juncea cuticle proteome, PTMs were analyzed
using PTM viewer which predicted 66%
N-glycosylation, 40% N-terminal proteolysis and
32% phosphorylation (Arya et al. 2021). Con A
affinoblotting showed N-glycosylation of
myrosinase and GDSL esterase/lipase, ESM1.

19.4.3 S-nitrosylation

NO is a remarkably important signalling mole-
cule, involved in regulating various defence and
stress responses. NO regulates proteins through
PTMs such as S-nitrosylation and tyrosine
nitration (Kovacs and Lindermayr 2013). S-
nitrosylation (a reversible modification)
involves the formation of a covalent bond
between NO and reactive cysteine residues
(Romero-Puertas et al. 2013). It is associated
with the regulation of more than 1000 physio-
logically relevant targets indicating its broad-
spectrum regulation. Physiological significance
of S-nitrosylation in cold stress was first analyzed
in B. juncea seedlings (Abat and Deswal 2009).
This study was important in showing NO based
modulation of RuBisCO in cold stress. S-
nitrosylation analysis in apoplastic and nuclear
fractions of B. juncea showed that stress-induced
NO regulates cellular detoxification by modu-
lating redox enzymes (superoxide dismutase,
glyoxalase I, ascorbate glutathione cycle and
glutathione S-transferase, Sehrawat et al. 2014a;
Sehrawat et al. 2019). Moreover, specifically in
the apoplast, cell wall modifying and proteolytic
enzymes with signal peptides were identified to
be S-nitrosylated showing spatial regulation by
NO (Sehrawat and Deswal 2014a). Interestingly,
enzymes associated with glucosinolate hydroly-
sis pathway were shown to be specifically S-
nitrosylated in cold stress, indicating a novel
regulation of Brassicaceae specific pathway by
NO. Moreover, for the first time in B. juncea, S-
nitrosylation of enzymes of both “mustard oil
bomb” and “cyanide bomb” were identified
which indicated NO mediated regulation of both
these pathways. In addition, S-nitrosylation ana-
lyzed in RuBisCO depleted fractions (to remove
abundant proteins) identified Glycolytic and
Calvin cycle enzymes as targets of NO, which is
an indicator that not only stress and redox related
pathways but metabolic enzymes are also a target
for S-nitrosylation (Sehrawat and Deswal 2013).
2-D proteome map of apoplastic and RuBisCO
depleted S-nitrosylated B. juncea samples was
published on WORLD2-D repository with data-
base number 0080 (https://world-2dpage.expasy.
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org/repository/database=0080) and 0084 (https://
world-2dpage.expasy.org/repository/database=
0084) respectively.

These studies indicated the significance of S-
nitrosylation in regulating not only metabolic and
photosynthetic targets but also stress, redox and
defence related proteins. However, tyrosine
nitration (addition of a nitro group to a biomole-
cule), a marker of the nitrosative stress and S-
Glutathionylation (GSH binding to a reactive

protein Cys thiol) is not yet explored in any
Brassica spp. Nevertheless, literature survey of B.
junceaS-nitrosylated targets for other NO based
PTMs (tyrosine nitration and S-glutathionylation)
indicated 37% of the S-nitrosylated targets to be
tyrosine nitrated and/or S-glutathionylated (Seh-
rawat and Deswal 2014a). This suggests a prob-
able cross-talk between these NO based PTMs for
the pathways of cellular detoxification, protein
synthesis and folding, signalling, glycolysis and

Fig. 19.1 Proteome analysis
in Brassica juncea, organelle
explored for stress responsive
signaling and common
pathways regulated in stress
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photosynthesis. However, this story is incomplete
till all the major PTMs including phosphoryla-
tion, oxidation–reduction, glycosylation, S-
nitrosylation, nitration and glutathionylation are
analyzed in same tissue type and stress condi-
tions. Interestingly, NO production increases in
the cold stress and this cold enhanced NO not
only regulates at protein level, but also at the gene
level. Transcriptional and post-translational reg-
ulation of CBF1 by NO through S-nitrosylation
was shown for the first time in Lycopersicon
esculentum (Kashyap et al. 2015). However,
effect of NO on Brassica CBF is yet to be ana-
lyzed in any abiotic stress.

19.5 Conclusion

Brassica juncea (Indian mustard) is a major oil
yielding crop of Brassicaceae. B. juncea faces
yield loss due to both abiotic- (cold, salinity and
heavy metal) and biotic stress, due to which its
annual oil requirements are met by import.
Therefore, to comprehend signalling pathways
involved in providing stress tolerance is important
for generating stress tolerant crops. For analyzing
the stress modulated signalling pathways, pro-
teomics approach (both gel-based and gel-free) is
most widely used. Current status of proteome
analysis in B. juncea presented in this chapter
showed that both gel-based and gel free approa-
ches have been used for proteome identification at
cellular and sub-cellular level. Organelle pro-
teomics via apoplastic, cuticle fractions and nuclei
isolation showed the importance of sub-organelle
proteomics in understanding the role of Brassi-
caceae specific glucosinolate-hydrolysis pathway,
pathways of cellular detoxification, redox home-
ostasis and photosynthetic enzymes(Glycolysis
and Calvin cycle), in abiotic and biotic stress
signalling (Fig. 19.1). Ameliorative effect of
glucose on salinity stress in B. juncea indicated its
significance as a signalling molecule in mediating
stress tolerance. S-nitrosylation in B. juncea
showed the effect of NO in regulating cold stress
signalling by modulating enzymes such as
myrosinase, enzymes of ascorbate glutathione
cycle, superoxide dismutase and glutathione S-

transferase, cell wall modifying and proteolytic
enzymes. As only S-nitrosylation is analyzed in
details in B. juncea, further work is required to
understand PTMs cross-talk in the Indian mustard
particularly phosphorylation, glycosylation, tyr-
osine nitration and S-glutathionylation. Interest-
ingly, NPs-protein corona (nanoparticle adsorbed
proteins) may influence B. juncea yield, as around
27% of the corona protein fraction represented
energy-yielding pathways, while 10% of the cor-
ona proteins are proteases (Prakash and Deswal
2020). This is first report of corona characteriza-
tion in plant system and can act as a base study for
future work.
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the Evolution of Brassica juncea
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Abstract

Brassica juncea is an important allopolyploid
species in six major cultivated species of
Brassica genus which is used for edible and
industrial oil, condiments, medicines and ani-
mal feed. This allopolyploid species originated
by spontaneous hybridization between B. rapa
and B. nigra followed by chromosome dou-
bling. Several cytogenetic and molecular stud-
ies have been exploited to understand the
evolutionary history of this allopolyploid crop
in past decades. However, the genomic era has
revolutionized this research by explaining the
molecular basis of crop evolution and domes-
tication. Various genomic resources have been
employed to study the genetic diversity, con-
struction of linkage maps and comparative
mapping in B. juncea. Comparative sequence
studies across the species in Brassicaceae have

already been used to understand genome
structure, evolutionary history and detection
of conserved genomic regions. Moreover, the
accessibility of B. juncea genome sequence has
transformed this research in the area of mustard
genomics and proposes a basis for evolutionary
and comparative genomics. The molecular
basis of alterations in the gene expression
because of neofunctionalization, subfunction-
alization and gene silencing during poly-
ploidization has also been studied using
transcriptomic studies. Next- and third-
generation sequencing technologies provide
cost-effective and time efficient platforms to
generate more sequencing data in less time.
These tools have been widely used to develop
single nucleotide polymorphism (SNP)marker,
transcriptomic data and genotyping of diverse
germplasm assemblage. The comprehensive
studies of Brassica chloroplast DNA and mito-
chondrial DNA also play an essential role in
phylogenetic analysis and delineating the evo-
lutionary history of B. juncea. Consequently,
the availability of chloroplast and mitochon-
drial genome sequence of different lines of B.
juncea assists in the study of cytoplasmic
variations among genotypes of allopolyploid
and its diploid progenitors. In this chapter, we
will discuss about the evolution of B. juncea
and its interspecific relationships with other
Brassica species using comparative analysis,
high-throughput genome sequencing and gene
expression studies in Indian mustard.
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20.1 Introduction

Allopolyploid Indian mustard (Brassica juncea
L. Czern & Coss, 2n = 4x = 36, genome AABB)
is a natural amphidiploid species that originated
due to spontaneous hybridization between
B. rapa and B. nigra followed by chromosome
doubling, at least 10,000 years ago (Prakash
et al. 2009). Cytogenetic and hybridization
studies have revealed that Indian mustard is an
important allopolyploid species of the U’s trian-
gle which consists of vegetable, oilseed and
condiment crops (U 1935; Vaughan and Hem-
ingway 1959; Woods et al. 1991; Burton et al.
2004). The common ancestor of the tribe Bras-
sicaceae is known to endure polyploid events,
i.e., complete genome duplication. The isozyme
analysis suggested that aneuploidy plays an
imperative role comparative to polyploidy in the
evolution of higher base chromosome numbers in
this tribe (Anderson and Warwick 1999). Bras-
sica genomics offers a better understanding of the
genomic changes that occurred following the
formation of allotetraploid and explains the rapid
phenotypic evolution of B. juncea subspecies.
Evidently, a research explains the dynamics of
genomic changes and the consequences of
nuclear-cytoplasmic interaction in synthetic
allotetraploid species (Lukens et al. 2006). China
is one of the prime ancestries of B. juncea and
artificial selection exhibited a significant role in
the evolution of Chinese mustard. Phylogenetic
studies have been performed using chloroplast
and nuclear simple sequence repeat (SSR) mark-
ers for trait differentiation and domestication.
These results show polyphyletic origin of Indian
mustard with both diploid parents as cytoplasmic
donors in independent hybridization events
(Kaur et al. 2014). The Chalcone synthase gene
has been used for the evolutionary study of B.
juncea which depicts that cultivated mustard
evolved from wild mustard, and the greater
nucleotide variation in the B genome observed as
compared to A genome (Chen et al. 2016). Gene
sequence variations for seed traits have been
studied in natural and resynthesized forms of
Indian mustard along with diploid progenitors

which exhibit superior directional selection for
seed size comparative to seed metabolites (Sra
et al. 2019).

Recent advances in the development of
genomic tools have facilitated comparative
mapping, population genetic and genomic stud-
ies to explain the molecular basis of crop evo-
lution and domestication. The evolutionary
history of any crop is best studied using three
approaches: high-quality reference genome
assembly of the crop species and their wild rel-
atives, comparative mapping and genomic char-
acterization of a diverse germplasm panel. The
Arabidopsis genome sequence has revolutionized
our understanding in terms of molecular biology
and offers clues to its evolutionary history and
comparative biology (The Arabidopsis Genome
Initiative 2000). The genome size of diploid
Brassica species varied from 529 to 696 Mb and
for polyploids it ranged from 1068 to 1284 Mb
which is bigger than that of A. thaliana
(125 Mb). This is suggestive of new gene inter-
actions via subfunctionalization and/or neofunc-
tionalization of paralogs in Brassica crops
(Lynch and Force 2000; He and Zhang 2005;
Roth et al. 2007). Yang et al. (2016) reported a
draft genome sequence of a vegetable type B.
juncea var. tumida which was assembled by de
novo assembly using shotgun reads, PacBio
sequencing, optical mapping, aiming to resolve
complex allopolyploid genomes. The outcomes
show the monophyletic origin of A subgenome
of B. juncea and its evolution into vegetable and
oil types. The homoeolog expression dominance
exists between both the subgenomes of B. juncea
which contribute to selection response and pre-
dict the directional impacts of selection in the
genome of polyploid species. A significantly
improved and highly contiguous genome
assembly was later on reported of an oleiferous
type of B. juncea variety Varuna with *100x
PacBio single-molecule real-time (SMRT) long
reads forming contigs which were improved for
the misassembles and scaffold with BioNano
optical mapping (Paritosh et al. 2020).

Comparative sequence analysis has been
widely utilized in Brassicaceae to understand the
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genome structure, detection of conserved regions
and evolutionary history across the species.
Earlier attempts on comparative mapping
between different Brassica genomes have relied
on the usage of restriction fragment length
polymorphism (RFLP) markers (Lagercrantz
1998; Lan et al. 2000; Babula et al. 2003; Lukens
et al. 2003). In later years, intron polymorphism
(IP) markers based analysis discovered a high
degree of collinearity between A and B genomes
of B. juncea with the A and B genomes of B.
napus and B. nigra respectively (Panjabi et al.
2008). Second- and third-generation sequencing
tools have been widely exploited to develop cost-
efficient and time-saving approaches for single
nucleotide polymorphism (SNP) marker devel-
opment, genotyping and expression profiling in
Brassica species. In spite of wide research, the
evolution of Indian mustard and the interspecific
relationships within Brassica genus remains
unsettled and confused. In this chapter, we will
resolve these questions with the aid of the
advancement made in comparative genomics,
high-throughput genome sequencing and gene
expression studies in Indian mustard.

20.2 Linkage Map

Linkage mapping is a prerequisite for explaining
the origin and evolution of Indian mustard and
dissecting the genetic relationships between
diploid and amphidiploid Brassica species. The
detailed molecular linkage maps are the valuable
tools for understanding the genome architecture

and evolution, comparing gene order as well as
organization in various Brassica species (For
review, see Cheung et al. 1997). Although many
genetic maps have been constructed in various
commercially important Brassica species over the
past 20 years, very little information is available
for Indian mustard. Therefore, continuous efforts
are being made to elucidate molecular markers for
comparative or evolutionary studies. Several
molecular maps using different types of genetic
markers and mapping populations have already
been developed in B. juncea (Table 20.1).

DNA-based molecular markers like RFLP and
amplified fragment length polymorphism (AFLP)
have been extensively exploited for developing
linkage maps in Brassicas (Quiros 1999),
including Indian mustard (Cheung et al. 1997;
Axelsson et al. 2000; Pradhan et al. 2003).
The RFLP map consisted of 343 markers span-
ning a distance of 2073 cM whereas the AFLP
map comprised 1029 markers with the coverage
of 1629 cM. So, the AFLP map included more
markers but spanned less distance on the
map. SSR markers are much more desirable as
compared to RFLP or AFLP markers, owing to
their abundance, high polymorphism and
codominance (Schlötterer 2004). A high-density
linkage map has been constructed in the F1
derived DH population of B. juncea using 996
AFLP and 33 RFLP markers that can be used for
transferring agronomically important traits from
wild germplasm into the well-adapted cultivars
(Pradhan et al. 2003). The first SSR based link-
age map consisting of 860 markers has been
developed in the F1 derived DH population of

Table 20.1 Molecular maps using different types of genetic markers and mapping populations in Indian mustard

Type of marker Population References

RFLP F1 derived DH population of J90-4317 � J90-2733 Cheung et al. (1997)

RFLP BC1 population of (J-o-7DH1 � J-o-3DH1) � J-o-3DH1 Axelsson et al. (2000)

AFLP and RFLP F1 derived DH population of Varuna � Heera Pradhan et al. (2003)

DArT 89 genotypes of B. rapa, B. napus, B. juncea, and B. carinata Raman et al. (2012)

SNP DH population of Varuna � Heera Paritosh et al. (2014)

DArT F2 population derived from Sichuan yellow/purple mustard Zou et al. (2016)

SSR F1 derived DH population of EH-2 and Pusa Jai Kisan Dhaka et al. (2017)
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lines EH-2 and Pusajaikisan (Dhaka et al. 2017).
Presence of the non-parental bands in the map-
ping population was an interesting finding in this
study. Some of the orthologous Arabidopsis
genes were found that were involved in abiotic
stress responses. This study developed 2118
genic SSRs which could be used in comparative
mapping.

Genetic basis of adaptation is observed using
quantitative trait locus (QTL) mapping in evo-
lutionary studies which elucidate the divergence
between discriminated populations, moreover it
determines the QTL effects and their associations
in the population. Various gene-specific markers
have been used for developing high-density
linkage maps providing excellent platforms to
detect molecular markers linked with specific
regions. Genetic mapping in Indian mustard has
identified random amplified polymorphic DNA
(RAPD), RFLP, AFLP and SSR markers asso-
ciated with various disease resistances
(Mukherjee et al. 2001; Saal et al. 2004; Panjabi-
Massand et al. 2010; Singh et al. 2015; Rana
et al. 2017; Atri et al. 2019). Other QTLs con-
trolling some important agronomic and quality
traits have also been mapped in B. juncea
(Cheung et al. 1998; Negi et al. 2000; Lionneton
et al. 2002; Mahmood et al. 2003a, b; Ramchiary
et al. 2007). SSR marker set has also been used
to study the genetic variations among all the six
Brassica species of U’s triangle and 98.15% of
cross-transferability across the species was
observed (Thakur et al. 2018). This set would
enable evaluation of genetic variability in Bras-
sica germplasm and evolutionary relationship
among Brassica species.

Unnecessary and overlapping bands because
of coamplification of loci reduce the efficiency of
SSR markers in Indian mustard. SNP markers are
superior to SSRs owing to their proficiency to
monitor genotypes at comparatively low cost as
well as abundance and distribution of these
markers in the genomes. High-density molecular
map of B. juncea has been developed with tran-
scriptome based SNP markers using double
haploid lines derived from the cross of two lines,
one Indian type (Heera) and other east European

type (Varuna; Paritosh et al. 2014). In this study,
block architecture of A and B genomes has been
compared which demonstrated wide variances in
gene block associations and block fragmentation
patterns. These variations between A and B
genomes exhibit that both the genomes evolved
from independent hexaploid events. Diversity
array technology (DArT) is DNA hybridization-
based technology and acceptable in various
polyploid species. DArT polymorphisms are
outcomes of nucleotide polymorphisms within
the recognition sites of a restriction enzyme.
DArT markers have been developed in Brassica
species comprising A or C genomes. Total 1547
polymorphic DArT markers of superior quality
have been documented and exploited to evaluate
molecular diversity among 89 genotypes of B.
rapa, B. napus, B. juncea and B. carinata
(Raman et al. 2012). A dense linkage map has
been constructed using the F2 population derived
from Sichuan Yellow/Purple Mustard to eluci-
date subgenome differentiation in B. juncea in
comparison to B. rapa and B. napus (Zou et al.
2016). This map includes 3329 DArT-sequence
markers on 18 linkage groups covering 1579 cM.
A strong collinearity of ancestral blocks among
different A subgenomes has been observed along
with considerable block variation supporting the
idea of distinct genomic diversity. This popula-
tion genetic study on A genome comprising
Brassica species proves that B. juncea has dis-
crete genomic diversity and evolved from a
diverse A genome progenitor of B. napus.

Polyploidy is a key force in the evolution of
crops where the addition of the genomes alters
the genome organization and expressions in
polyploid species. Recently, kompetitive allele-
specific PCR (KASP) markers have been devel-
oped in polyploid crop wheat by successful
conversion of Illumina Infinium assays from 90K
SNP array into robust locus-specific KASP
markers (Makhoul et al. 2020). This approach
can also be applied in amphidiploid species B.
juncea for conversion of trait associated SNP
markers from SNP array into KASP markers.
These KASP markers can be further used to
evaluate the population structure, genetic
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diversity and genetic relationship within Indian
mustard germplasm as well as in comparison
with diploid progenitors.

Molecular markers are tremendous tools to
observe the genetic relationships along with
genomic evolution of polyploid species like
Brassicas. Various evolutionary relationships
have been established among Brassica species
using molecular markers that have assisted in
understanding the history of A genome in Indian
mustard. Likewise, these studies can also be
exploited in understanding the history of the B
genome of B. juncea. The genetic map, which
has been constructed from different markers, can
also be used for comparative mapping in Bras-
sica species.

20.3 Comparative Mapping

Comparative genetic mapping is an important tool
for studying plant genome organization allowing
for the understanding of chromosomal relocations
resulting due to speciation. It has also been used to
transfer important characters from model plant
species to related crops. It has been used in
agronomically important Brassica species and
their relative Arabidopsis thaliana. The generation
of the linkage maps in the allopolyploid Brassica
species provided the data for first comparative
mapping in Brassicaceae (Parkin et al. 1995;
Axelsson et al. 2000). Prior to the sequencing of
Arabidopsis genome, comparative mapping
mainly focused on gene and chromosome segment
duplications (Slocum et al. 1990; McGrath et al.
1990; Song et al. 1991). Very early findings were
related to the degree of collinearity between
Arabidopsis and Brassica species representing
some conserved regions among the chromosomal
differences (Kowalski et al. 1994; Lagercrantz
1998). On the other hand, after the sequencing of
the Arabidopsis genome, a new era of compara-
tive mapping began which enabled the study of
genome evolution and origin (Lynch and Conery
2000; Vision et al. 2000).

The conserved map locations of various candi-
date genes for flowering time, inflorescence mor-
phology and seed glucosinolate biosynthesis,

already characterized in A. thaliana, and correlated
withQTL loci inB. rapa, B. napus, B. oleracea and
B. juncea (Osborn et al. 1997; Lan and Paterson
2000; Long et al. 2007; Bisht et al. 2009). This
technique helps in identifying candidate genes of
QTLs as well as conserved QTLs involved in
agronomically important traits like length of sili-
que, seed size, silique number etc. across the dif-
ferent lines and species (Pradhan and Pental 2011;
Sharma et al. 2014). Similarly, candidate genes
from QTL region for aliphatic glucosinolate
biosynthetic pathway have been characterized
using comparative mapping (Bisht et al. 2009). In
this report, the sequence information was retrieved
from A. thaliana and B. oleracea for various ali-
phatic glucosinolate biosynthetic pathway genes.
Both high and low glucosinolateB. juncea varieties
Varuna and Heera have been used for amplification
and sequence analysis of the candidate genes from
A. thaliana and B. oleracea, respectively. Li et al.
(2013) conducted a comparative mapping study in
which they identified conserved functional geno-
mic regions having QTLs related to morphological
and yield traits in B. rapa, B. juncea and B. nigra.

The initial studies have suggested that the
Brassica diploid genomes have evolved from an
ancient polyploid. The subsequent comparative
mapping studies with Arabidopsis genome
cemented the fact that a member of Brassicaceae
had departed from the Brassica species 14–24
million years ago (Koch et al. 2000). The com-
parative map has been developed between B.
juncea and Arabidopsis using PCR-based intron
polymorphism (IP) markers to evaluate the gen-
ome wide synteny between these two species
(Panjabi et al. 2008). This map was used to study
homeologous relationship, genomic diversity and
evolution of A, B and C genomes of Brassica
species. The comparison represents a highly
conserved collinearity between A genome of B.
juncea and B. napus and between B genome of
B. juncea and B. nigra concluding the absence of
genomic perturbation during the development of
allopolyploid Brassica species. After the assem-
bly of the first B. juncea reference genome (Yang
et al. 2016), it became much easier to understand
the genomic basis of selection in this species.
The evolutionary history of nucleotide-binding
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site leucine-rich repeat (NLR) gene family in B.
juncea has been elucidated by comparative
analysis with B. rapa and B. nigra (Inturrisi et al.
2020). The study reveals that NLR genes are
comparable among the three species in terms of
number, chromosomal distribution and domain.
Total 45% of these genes have been found to be
clustered in the genome of Indian mustard. These
comparative genomic findings will enable the
researchers to identify and characterize ortholo-
gous candidate genes of key agronomic traits in
Brassicas as well as assist in constructing an
integrated linkage map of Brassica crops.

20.4 Next-Generation and Third-
Generation Sequencing
Techniques for Evolutionary
Genomics

The presence of two subgenomes (A and B)
hinders genomics in B. juncea due to poor dis-
crimination between homeologous segments
during formation of sequence assembly. Never-
theless, innovative next-generation sequencing
(NGS) technologies and bioinformatics analyses
have a potential for dissection of complex gen-
omes and studying evolutionary mechanisms of
polyploidization (Aversano et al. 2012; Edwards
et al. 2013). NGS, a cost-effective and time
efficient approach to produce numerous short
DNA sequences, is being progressively applied
in plant genome de novo sequencing (Al-Dous
et al. 2011; Xu et al. 2011), methylation
sequencing (Cokus et al. 2008; Lister et al. 2008,
2009; Dowen et al. 2012), resequencing (Lam
et al. 2010; Ashelford et al. 2011), small RNA
and transcriptome sequencing (Buggs et al. 2012;
Strickler et al. 2012) for functional and compar-
ative genomics studies. Nowadays, novel
sequencing techniques are long-read third-
generation sequencing compared to short-read
second-generation techniques and these approa-
ches generate more data in a short time. These
long reads significantly enhance the precision of
genome assemblies by spanning the highly
repetitive fragments. Third-generation sequenc-
ing technologies include Pacific Biosciences

(PacBio) with their single-molecule real-time
SMRT technology and Oxford Nanopore Tech-
nologies (ONT; Li et al. 2017; Van Dijk et al.
2018). These technologies have also been
applied in various Brassica species (Belser et al.
2018; Lv et al. 2020; Perumal et al. 2020;
Mathieu et al. 2020; Paritosh et al. 2020, 2021).
Second- and third-generation sequencing
approaches are most effective for genotyping,
transcriptomic studies and organelle genome
sequencing in evolutionary studies of Brassicas.

20.4.1 Genotyping

The discovery of SNPs is lagging particularly in
Indian mustard due to its complex allotetraploid
genome with highly repetitive regions and nar-
row genetic base. The duplication and triplication
events of A and B genomes due to poly-
ploidization complicate the process (Yang et al.
2006). The advent of several NGS platforms like
454 sequencing (Roche Applied Science), Solexa
(now Illumina) technology (Illumina inc.),
SOLiD (Applied Biosystems) and Pacific Bio-
sciences (PacBio) have revolutionized genetics
by generating robust genotypic data for advanced
molecular research. NGS mediated genotyping
has become a highly cost-efficient agri-genomics
tool in crop species especially for those having
large and complex genomes.

SNP genotyping arrays and KASP assays are
universal marker tools which only evaluate
known alleles at specific loci and very likely miss
out rare variants along with common alleles
missing from the samples used to develop the
assays. So, the reduced representation sequenc-
ing (RRS) approach of NGS technologies has the
ability to genotype novel and existing markers
using either whole genome sequence or a smal-
ler, reproducible fraction thereof as a query.
Various RRS approaches are available for
genotyping in crop species, such as diversity
arrays technology (DArT, Jaccoud et al. 2001),
complexity reduction of polymorphic sequences
(CRoPS; Van Orsouw et al. 2007), restriction
associated DNA sequencing (RADseq; Baird
et al. 2008), genotyping by sequencing (GBS,
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Elshire et al. 2011) and double digest restriction
associated DNA sequencing (ddRAD-seq;
Peterson et al. 2012). A number of these geno-
typing techniques have already been explored in
B. juncea (Table 20.2).

The genotypic data is used to examine the
genetic architecture of several quantitative traits
by conducting genome wide association study
(GWAS), using an association panel comprising
diverse genotypes. SNPs have been generated by
using ddRAD approach and NGS technology,
which were further exploited for association
analysis in B. juncea (Sudan et al. 2019). Com-
mon SNPs have been identified in this study
which are associated with various morphological
traits. These identified common genomic regions
emphasize the potential function of genes linked
with common chromosomal regions controlling
specific phenotypic traits in Indian mustard.
Moreover, GWAS studies have been performed
in B. juncea to explore the genetic architecture of
several quality traits. Association studies for seed
quality traits (oil, protein and glucosinolates) and
flowering with plant height traits have been
performed independently based on the same
genotyping by sequencing (GBS) approach using
the Illumina® HiSeq platform (Akhatar et al.
2020, 2021). The Annotation results predicted 21
orthologs of the functional candidate genes reg-
ulating the seed quality traits and 30 candidate
genes for flowering and plant height traits. Indian

mustard, being a polyploid crop, exhibits more
than one copy of predicted candidate genes on A
and B genome chromosomes based on in silico
study of the reference genome sequence. GWAS
has also been carried out in B. juncea and its
progenitor species using GBS and DArT tools on
a diverse set of germplasm (Kaur et al. 2020).
Few common genes along with some species-
specific genes identified in this study, which
predicts the role of these genes in three pod traits,
i.e., regulating rupture energy, pod length and
seeds per pod. Therefore, this study reveals the
evolutionary history of the genes related to
shattering traits in comparison of B. juncea with
its progenitors. Total 84 B. juncea–Erucastrum-
cardaminoides introgression lines have been
used for GWAS analysis using the GBS
approach, and many SNPs identified on chro-
mosomes A03, A06, and B03. These SNPs were
associated with Sclerotinia stem rot resistance
(Rana et al. 2019). Consequently, evolutionary
history of the wild species E. cardaminoides can
be further studied which has resistance to various
biotic stresses, and this study will assist in mar-
ker assisted introgression of these significant
resistances into novel varieties of Indian mustard.

High-quality reference genome sequences with
maximum coverage are a base of the foundation of
omics investigations especially in polyploid spe-
cies. The upgraded NGS assembly algorithms and
data types allow the construction of chromosome-

Table 20.2 Different NGS based genotyping techniques used in B. juncea

Sequencing
platform

Traits studied Sequencing method References

ddRAD Days to flowering, days to maturity,
plant height, siliqua length, seeds per
siliqua and thousand seed weight

Illumina HiSeq 2000 platform Sudan et al. (2019)

GBS Disease resistance against Sclerotinia
sclerotiorum

Illumina® HiSeq platform Rana et al. (2019)

GBS Pod shattering, pod length and number
of seeds per pod

Illumina® HiSeq platform Kaur et al. (2020)

GBS Oil, protein, and glucosinolates Illumina® HiSeq platform Akhatar et al. (2020)

GBS Days to flower initiation, days to fifty
percent flowering, days to complete
flowering, days to maturity, growing
degree days, helio-thermal unit, photo-
thermal units and plant height

Illumina® HiSeq platform Akhatar et al. (2021)
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level genome assemblies (Mascher et al. 2017).
Roche 454 GS FLX platform has been efficiently
used in Brassica genome sequencing as it pro-
duces comparatively long length reads and
enhances specificity of mapping homeologous
fragments (Wang et al. 2011). Yang et al. (2016),
reported the draft genome of B. juncea var. tu-
mida, assembled using de novo assembly via
shotgun reads and single-molecule long reads
(PacBio sequencing) as well as through optical
and genetic mapping. It serves as a model to
investigate the genomic basis of evolution in
polyploidy species. The comparison of the A
subgenome following resequencing of eighteen
accessions indicates a closer relationship of B.
juncea subvarieties with B. rapa ssp. tricolaris
group. The findings also exhibit the monophyletic
origin of A subgenome of B. juncea and its evo-
lution into vegetable and oilseed type. A highly
contiguous genome assembly has also been
reported of an oleiferous type B. juncea variety
Varuna using *100x PacBio SMRT reads (Pari-
tosh et al. 2021). In this chromosome-scale
assembly, BioNano optical mapping has been
used to correct and scaffold the assembled contigs.
The assembled genome depicts that the B genome
has a considerably superior content of LTR/Gypsy
retrotransposons, diverse centromeric repeats and
loads of B. nigra specific gene clusters compara-
tive to A genome which split the gene colinearity
between both the genomes.

20.4.2 Gene Expression Studies

Over the evolutionary history, polyploid under-
goes enormous changes in the gene expression
following neofunctionalization, subfunctional-
ization, gene silencing etc. These gene conver-
sion episodes were often selected by
humans/breeders during the process of domesti-
cation and yield enhancement. Eventually, the
newly developed polyploid is stable and adaptive
to a wide range of environmental conditions. The
molecular basis of these changes during poly-
ploidization has been studied previously using
resynthesized B. napus with respect to flowering
time differences (Pires et al. 2004). This study

was carried out using flowering time differences
and the results exhibited changes at transcript
levels of BnFLC2 and BnFLC3 between the early
and late flowering lines. To study the adaptation
and evolutionary genomics in Brassicaceae, a
robust platform comprising 135,201 genes has
been developed for whole-transcript profiling of
Brassica species (Love et al. 2010).

Transcriptomics is a tool to acquire informa-
tion of gene expression using less number of test
sequences. In the new sequencing era, Higgins
et al. (2012) reported mRNA-Seq as an effica-
cious approach for both qualitative and quanti-
tative studies of gene expression in polyploids.
They used Illumina mRNA-Seq data to allocate
the expression between the A and C genome
homoeologous in both natural and resynthesised
B. napus. Such studies are seemingly effective
for studying the molecular and expressional basis
associated with evolution, stability and adapta-
tion of polyploid species. The molecular mech-
anisms and regulatory pathway associated with
development of stem swelling in B. juncea var.
tumida were unraveled using the gene expression
studies through the first large scale de novo
transcriptome assembly (Sun et al. 2012). The
documentation of the genes involved in tumorous
stem mustard swelling was completed using
sequencing of transcriptome at different stem
developmental stages and subsequently compar-
ing it with that of a mutant variety missing
swollen stems. Total 146,265 assembled unige-
nes and 105,555 annotated unigenes were pre-
dicted in this study. The research results further
enhance our knowledge on functional genomics
in Indian mustard and the evolutionary relation-
ships of the family Brassicaceae.

The annotated genes in B. juncea genome
assembly have been validated using the tran-
scriptomics data and these results depict that
differentially expressed genes contributed largely
to selection response (Yang et al. 2016).
Homoeolog expression dominance was found to
be prevalent between two subgenomes where the
differentially expressed genes exhibited more
selection pressure as compared to neutral genes.
Subsequently, this leads to selection of the genes
associated with glucosinolate and lipid
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metabolism in subspecies of B. juncea. The
syntenic and orthologous genes identified from
two subgenomes and their respective progenitor
genomes provide deeper insights into allopoly-
ploid speciation and its correlation with domes-
tication (Chalhoub et al. 2014). A novel
Associative Transcriptomics platform has been
established in B. juncea and total 355,050 SNP
variants were detected (Harper et al. 2020).
Further, association study analyzed candidate
genes for vitamin E content, seed weight and
seed colour. This new approach facilitates rapid
advancement to study the gene sequence and
expression variations in the diversity panel.

Two different comparative transcriptomics
studies have identified the differentially expres-
sed genes related to aphid defense and seed coat
color in B. juncea (Liu et al. 2013; Duhlian et al.
2020). Recently, transcriptome analysis has been
performed to characterize the molecular mecha-
nism involved in anthocyanin biosynthesis in B.
juncea. The backcrossed BC3 segregating pop-
ulation for purple and green leaves was used to
identify the differentially expressed genes. A to-
tal of 2286 genes exhibited differential expres-
sion. Out of these 1593 genes were upregulated
and 693 genes were downregulated. The study
assists in understanding the critical genes and
pathways involved in anthocyanin biosynthesis
in B. juncea (Heng et al. 2020). Different regu-
lation pathways of various development stages
can be studied at gene expression level using
innovative transcriptomics tools. This may help
for further exploration of comparative and evo-
lutionary functional genomics of Indian mustard.

20.4.3 Pangenome

In this genomic era, multiple reference genomes
are available in crop species with high-quality
assemblies which can be utilized to find out the
structural variations. Although more than one
reference genomes were available in Brassica
species, it cannot cover the whole gene content
of a species because of structural variants, like
the copy number variants (CNVs) and
presence/absence variants (PAVs). So, the lack

of agronomically important genes in the refer-
ence genome leads to the construction of pan-
genomes in Brassica species. Pangenome has
been constructed in B. oleracea utilizing diverse
varieties and their wild relative (Golicz et al.
2016). The genes linked to key agronomic traits
were annotated and many of the genes influenced
by PAVs and CNVs. This study of the pangen-
ome of B. oleracea depicts that about 20% of the
genes are impacted by PAVs. Resistance genes
have also been characterized by pangenome
study in B. oleracea and B. napus species and
total 59 and 1749 resistance gene analogs
(RGAs) were observed respectively (Bayer et al.
2019; Dolatabadian et al. 2020). Another recent
finding on pangenome of B. napus has identified
the clusters of specific genes, core gene and
dispensable gene (Song et al. 2020). Total 8
genotypes of B. napus were assembled utilizing
de novo approach in this study, and genome wide
comparative study was performed to identify the
causal PAVs. A pan transcriptome reference has
also been generated in B. juncea using diverse
genotypes and specific markers have been
detected which are useful to study the genetic
variations in this crop (Harper et al. 2020).
Consequently, use of pangenome to study the
structural variations among diverse germplasm of
Indian mustard, its diploid progenitors and wild
relatives can provide better understanding of the
evolution of this amphidiploid crop.

20.5 Organellar Genome
Organization and Sequence

The comprehensive studies of Brassica chloroplast
DNA and mitochondrial DNA play a crucial role
in phylogenetic analysis and delineating the evo-
lutionary history of B. juncea. The nuclear gen-
ome is inherited from both parents whereas the
organelle genomes including chloroplastic and
mitochondrial genomes are maternally inherited
across generations (Mogensen 1996; Jansen and
Ruhlman 2012). Therefore, the study of organelle
genomes is essential to find out the maternal
inheritance in amphiploid species B. juncea.
Moreover, the evolutionary relationships are
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easily figured out using cytoplasmic genome
studies because it is much smaller than the nuclear
genome.

20.5.1 Chloroplast Genome

The chloroplast genome (cpDNA) of B. juncea L.
was sequenced using the next-generation
sequencing method by Prabhudas et al. (2015).
The complete size was around 153,483 bp and
consists of large single copy (LSC) and short
single copy (SSC) region of 83,286 bp and
17,775 bp respectively and two inverted repeats
regions that were separated by 26,211 bp each. In
B. juncea, cpDNA is small, circular, double
stranded (100–300 kb) and highly conserved
structure as compared with mitochondrial gen-
ome (Birky 2001; Rubeson and Jansen 2005).
Whereas in the related allotetraploid species B.
napus, one cpDNA haplotype was identified
using genotyping and TILLING analysis (Allen-
der and King 2010; Qiao et al. 2016). The B.
juncea, cpDNA have GC content of 36.36% and
the gene content of cpDNA comprises 79 protein-
coding genes, 30 tRNA genes and four rRNA
genes. Moreover, phylogenetic study using
cpDNA with other related species of Brassica
genus revealed that B. juncea showed more sim-
ilarity to B. rapa (Prabhudas et al. 2015). The
phylogenetic analysis based on 42 chloroplast
genomes of Brassica genus revealed that 13, 14
and 24 accessions of B. rapa, B. juncea and B.
napus respectively were separately clustered into
a species-specific group (Qiao et al. 2020). Also,
they demonstrated that Brassica genus was divi-
ded into three different clades, of which B. rapa,
B. juncea and few B. napus accessions constitute
Clade I and most importantly Indian mustard
accessions didn’t diverge into any secondary
branches thus confirming their monophyletic
maternal origin from cam-type B. rapa.

20.5.2 Mitochondrial Genome

The mitochondrial genome (mtDNA) of B. jun-
cea is a circular, multipartite structure and larger

(219,766 bp) than cpDNA (153,483 bp). The
mtDNA of B. juncea was comparatively smaller
than B. carinata and B. oleracea and the G + C
content was approximately 45.33% (Chang et al.
2011; Heng et al. 2014). The mtDNA gene
content of B. juncea was 54%, protein coding
genes constitute 34%, rRNA (3%), and tRNA
(18%). Heng et al. (2014) studied the mechanism
of cytoplasmic male sterility (CMS) in B. juncea,
using the comparative analysis of mitochondrial
DNA of the CMS line and its maintainer line.
This comparative study has validated the cyto-
plasmic male sterility-linked gene, orf288, in
B. juncea. Furthermore, it helps in understanding
of evolutionary and structural variances between
the diverse mitotypes. The genome of five allo-
plasmic male sterile lines has been sequenced
and the transcriptome has also been explored in
B. juncea (Wu et al. 2019). Comparative align-
ment of these sequences showed high homology
and similar segment arrangement; also these five
genotypes conserved the maximum part of their
ancestral mitochondrial genome. This genome
indicated about 21% promiscuous sequences and
the sequences derived from the chloroplast are
conserved among Cruciferae. Moreover, the
phylogenetic analysis placed these genomes
close to their wild relatives. Total 12 mtDNA
genomes from six Brassica species were used for
phylogenomics to detect the maternal parents of
the polyploid Brassica species (Xue et al. 2020).
This finding revealed that B. juncea was com-
paratively less divergent than B. napus and
confirmed its maternal origin from B. rapa.
Therefore, the structural differences during evo-
lution of Brassica mt genomes are primarily
because of the repeat mediated recombinations.

20.6 Conclusion

Science has progressed beyond the age of
genomics and into the age of comparative
genomics, where the pieces of the evolutionary
puzzle will begin to fall into place. Advancement
has been made in the diverse areas of Brassica
genomics, including evolutionary genomics,
throughout the last two decades. But, the
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progress in B. juncea genomics has been delayed
because of the unavailability of genome
sequence of this species. However, an excellent
advancement has been observed in B. juncea
genomics from the last five years after the
accessibility of the whole genome sequence.
Different sequence based molecular markers
were already available in Indian mustard which
were generated using sequence information from
progenitor or other Brassica species. These
markers were exploited for evolutionary studies
in B. juncea. Nowadays, pangenome compara-
tive analysis has been used in various Brassica
species, which assist in better understanding of
the genome architecture and can be employed in
Indian mustard. A pan transcriptome reference
has already been established in B. juncea using
transcriptome data of a diverse germplasm panel
which is used to study the genetic variations. The
field of paleogenomics has advanced because of
the current improvements in high-throughput
DNA sequencing tools as well as in bioinfor-
matics which will make it possible to retrieve
precious information regarding the evolutionary
history of Indian mustard.
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21Regulatory Genes in Development
and Adaptation, and Their Utilization
in Trait Improvement in Brassica
juncea: Challenges
and Opportunities

Sandip Das and Anandita Singh

Abstract

The transformational agenda of the United
Nations (UN) on Sustainable Development
recognizes the crucial role of agriculture in
mitigation and adaptation to climate change for
safeguarding food security and alleviating
hunger. Widespread crop losses are foretold
in climate-change-induced disrupted agro-
ecosystems meriting urgent intervention. The
discovery of novel genes and alleles governing
key agronomic traits underpins generation of
climate-resilient crops capable of sustaining
optimal performance despite environmental
onslaughts. Regulatory genes and associated
cis-elements are implicated in shaping devel-
opment and adaptations thereby qualifying
these as targets for enhancing productivity
and building resilience in crops. Given the
regulatory role of transcription factors, activa-
tors, non-coding RNAs, and associated cis-
regulatory elements in trait manifestation,
characterization of these is essential for gener-

ating crop ideotypes. Brassica juncea (Indian
Mustard), is an important oil-seed crop of India
that faces significant yield gaps owing to
environmental stresses, and high consumer
demand. It is an interesting crop model to
understand the consequences of polyploidy in
context to natural variation and phenotypic
plasticity, and to evolve insights on how
regulatory networks underlying trait manifes-
tation are established in polyploids. This chap-
ter presents recent advances in functional
characterization of regulatory genes governing
developmental and adaptive traits of agronomic
relevance in B. juncea. In the initial sections,
identification and functional characterization of
regulatory genes involved in such adaptive
life-history traits as environmental stress
response, flowering, development of pollen,
ovule, seed, and fruit are discussed. Character-
ization of genes governing oil-quality traits,
biosynthesis of fatty acids, and glucosinolates
are presented. Special case studies describing,
characterization of non-coding RNAs in stress
response and cis-regulatory elements are men-
tioned. Finally, applications emerging from the
basic theoretical framework as representative
examples of deployment of regulatory genes
for generation of climate-smart cis- and trans-
genic B. juncea are discussed. Major research
gaps, open questions, and challenges constrain-
ing improvement programs in B. juncea are
identified to highlight the course of and future
studies.
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21.1 Introduction

Accelerating crop improvement in Anthropocene
is the greatest global challenge of present times.
With an estimated rise of 1–3.7 °C in mean
surface temperature by the turn of century (IPCC
2014, 2018), climate-change modelers predict
severely compromised agricultural productivity
(Bita and Gerats 2013; Cohn et al. 2017). Altered
climates with modified ecological dynamics
threaten widespread crop loss owing to undesir-
able overlaps between life cycles of novel
pathogens and plants. Generation of climate-
resilient crops is thus of paramount importance.
Sustaining food, nutrition, and energy security
within finite natural resources is only possible by
innovative integration of modern agri-genomic
technologies. For unlocking the true potential of
genomics-assisted breeding methodologies
towards design of future crops (Peleman and van
der Voort 2003; Varshney et al. 2021), unravel-
ing the molecular bases of agronomic traits is an
essential pre-requisite. Transcription factor
genes, non-coding RNAs, and associated cis-
regulators are key components of gene regulatory
networks underlying development and adaptive
traits, many of which are agronomic traits of
interest. Identification and functional analysis of
regulatory genes and elements are thus crucial for
crop improvement schemes.

The family Brassicaceae comprises 3709
species and several members are of immense
value as crops of economic trade, and as model
plants to understand the linkages between natural
variation, evolutionary developmental pathways,
and quantitative agronomic traits in context of
polyploidy (Warwick and Hall 2009; Huang
et al. 2016; Francis et al. 2021). Among the
various species, Brassicas are valued as source of
seed oil, vegetable and horticultural varieties,
spices, and condiments and are particularly
interesting for understanding polyploidy driven
origin of morphological novelties and adaptive
diversity (Warwick 2011; Cheng et al. 2014;
Koenig and Weigel 2015). The amphidiploid
Brassica juncea (2n = 4x = 36; AABB genome),
a natural hybrid between B. rapa (2n = 2x = 20;

AA genome) and B. nigra (2n = 2x = 16; BB
genome), is of special relevance to food culture
and oil-seed economy of India.

Although, developing molecular insights on
structure and function of genomes is challenging
in plants with moderate to large polyploid gen-
omes (Fu et al. 2016), availability of whole-
genome sequence information constitutes a rich
genomic resource to be leveraged for genetic
dissection of key agronomic traits. Fortuitously,
complete or near-complete draft sequence of a
number of Brassicaceae members is now available
at Brassica Database (BRAD, www.brassicadb.
org, http://brassicadb.cn/#/SpeciesInfo/), including
an annotated genome of allotetraploid B. juncea
var. Tumida (AABB) (Yang et al. 2016). The
genome sequence of constituent ancestral base-
genome karyotypes AA, BB, CC (B. rapa, B.
nigra, and B. oleracea, respectively) can also be
accessed at BRAD for large-scale structural and
functional studies. The characteristic evolutionary
history of genus Brassica and genetic relation-
ships shared with other members of Brassicaceae
is well dissected at molecular genetic level and
sequence analysis revealed that rounds of whole-
genome duplication followed by gene fractiona-
tion have modeled the architecture of extant
Brassica species (Bowers et al. 2003; Yu et al.
2017; Nikolov et al. 2019). Duplicated genes
present in partially redundant notional sub-
genomes tend to diversify and are suggested to
have opted into novel biological roles via large-
scale rewiring of regulatory networks. While
comparative genomics approaches permit exten-
sion of mechanistic insights from close relatives
like A. thaliana into B. juncea, experimental val-
idation is nevertheless an imperative given the
possibility of polyploidy induced homolog and
homeolog divergence. Deciphering functional
consequences of polyploidy-induced gene diver-
sification in B. juncea is an exciting area of
research with promising implications in crop
improvement.

The high sensitivity of mustard to climatic
variables with adverse impacts on productivity is
well known. Elevated temperatures coinciding
with onset of flowering and pod filling reduce
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yield potential of B. juncea and as low as 1 °C
rise in ambient temperature results in a 17% yield
loss in Brassicas (Lobell and Asner 2003;
Boomiraj et al. 2010). The threshold temperature
for flowering ranges from 4 to 25 °C in Indian
mustard and even incremental temperature rise
compromises seed yield (Shekhawat et al. 2012).
B. juncea is also severely affected by various
abiotic stresses including, but not limited to, high
temperature, drought, salinity, frost; and biotic
stresses because of sucking insects such as
Lipaphiserysimi (aphid); fungi such as Sclero-
tinia sclerotiorum (stem rot), Albugo candida
(white rust), Alternaria brassicicola (black spot),
Leptosphaeria maculans (blackleg), Alternaria
brassicae, A. brassicicola, and A. raphanin (al-
ternaria blight), Hyaloperonospora brassicae
(downy mildew), Neopseudocercosporella
capsellae (white leaf spot), Plasmodiophora
brassicae (clubroot), Erysiphe cruciferarum
(powdery mildew); and viruses such as Turnip
yellow virus (formerly Beet western yellow
virus), Cauliflower mosaic virus, Turnip mosaic
virus; and bacteria-Pseudomonas syringae (leaf
blight). Further, there is a need to improve fatty
acid profile as an increased proportion of PUFAs
such as oleic acid and c-linoleic acid (Sinha et al.
2007), low viscosity (Naeem et al. 2020), and
enhanced nutritional value by biofortification
(Yusuf and Bhalla-Sarin 2007). Developmental
traits such as flowering and maturity time, root
system architecture for efficient nutrient and
water acquisition, lateral branching, pod shape,
and size, are target traits of agro-economic
importance. Multidisciplinary interventions are
therefore required to improve seed yield, oil
quality, growth, development, and adaptations
against biotic and abiotic stresses (Pradhan and
Pental 2011).

With this perspective, we present a survey of
developments in functional characterization of
key regulatory genes and cis-elements under-
pinning developmental and adaptive traits in B.
juncea. With an overall goal of crop improve-
ment, following agronomic traits requiring
biotechnological intervention will be discussed:
1. Seed germination and seedling establishment
2. Plant architecture

3. Leaf development
4. Root development and architecture including

mineral and water uptake
5. Phase transition, floral induction
6. Flower development

(a) Sepal
(b) Petal
(c) Stamen
(d) Gynoecium

7. Fertilization, and seed/silique development
(including dehiscence/pod shattering)

8. Oil quality and quantity.

21.2 Regulatory Genes During
Vegetative Phase of Growth

This section provides a summary of research
findings on regulatory genes and elements
involved in seed germination, establishment of
seedling, leaf and root development, plasticity in
root system architecture, and overall plant
growth and architecture.

Heat stress adversely impact percentage ger-
mination and successful establishment of seed-
lings in B. juncea. Studies related to seed
germination in B. juncea have therefore been
performed with the objective of understanding
stress response to heat and heavy metal stress
during seedling stage (Sharma et al. 2013; Tha-
kur and Sharma 2016; Pandey and Penna 2017;
Rai et al. 2020). Comparison of transcript levels
of HEAT SHOCK TRANSCRIPTION FACTOR
21 (HSF21) and HSFA7A across seedlings of 34
genotypes of B. juncea have led to categorization
of varieties into five distinct classes viz. highly
heat tolerant, heat tolerant, moderately heat tol-
erant, heat sensitive, and highly heat sensitive
(Rai et al. 2020).

Although functional analysis of genes
involved in leaf development has not been
reported from B. juncea hitherto, a large number
of molecular regulators have been identified that
are involved in regulation of leaf size and related
trait biomass in Brassica species. Some of
these include homologs of AINTEGUMENTA
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(BrANT), AINTEGUMENTA-Like (BrAIL),
AUXIN-REGULATED GENE INVOLVED IN
ORGANSIZE (BrARGOS), patatin-related phos-
pholipase A (pPLA) family members (pPLAI,
pPLAIIa, pPLAIIb, pPLAIIc, pPLAIId, pPLAIIe,
pPLAIIIp, PLAIIIa, pPLAIIIb, pPLAIIIc, and,
pPLAIIId), AUXIN-REPRESSED PROTEIN 1
(BrARP1), DORMANCY-ASSOCIATED PRO-
TEIN 1 (BrDRM1), ETHYLENE RESPONSE
FACTORS (BrERF), Repressor of ga1
(BrRGA1), TCP family members (eg. BrTCP2),
member of the B3 superfamily (NGATHA/NGA/
BrNGA1), BrPHYB, and, MIR319, MIR394
(Karamat et al. 2021). A combination of bulked
segregant analysis and transcriptome sequencing
of the bulked pools has been used to identify and
clone the gene REDUCE COMPLEXITY (RCO;
BjRCO). Characterization of BjRCO gene
revealed its product to be an HD-Zip class of
transcription factor and was shown to be
responsible for leaf lobing in B. juncea (Heng
et al. 2020b).

Anthocyanin pigmentation has been reported
in leaves of B. juncea purple mustard. The locus
responsible for purple coloration was identified
through genetic mapping, bulked segregant
analysis, and annotated as BjPLI1 (Zhao et al.
2017) and later as BjPur (Heng et al. 2020a). The
locus was subsequently cloned and shown to
encode an R2R3-MYB gene. An insertion in the
first intron of the R2R3-MYB gene was found to
be responsible for green and purple coloration in
leaves of B. juncea (Heng et al. 2020a). The
authors also propose that BjTT8, BjMYC2,
BjC4H, BjDFR, and BjANS (Heng et al. 2020a, b,
c) or homologs of AtPAP1, AtPAP2, AtMYB113,
and AtMYB114 (Zhao et al. 2017), that are
involved in anthocyanin biosynthesis, are linked
to purple coloration in B. juncea. The studies are
considered significant as most genes implicated
in defense response against pathogens are also
upregulated in purple leaf B. juncea (Heng et al.
2020a, b, c).

Among growth habit and plant architecture
traits, the gene for determinacy, Sdt1 (homolog
of TFL1 from A. thaliana) was mapped in a
segregating population of B. juncea. Genotypes
with determinate and indeterminate growth

habits were generated artificially by crossing B.
napus (AACC) and B. carinata (BBCC) and
identifying plants with AABB chromosome con-
stitution (Kaur and Banga 2015). In another
study, the Ga subunit of the G-protein complex
comprising of Ga, Gb, and Gc has been shown
to be a key regulator of overall plant architecture,
including organ size and seed weight. Down-
regulation of Ga1 homologs (BjuA.Ga1 and
BjuB.Ga1) led to reduction in plant height (be-
tween 32 and 58%), hypocotyl, root, internode
length, and seed weight (between 11–13%)
whereas constitutive overexpression increases
plant height, hypocotyl, internode length, and
seed weight (between 7 and 25%) in B. juncea
(Kumar and Bisht 2020).

Previous studies had led to identification,
isolation and characterization of members of
auxin efflux carrier proteins- PIN1, PIN2 and
PIN3, members of PIN family (Ni et al. 2002a,
b). In a recent study, as many as 65 members of
the Auxin Response Factor (ARF) gene families
were identified from B. juncea var. Tumida
genome (Li et al. 2020a, b, c). Although all the
ARFs exhibited spatio-temporal variation in
transcript abundance during growth and devel-
opmental phases, detailed analysis indicated that
BjARF2b_A, BjARF3b_A, BjARF6b_A, and
BjARF17a_B are involved in auxin signaling and
are highly expressed in tumor stem. Homologs of
A. thaliana ARFs, BjARF10, BjARF16, and
BjARF17 genes were found to be regulated by
miR160, and, BjARF6 and BjARF8 by miR167
(Li et al. 2020a, b, c).

Several other families of regulatory genes that
are involved in development and adaptive pro-
cesses during vegetative phase of growth and
have been characterized include 62 members of
TCP gene family (He et al. 2020); 88 members of
the GRAS gene family (Li et al. 2019a, b); 29
members of the SOD gene family (Verma et al.
2019); 14 members of the SUCROSE SYN-
THASE (SUS) gene family (Li et al. 2021); 60
genes of HEAT SHOCK TRANSCRIPTION
FACTOR (HSF) family (Li et al. 2020a, b, c);
57 members of SQUAMOSA promoter bind-
ing protein (SBP)-box gene family (Li et al.
2020a, b, c); 19 genes of NON-EXPRESSOR
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PATOGENESIS-RELATED (NPR) gene family
(Wang et al. 2021); and, 300 genes of the NAC
gene family (Phukan et al. 2016; Jiang et al.
2021), to cite a few examples.

21.3 Regulatory Genes During
Phase Change
and Reproduction

21.3.1 Flowering Time and Flower
Development

Understanding flowering time control and flower
development, two key life-history traits, has
received widespread attention in crops, including
Brassica species. Accelerated floral transition is a
target trait promising mitigation of yield penalties
caused by environmental stresses. Homologs of
several regulatory genes involved in photoperiod
and vernalization mediated floral induction path-
ways in A. thaliana such as CONSTANS (CO;
BjuACO4) FLOWERING LOCUS T (FT;
BjuAFT1, BjuBFT4), SUPPRESOR OF OVER-
EXPRESSION OF CONSTANS (SOC1; BjuA-
SOC1 and BjuASOC4), and FLOWERING
LOCUS C (FLC; BjuFLC) have been identified
and characterized (Zhao et al. 2019). Other than
these, the study also identified homologs of GI,
FRI, PRC2, VRN1, VRN2, VIN3, FCA, FPA, FY,
LD, FLD, FLK, FVE, REF6, FD, LFY, and
AGL24 from the genome of B. juncea and ana-
lyzed copy number variation (Zhao et al. 2019).
Functional characterization identified a DNA J
homolog (J3) from B. juncea that was found to be
an upstream regulator of SOC1 as J3 protein binds
to promoter of SOC1 and regulates flowering time
(Zhou et al. 2018). In a parallel study, the histone
deacetylase protein HDA9 (RPD3-like histone
deacetylase) was strongly induced under short day
conditions and was found to physically interact
with promoters of BjSOC1 and BjAGL24 to con-
trol flowering time (Jiang et al. 2018). AGL24 has
furthermore been shown to interact with AGL18
and AGL19 proteins to regulate flowering time in
B. juncea (Li et al. 2019a, b; Wang et al. 2020).
Other key regulators of flowering time that have
been characterized include homologs of LFY,

SOC1, and FT. Overexpression of LFY homolog
isolated from B. juncea triggered extreme earli-
ness in B. juncea under field conditions (Dhakate
et al. 2017). Similarly, analysis of gain-of-function
as well as artificial miRNA based mutant pheno-
types of BjFT and BjSOC1 in native B. juncea
background under net-house conditions showed
multiple roles beyond flowering (Tyagi et al.
2018, 2019). Overexpression of B. juncea FT
homolog influenced agronomic traits such as
silique shape, oil profile, stomatal morphology,
and plant height (Tyagi et al. 2018). SUP-
PRESSOR OF OVEREXPRESSION OF CON-
STANS1 was found to influence other agronomic
traits such as lateral branching, oil quality, and
seed yield, apart from flowering time, in B. juncea
(Tyagi et al. 2019).

21.3.2 Pollen Development and Male
Sterility

Hybrid seed production through induction of
cytoplasmic male sterility (CMS) and restoration
system has been a major research goal for
Brassica yield improvement. Most CMS systems
developed in B. juncea have relied on use of
alien cytoplasm through generation of inter-
specific or intergeneric hybrids; a few have also
been obtained as spontaneous mutants such as
the hau CMS system (Rao et al. 1994; Prakash
et al. 1998; Pathania et al. 2003; Wan et al. 2008,
2014; Yamagishi and Bhat 2014; Atri et al.
2016). Molecular regulators and genetic basis of
CMS systems have been well dissected and
shown to involve rearrangements in the
organellar genome. For example, ORF108
derived from the mitochondrial genomes of
Diplotaxis erucoides, Diplotaxis berthautii,
Diplotaxis catholica and Moricandia arvensis
has been implicated in CMS systems developed
through intergeneric crosses with B. juncea
(Kumar et al. 2012); as has been duplication of
COX1 gene in mitochondrial genome of B. jun-
cea in a cross with Diplotaxis catholica (Bhat
et al. 2005, 2006, 2008; Pathania et al. 2007;
Ashutosh et al. 2008). Similarly, ORF263
derived from mitochondrial genome of Brassica
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fruticulosa, and ORF220, and ORF288 from
mitochondrial genome of Brassica rapa, have
also been shown to induce CMS in B. juncea
(Landgren et al 1996; Jing-Hua et al. 2005; Yang
et al. 2005, 2009, 2010; Jing et al. 2012; Zhao
et al. 2016). Several genes such as MutS
Homolog1 have been shown to restore fertility by
“sub-stoichiometric shifting (SSS)” of ORF220
(Zhao et al. 2021). Transcript of atp6 has been
associated with Ogura CMS system that causes
conversion of stamens to petaloid structures;
whereas key regulators are yet to be identified in
systems as exemplified by oxa CMS (Meur et al.
2006; Heng et al. 2018a, b). The sequence of
MYB80 homologs was found to be conserved
between A. thaliana, B. juncea, B. napus, and
Gossypium hirsutum; and its role was demon-
strated in tapetum and pollen development as the
A. thaliana myb80 mutants display male-sterile
phenotypes, with fertility restored by comple-
mentation with functional MYB80 even from G.
hirsutum (Xu et al. 2014). The product of the
regulatory gene RUB (related to ubiquitin 2)
conjugating enzyme (RCE; BjRCE1) has been
demonstrated to be responsible for altered auxin
homeostasis in CMS lines of B. juncea (Yang
et al. 2012).

In a study based on comparative analysis,
mitochondrial genome and transcriptome of five
B. juncea CMS systems-Diplotaxis catholica-
based, Diplotaxis berthautii-based, Diplotaxis
erucoides-based, Brassica oxyrrhina-based, and,
Moricandia arvensis-based male-sterile lines were
investigated (Wu et al. 2019). The mitochondrial
genomes range from 221 kb (D. catholica) to
256 kb (M. arvensis) with 32 protein coding
genes in all species, except 31 in D. catholica.
A comparative analysis of the mitochondrial
genome and transcriptome data revealed that
ORF108 may be a common regulator of CMS
system in Diplotaxis berthautii-based, Diplotaxis
erucoides-based, and, Moricandia arvensis-based
systems, but not in Brassica oxyrrhina and
Diplotaxis catholica based CMS systems (Wu
et al. 2019). Similar comparative analysis of
mitochondrial genomes of hau CMS and its
maintainer line revealed highly rearranged nature
of mitochondrial genome of hau CMS and the

origin of orf288 that is associated with hau CMS
(Heng et al. 2014).

21.3.3 Female Gametophyte,
Embryo, Seed, and Fruit
Development

Investigations into development of female
gametophyte of B. juncea are rather limited and
include reports on histological details (Smith and
Sterner 1994), and role of CLAVATA 1 (CLV1)
gene homologs, BjMc1/Bjln1 (BjuA07.CLV1) in
multi-locular phenotypes that have been descri-
bed (Xiao et al 2013; Xu et al. 2014a, b; Xu et al.
2017; Chen et al. 2018; Xiao et al. 2018).

Nectaries, both floral and extra-floral (EFNs),
are responsible for attracting pollinators, and ani-
mal visitors. The structure, quantitative, and
qualitative composition of nectar in terms of
sugar, amino acid from both floral and extra-floral
nectaries in B. juncea have been investigated; yet
there is paucity of studies relating to identification
and characterization of regulatory genes. A nec-
tary functional genomics endeavor is nevertheless
ongoing for a number of plants including B. jun-
cea (http://www.nectarygenomics.org/node/558;
Masierowska 2003; Mathur et al. 2013; Nagpal
et al. 2020).

Embryo development is known to be auxin
regulated. In order to investigate the mechanism
of action of auxin, embryo development in B.
juncea was studied under in-vitro conditions using
indole-3-acetic acid (IAA; natural auxin), N-(1-
naphthyl)-thalamic acid (NPA; auxin transport
inhibitor), and p-chlorophenoxyisobutyric acid
(PCIB; anti-auxin) (Hadfi et al. 1998). Dramatic
defects such as complete inhibition of morpho-
genesis, or formation of embryos with only
shortened hypocotyl were observed in the pres-
ence of IAA. Similarly, inhibition of auxin trans-
port led to formation of “twin embryos”, “split-
collar”, and “collar-cotyledons”, broadening of
embryo axis, and formation of “twin radi-
cles”(Hadfi et al. 1998). Defects in cotyledon
number, hypocotyl, and radicle development were
also observed when embryos of B. juncea, at
different stages of development, were subjected to
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anti-auxin (Hadfi et al. 1998). Some of the
developmental defects obtained in this study were
found to mimic mutants observed in A. thaliana.
Such studies have laid the groundwork for
understanding role of auxin as a regulatory
molecule affecting embryo development, and
auxin signaling network in B. juncea (Hadfi et al.
1998; Li et al. 2020a, b, c).

Enzyme kinetics and activity of acid and
alkaline phosphatases, and peroxidases have
been shown to be associated with seed develop-
ment in B. juncea (Saroop et al. 1999, 2002).
Distinct patterns of cytoplasmic and wall-bound
acid phosphatase were observed with signifi-
cantly higher activity of wall-bound acid phos-
phatase. The activity of both increases as the seed
development proceeds from 10 to 50-days post-
anthesis and fertilization (Saroop et al. 1999).

Seed related traits are of paramount impor-
tance as seed is the source of mustard oil.
Understanding of developmental process and
seed characteristics viz. seed size, number,
weight, and seed coat color is crucial for crop
improvement programs. In a study, the micro-
sculpting patterns and sub-cellular changes dur-
ing seed coat development of B. juncea have
been documented (Zeng et al. 2004, 2006).
Although molecular regulators have not been
identified, such studies form a basis for future
investigations aimed at deciphering develop-
mental patterns and analysis of seed coats in B.
juncea. In addition to seed coat patterns, loci that
are responsible for seed coat color, have been
identified, rapid tests for screening of seed coat
color developed, and yellow-seeded varieties
have been developed (Vera and Woods 1982;
Abraham and Bhatia 1986; Lu et al. 2012).

Comparative transcriptome of seed coat from
near-isogenic brown seeded and inbred yellow-
seeded lines revealed close to 800 transcripts that
are upregulated and 500 are downregulated in
brown testa; transcripts of DFR (dihydroflavonol
reductase), LDOX (leucoantho-cyanidin dioxy-
genase), and ANR (anthocyanidin reductase) for
late flavonoid biosynthesis are either absent or
detected at very low abundance in the yellow-
seeded testa (Liu et al. 2013). Sequence data,
expression analysis and mapping of F3H

(Flavanone-3-hydroxylase), DFR (dihydroflavonol
reductase), BAN (BANYULS; Anthocyanidin
reductase -ANR), TT1 (Transparent Testa 1;
C2H2 zinc finger protein), TT2 (Transparent Testa
2; R2R3-MYBprotein), TT8 (Transparent testa 8;
bHLH protein) and TTG1 (Transparent Testa
Glabra1; WD40 regulatory protein) across brown
and yellow-seeded B. juncea varieties and map-
ping population identified alleles of TT8 control-
ling seed coat color (Yan et al. 2010; Padmaja
et al. 2014).

In order to identify genomic loci regulating
locule number as bilocular or trilocular, which is
directly related to seed yield, genetic mapping
studies identified BjMC1 locus as being tightly
linked to trilocular condition. Subsequently, map-
based cloning and sequence characterization
revealed BjMC1 locus to be encoding a homolog
of CLAVATA1 (CLV1), or Bj-BARELY ANY
MERISTEM (BjBAM), the product of which is a
transmembrane protein. Insertion of a copia-like
retrotransposon in the coding region of the
BjCLV1 was found to be responsible for trilocular
condition in B. juncea (Xu et al. 2017; Chen et al.
2018). Genetic mapping and functional genomics
have demonstrated that SHATTERPROOF1/2
(SHP1/2), FRUITFULL (FUL), ENDO-BETA-
MANNASE7 (MAN7), and NAC SECONDARY
WALL THICKENING PROMOTING FACTOR 2
(NST2) are key regulatory genes controlling pod
shattering in B. juncea (Ostergaard et al. 2005;
Kaur et al. 2020).

21.4 Regulatory Genes
and Oil-Quality Traits

Brassica juncea is commercially valued as a
source of seed oil, and efforts have been made to
enhance not only oil quantity but also improve the
quality parameters including increasing beneficial
fatty acids and reducing harmful components.

21.4.1 Biosynthesis of Fatty Acids

The most important product of commerce from
B. juncea is the seed oil, and biotechnological
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interventions have constantly aimed at increasing
the oil content and modification of fatty acid
profile. Towards this goal, a number of genes and
QTLs involved in regulation of fatty acid
biosynthesis and storage have been identified
from B. juncea (Rout et al. 2018).

Among the various regulators of fatty acid
biosynthesis and storage that have been identi-
fied, cloned, and analyzed from B. juncea,
Oleoyl-Acyl Carrier Protein (ACP) Thioesterase
(chain length determinant in Oleic acid biosyn-
thesis; Mandal et al. 2002); Stearoyl-ACP
Desaturase (responsible for catalyzing conver-
sion of stearoyl-ACP to oleoyl-ACP; Vageesh-
babu et al. 1996); four copies of long chain
saturated acyl-ACP thioesterases (BjFatB; Man-
dal et al. 2000; Sinha-Jha et al. 2010); Fatty acid
elongase (FAE1) responsible for very long chain
fatty acid synthesis (C22; erucic acid; Venka-
teswari et al. 1999; Yadav et al. 2003; Gupta
et al. 2004; Saini et al. 2016; 2019); plastidial
omega-3 desaturase (BjFAD7; Garg et al. 2000,
2001); endoplasmic reticulum-associated oleate
desaturase involved in conversion of C18:1 oleic
acid to C18:2 linolenic acid (FAD2; Suresha
et al. 2012, 2013; Suresha and Santha 2013).
A total of 57 Fatty acid desaturases (FAD) genes
have also been identified through in-silico anal-
ysis of the B. juncea genome (Xue et al. 2020).

21.4.2 Biosynthesis of Glucosinolates

Glucosinolates, a Sulphur- rich secondary
metabolite with a large number of structural
variants found in members of Brassicaceae are
both beneficial, as well as known to contain anti-
nutritional properties (Fahey et al. 1997; Halkier
and Gershenzon 2006; Juge et al. 2007; Cartea
and Velasco 2008; Clarke 2010). Based on leads
obtained in A. thaliana and Brassica by previous
researchers, homologs and homeologs of MYB28
were identified from B. juncea as key regulators
of aliphatic glucosinolate biosynthesis (Bisht
et al. 2009; Augustine et al. 2013a; Augustine
and Bisht 2015). Functional complementation
using reference strain and myb28 mutants of A.
thaliana using BjuMYB28 homeologs, and

silencing of the endogenous copies using RNAi
strategy have confirmed the role of MYB28 in
biosynthesis of aliphatic glucosinolate (Augus-
tine et al. 2013a, b).

Other regulatory genes governing glucosino-
late biosynthesis in B. juncea that have been
identified and characterized include CYP79F1
(CYP79F1; Di-homo-methionine N-hydroxylase),
CYP83A1 (Cytochrome P450 83A1), SUR1
(SUPERROOT1), UGT74B1 (UDP-glucose:thio-
hydroximate S-glucosyltransferase), SOT16
(sulfotransferase), CYP79A2 (CYTOCHROME
P450 79A2; Phenylalanine N-monooxygenase),
CYP83B1 (ALTERED TRYPTOPHAN REGULA-
TION 4; ATR4, CYTOCHROME P450, FAMILY
83SUBFAMILY B, POLYPEPTIDE 1), CYP79B2
(CYTOCHROME P450, FAMILY 79,
SUBFAMILY B, POLYPEPTIDE 2) and
CYP79B3 (CYTOCHROME P450, FAMILY 79,
SUBFAMILY B, POLYPEPTIDE 3; Tryptophan
N-monooxygenase 2) (Yang et al. 2014; Meenu
et al. 2015; Sharma et al. 2016).

21.5 Regulatory Genes in Nutrient
Uptake

Molecular and genetic analysis of association
panel of 92 inbred lines at S7 generation of B.
juncea diversity fixed foundation set (BjDFFS)
were subjected to genome-wide association
studies (GWAS) under varying nitrogen appli-
cation (N-0 and N-100 kg/ha). Several strong
marker-trait associations (MTAs) on chromo-
somes A01, A06, B02, B04, B05, and B08 were
identified and analysis of the target genomic
locations on these chromosomes identified genes
such as NITRATE REDUCTASES [AFB-3 (31.3);
HRS-1 HOMOLOGUE 1 (12.3–12.4)], NITRITE
REDUCTASE [BAT-1 (13.2); GLN1.3]; myb-like
transcription factor family protein, high-affinity
nitrate transporters [ATNRT2.6; ATNRT2.3],
GLUTAMINE SYNTHETASE 1.3, BIDIREC-
TIONAL AMINO ACID TRANSPORTER 1,
AUXIN SIGNALING F-BOX 3, and, OXIDOR-
EDUCTASES key regulators of nitrogen uptake
(Gupta et al. 2019a). Mapping studies using an
association panel of 92 diverse germplasm lines
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of B. juncea, under varying doses of nitrogen
application (low dose of 75 kg/ha; standard dose
of 100 kg/ha; and, high dose of 125 kg/ha),
permitted identification of close to 30 regulatory
genes that are involved in plant growth and
height (CDF1, CO, FLC, AGL24, GNC, FAF2,
etc.) and reproductive traits (AP1, FVE, FRI,
FLC, and CO) in B. juncea that are affected by
N-application. These genes are known to be
involved in light perception, circadian rhythm,
floral meristem identity, regulation of flowering
time, gibberellic acid pathways, and overall plant
development (Akhatar et al. 2021).

Genes for sulfate uptake and transport such as
low-affinity sulfate transporter (LAST), ATP
sulfurylase (ATPS), APS reductase (APSR), and
Myrosinase (MYR; which may be involved in
glucosinolate breakdown to provide additional
sources of Sulphur under stress) have been iso-
lated and cloned from B. juncea (Heiss et al.
1999). The study revealed that the expression
state of these genes is also modulated under
Cadmium stress (Heiss et al. 1999). Similar
interactions between nitrogen and Carbon were
observed when B. juncea was grown in combi-
nations of varying N and C concentrations and
expression patterns of several genes viz.
BjNRT1.1, BjNRT1.8, BjNR1 and BjNR2,
BjAMT1.2, BjAMT2 and BjPK, BjAMT2 and
BjGS1.1 involved in N-uptake, assimilation, and
metabolism were analyzed (Goel et al. 2016).
A separate study identified genes involved in
nitrogen use efficiency (NUE) by comparing the
transcript profile of roots of B. juncea var. Pusa
Bold that has high NUE and B. juncea var. Pusa
Jaikisan with low NUE (Goel et al. 2018). The
study identified genes responsible for N-uptake
such as Nitrate transporters-NRT1.1, NRT1.8,
and NRT2.1; N-assimilation such as Nitrate
reductase (NR1, NR2), Nitrite reductase (NiR),
Glutamine synthetase (GS1.3), and Ferredoxin-
dependent glutamate synthase (Fd-GOGAT); N-
remobilization such as Glutamate dehydrogenase
(GDH2), Asparagine synthetase (ASN2–3), Ala-
nine aminotransferase (ALaT); and, transcription
factors like mitochondrial Transcription tERmi-
nation Factor (mTERF), FHA, Orphan, bZip,
and FAR1 as key regulators of NUE in B. juncea

(Goel et al. 2018). These genes involved in N-
uptake, transport, assimilation, and metabolism
were also previously been found to be modulated
upon various abiotic stresses including salt
(150 mM NaCl), osmotic (250 mM Mannitol),
cold (4 °C), and heat (42 °C) stress at different
time points of 1-h, or 24-h post-stress treatment
(Goel and Singh 2015).

21.6 Regulatory Genes Involved
in Biotic and Abiotic Stress

21.6.1 Biotic Stress Tolerance

Several fungal, bacterial, viral and insect pests
pose serious threats to B. juncea at various stages
of its life cycle. Prominent among these include
blackleg disease caused by Leptosphaeria mac-
ulans; stem rot by Sclerotinia sclerotiorum;
white rust by Albugo candida; alternaria blight
by Alternaria brassicae, A. brassicicola, and A.
raphanin; downy mildew by Hyaloperonospora
brassicae; white leaf spot by Neopseudocer-
cosporella capsellae; clubroot by Plasmodio-
phora brassicae; powdery mildew by Erysiphe
cruciferarum; viral diseases by Turnip yellow
virus, Cauliflower mosaic virus, and Turnip
mosaic virus; leaf blight by Pseudomonas syr-
ingae; and sucking aphid insect Lipaphis erysimi
(Kalt.) (Inturrisi et al. 2021). Over the years,
several pathotypes of the various causative
agents have been identified with each strain
exhibiting variable extent of disease severity
attributable to molecular diversity and ploidy
level variation in the pathogen, and the host
microbiome (Jouet et al. 2019). In addition, co-
occurrence of multiple pathogens such as
Hyaloperonospora brassicae (downy mildew)
and Albugo candida (white rust) also impacts
disease severity (Kaur et al. 2011b). Complexi-
ties of such interactions between pathogens and
host have made identification of conserved, uni-
versal molecular regulators for several pathogen
and pests an uphill task.

Aphid infestation is a major cause of yield
loss in B. juncea and identification of regulatory
genes involved in conferring aphid tolerance is
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therefore critical. A transcriptome-based com-
parison of mustard leaves infested with Lipaphis
erysimi (mustard aphid; compatible interaction
with mustard) and Aphis craccivora (cowpea
aphid; incompatible interaction with mustard)
was performed. Structural grouping of the dif-
ferentially expressed genes revealed members of
seven transcription factor gene families, namely
AP2, LBD, e2f-dp, ERF, G2-like, HB-other, and
GATA were specific to the transcriptome of L.
erysimi infested tissue; and the major class of
differentially expressed transcripts belonged to
bHLH (11 members), GeBP (9 members), NAC
(8 members), B3 (5 members) and CO-like (5
members) (Duhlian et al. 2020).

Among several candidates, PR5, a thaumatin-
like protein was identified through comparative
proteomics analysis to be associated with resis-
tance against Albugo candida in a tolerant B.
juncea var. CBJ 001, but not in the susceptible
variety RH819 (Kaur et al. 2011a). Of the four
genes gene that encodes Toll-like (interleukin-1)
receptor-nucleotide-binding-leucine-rich repeat
(TIR-NB-LRR) proteins- WRR4A, WRR4B,
WRR8, andWRR9, onlyWRR4B was identified in
A. thaliana and found to confer resistance to A.
candida race 2 (Ac2V) isolate in B. juncea
(Borhan et al. 2010; Cevik et al. 2019). WRR4
was found to confer resistance against race 2
(pathogen of B. juncea) and race 7 (pathogen of
B. napus) of A. candida and is thus considered a
broad range molecular regulator conferring tol-
erance (Borhan et al. 2010). Several other loci
linked to white rust resistance have been identi-
fied in B. juncea. These include Ac2(t)
(Mukherjee et al. 2001); AcB1-A4.1 (Varsh-
ney et al. 2004); Acr/Ac2a1 (Prabhu et al. 1998);
Ac2V1 (Somers et al. 2002); AcB1-A4.1 (on LG4/
A4) and AcB1-A5.1 (on LG5/A5) (Panjabi-
Massand et al. 2010; Singh et al. 2015); and
AcB1 on LG6 (Bhayana et al. 2020). Although
multiple loci conferring resistance to white rust
has been identified and molecular markers gen-
erated for marker-assisted breeding and selection,
molecular regulators that confer resistance/
tolerance associated with majority of these loci
are yet to be identified and isolated. However as
a rare exception, characterization of the genomic

loci encompassing AcB1-A5.1 revealed the
presence of coiled-coil nucleotide-binding-
leucine-rich repeat (CC-NB-LRR) protein
encoding R gene which was annotated as
BjuWRR1. Functional analysis using cis-genics
revealed the ability of BjuWRR1 to confer toler-
ance against a range of A. candida isolates in B.
juncea (Panjabi-Massand et al. 2010; Arora et al.
2019). Similarly, characterization of AcB1 on
LG6 also identified a CC-NBS-LRR encoding
R gene, responsible for white rust resistance
(Bhayana et al. 2020).

Molecular regulators including candidate
genes and/or loci that have been identified in B.
juncea for other diseases include Rlm5 and Rlm6
genes encoding nucleotide-binding site leucine-
rich-repeat (NLR) leucine-rich repeat RLK
(LRR-RLK) and LRR-RLP genes, against black-
leg disease (Leptosphaeria maculans; Balesdent
et al. 2002; Plissonneau et al. 2018; Yang et al.
2021b); members of chitinase gene family
against Alternaria brassicae (Alternaria
blight/black spot disease; Mir et al. 2020; Yadav
et al. 2020), and, members of pathogenesis
related (PR) gene family that are part of sali-
cyclic acid and jasmonic acid dependent sig-
nalling pathway (Ali et al. 2017a). The transcript
of jasmonic acid carboxylmethyl transferase
(JMT) was found to be induced 48 h post-
infection with Alternaria brassicicola in B. jun-
cea and has been proposed to be a candidate
regulator against necrotrophic fungal pathogens
(Meur et al. 2015).

Based on analysis of introgression lines of B.
juncea containing genetic segments from Eru-
castrum cardaminoides and B. fruticulosa,
several candidate genes that confer tolerance to
Sclerotinia sclerotiorum that causes stem rot
disease, have been identified. These include
members of TIR-NBS-LRR gene family, chiti-
nase family, malectin/receptor-like protein
kinases, defensin-like (DEFL) genes,
desulphoglucosinolate sulphotransferase pro-
tein, lipoxygenases (LOX), and regulatory
components of effector-triggered immunity
(ETI) and pathogen-associated molecular pat-
terns (PAMPs) pathways (Rana et al. 2017,
2019; Atri et al. 2019).
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Brassica juncea suffers significant yield losses
due to attack by Plasmodiophora brassicae
(clubroot disease). Molecular regulator as a
source for clubroot resistance has not yet been
detected in B. juncea, although candidate genes
such as Rcr6 have been found on B-genome of
Brassica nigra that is homologous to a chromo-
somal segment on A08 of B. rapa (Hasan et al.
2012; Hasan and Rahman 2018; Chang et al.
2019). In a report, one accession of B. juncea
(accession 1012) was however been found to be
resistant to clubroot disease (Liu et al. 2018).
Similarly, two loci- Rcr3 and Rcr9wa, with three
candidate clubroot resistance genes each,
Bra020951, Bra020974, and Bra020979 for
Rcr3; and Bra020827, Bra020828, Bra020814
forRcr9wa, has been identified in B. rapa (Karim
et al. 2020). Another study also identified two
QTLs—qBrCR38-1 and qBrCR38-2, with strong
association with clubroot resistance in B. rapa
(Zhu et al. 2019). With B. juncea being an
allopolyploid of AB genomes, it is intriguing and
would be of immense interest to understand the
lack of clubroot resistance in B. juncea though
“resistance genes” have been identified in both
the parental A and B genomes (Cheng et al.
2018; Hasan and Rahman 2018; Zhu et al. 2019;
Karim et al. 2020). Efforts, though only partially
successful, have therefore been made to intro-
duce clubroot resistance by resynthesizing B.
juncea using B. rapa and B. nigra as parents
(Hasan and Rahman 2018). Jasmonic acid (JA) is
known as a crucial component of defense
response, and JAZ domain protein (Jasmonate
ZIM domain proteins) are critical regulators of
JA signaling during both abiotic and biotic stress.
The entire repertoire of 18 regulatory genes
belonging to the JAZ family is encoded by the B.
juncea var. Tumida (tuber mustard) genome was
identified and characterized. Out of these 18, two
JAZ genes, BjuA030800 and BjuA007483 were
found to be exclusively expressed in root and
leaf, respectively. In addition, the expression
of 13 JAZ regulatory genes—BjuB031487,
BjuB021388, BjuA027037, BjuA029428,
BjuB029798, BjuA005572, BjuA045157,
BjuB007213, BjuB025543, BjuA022138,
BjuB030035, BjuA022588 and BjuA047148 were

upregulated after infection with Plasmodio-
phora brassicae, and expression levels of
BjuB026559, BjuB032915, BjuB029529,
BjuA034780, BjuA001107, and BjuA001950
were downregulated or repressed. The transcrip-
tional regulation of nearly the entire JAZ gene
family in B. juncea var. Tumida was are thus
affected by Plasmodiophora brassicae infection
(Cai et al. 2020). The steady-state expression
levels of some, not all of the B. juncea JAZ genes
(BjuB032431, BjuB007213, BjuB043343,
BjuB031487, BjuB011370, BjuA030507,
BjuB010656, BjuA007483, BjuB032915
BjuB035964, BjuA029428, BjuB029798,
BjuA005572, BjuB025543, BjuB029529,
BjuA034780, and BjuA027422) were also found
to be upregulated after 200 mM salt (NaCl)
treatment indicating a cross-talk and dual role of
JAZ domain proteins in management of biotic
and abiotic stress (Cai et al. 2020).

Although one B. juncea variety RDV29 that
shows resistance against Erysiphe cruciferarum
(causal organism of powdery mildew) has been
identified, no gene/s or molecular regulator has
yet been isolated and characterized (Nanjundan
et al. 2020). Similarly, studies have identified
tolerant varieties of B. juncea against downy
mildew (Hyaloperonospora brassicae/Per-
onospora parasitica) which cause yield losses of
between 40 and 66% in susceptible varieties
(Meena et al. 2014). Several researchers have
hypothesized the presence of multiple
genes/alleles conferring resistance against vari-
ous strains of the fungal pathogen without actu-
ally identifying the molecular regulator (Nashaat
et al. 2004; Mohammed et al. 2019).

Black rot (causal organism Xanthomonas
campestris) is another bacterial disease that
causes significant yield losses in B. juncea
(Vicente and Holub 2013); and three resistance
genes—R1 (Xca1 locus), R4 (Xca4 locus), and
R5 are possibly present in B. juncea (Vicente
et al. 2002; Fargier and Manceau 2007).

Nucleotide-binding site leucine-rich repeat
genes (NLRs) are known as major regulators of
disease resistance, and identification of homologs
of NLRs are key to formulating strategies for
imparting disease tolerance. A total of 289
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homologs of NLRs were identified from B. jun-
cea genome and analysis revealed that these can
be categorized into ten classes and two subfam-
ilies—toll/interleukin-1 receptor-NLR (TNL) and
coiled-coil-NLR (CNL) proteins (Inturrisi et al.
2020). Of these 289 genes, 145 were derived
from B-genome and 119 from the A-genome. In
a separate study, a total of 493 Receptor-like
kinases (RLKs) including LysM-RLKs and LRR-
RLKs, and 228 Receptor-like proteins (RLPs)
including LysM-RLPs and LRR-RLPs, were
identified from the genome of B. juncea (Yang
et al. 2021a).

In a genome-wide association study (GWAS),
167 B. juncea varieties that differed with respect
to tolerance/susceptibility to Leptosphaeria
maculans were genotyped using the 90 K Bras-
sica SNP array (Illumina). GWAS analysis
identified seven SNPs showing strong associa-
tion to Rlm6 genes/loci present on chromosomes
A07 and B04. Detailed characterization of the
chromosomal regions flanked by the SNPs
showed 16 nucleotide-binding site leucine-rich-
repeat (NBS-LRR), leucine-rich repeat RLK
(LRR-RLK), and Leucine-rich repeat receptor-
like proteins (LRR-RLP) genes that correspond to
the Rlm6 genes/loci on chromosomes A07 and
B04 (Yang et al. 2021b).

Another study identified six candidate NAC
transcription factors-NAC19, NAC36, NAC55,
NAC62,NAC72, andNAC81 fromB. juncea, based
on their expression pattern in Sinapis alba¸ a spe-
cies exhibiting tolerance toAlternaria brassicicola
causing black spot disease. Expression analysis
showed that the selected NACs were not only
induced by Alternaria brassicicola but also by
desiccation stress, wounding, as well as methyl-
jasmonate in B. juncea (Mondal et al. 2020).
A clear correlation was observed between expres-
sion pattern and disease tolerance in B. juncea
tolerant variety (PAB9511) and B. juncea suscep-
tible variety (B85) (Mondal et al. 2020).

Several viral diseases are known to attack
Brassica crops and cause enormous yield losses
such as the Turnip mosaic virus (TuMV; Walsh
and Jenner 2002; Guo et al. 2005). The first gene
reported to confer resistance to a number of
TuMV pathotypes is TuRBJU01 (TuMV

Resistance in B. juncea No. 1; Nyalugwe et al.
2015, 2016). The gene TuRBJU01 is yet to be
isolated and characterized and the exact molec-
ular identity of the gene still remains unknown.
In contrast, bulked segregant analysis of sus-
ceptible and resistant B. juncea identified a locus
termed as retr03 (recessive TuMV resistance 03).
Sequence and functional analysis of retr03 re-
vealed it to be allelic to eukaryotic translation
initiation factor 2B-beta (eIF2Bb; Shopan et al.
2017). Based on subsequent analysis of eIFs
from B. juncea, the authors propose that other
sub-groups of eIFs, namely eIF2b, eIF2a,
eIF2Bb, EF1A, and PABP could potentially be
utilized as sources for TuMV resistance (Shopan
et al. 2020; Palukaitis and Kim 2021). The al-
ternative oxidase (AOX) gene, from B. juncea
(BjAOX1a), has also been proposed to increase
resistance to TuMV as the inhibition of BjAOX1a
protein by treatment of plants with salicyl
hydroxamic acid (SHAM) caused an increase in
systemic movement of the TuMV coat protein
(Zhu et al. 2012).

21.6.2 Abiotic Stress Including Heavy
Metal Tolerance

Annexin gene family proteins are Ca2+-depen-
dent plasma membrane-localized proteins and
known to play role in various developmental and
stress responses (Konopka-Postupolska et al.
2011; Jami et al. 2012). The annexin gene family
was found to have six members in B. juncea-
AnnBj1-4, AnnBj6-7 (Jami et al. 2008, 2009,
2010). Although the members of the B. juncea
Annexin family were found to be differentially
expressed in various tissues, AnnBj2 was found
to be highly expressed when seedlings were
subjected to salt stress using 200 mM NaCl, and,
ABA (Ahmed et al. 2017). Functional charac-
terization of AnnBj2 using constitutive overex-
pression transgenic lines demonstrated its
potential to tolerate salt, and ABA stress whereas
no difference in plant performance was found
when non-transgenic and AnnBj2 transgenic
plants were grown on 200 mM Mannitol
(Ahmed et al. 2017). Molecular and
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physiological analysis of the transgenic plants
revealed an increase in relative water content,
proline, Ca2+, and K+, and a decrease in ROS and
Na+ levels. The tolerance was hypothesized to be
mediated by both ABA-dependent and ABA-
independent pathways based on upregulation of
RAB18 (ABA-dependent) and DREB2B (ABA-
independent) genes (Ahmed et al. 2017).

A major pathway that has previously been
shown to be involved in ion homeostasis during
salinity stress is the Salt Overly Sensitive (SOS)
pathway (Ji et al. 2013). Twelve homologs of this
regulatory gene family were identified from the
genome of B. juncea var. Tumida, and these
included paralogs and homeologs of SOS1,
SOS4, SOS5, SOS6 (two copies each), SOS2 (one
copy), and SOS3 (three copies) (Cheng et al.
2019b). These homologs exhibited differential
spatio-temporal expression patterns during
development and under various stresses. For
example, the two homologs of SOS1 are highly
expressed in both root and inflorescence. How-
ever, of the two copies of SOS1, SOS1-2 is
expressed in leaves whereas SOS1-1 is not.
Similarly, the highest expression of SOS4-1 is
seen in stem whereas that of SOS4-2 is seen in
root and inflorescence. When seedlings were
exposed to various abiotic stresses (200 mM
NaCl, 50lMABA, low temperature at 4 °C) and
biotic stress (Plasmodiophora brassicae), tran-
scripts of several of the SOS genes were found to
be up- or downregulated indicating their
involvement in stress adaptive responses. For
example, all homologs of SOS1, SOS2, and SOS3
were upregulated, whereas those of SOS4, SOS5,
and SOS6 were downregulated under salinity
stress. In comparison to this, SOS3-1(upregu-
lated) and SOS3-2(downregulated) showed con-
trasting expression patterns when exposed to
50lM ABA. Similar expression dynamics were
also observed under cold temperature and biotic
stress indicating the complex regulatory network
of adaptive response mediated by members of
SOS gene family in B. juncea (Cheng et al.
2019b). Conserved function was demonstrated
when BjSOS3 homolog was used to complement,
and rescue the A. thaliana SOS3 mutant (Atsos3)
and confer salinity tolerance (Nutan et al. 2018).

Co-repeat binding factor (CBF) and Inducer
of CBF Expression (ICE) are key regulatory
genes in cold temperature stress signaling. Two
isoforms of ICE-BjICE46 and BjICE53 were
isolated and functionally characterized. While
BjICE46 was found to be induced by salinity
stress, MeJA, and ABA, BjICE53 was found to
be induced by cold stress and non-responsive to
hormonal induction. Co-repeat binding factor
(CBF), the downstream target of ICE, was also
identified and isolated from Brassica juncea. The
authors also expressed CBF and validated the
binding of CBF protein to Drought Responsive
Elements (DRE; TACCGACAT) that are present
in promoter region of cold regulated genes
through EMSA (Kashyap and Deswal 2019).
This study thus demonstrated the putative regu-
latory role played by B. juncea homologs of CBF
and ICE in management of abiotic stress
response (Kashyap and Deswal 2019). The
transcript profile of developing siliques subjected
to cold stress has also been cataloged using NGS
technology, and 283 transcripts that are upregu-
lated during all stages of embryo development
have been identified (Sinha et al. 2015). Some of
the genes that are cold-induced include homologs
of Nodulin MtN3 (SWEET13), b-amyrin-
synthase, ORG3-like, Oxy-phytodienoate reduc-
tase3 (OPR3), WRKY48, COLD REGULATED
(COR) 14 (COR14), COR27, b-amylase, and,
EARLY RESPONSIVE TO DEHYDRATION
(ERD). Transcription factors and regulatory
genes that are cold specific, early developments
stage specific, or, late development stage specific
belong to diverse classes as exemplified by
ABI3VP1, AP2-EREBP, bZIP, C2H2, HSF,
MADS-box, Myb, Plant AT-rich sequence, and
zinc-binding proteins (PLATZ), Sigma70-like,
Trihelix, WRKY, AT-Rich Interaction Domain
(ARID), Gcn5-related N-acetyltransferases
(GNAT), Tumor necrosis factor receptor-
associated factor (TRAF), DOMAIN OF
UNKNOWN FUNCTION 26 (DUF26) kinases,
Ca-dependent protein kinases (CDPK), and
SNF1-related protein kinases (SnRKs) were
identified (Sinha et al. 2015).

Other reports on identification, and charac-
terization of regulators from B. juncea that are
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involved in various abiotic and biotic stress tol-
erances include Dehydrins (Yao et al. 2005);
Expansin (BjEXPA1; Sun et al. 2011); Dehy-
dration responsive element binding transcription
factor gene (BjDREB1B; Cong et al. 2008); 25
members of the pyrabactin resistance (PYR)/
PYR1-like (PYL) gene family exemplified by
BjuPYL3, BjuPYL4s, BjuPYL5s, BjuPYL6s, Bju-
PYL7s, BjuPYL8s, BjuPYL10s, BjuPYL11s,
andBjuPYL13 that are regulatory components of
ABA receptor (RCAR) and proposed to regulate
stress response and stem development (Cheng
et al. 2019a); 60 members of Heat shock factor
(HSF) gene family (Li et al. 2020a, b, c); 47
members of the chitinase gene family (Zhao and
Chye 1999; Mir et al. 2020); BjPR1 gene, that
plays a role in systemic acquired resistance
(SAR; Ali et al. 2018); BjMYB1 and its interac-
tion with promoter of the chitinase gene, BjCHI1
(Gao et al. 2016).

Metals and heavy metals such as Cd, Pb, As,
Se, and Ni are known to significantly alter plant
growth and reduce plant productivity. It is there-
fore important to investigate the molecular basis of
heavy metal toxicity and mechanisms to amelio-
rate stress (Singh et al. 2016). The effect of heavy
metal pollutants on B. juncea is two-fold. On one
hand, heavy metal causes sub-optimal growth and
yield loss, and on the other hand, B. juncea has
been shown to be a hyperaccumulator of heavy
metals and therefore valued as a plant useful for
phytoremediation (Singh and Fulekar 2012;
Rathore et al. 2019). It is therefore important to
understand and identify molecular regulators that
not only allow B. juncea to grow on metal con-
taminated soil but also allow B. juncea to act as a
hyperaccumulator for phytoremediation. At least
73 Cd-responsive genes that are differentially
regulated were identified using cDNA-AFLP
(Fusco et al. 2005). Sequence analysis of these
cDNA-AFLP fragments and expression analysis
revealed their identities with a few examples being
MYB59; Transcription factor GBF5; bZIP family
transcription factor TGA3; Glutamine synthetase-
chloroplast precursor glutamate–ammonialigase
(GS2); Cysteine synthase (O-
acetylserinesulfhydrylase) (O-acetylserine(thiol)-
lyase); histone deacetylase; b-Hydroxyacyl-ACP

dehydratase; PIP1, to name a few (Fusco et al
2005). In another study, RNA-sequencing was
employed to identify genes involved in uptake,
and detoxification of Cd (Thakur et al. 2019).
A total of 616 membrane transporters exemplified
by NRAMP1 (metal transporter), MTPC2 and
MTP11 (metal tolerance proteins), PCR2, PCR6
(plant cadmium resistance protein), and cadmium-
transporting ATPase, were found to be upregu-
lated. Transcripts of HMA2, HMA3, HMA4
(cadmium/zinc-transporting ATPase), CAX1 (high-
affinity calcium antiporter), and IRT1 (iron trans-
port protein) were downregulated. Molecular reg-
ulators annotated as part of various pathways were
also identified and included 87 transcripts from
glutathione (GSH) metabolism, 112 transcripts
from phenylpropanoid biosynthesis, 125 tran-
scripts of MAPK signalling [eg.,MKS1; WRKY33;
WRKY22; MKK4/5; MKK9; aminocyclopropane-
1-carboxylate synthase (ACS); serine/threonine-
protein kinase OXI1 (OXI1); calmodulin
(CALM); RBOH], 14 transcripts of calcium sig-
naling [e.g., PLCD; MCU; VDAC2], and,184
transcripts of plant hormone signal transduction
[e.g., AUX/IAA; ARFs; auxin-responsive GH3
gene family; SAUR; CRE1 (cytokinin response 1);
A-ARR; B-ARR; gibberellin receptor (GID1);
PIF4; adenylatedimethylallyltransferase (IPT);
PP2C; brassinosteroid (BR), jasmonic acid
(JA) and salicylic acid signaling; ethylene receptor
/ ETHYLENE RESPONSE 1 (ETR); ETHYLENE
INSENSITIVE 3 (EIN3); ETHYLENE RESPONSE
FACTOR 1 (ERF1); ETHYLENE INSENSITIVE 2
(EIN2); BRASSINOSTEROID INSENSITIVE 1
(BRI1); BRASSINOSTEROID-INSENSITIVE 2
(BIN2) (Thakur et al. 2019).

Comparative proteome analysis of B. juncea
roots when subjected to Cd stressusing 2-D gel
electrophoresis and multiplexed isobaric tagging
technology (iTRAQ) revealed several classes of
proteins that are involved in alternative redox reg-
ulation such as peptide methionine sulfoxide
reductase, and, 2-nitropropane dioxygenase; and
proteins that are involved in Cd hyper-accumulation
and tolerance such as O-acetylserinesulfhydrylase,
glutathione-S-transferase, and glutathione-conjugate
membrane transporters. Other than these, proteins
such as Hydroxy-methyltransferase, Aspartate
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aminotransferase, Stromal ascorbate peroxidase,
WD-40 repeat protein, Glutathione S-transferase,
Germin-like protein, Putative Myrosinase-binding
protein, Selenium-binding protein-like, and proteins
that are part of an antioxidant mechanism, defense
response, thiol metabolism, xenobiotic detoxifica-
tion, and several other categories were identified
(Alvarez et al. 2009).

Regulatory genes and networks involved in
Arsenic tolerance have been identified through
transcriptome analysis of shoot and root of B.
juncea in a time-dependent manner under Arse-
nate stress (Srivastava et al. 2015). Some of these
regulatory genes identified in the study are
PIP1;2, PIP2;2, SULTR2;1, APS1, FSD2, CAT3,
OPR1, CTR1, DOF6.8, WRKY33, WRKY6,
ACA13 (Srivastava et al. 2015). A total of 50
heavy metal transporter genes (partial sequences)
from natural resistance-associated macrophage
proteins (NRAMP; 23 genes) and yellow stripe-
like proteins (YSL; 27 genes) were isolated based
on a combination of RT-PCR and Amplified
rDNA Restriction Analysis (ARDRA) from B.
juncea. Out of these 50 genes, BjYSL6.1 was
found to be upregulated in shoots of Cd-treated
plants, and BjYSL5.8 was found to be upregu-
lated in roots of Pb-treated plants of B. juncea
(Das et al. 2011).

Various other studies that have reported
identification of regulatory genes implied in
heavy metal tolerance are genes for Pb and Cd
responses (Dalyan et al. 2017); heavy metal
cation efflux transporter genes—BjCET1,
BjCET2, BjCET3, and BjCET4 involved in Zn
and Cd assimilation (Xu et al. 2009; Lang et al.
2005); regulators of Cd-uptake, transport and
assimilation such as NRAMP1; MTPC2, and
MTP11 (both encoding metal tolerance protein),
cadmium-transporting ATPase, PCR2, and
PCR6 (both encoding plant cadmium resistance
proteins), HMA2, HMA3, and HMA4 (all
encoding cadmium/zinc-transporting ATPases),
CAX1 (high-affinity calcium antiporter), glu-
tathione transporter (BjGT1) upon Cd stress
(Bogs et al. 2003) and, IRT1 (iron transport
protein) (Thakur et al. 2019); HMA4A involved
in Zn and Cd-stress response (Wang et al. 2019);
BjYSL7 (yellow stripe-like 7), a metal-

nicotinamide (NA) transporter that is responsi-
ble for Ni and Cd transport (Wang et al 2013); a
total of 19 genes that are differentially expressed
upon Cd-stress include auxin responsive GH3,
ARF-like small GTPases/ARFs, APSR2
(APS reductase), ARD/ARD′ (acid-reductone
dioxygenase), members of Nop family that are
involved in pre-RNA processing ribonucleopro-
teins, C3HC4-type RING finger (zinc finger)
proteins, DAG (diacylglycerol) kinases, members
of halo acid dehalogenase-like hydrolase, pre-
dicted membrane proteins (KOG3491), and
ribosome-associated membrane protein families
(RAMP4; Minglin et al. 2005); mitochondrial c-
glutamyl cysteine synthetase involved in Cd-
stress (Schafer et al. 1998); hemeoxygenase
(BjHO1) gene that is regulated by Zn, Cd, Hg
and Pb stress (Li et al. 2012); SK2-type dehydrin
genes-DHN2, DHN3, involved in Cd and Zn
stress (Xu et al. 2008).

21.7 Non-coding RNAs Regulating
Development and Stress
Response

The power of NGS technology has propelled the
discovery and profiling of non-coding RNAs
involved in development and stress management
in plants.

Development of CMS and restorer lines in B.
juncea for hybrid seed production has been a
crucial strategy to increase yield. Identification of
key regulators such as small RNAs, involved in
floral organ development and to induce CMS is,
therefore, a critical research goal. Based on small
RNA profiling, a total of 275 miRNAs of which
78 were novel and 197 previously reported, were
identified from different stages of reproductive
organ development in B. juncea (Yang et al.
2013). In addition to these, a total of 47 miRNA
that is differentially expressed between CMS and
the fertility maintainer (MF) lines were also
identified. Among the novel miRNA identified
during various stages of organ development,
several were mapped onto chloroplast (PC-5p-
13, PC-3p-14, PC-3p-39, PC-5p-40, PC-3p-54,
PC-3p-72, PC-5p-75, PC-5p-88 and PC-3p-90)
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and or onto mitochondrial (PC-5p-17, PC-3p-18,
PC-3p-25 and PC-5p-26) genomes. In addition,
miRNAs annotated as pre-miRNA22/23, pre-
miRNA24/25, pre-miRNA73/74, and pre-
miRNA75/76 mapped to both nuclear and mito-
chondrial genomes (Yang et al. 2013). Compar-
ison of CMS and MF lines revealed that such
miRNAs among several others, miR156a,
miR156e, miR158a, miR159a, miR164c,
miR165a, miR167a, miR319b, miR390a,
miR395d, miR396b, miR408, miR845a are dif-
ferentially regulated (Yang et al. 2013).

A genome-wide “miRNAOme” of Brassica
juncea was generated by growing the seedlings
under salinity (150 mM and 250 mM NaCl),
drought (20% PEG and 300 mM Mannitol), and
heat (35 °C and 42 °C) stresses for different time
periods, followed by small RNA profiling
(Bhardwaj et al. 2014). The authors identified at
least 126 novel miRNAs that had not been
reported until then in any other plant species, and
51 conserved miRNAs. Validation of novel
miRNAs revealed that the levels of Bju-N30
were significantly downregulated in heat,
drought, and salinity stresses. In contrast, an
abundance of miRNA Bju-N29 and Bju-N21
increases upon both salt and drought stresses
but decreases when subjected to high-
temperature stress. Similar differential expres-
sion was observed for several other novel miR-
NAs such as Bju-N31 (increased under salinity
stress), Bju-N35 (reduced under high temperature
and salinity stress). Of the six conserved miR-
NAs investigated, viz. miR168_1, miR169_3,
miR172_2, miR390_1, miR394_1, miR395_2,
and miR828_1, transcript levels of miR395_2
was found to be significantly increased under
salinity, drought, and heat stresses. In contrast,
transcript abundance of miR390_1 and miR172_2
was reduced across all the three stresses inves-
tigated (Bhardwaj et al. 2014). In a separate
study, functional characterization of MIR172
genes from B. juncea revealed conserved role in
regulating floral timing, as well as altered func-
tion in regulating floral organ development when
homeologs and paralogs of BjuMIR172 was
ectopically expressed in B. juncea background
(Shivraj et al. 2018). All the homeologs of

MIR172b (miR172b, miR172b’), MIR172d
(miR172d, miR172d′), and, MIR172e (miR172e,
miR172e′), caused earliness in flowering; in
addition, transgenic lines over-expressing
miR172b, miR172b′, miR172d, and miR172d′
exhibited defects in floral organs whereas
miR172e, miR172e′ did not (Shivaraj et al. 2018).
Other researchers have employed in-silico anal-
ysis and comparative genomics to identify net-
works of miRNAs and their putative targets that
are enriched in various pathways under abiotic
stress responses. Furthermore, SSRs, and SNPs
have been identified in miRNAs that are part of
the abiotic stress regulatory network for the
purpose of generating markers, and for marker-
assisted breeding (Singh et al. 2017).

Custom microarray was employed to identity
regulatory miRNAs that are significantly differ-
entially expressed under Arsenic (As) stress in B.
juncea. Several miRNAs such as miR156,
miR169, miR172, miR395, miR838, and miR854,
miR319, miR167, miR164, and miR159 that are
otherwise known to be involved in development,
mineral nutrition, and hormonal responses were
identified but their precise role in As stress
response is yet to be deciphered (Srivastava et al.
2013). Studies have also identified close to 7600
long non-coding (lnc) RNAs from the B. juncea
genome; of these *7600 lncRNAs, ca.
1600 lincRNAs may play a role during heat and
drought stress responses as these were found to
be co-expressed with various genes belonging to
transcription factor classes such as MIKC-MADS,
NAC, Myb, bHLH, HSF, HD-Zip, CO-Like, ERF,
and NF-cC, that were previously known to be
involved in abiotic stress management (Bhatia
et al. 2020).

21.8 cis-Regulatory Elements
in Brassica Juncea

Identification and functional analysis of cis-
regulatory elements such as promoters are key
to generation of cis-genic and transgenic plants
that would allow highly specific regulation of
transgene expression. Towards this goal, the
promoter associated with B. juncea SOS2 (Salt
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Overly Sensitive 2), a key regulator of salinity
stress was functionally characterized (Liu et al.
2000; Kaur et al. 2015). Functional analysis of
the 713 bp promoter fragment and nested
deletions using promoter::GUS reporter fusion
constructs demonstrated upregulation of tran-
scriptional activity under salt, desiccation, cold,
and heat stress, and ABA, thus indicating the
involvement of B. juncea SOS2 in mediating
multiple stress responses (Kaur et al. 2015). In
another study, promoters of KCS6 and KCS5,
key enzymes in cuticular wax biosynthesis were
isolated from B. juncea and functionally char-
acterized. Analysis of GUS reporter activity
revealed that the promoter can regulate tran-
scription of GUS reporter gene in a wide range of
tissues including leaves, inflorescence, all floral
organs, and siliques (Singh et al. 2020). The
authors also demonstrate the role of part of first
intron from AtKCS6 as negative regulator of
transcription, and, that the transcription is under
epigenetic control. A comparative analysis of
homologs from B. juncea on the epigenetic reg-
ulation of promoter activity and role of intron is
pending and would throw light on the transcrip-
tional regulation of cuticular wax biosynthesis
(Singh et al. 2020). Among other genes, pro-
moter analysis for transcriptional regulation of
genes such as Metal Transport Protein (BjMTP1)
under heavy metal stress (Ni, Cd, Zn) (Muthuku-
mar et al. 2007); promoter of BjPR1 gene (Ali
et al. 2018); promoter of Chitinase gene, BjCHI1
that responds to wounding stress, salt, PEG, and
MeJA treatment (Wu et al. 2009); promoter of
Oleosin gene (Hanur et al. 2004); promoter of a
sugar transporter protein gene, BjSTP4, that is
responsive to infection by the mustard aphid-
Lipaphis erysimi (Ram et al. 2020); phloem-
specific promoters from GLP13 (Germin-like
proteins), GS3A (Glutamine synthase), TGG1
(Myrosinase 1/b-thioglucosideglucohydrolase 1),
GAS1 (GA signal-transduction), SUC2 (Sucrose
synthase), SULTR2 (Sulfate transporter), and PP2
(Phloem Protein 2) genes (Koramutla et al. 2016),
to name a few, have been studied. Characterization
of promoter homeologs SOC1 derived from three
sub-genomes (LF, MF1, and MF2) of B. juncea

using expression studies have revealed regulatory
diversification via differential partitioning of tran-
scription factor binding sites (Sri et al. 2020).

Promoter associated with several microRNA
genes of B. juncea has also been characterized
and reported. In a study published in 2018, Jain
et al. (2018) performed functional analysis of the
promoter homologs and homeologs of MIR164
from B. juncea. Given the polyploid nature of
genome of B. juncea, homeologs of MIR164A
(two copies from A genome), MIR164B, and
MIR164C (three copies from A genome) were
identified. Characterization revealed functional
and regulatory diversification amongst home-
ologs when transcriptional regulation of reporter
gene activity in developing leaf, and floral organs
were compared. Comparative analysis with pro-
moter homologs from A. thaliana also indicated
functional diversification because of sequence
and transcription factor binding site (TFBS)
variation (Jain et al. 2018). Similar functional
diversification of transcriptional regulation has
also been observed amongst promoter homeologs
of MIR159 and MIR319 from B. juncea at
seedling stage, and developmental stage of
leaves, in floral organs, during cold and heat
stress, and under regimes of various hormones
(Gibberellic acid-3; ABA; Ethylene; 1-
naphthaleneacetic acid/ NAA; 6-
Benzylaminopurine/6-BAP; Salicylic acid; and
MethylJasmonate) (Chauhan et al. 2020; Arora
nee Joshi et al. 2021).

21.9 Deploying Regulatory Genes
for Generation of cis-Genics
and Transgenics for Crop
Improvement

Genetic modification and transgenic technology
in Brassica juncea using regulatory genes and
elements from B. juncea genome, as well as
heterologous system, have been attempted to
modify several traits (Thakur et al. 2020). In the
following section, a few representative examples
that illustrate the significance of transgenesis for
B. juneca improvement are presented.
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21.9.1 Engineering Male Sterility
for Heterotic Breeding

Inducing male sterility is necessary for hybrid
seed production. Apart from a number of natu-
rally occurring sources of CMS (e.g., pol, ogu,
hau, tour systems), strategies have been devel-
oped wherein heterologous genes, such as Cys-
teine Protease from Arachis diogoi (AdCP) have
been utilized. This gene-AdCP was expressed
under TA-29, a tapetum specific promoter to
induce male sterility in Brassica juncea var. Pusa
Jaikisan (Gautam et al. 2019).

21.9.2 Modulating Flowering Time
and Flower
Development

Modification of flowering time to achieve early and
delayed flowering has been a major breeding
objective in Brassica. AGL18, a key regulator of
flowering time was isolated from B. juncea and
used to generate a cis-genic in B. juncea. Compar-
ative analysis of gain-of-function and loss-of-
function cis-genic lines showed that BjAGL18
delays flowering time by inducing expression of
BjAGL15, a floral repressor and, inhibiting expres-
sion of BjSOC1, a floral integrator (Yan et al 2018).

In a separate study, reduction in levels of
BjSOC1 by gene silencing employing artificial
miRNA caused delayed flowering in B. juncea
(Tyagi et al. 2019). The authors also propose that
increasing the levels of SOC1 in B. juncea can lead
to achieving earliness in flowering time. In addition
to altering flowering time, altered expression of
SOC1 in transgenic plants also altered fatty acid
profiles especially those of Palmitic acid (C16:0),
Oleic acid (C18:1), Linoleic acid (C18:2), Lino-
lenic acid (C18:3), Eicosenoic acid (C20:1), and
Erucic acid (C22:1) (Tyagi et al. 2019).

21.9.3 Fruit Development Traits

Preventing pod shattering is a key trait that that
has been selected during the process of domes-
tication as it allows seeds to be harvested upon

maturity, and reduces seed loss. FRUITFULL
(FUL), along with SHATTERPROOF 1 (SHP1)
and SHATTERPROOF 2 (SHP2) were identified
in A. thaliana as one of the key regulators that
control valve margin development (Gu et al.
1998; Liljegren et al. 2000). Taking advantage of
the conserved pathway of fruit development
between A. thaliana and Brassica species, con-
stitutive overexpression of A. thaliana FRUIT-
FULL in B. juncea was shown to prevent pod
shattering, a trait desirable by canola farmers
(Østergaard et al. 2006).

21.9.4 Modification of Fatty Acid
and Glucosinolates
for Seed, Oil Quality,
and Quantity

The seed oil of B. juncea is known to contain
<10% saturated fatty acid (C16:0; C18:0), ca.
15% each of MUFA (Mono-unsaturated fatty
acid; C18:1) and PUFA (Polyunsaturated fatty
acids; C18:2, C18:3), and 40–50% of Very-long-
chain-unsaturated fatty acids (VLCUFA; C22:1)
and is not considered desirable for human con-
sumption (Kaushik and Agnihotri 2000; Sinha
et al. 2007; Singh and Singh 2008).

In order to alter the fatty acid profile, and to
reduce the proportion of saturated fatty acid
fraction, the ADS1 gene from A. thaliana was
overexpressed in B. juncea. ADS1 encodes the
mammal/yeast/cyanobacteria homolog of acyl-
CoA-D9 desaturases/acyl-lipid-D9 desaturase.
Desaturases are responsible for introduction of
double bonds and a key enzyme for synthesis of
MUFA and PUFA (Nakamura and Nara 2004;
Dar et al. 2017). Overexpression of ADS1 in B.
juncea led to significant reduction in levels of
palmitic acid (16:0), stearic acid (18:0), arachidic
acid (20:0), behenic acid (22:0), and lignoceric
acid (24:0) with slight increase in oleic acid
(18:1) (Yao et al. 2003).

The gene for diacyl-glycerol acyltransferase,
DGAT¸ which is responsible for acetylation of
diacyl-glycerol (DAG) to triacyl-glycerol
(TAG) is a key enzyme in seed oil biosynthe-
sis. The oil biosynthesis pathways being
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conserved across species permitted seed-specific
overexpression of DGAT from A. thaliana into B.
juncea RLM198 with nearly 8% increase in oil
content, and up to 14% increase in fatty acid
content in transgenic B. juncea plants (Savadi
et al. 2016).

In another report, B. juncea was transformed
with a gene for FatB thioesterase (MbFatB) from
the Indian butter tree, Diploknema butyracea
(Sapotaceae). The MbFatB gene was expressed
under the control of napin promoter for seed-
specific expression which led to significantly
higher levels of C16:0 (between 2 and 3 fold),
C18:1 (between 15 and 44% increase), and C18:2
(24–110% increase), and, between 64 and 82%
decrease in levels of C22:1. This caused an
increase in the ratio of C18:1 (desirable) /C22:1
(undesirable) from 0.5 in control to 2.3 (in trans-
genic plants). In parallel, B. juncea was also
transformed with a hairpin dsRNA construct
against BjFAE1 (Fatty acid elongase 1), the key
enzyme for C22:1 biosynthesis. In these trans-
genic plants, a significant drop of between 80 and
82% in C22:1 levels along with increase in C18:1
(between 66 and 75%) and C18:2 (between 36
and 59%) was observed (Sinha et al. 2007).

Other studies that have attempted to alter fatty
acid profile using regulators of fatty acid
biosynthesis included use of antisense technology
designed against B. rapa fad2 to engineer exist-
ing low-erucic B. juncea lines with elevated
levels of oleic acid, and reduced levels of linoleic
acid (Sivaraman et al. 2004); overexpression of
FAE1, and antisense mediated downregulation of
BjFAE1 gene to increase (by up to 36%) and
reduce (by up to 86%) erucic acid levels,
respectively (Kanrar et al. 2006); use of Acyl
carrier protein (ACP) gene from an aerobic
bacteria-Azospirillum brasilense to transform B.
juncea leading to increase in C18:1 and C18:2
levels in seed, and C18:3 in leaf, and reduced seed
C22:1 (Jha et al. 2007); use of the gene, PiD6,
encoding a homolog for D6 Desaturase from the
fungi Pythium irregulare, under seed specific
promoter to increase levels of C18:2 (6, 9), C18:3

(6, 9, 12), and C18:4 (6, 9, 12, 15)—three
unsaturated fatty acids; C18:3 (6, 9, 12) was
found to account for nearly 40% of total seed fatty
acids in transgenic plants (Hong et al. 2002). Co-
suppression based silencing of gene for Oleate
desaturase (D12-desaturase) has been used to
increase oleic acid by upto 73% in B. juncea
(Stoutjesdijk et al. 2000a; b); introduction of D4
Fatty Acid Desaturase (FAD4) from Thraus-
tochytrium sp., a marine micro-heterotroph-
microkont algae) for conversion of exogenously
supplied 22:5(n-3) into docosahexanoic acid
(DHA; 22:6(n-3)) in B. juncea (Qiu et al. 2001);
heterologous expression of MlFatB gene from
Madhuca longifolia (latifolia) encoding FatB
thioesterase (stearoyl-ACP thioesterase) to
increase the biosynthesis of beneficial stearic acid
by redirecting the carbon flux away from harmful
erucic acid (Bhattacharya et al. 2015).

In order to increase the nutritional value, the
cDNA for c-Tocopherol methyl transferase from
A. thaliana, which catalyzes conversion of c-
Tocopherol to a-Tocopherol was used to genet-
ically modify B. juncea. The levels of a-
Tocopherol, biologically active form of
vitamin-E was found to be up to six-folds higher
in total lipid from seeds of transgenic B. juncea
(between 24 and 63% of total tocopherol) as
compared to the non-transgenic plants (10% of
total tocopherol) (Yusuf and Bhalla-Sarin 2007).

Modification and improvement of seed oil and
seed coat meal quality remain a priority area of
research for Brassica improvement. One major
anti-nutritive compound that accumulates in seed
is sinapine. High levels of sinapine content in
seed meals of up to 15 mg/gm of dry weight are
considered anti-nutritive and reduce the value of
protein-rich seed meals as animal feed. Down-
regulation of two genes—SGT (encoding UDP-
glucose: sinapate glucosyltransferase) and SCT
(encoding sinapoylglucose: cholinesinapoyl
transferase) of phenylpropanoid pathway, that
are involved in the final steps of sinap-
inebiosynthesis was undertaken, independent of
each other, using antisense RNA, RNAi, and
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artificial miRNA technologies. Down-regulation
is a seed specific manner was achieved with the
help of either napin promoter, or endogenous
promoter associated with SGT or SCT genes.
Analysis of the seed sinapine content of trans-
genic plants (BjSGT-amiRNA) revealed up to a
67% reduction in total seed sinapine content
(Kajla et al. 2017). The authors proposed cross-
ing transgenic plants of BjSGT-amiRNA (with
3.8 mg/gm dry weight of seed sinapine) with
those of Bj-SCTRNAi (4.95 mg/gm dry weight
of seed sinapine) to further bring down the
content (Kajla et al. 2017). Downregulation of
MYB28 in B. juncea using intron-spliced hairpin
RNAi construct has also been employed to
reduce glucosinolate content (Augustine and
Bisht 2019).

Glucoraphanin, a glucosinolate is the precursor
of an anti-cancerous compound-Sulphoraphane.
However, glucoraphanin is converted into glu-
conapin and progoitrin by the action of the
enzyme AOP (2-oxoglutarate-dependent dioxy-
genases) or GSL-ALK. In a recent study, the
glucosinolate composition was altered by consti-
tutive redundant silencing/downregulation of four
homologs of GSL-ALK through RNAi leading to a
significant increase in levels of Glucoraphanin and
also increased tolerance against stem rot disease
caused by Sclerotinia sclerotiorum (Augustine
and Bisht 2016).

Gamma linolenic acid (GLA; omega 6 fatty
acid; cis 6, 9, 12-Octadecatrienoic acid, C18:3, n-
6), an unusual fatty acid, is considered nutrition-
ally valuable but is lacking in seed oils due to
absence of D6 desaturases in B. juncea. This is in
spite of the two precursors, linolenic acid (C18:2)
and a-linolenic acid (C18:3; omega 3 fatty acid;
cis-9,12,15-octadecatrienoic acid; n-3) being pre-
sent. A delta-6 desaturase gene from the
cyanobacteria-Synechocystis PCC6803 was iso-
lated and transformed into B. juncea under the
control of 35S CaMV, and, napin promoter. The
seed oil from transgenic plants was found to
contain 2.76% (35S CaMV::d6D) to 0.44% in
(napin::d6D) c-linolenic acid (GLA) as compared
to the complete absence of GLA in untransformed
B. juncea var. Varuna (Das et al. 2006).

21.9.5 Imparting
Tolerance/Resistance
to Biotic Stresses

Phloem-sucking aphids are a major pest of B.
juncea and cause an estimated average yield loss
of upto 32% (Singh et al. 1986). Several
researchers have relied upon introduction of
genes from heterologous systems to introduce
tolerance to aphid infestation and damage in B.
juncea. A major strategy has been to use lectin
genes to confer aphid resistance. In one such
endeavor, cDNA of wheat germ agglutinin
(WGA)—a chitin binding lectin was constitu-
tively expressed in B. juncea var. RLM198 led to
increased mortality (11%) and reduced fecundity
(10 larvae as compared to 12) in aphids (Kanrar
et al. 2002). In another study, the utility of Allium
sativum leaf lectin (ASAL) gene was tested by
transforming B. juncea, under both constitutive
(CaMV35S) and rice phloem-specific sucrose
synthase promoter (Dutta et al. 2005). Expres-
sion of ASAL caused significant decrease in sur-
vivability of aphids with only 20–40% of aphids
surviving after 9 days when reared on transgenic
plants, and the number of aphid larvae produced
was also reduced by up to 60% (Dutta et al.
2005). Similarly, overexpression of MYB28
homologs from B. juncea (Bju-MYB28) that is
involved in glucosinolate biosynthesis has been
shown to be a viable strategy for inducing aphid
resistance (Kumar et al. 2017). Other such case
studies include expression of heterologous lectin
genes from lentils, and protease inhibitor genes
from chickpea for introducing aphid tolerance
(Rani et al. 2017a, b). Several other candidate
regulatory genes such as (E)-b-farnesene (EbF),
a principal component of aphid alarm pher-
omone, from Mentha arvensis (Verma et al.
2015), tuber lectin from Colocasia esculenta
(CEA; Das et al. 2018), and, RiHSPRO2 (nema-
tode resistance protein-like homolog) from Ror-
ripa indica (Bose et al. 2019) have also been
used for introducing aphid tolerance. A recent
study also demonstrated tolerance against both
Alternaria brassicae and Erysiphe cruciferarum,
fungal pathogens that cause Alternia blight and
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powdery mildew, respectively when a homolog
of non-expressor of pathogen-related gene 1
from B. juncea (BjNPR1) was over-expressed
(Ali et al. 2017b).

21.9.6 Building Abiotic Stress
Tolerance,
and Phytoremediation

Generation of transgenic plants has been sug-
gested as a viable option to increase the hyper-
accumulation properties for phytoremediation
(Fulekar et al. 2009; Pilon-Smits and LeDuc
2009; Rathore et al. 2019). Transgenic lines of B.
juncea were obtained by introduction of gshI
from Escherichia coli that encodec-
glutamylcysteine synthetase (ECS) under tran-
scriptional regulation of cauliflower mosaic virus
CaMV35S promoter with a double enhancer
sequence. Similarly, gshII from E. coli that
encode glutathione synthetase (GS), and A.
thaliana APS1 encoding adenosine tri-phosphate
sulfurylase (APS) were overexpressed to obtain
transgenic B. juncea lines. The APS, ECS, and
GS transgenic plants were grown under field
conditions in Selenium rich soil, and were found
to accumulate Se upto2.8-fold higher in ECS-
transgenic, 2.3-fold higher in GS transgenics, and
4.3-fold higher in APS-transgenics demonstrat-
ing the possibility of employing genetically
modified B. juncea for phytoremediation (Pilon-
Smits et al. 1999; Van Huysen et al. 2003, 2004;
Banuelos et al. 2005). Transgenic lines of B.
juncea over-expressing gshII from E. coli
encoding glutathione synthetase (GS) have been
found to accumulate up to threefold higher levels
of Cadmium as compared to non-transgenic
plants (Zhu et al. 1999).

Several other reports on genetic modification
of B. juncea using heterologous genes for
improving phytoremediation ability have also
been published. For example, Yeast Cadmium
factor, a member of the ATP-binding cassette
(ABC) transporter family, and, ATM3 (ABC
transporter of themitochondrion 3), a member of
the ATP-binding cassettetransporter family from
A. thaliana (AtATM3) for enhanced tolerance to

both Cd and Pb (Bhuiyan et al. 2011a, b); c-
glutamyl cysteine synthetase (c-ECS) and glu-
tathione synthetase (GS) for elevated accumula-
tion and enhanced tolerance to metals and
metalloids such as As, Cd, and Cr, Pb, Zn, and
mixed metals such as Zn/As (Reisinger et al.
2008); Arabidopsis phytochelatin synthase
(AtPCS1) gene for enhanced tolerance to As, Cd,
Zn (Gasic and Korban 2007a, b); overexpression
of either selenocysteine methyltransferase (SMT)
from Astragalus bisulcatus alone, or pyramiding
of ATP sulfurylase (APS; from A. thaliana) and
selenocysteine methyltransferase (SMT; from
Astragalus bisulcatus) genes for ability to accu-
mulate enhanced levels of Se (LeDuc et al. 2004,
2006); selenocysteinelyase (cDNA of SL derived
from Mus musculus fused to the transit sequence
of ferredoxin from Silene pratensis; cpSL) and
selenocysteine methyltransferase (SMT; from
Astragalus bisulcatus) also for increased Se
accumulation (Banuelos et al. 2007).

21.9.7 Mineral Nutrition

Nitrogen and sulfur uptake metabolism are
interlinked and are crucial to realizing the true
yield potential in B. juncea. A high-affinity sul-
fate transporter (HAST) from Lycopersicon
esculentum (LeST1.1) was constitutively over-
expressed in B. juncea var. Pusa Jaikisan. The
uptake rate of sulfur was twice as much as
compared to untransformed plants, and, that of
nitrogen was higher under both deficient
(50 µM) and optimum (1000 µM) sulfate con-
centration; transgenic plants also accumulated
higher level of biomass (Abdin et al. 2011;
Akmal et al. 2014).

21.10 Gaps, Open Questions,
Challenges, and Future Work

The present survey of literature shows that
despite identification of a large number of regu-
latory genes and cis-elements, major research
gaps persist which preclude translation of basic
information to crop improvement programs in B.
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juncea. The following points highlight broad
areas of research that merit urgent attention:

i. The underlying evolutionary relationship
shared between B. juncea and model plant
A. thalianadoesnot ensure direct translation
of vast body of knowledge available in A.
thaliana towards Brassica improvement.
Polyploidy induced gene and genome
redundancy results in sequence, functional,
and regulatory diversification of gene
homologs. Evolutionary consequence and
fate of homeolog diversification via neo-
functionalization, sub-functionalization,
pseudogenization, or functional conserva-
tion are therefore required to be indepen-
dently ascertained in the context of
allopolyploid B. juncea uses functional
genomics approaches.

ii. Gene homeologs may be rewired into
novel and complex gene regulatory net-
works plausibly presenting a case of
super-modulation of regulatory cascades
implied in development and adaptations in
polyploid B. juncea. Analysis of con-
served and novel gene regulatory net-
works and pathway analysis in the context
of polyploid crop species are nascent but
exciting ideas to investigate (Braynen
et al. 2021).

iii. Although genome of Brassica juncea has
been sequenced, albeit the complete ben-
efit can only be reaped when pangenomes
and super-pangenomes are generated
(Golicz et al. 2016; Song et al. 2020;
Mohd Saad et al. 2021). Such information,
when integrated with eQTLs, and
endophenotyping data are critically nec-
essary for genomics assisted crop
improvement programs in B. juncea (Li
et al. 2018; Baker et al. 2019)

iv. Strategies such as genetic mapping,
GWAS, and associative transcriptomics
are being employed to understand the
genetic architecture of various complex
agronomic and yield quality traits such as
seed weight, plant height, branches, num-
ber of pods, days to flower, days to
maturity, and to identify putative

candidate loci in B. juncea (Harper et al.
2020). However, examples of map-based
cloning for discovery of regulatory genes
and elements are extremely rare (Chen
et al. 2018). Functional genomics of such
loci that encode regulatory genes and cis-
elements would provide greater insights
into regulatory networks controlling mor-
phogenesis and adaptations. There is an
urgent unmet need to integrate genomics
and phenomics to leverage the existing
information and facilitate Brassica's
improvement.

v. Investigations into regulation of develop-
mental events of various stages of life
cycle such as those of leaf, root, stamen,
gynoecium, seed, and silique are almost
non-existent. Similarly, studies on seed-
ling development from a regulatory per-
spective are scarce. Studies on plant root-
parasites to understand regulatory inter-
actions and networks during Brassica-
Orobranche (broomrape) infections are
pending. Not much is known about photo-
morphogenetic regulation of developmen-
tal and adaptive events. Detailed investi-
gations are required in line with studies
undertaken by Muntha et al. (2019)
describing the role of PhyA in shoot
branching and flowering in B. juncea.
Similarly, the potential of B. juncea as a
bioenergy crop has not been investigated
yet.

vi. Identification and characterization of reg-
ulatory genes and elements from cultivars
of B. juncea are to be coupled with natural
variation studies to exploit the true poten-
tial of GAB (Genomics Assisted Breed-
ing). Cataloguing allelic diversity in gene
regulators among B. juncea accessions is
crucial and will aid in identification of
novel natural alleles suitable for specific
crop improvement and trait modification
programs. Exotic genetic libraries and
introgression lines are required to be sys-
tematically generated in B. juncea to
identify exotic alleles conferring beneficial
effects.
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vii. Limited number of studies have reported
splice-variants of regulatory genes in B.
juncea (Shivaraj and Singh, 2016; Sharma
et al. 2018). Large scale studies on iden-
tification and characterization of splice-
forms as a means for expanding tran-
scriptome and proteomic diversity need to
be undertaken,

viii. Chromatin remodeling involving epige-
netic regulation of development and
adaptation in B. juncea is absent except a
few reports, and large-scale epigenomics
studies at the interface of genotype and
environment are urgently required (Gupta
et al. 2019b; Cao et al. 2016).

ix. Technological interventions such as
deployment of high-throughput genomic
tools and use of genome editing method-
ologies such as CRISPR-Cas9, ZFN,
TALENs for gene functional analysis are
also severely limited.

In our opinion, each of these gap areas holds
immense potential and opportunities for future
research and needs concerted efforts by research
community working in B. juncea.
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Abstract

Improvement in crop yields in Brassica juncea
has been stagnating for some time, a trend that
is likely to exacerbate further due to the effects
of various biotic and abiotic stresses like
insects or diseases, drought, submergence,
salinity and high temperature. The crucial
increase in the crop production should neces-
sarily come from higher yields, since there is
little scope for expanding the agricultural land
base. These factors must be addressed directly
in targeted approaches for improvement in
yield. Yield influencing traits with a large
genetic component and direct correlation with
yield can be considered suitable as selection
criteria. Different morphological characters
like number of pods per plant, number of
seeds per pod and seed weight along with
flowering time fulfill these criteria, and have
therefore been the subject of genetic analysis
by molecular mapping. The genetic dissection
of principal yield components, documentation

of genes and quantitative trait loci (QTLs)
associated with various trait phenotypes in B.
juncea have been undertaken in several studies
which were based on a wide array of molecular
markers including restriction fragment length
polymorphism, amplified fragment length
polymorphism, intron polymorphism, simple
sequence repeats, etc. A few of these studies
have also indicated that the A sub genome has
played a major role compared to the B sub
genome in the process of domestication of B.
juncea as an oilseed crop. Moreover, it also
appears that rigorous selection procedures
were in practice for the selection of superior
alleles during the course of domestication of
lines belonging to the Indian germplasm as
compared to lines of the exotic gene pool.
However, genes underlying the QTLs for yield
and most of the yield-related traits have still
not been identified. Recent developments in
the sequencing technologies are anticipated to
further accelerate the discovery of the genomic
regions/QTLs associated with yield and related
traits. This chapter provides a detailed review
on molecular mapping approaches for dissec-
tion of the genetic bases of yield in B. juncea.

22.1 Introduction

The development of Brassica juncea cultivars
with higher seed yield and their stability are the
prime objectives for all breeding programs in
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Asia, whereas in Europe and Canada breeding
for oil and meal quality are the major objectives
(Gupta 2016). The productivity of oleiferous
Brassicas and mustard in India is stagnating at an
average of 1.15 tons/hectare for the last 10 years
(Jat et al. 2019). This suggests that there should
be a greater emphasis on developing strategies in
a well-planned and targeted manner which could
bring the desired growth in oilseed Brassica
production. Further, to investigate factors
influencing yield, it is essential to understand the
yield and its attributing traits, such as the primary
and secondary components, which determine the
final seed yield (Diepenbrock 2000). The con-
ventional genetic analysis, although successful to
some extent, has a highly restricted role in the
dissection of a majority of the yield influencing
traits into their components, as they are difficult
to evaluate and are highly affected by the climate
in addition to their complex polygenic nature
influencing the final yield. However, with the
progress in the discovery and use of molecular
markers, it has become easy to dissect the genetic
loci/QTLs of yield and its attributing traits such
as branch number, siliques per plant, seeds per
silique and seed weight (Dhillon et al. 1992;
Ramchairy et al. 2007). Furthermore, a few of the
genetic loci/QTLs have been used in marker-
assisted breeding, and fine mapping and isolation
of potential candidate genes. This chapter dis-
cusses the overall development of molecular
mapping of yield and its related traits, and their
potential application in B. juncea breeding for
increasing the final yield. A summary of QTL
mapping studies on yield and yield-related traits
in B. juncea is provided in Table 22.1.

22.2 Molecular Mapping of Yield
and Yield-Related Traits

In as early as 1994, Sharma et al. used two
parental lines, Varuna and BEC-144, which were
selected based on their morphological and
molecular contrasts, for the development of a F2
mapping population consisting of 50 plants.
A one-way analysis of variance (ANOVA) was
performed on eight quantitative traits pertaining

to yield—plant height, numbers of primary and
secondary branches, siliques per secondary
branch, seeds per silique, flowering time and
seed oil content. The F2 plants showed extensive
variation for all of the eight quantitative traits due
to the presence of a large number of segregating
lines with transgressive phenotypes beyond the
parental lines in either/both directions, indicating
that favorable alleles were dispersed between
both Varuna and BEC-144. The ANOVA for
pairwise marker-trait combinations identified
three restriction fragment length polymorphism
(RFLP) markers, BJG 59a, BJG 426 and BJG433
significantly associated with the number of pri-
mary branches, number of secondary branches
and days to flowering, respectively. The QTLs
linked to these markers were believed to have
major roles in trait expression because they could
be detected with a limited number of RFLP loci
genotyped on a small F2 population (Sharma
et al. 1994).

Upadhyay et al. (1996) used the same
Varuna/BEC-144 cross to analyze significant
marker-trait associations for six quantitative traits
viz. days to flowering, plant height, number of
primary branches, secondary branches per pri-
mary branch, siliques per secondary branch, and
seeds per silique. The ANOVA revealed 17
important marker-trait linkages. Most of the
individual marker-trait associations accounted for
more than 12% of the trait variation suggesting
that the marked genomic regions had large effects
on trait expression.

The genetic dissection of principal yield
components, documentation of genes and QTLs
linked with trait phenotypes in B. juncea were
also investigated by Lionneton et al. (2004). The
study evaluated days to flowering, plant height,
thousand seed weight, seed oil content, along
with fatty acid composition, sinigrin, gluconapin
and total glucosinolates (GSL) contents in a
doubled haploid (DH) mapping population con-
sisting of 131 lines. The parental lines of the DH
population consisted of a yellow seeded, tall and
late-flowering oriental type genotype (BJ-99),
and a brown seeded, shorter in stature, early
flowering Indian type (BJ-70). An amplified
fragment length polymorphism (AFLP) based
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Table 22.1 QTL mapping studies on yield and yield-related traits in B. juncea

Publication Cross Yield-related traits investigated QTL information

Sharma
et al.
(1994)

Varuna � BEC144 Plant height at maturity, number of
primary branches, number of
secondary branches, siliquae per
primary branch, siliquae per secondary
branch, seeds per silique, days to
flowering and oil content

Three RFLP markers BJG 59a, BJG
426 and BJG 433 significantly
associated with number of primary
branches, number of secondary
branches and days to flowering

Upadhyay
et al.
(1996)

Varuna � BEC144 Days to flowering, plant height,
number of primary branches,
secondary branches per primary
branch, siliquae per secondary branch,
and seeds per silique

Seventeen significant marker-trait
associations with phenotypic
variances explained ranging between
3.0% and 33.2%

Axelsson
et al.
(2001)

J-o-3DH1 � Rapid
cycling B. juncea
(FTBj)
22.2.69 � Rapid
cycling B. oleracea
(FTBo)
R–c-50a7 � Rapid
cycling B. rapa
(FTBr)

Flowering time Three QTLs were detected in B.
juncea which together explained a
total of 56% of the phenotypic
variation in flowering
In B. rapa, two QTLs explaining 38%
of the phenotypic variation were
detected
In B. oleracea, two QTLs were
identified which explained a total of
22% of the variation in flowering time

Lionneton
et al.
(2004)

BJ-70 � BJ-99 Oil content, days to flower, plant
height,
1000-seed weight

Thirteen QTL were identified with
phenotypic variances explained
ranging between 7.5% and 14.6%

Mahmood
et al.
(2005)

RLM-
514 � canola-
quality inbred

Number of siliques on the main
raceme, number of seeds/siliqua,
siliqua length, 1000-seed weight and
seed yield

Eleven QTLs were identified with four
QTLs for siliqua length, one for
number seeds/siliqua, five for number
siliques on the main raceme and one
for 1000-seed weight

Mahmood
et al.
(2007)

RLM-
514 � canola-
quality inbred

Days to maturity, days to first
flowering, days to end of flowering,
flowering period and plant height

Three QTLs were found to be
significant for plant height
Five QTLs were found to be
significant for days to first flowering,
Two QTLs each were identified for
days to end of flowering
and days to maturity, and one QTL for
flowering period

Ramchairy
et al.
(2007)

Varuna � Heera Plant height, days to flowering,
number of primary branches, number
of secondary branches, main shoot
length, number of siliques on a plant,
silique density, silique length, number
of seeds in a silique,1,000-seed
weight, and oil content

Sixty-five QTL were detected with
phenotypic variances explained
ranging between 5.0% and 47.9%

(continued)
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genetic map constructed previously using 273
marker loci distributed over 18 linkage groups
(LGs) spanning a genetic distance of 1,641 cM
was used for QTL analysis (Lionneton et al.
2002). A total of 13 QTLs were identified in the
two trials undertaken at INRA experimental field
at Dijon, France in 2001 and 2002. For plant
height QTLs, BJ-99 provided the trait enhancing
alleles at all the three QTLs, while BJ-70 pro-
vided the positive alleles at all the three QTLs for
thousand seed weight. For days to flowering and
seed oil content, both the parental lines con-
tributed the positive alleles. The study also
revealed that each of these traits were indepen-
dent and therefore could be bred separately.
Also, no genetic interactions or QTL colocal-
izations were detected, except for a QTL for days
to flowering which overlapped a thousand seed
weight QTL on LG 6.

Mahmood et al. (2005) also carried out a QTL
study on yield and component traits using a
RFLP based genetic map. The experiment was
undertaken with 112 recombinant DH lines
derived from reciprocal crosses between a black
seeded, high-yielding non-canola Indian cultivar
RLM-514 and a yellow seeded, low-yielding

canola breeding line (Thiagarajah and Stringam
1993; Mahmood et al. 2003). Phenotyping was
performed for evaluating the number of siliques
on the main shoot, number of seeds per silique,
silique length, thousand seed weight and seed
yield. A total of 11 QTLs dispersed over six LGs
were identified and were distributed as four
QTLs for silique length, one for number of seeds
per silique, five for number of siliques on the
main shoot and one for thousand seed weight.
RLM-514 contributed positive alleles at five of
these loci, the other six QTLs inherited positive
alleles from the low-yielding canola breeding
line. The yield component traits showed both
strongly positive and negative correlations
among themselves than with seed yield, while no
significant correlation was observed for thousand
seed weight and seed yield. The authors noted
that yield compensation formed the basis of
strong association of yield components which
competed for limited resources (Adams, 1967).
The study also estimated that the effectiveness of
selection increased by only 4% for seed yield
based on phenotypic selection for both seed yield
and yield component traits compared to direct
phenotypic selection for seed yield alone. This

Table 22.1 (continued)

Publication Cross Yield-related traits investigated QTL information

Yadava
et al.
(2012)

TM-4 � Donskaja-
IV (TD population)
Varuna � Heera
(VH population)

Plant height, days to flowering,
number of primary branches, number
of secondary branches, main shoot
length, number of siliques on a plant,
silique density, silique length, number
of seeds in a silique, 1,000-seed
weight, and oil content

Eighty-four significant QTL over three
environments detected in TD
population and
94 QTL over three environments
detected in VH population

Kaur and
Banga
(2014)

Determinate
genotypes � RLC1

Days to flowering, maturity and oil
content, seed yield

Genetic mapping of Brassica juncea
Sdt1 gene associated with determinate
plant growth habit

Dhaka
et al.
(2017)

EH-2 � Pusa
Jaikisan (EPJ
population)
Donskaja-
IV � EH-2 (DE
population)
TM-4 � Donskaja-
IV (TD population)
Varuna � Heera
(VH population)

Thousand seed weight Twenty-five QTL were detected in
EPJ population; 10 QTL were
detected in DE population; 14 QTL
detected in the TD population; 16
QTL detected in the VH population
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observation was attributed to frequent negative
correlations between the yield component traits,
and consequently the direct effect of a yield
component trait on seed yield is reduced by the
negative indirect effects through other yield
components. Also, inclusion of the phenotypic
data along with the genotypic data in the calcu-
lation of selection indices did not result in any
improvement in the efficacy of selection. Based
on the estimates of expected genetic advance
(indirect) for yield by including only yield
component traits in calculations for selection
index for B. juncea, it was proposed that shorter
siliques and a greater number of siliques on the
main shoot will result in increased yield (Mah-
mood et al. 2005).

A comprehensive QTL analysis in B. juncea
for 12 yield influencing quantitative traits was
performed by Ramchairy et al. (2007) using a
DH population. A total of 123 DH lines (VH
population) were used, which were derived from
the F1 of a cross between two lines—Varuna and
Heera, belonging to the Indian and east European
gene pool, respectively. Additional RFLP and
simple sequence repeat (SSR) markers were
included in the previously reported AFLP based
linkage map of B. juncea (Pradhan et al. 2003),
and the resultant updated map harbored 1448
markers with a total genetic distance of
1840.1 cM. The parental lines were contrasting
for majority of the 12 quantitative traits. Varuna
was characterized by large seeds, longer siliques
and main shoot, early flowering and short height,
while Heera was tall in height, had a greater
number of siliques per plant and also on the main
shoot, a higher number of seeds in a silique,
primary and secondary branches, and showed an
extended duration to maturity. The DH lines
were phenotyped in three dissimilar locations in
India namely, Delhi, Gwalior (Madhya Pradesh)
and Leh (Jammu and Kashmir).

A total of 65 QTLs were detected from all the
three environments which were distributed over
13 LGs. Of these 65 QTLs, 24 were consistently
detected in at least two environments, while the
remaining 41 were specific to only one envi-
ronment. The Indian parent, Varuna donated
positive alleles at 34 QTLs (53%), while 31

(47%) loci received the positive alleles from the
east European parental line, Heera. Whereas for
most of the yield contributing traits both parents
contributed the positive alleles, all the QTLs for
silique length and thousand seed weight inherited
the trait enhancing alleles exclusively from
Varuna, and all the QTLs identified for siliques
per plant acquired the trait enhancing alleles from
Heera. Two LGs, J7 and J10 harbored QTL
hotspots with a pronounced clustering of QTLs
with 9 and 12 loci on J7 and J10, respectively.
The clusters on the LGs J7, J9 and J10 of the A
sub genome, and J18 of the B sub genome were
characterized by QTLs of different traits having
agronomically antagonistic allelic effects. An
important inference obtained from these results
was that the isolation of desirable recombinants
with trait enhancing alleles of both the parental
inbreds through conventional breeding methods
would be problematic.

The study by Ramchairy et al. (2007) also
revealed that the A sub genome with 66% QTLs
made a larger contribution compared to the B sub
genome with 34% QTLs, in the process of
domestication of B. juncea as an oilseed
crop. Further, the A sub genome also mainly
contributed the trait enhancing QTL alleles
(58%) in the Indian parent Varuna. Conversely,
the B sub genome was the principal donor of the
trait increasing alleles (59%) in the east European
parent Heera. These results indicated that a rig-
orous selection was applied for the selection of
superior alleles during the course of domestica-
tion of lines belonging to the Indian germplasm
compared to lines of the exotic gene pool. The
study proposed that independent processes of
domestication could have given rise to the two
gene pools. The study also indicated that the
founder effect and divergent selection could have
played a major role in the polyphyletic origin of
B. juncea and the observed diversity in the two
gene pools, as supported by the available infor-
mation from RFLP and phylogenetic analyses
(Song et al. 1988; Pradhan et al. 1993; Srivastava
et al. 2001).

Yadava et al. (2012) performed a comparative
mapping of QTLs for yield related characters in
B. juncea using segregating DH lines of the TD
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population derived from the F1 of a cross of TM-
4 (a short duration cultivar adapted to Indian
climate) with Donskaja-IV (an east European line
with high oil content and resistant to white rust).
The TD linkage map was constructed with 911
markers spanning 1629.9 cM. The previously
reported VH maps of Ramchairy et al. (2007)
and Panjabi et al. (2008) were also merged in this
study for the development of a revised VH map
which harbored a wide array of 2169 genetic
markers including 1,290 AFLPs, 70 RFLPs, 708
IP (intron polymorphism markers), 69 SSRs, 28
genic markers and 4 SCAR (sequenced charac-
terized amplified region)/CAPS (cleaved ampli-
fied polymorphic sequence) markers, spanning a
total genetic distance of 1902.9 cM. The first
inclusive integrated map of B. juncea based on
the two distinct DH populations was also
developed by combining the revised VH map,
and the TD map constructed in this study. This
high-density integrated map spanned a genetic
length of 1,927 cM and included 2,662 markers,
of which 418 markers were identified as common
markers serving as anchors for aligning the cor-
responding LGs of the VH and TD maps.
A similar methodology for multi-environment
QTL analysis for dissection of yield influencing
traits as adopted by Ramchairy et al. (2007) was
followed, and also included a reanalysis of the
previously published QTL data. The study
included the same set of traits which were also
phenotyped in three dissimilar environmental
conditions in India namely, Delhi, Bharatpur
(Rajasthan) and Leh (Jammu and Kashmir).

QTL analysis based on the TD population
identified 84 significant QTLs in the three envi-
ronments distributed over 17 of the 18 LGs.
A large number of environment specific (single-
environment) QTLs (78.6%) were detected,
while 21.4% QTLs were detected in at least two
environments. Both the parents contributed an
approximately equal number of positive alleles,
with 44 QTLs receiving the alleles from
Donskaja-IV and the remaining 40 QTLs from
TM-4. Fifty-two loci were identified as major
QTLs, describing more than 10% of the pheno-
typic variance explained (PVE) in at least one of
the three experimental locations. In comparison

with the 65 QTLs identified by Ramchairy et al.
(2007), the reanalysis of the multi-environment
phenotypic data of the VH population mapped 94
QTLs. These results closely followed the previ-
ous study by Ramchairy et al. (2007) and also
detected thirty-seven major QTLs. A compara-
tive assessment of the QTL analyses in the TD
and VH populations indicated that the A sub
genome as a whole contributed more QTLs than
the B sub genome, thus verifying results obtained
by Ramchairy et al. (2007). The LGA10 was
identified as the most noteworthy group in both
the maps and harbored 14 major QTLs for 12
traits in the TD map and 12 major QTLs for 11
traits in the VH map. This LG was also charac-
terized by the most prominent clustering of loci
signifying a multifunctional QTL region on this
group. However, the cluster included increasing
alleles of one trait in combination with trait-
decreasing alleles of the other traits, both being
inherited from the same parent.

The multi-environment QTL study performed
by Ramchairy et al. (2007) and Yadava et al.
(2012) were totally heterogeneous as they were
based on mapping populations derived from
dissimilar parental lines, utilized different sample
sizes and markers. Yadava et al. (2012) therefore
performed QTL meta-analysis (Arcade et al.
2004) to analyze and evaluate the QTL data
obtained from the two sets of experiments for
synthesizing the information into a single result
to establish the most likely number of ‘real’ or
‘meta-QTL’ underlying a pool of QTL (Lü et al.
2008). Meta-analysis of QTLs was accomplished
on nine LGs, including A10 with a prominent
clustering of QTLs. A total of 187 QTLs sub-
jected to meta-analysis were merged into 20
meta-QTLs. The highest resolution was detected
in the LG A10 in which all the 54 constituent
QTLs were merged forming a single-meta-QTL,
showing a six-fold decrease in the confidence
interval.

Epistasis has been reported to influence the
genetic control and evolution of quantitative
traits in several studies (Frankel and Schork,
1996; Lynch and Walsh, 1998; Wade, 2002;
Carlborg et al. 2003, 2006; Kroymann and
Mitchell-Olds, 2005; Malmberg et al. 2005;
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Zeng, 2005). QTL analyses for identification of
additive and epistatic loci performed by Yadava
et al. (2012) presented the first extensive study
on the role of epistasis in influencing the varia-
tion in the yield-related traits in two segregating
DH populations of B. juncea (TD and VH).
In TD population, eight sets of interacting QTLs
including 14 loci were identified for six of the 12
evaluated traits. Following the classification
described in Li et al. (2001), nine loci displayed
significant additive effects and participated in
four interacting sets of Type 1 and two interact-
ing sets of Type 2. The phenotypic variances
explained by epistatic QTLs were, however, low
in the TD population. In comparison with, a total
of 60 QTLs participated in 32 epistatic pairs in
the VH population for 10 of the 12 traits studied.
Of these 60 QTLs contributing to epistasis, 26
QTLs showed statistically significant additive
effects among 13 interacting pairs of Type 1 and
four interacting pairs of Type 2. In addition,
some multi-locus interactions between the QTLs
identified for the yield component traits in B.
juncea were also identified which indicated the
existence of higher order epistatic interactions
similar to those reported in B. napus by Zhao
et al. (2005).

22.3 Molecular Mapping of Seed
Weight QTLs

Seed weight remains a key yield-related trait in
B. juncea, and therefore, studies undertaken to
dissect the genetics of this complex trait are
precisely important with respect to both the
commercial and nutritional aspects. Genetic
advances achieved by conventional breeding
approaches based on the already available natural
variation for seed size/weight in B. juncea have
resulted in the development of bold-seeded
genotypes. Currently, the challenge for the
genetic improvement of this trait however
remains in the identification of genomic regions
directly influencing seed weight. Seed weight has
been shown to be a highly heritable trait (Ram-
chairy et al. 2007; Fanet al. 2010; Cai et al. 2012;
Ding et al. 2012; Yadava et al. 2012; Yang et al.

2012; Bouchet et al. 2014; Li et al. 2014, 2019;
Qi et al. 2014; Fu et al. 2015), and is under the
influence of numerous QTLs with small effects
and a comparatively smaller number of QTLs
with large effects.

Different studies on genetic dissection of yield
influencing QTLs in B. juncea have also included
seed weight as a constituent trait (Lionneton et al.
2004; Mahmood et al. 2005; Ramchairy et al.
2007; Yadava et al. 2012) (Table 22.1). While
there are numerous reports on the genetic anal-
ysis of seed weight in B. rapa (Li et al. 2013;
Basnet et al. 2015), B. napus (Cai et al. 2012;
Ding et al. 2012; Yang et al. 2012; Li et al. 2014,
2019; Fu et al. 2015; Geng et al. 2016) and in B.
juncea (Ramchairy et al. 2007; Yadava et al.
2012), none of these encapsulate the large
available genetic variation in the seed weight in
any of these Brassica species.

Dhaka et al. (2017) therefore, made extensive
efforts toward genetic dissection of seed weight
in B. juncea (Table 22.1). The study assembled
the broad genetic variability in seed weight into
four distinct segregating DH populations for
QTL analysis. The inbred parental lines of these
populations belonged to the Indian (Pusa Jaik-
isan, Varuna and TM-4) and the east European
(Heera, Donskaja-IV and EH-2) gene pools. The
inbreds showed wide contrast in seed weight
phenotype which ranged from as low as 2.0 g to
as high as 7.6 g in separate field experiments.
Two of these four populations, namely, VH and
TD were previously described in Ramchairy
et al. (2007) and Yadava et al. (2012), respec-
tively. The other two populations, DE (developed
from the F1 of a Donskaja-IV/EH-2 cross) and
EPJ (developed from the F1 of a EH-2/Pusa
Jaikisan cross) were reported in this study. Field
experimental design for the EPJ consisted of
multi-environment trials at Delhi, Bharatpur
(Rajasthan) and Alwar (Rajasthan) during the
crop season of winter, while the DE population
was phenotyped in Delhi only in three consecu-
tive crop growing seasons.

The QTL analysis for thousand seed weight in
the four DH populations detected 65 QTLs which
were distributed in the two sub genomes of
B. juncea, with 39 and 26 QTLs in A and B sub
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genomes, respectively. The study also identified
16 major QTLs with PVEs greater than 10% of
the total trait variation. The EPJ population
which was derived from the parental lines, EH-2
and Pusa Jaikisan with a sharp contrast for the
seed weight trait, revealed the maximum number
of 25 QTLs, whereas the DE population devel-
oped from the inbreds Donskaja-IV and EH-2
deficient in trait variation of the seed weight
phenotype, detected a total of 10 QTLs in three-
year trials.

Meta-analysis was also undertaken to inves-
tigate the hypothesis that the seed weight QTLs
detected in distinct environments but mapping to
similar genomic locations on a linkage group
represented different estimations of the same
QTL. Six consensus thousand seed weight QTLs
(C-Tsw) were identified after meta-analysis with
65 component QTLs of the trait, which were
dispersed on the LGs A3, A7, A10 and B3
(Fig. 22.1). The study also deciphered a com-
parative allelic status of the six parental inbred
lines, and the results indicated that among the six
B. juncea lines studied, the Indian lines—Pusa
Jaikisan or Varuna, possessed the most trait
enhancing alleles in all of the six consensus
QTLs. The QTL analysis in the VH and EPJ
populations showed that extensive breeding
efforts made for the genetic improvement of
Indian types (Varuna and Pusa Jaikisan) have led
to higher seed weight. The study also concluded
that these results were important in breeding
experiments for heterosis as the seed weight of
the exotic lines can be improved by utilizing the
positive alleles for seed weight existing in the
Indian types.

22.4 Molecular Mapping
of Flowering Time QTLs

Flowering, which demarcates a shift from the
vegetative to the reproductive stage and repre-
sents a vital phase in the life history of a plant, is
also a major factor for crop adaptation and seed
yield in Brassica crops. Early flowering geno-
types with short reproductive phases are more
often adapted to drought as the plant genotype

and its environment regulate the duration of a
crop (Dingkuhn and Asch, 1999; Araus et al.
2002). Early flowering also leads to evasion of
terminal heat stress experienced by plants, and
also results in early maturity of the crop (Sahni
et al. 2013). Therefore, short duration early
flowering B. juncea genotypes will be tremen-
dously relevant for multiple cropping (Sharma
and Sardana 2013).

The earliest study on QTL analysis in four
Brassica genomes to analyze the evolution of
genes influencing flowering time was undertaken
by Axelsson et al. (2001) (Table 22.1). The study
used F2 progeniesof B. juncea, B. oleracea and
B. rapa, which were developed from crosses
between an early flowering rapid-cycling male
genotype (Williams and Hill 1986) and a female
genotype with delayed flowering, in each of the
three Brassica species. Interval mapping using
MAPMAKER/QTL 1.1 (Lander et al. 1987;
Lander and Botstein 1989; Lincoln et al. 1992)
was used to analyze the genotypic and pheno-
typic data of the F2 plants of the three mapping
populations. To increase the power of QTL
detection, 30 most extreme flowering time phe-
notypes were included in all the three popula-
tions (Lander and Botstein 1989). Three QTLs
were identified on LGs J2, J3 and J18 of B.
juncea which collectively described a PVE of
56% of the flowering time variation. In B. rapa,
two QTLs explaining 38% of the phenotypic
variation were detected on LGs R2 and R3. In B.
oleracea, two QTLs on LGs O3 and O9 were
identified which together explained 22% of the
flowering time variation. It was observed that the
rapid-cycling parent contributed alleles for
reduction of flowering time at all QTLs in the
three species. Comparative mapping among the
Brassica species showed that three and six
homoeologous copies, respectively, in the
diploid species (B. nigra, B. oleracea and B.
rapa) and the amphidiploid B. juncea, corre-
sponded to a genomic region of Arabidopsis
thaliana chromosome 5. The study revealed that
the various QTLs for flowering period in the
three Brassica species resulted from genome
duplication. Genetic mapping of Brassica
homologues of A. thaliana genes, CONSTANS
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(CO) and Flowering Locus C (FLC) (Putterill
et al. 1995; Sheldon et al. 1999) revealed that
duplications in an ancestral gene (CO) could
have resulted in all the major QTLs detected in
the different Brassica species.

Mahmood et al. (2007) analyzed QTLs for
early maturity, flowering time and plant height
by utilizing a DH population of B. juncea,
derived from a previously described cross of two
parental lines contrasting for days to maturity
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Fig. 22.1 Positions of six consensus thousand seed
weight (C-Tsw) QTLs distributed on LGs A3, A7, A10
and B3 in Brassica juncea consensus map. Marker names
are on the right of the LG bar and the positions in

centiMorgans (cM) are on the left. The component QTLs
identified in EPJ, DE, TD and VH populations integrating
into the consensus QTLs are shown on the left side of the
LG bar (Adapted fromFig. 2 in Dhaka et al. 2017)
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(Thiagarajah and Stringam 1993; Mahmood et al.
2003). The efficacy of indirect selection for a
primary trait (days to maturity) through selection
of secondary trait(s) (days to first flowering, days
to end of flowering, flowering period and plant
height) was compared with direct selection for
the primary trait by including the QTL informa-
tion available for the two trait types. The study
identified a stable major QTL on the LG B06
which simultaneously affected both the maturity
and maturity-determinant traits (days to first
flowering, days to end of flowering, flowering
period and plant height). The results also indi-
cated that days to first flowering, along with days
to end of flowering were a potential good pointer
of maturity in B. juncea. It was also concluded
that only a restricted genetic advance for early
maturity was possible through selection based on
the phenotype of the maturity and/or maturity-
determinant traits. However, with a combined
phenotyping-based evaluation and the associated
QTL data, the approximations of genetic advance
for early maturity were found to be atleast
threefold higher in comparison to the genetic
advance based on phenotypic assessment only.
Thus, marker-assisted selection was predicted to
play an important role in the breeding of early
maturing lines in B. juncea.

Genetic mapping of QTLs influencing flow-
ering time in B. juncea have also been under-
taken in other studies (Lionneton et al. 2004;
Ramchairy et al. 2007; Yadava et al. 2012).
A positive association was invariably observed in
all these studies among the traits of days to
flowering and plant height, which also showed
colocalization of QTLs governing these traits.
Yadava et al. (2012) concluded that yield
improvement in the Indian types has been
attained mainly through selection exercised for
elongated siliques, larger seeds and higher oil
content, as the positive alleles in QTLs for silique
length, number of seeds in a silique, thousand
seed weight and seed oil content were donated by
Indian types, TM-4 and Varuna, while the east
European lines, Donskaja-IV and Heera donated
the positive alleles in the QTLs for plant height,
number of primary branches, siliques per plant,
silique density and flowering time.

An efficient plant canopy is expected to
increase seed yield by an optimal mobilization of
photosynthates. Breeders have been focusing on
various plant architectural traits such as plant
height, branches and flowering time for improv-
ing the seed yield. The plant growth in determi-
nate genotypes stops on attaining a genetically
primed vegetative biomass as their apical
meristems are transformed into floral meristems,
while indeterminate plants display a continued
growth since the shoot apices are not transformed
to floral meristems. Kaur and Banga (2015) have
identified the locus governing determinacy in B.
juncea and performed the genetic mapping of
Sdt1 gene associated with determinate plant
growth habit. The authors isolated plants show-
ing determinate growth habit from among the
progeny plants of resynthesized B. juncea as a de
novo phenotype. Indeterminacy was observed as
a dominant trait since the F1 progenies derived
from crossing determinate genotypes with natu-
rally indeterminate genotypes of B. juncea, were
all indeterminate. Further genetic analysis in the
F2 and F3 generations revealed that a single locus
with recessive mode of inheritance controlled the
trait. This locus for determinacy (Sdt1) was
mapped to LG 15 and lied between SSR loci,
SJ6842 and Ni4-A10. There was substantial
variation for plant height, flowering time and
productivity among the determinate progenies
which also exhibited high agronomic perfor-
mance without any compensatory loss ascribed
to a reduced silique density, productivity or oil
content. The study proposed that the immense
potential of the determinacy trait for major
structural phenotypic modifications is not limited
to B. juncea but could also be utilized in the
genetic improvement of B. napus.

22.5 Future Scope of Works

Various biotic stresses like insect pests and dis-
eases adversely affect the crop yield of B. juncea.
Therefore, well-directed efforts are needed to
breed such varieties for improving the yield, and
for stabilizing the production in oilseed mustard.
Approaches based on host resistance remain the
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most cost-effective and reliable means of disease
control compared to the chemical control mea-
sures which are neither environmentally safe nor
economically suitable. No released variety or
hybrid of mustard (B. juncea) with resistance to
white rust was earlier available in India. Three
white rust resistant lines namely, Varuna-WRR-
2, Pusa Bold-WRR2 and Rohini-WRR-2 which
have been developed through a carefully
designed marker-assisted backcross breeding
scheme executed by the Centre for Genetic
Manipulation of Crop Plants, University of Delhi
(India) are currently available (Department of
Biotechnology 2021). These lines have been
extensively tested for resistance to the highly
pathogenic strain of Albugo candida isolates
collected from Bharatpur and Alwar (Rajasthan),
Hisar (Haryana), Meerut (Uttar Pradesh), Morena
(Madhya Pradesh), Pantnagar (Uttarakhand) and
a site in Bihar. Prior to their release for public or
commercial use, the three white rust resistant
varieties were evaluated for their field perfor-
mance and comparisons with their susceptible
counterparts (Varuna, Pusa Bold and Rohini).
The comparisons showed that the field perfor-
mances of each of these three resistant varieties
were at par with the normal susceptible lines. It is
anticipated that more such resistance loci will be
marked in the B. juncea genome which will
allow durable resistance against white rust and
other diseases of B. juncea.

Development of drought tolerant varieties
with enhanced water use efficiency offers another
promising prospect for improving crop yield
under limited water availability. The genetic
potential of B. juncea, as reproduced in terms of
crop yields is exceedingly disturbed by the
associated negative climatic influences which
must be effectively reduced to enhance crop
yields. Thus, with declining availability of water
for agricultural purposes, B. juncea genotypes
must be altered with an integral genetic facility
which allows them to use water more efficiently.
Moreover, for achieving the objective to meet the
growing requirement for Brassica products, the

cultivation of B. juncea will have to be extended
to include areas prone to droughts, and thus,
water use efficient genotypes for sustainable
yields are crucial.

The growth and yield of the B. juncea vari-
eties have been declining over the recent years
due to various abiotic factors like frost, salinity
and high temperatures at the time of sowing and
maturity. It has been observed that plants briefly
exposed to heat stress during the flowering and
seed filling stages display accelerated senes-
cence, diminished seed set and seed weight, and
thus reduced yield (Morrison et al. 1989; Nanda
et al. 1996; Siddique et al. 1999; Morrison and
Stewart 2002). Development of genetically tai-
lored genotypes can alleviate the losses in yield
ascribed to these abiotic stresses.

For crossing the yield barrier and enhancing
crop productivity, development of hybrids in B.
juncea offers an opportunity for mobilizing the
available genetic variability in the germplasm
resources. The vast potential for heterosis
breeding attributed to the two diverse gene pools
has already been shown in B. juncea (Pradhan
et al. 1993; Srivastava et al. 2001). Only a few
hybrids are currently available which include
DMH-1, NRCHB-506, Coral PAC 432 and Coral
437 (Directorate of Oilseeds Development 2017).
Hence, in order to increase the yield potential of
B. juncea, meticulously designed hybrid devel-
opment programs are needed.

Finally, the availability of whole genome
sequence information and the high throughput
sequencing and genotyping platforms in con-
junction with a large-scale phenotyping for var-
ious traits could be exploited to find gene(s) of
interest governing yield and its attributing traits.
Furthermore, the information on functionally
characterized genes from related species such as
A. thaliana could be used to isolate yield-related
gene(s) in B. juncea through candidate gene
approach. The integrated use of these approaches
will be tremendously helpful in rapid and tar-
geted breeding of B. juncea for yield and other
economically important traits.
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23Advanced Breeding for Oil and Oil
Cake Quality in Brassica juncea
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Abstract

Mustard oil is a storehouse of essential fatty
acids, linoleic acid and linolenic acid. How-
ever, its oil is still not considered good for
health by many as it possesses long chain fatty
acids, eicosenoic and erucic acid. These two
fatty acids are associated with myocardial
infractions, increase in cholesterol and cardiac
lipdosis. After the extraction of oil, mustard
meal is rich source of proteins with balanced
aminogram, however, use of meal is restricted
to only ruminants as it contains high amount

of antinutritional compounds, glucosinolates
(GLSs) which leads to goiter, reduce appetite
and productivity of animals. Consequent upon
realization of deleterious effects of erucic acid
and GLSs, emphasis was given to develop
rapeseed-mustard with modified seed quality.
For the seed with modified fatty acids and
GLSs, a new term Canola was coined.
Rapeseed-mustard genotypes with low erucic
acid (<2%) and GLSs (<30 umol/g of defatted
meal) are referred to as Canola/‘00’. Avail-
ability of zero erucic acid mutants, ZEM1 and
ZEM2 and low GLSs genotype, BJ 1058
paved the way for developing Canola quality
varieties in Indian mustard. Further, molecular
mapping techniques have allowed identifying
markers for marker-assisted breeding of these
traits. Advanced sequencing technologies
have enabled the sequencing of Arabidopsis
and species of Brassica, including B. rapa, B.
nigra, B. oleracea, B. napus, B. juncea and B.
carinata. Emerging technologies, genomics,
proteomics, transcriptomics and metabolomics
have elucidated the function of genes involved
in the biosynthetic pathways in Arabidopsis.
Information available from Arabidopsis and
related Brassica species has been used to
dissect genes for quality improvements traits
in B. juncea. In this chapter, success journey
of quality improvement from conventional
breeding to gene editing in B. juncea has been
discussed.
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23.1 Introduction

Mustard, Brassica juncea, is one of the most
important oilseed crops of the world. Its oil is
used for both edible and industrial purposes and
seed cake left after oil extraction is used as cattle
and poultry feed. Mustard seeds are made up of
35–45% oil, 17–25% proteins, 8–10% fibers, 10–
12% other extractable substances and 6–10%
moisture. Oil is made up of triacylglycerol of
fatty acids (92–98%) with small quantities of
tocopherols, phospholipids, glycolipids, sterols
and tarpins. Brassica oil is rich in essential fatty
acids (EFA) such as linoleic (C18:2; omega 6) and
linolenic (C18:3; omega3). It also possesses high
quantities of long chain fatty acid, erucic acid
(C22:1; 40–50%). Erucic acid is considered
undesirable due to its link with myocardial
infractions, high cholesterol and cardiac lipidosis
as reported in animal models (Gopalan et al.
1974; Renard and MeGregor 1976; Ackman
et al. 1977). Though similar linkages were never
demonstrated in humans, many countries thought
it prudent to restrict cultivation of rapeseed-
mustard cultivars to <2% erucic acid for human
consumption. A new term Canola was coined for
rapeseed genotypes possessing 2% or less of
erucic acid in the oil and <30 µmol/g of GLSs in
the oil-free meal. The same term is now used for
mustard genotypes with the defined seed quality
attributes. The European Food Safety Authority
(EFSA) has also recommended a tolerable daily
intake (TDI) of erucic acid for humans to
7 mg/kg body weight per day (EFSA 2016).
Meal left after the extraction of oil contains
35–40% protein, 14–15% carbohydrates,
10–12% of fiber, 6.8% moisture, 11.5% vitamins,
2–3% GLSs, tannins, sinapin and phytic acid.
Antinutrients such as GLSs, tannins, sinapin,
fibers and phytates decrease the quality of the
seed cake. Meal value for feeding non-ruminants
is lower for conventional rapeseed-mustard
compared to soybean (Yoshie-Stark et al. 2006;
Sadeghi and Bhagya 2009). Improving meal
quality in mustard is important as it is a major
export earner. India exported 11.13 lakh metric
tons of rapeseed-mustard meal during

2020–2021 valued at foreign exchange equiva-
lent of Rs. 2019 crores (SEA 2021). The mutants
having genetic blocks in the biosynthetic path-
way for synthesis of erucic acid and low GLSs
has been used extensively utilized in hybridiza-
tion programs to breed rapeseed-mustard geno-
types with modified oil and meal. Genome
sequence of B. juncea and elucidation of path-
ways along with functional characterization of
genes have provided a better understanding of
genetic mechanisms underlaying these traits.
Further, the development of gene-based markers,
transformation studies and gene-editing tech-
nologies has facilitated the development of
mustard crop with desired traits.

23.2 Quality Considerations
in Mustard

23.2.1 Oil

23.2.1.1 Fatty Acids
Fatty acid composition of oil determines the oil
quality. Mustard oil contains high levels (50%)
of erucic acid in the oil, which is unacceptable as
per current international norms. Efforts to mini-
mize erucic acid content involved introduction of
genetic blocks in the biosynthetic pathway for
fatty acid elongation. These efforts helped in the
development of low erucic acid genotypes.
Blocking of genetic elongation pathway is
accompanied by elevated levels of oleic and
linoleic acids. Though these are essential fatty
acids, both linoleic and linolenic acids get easily
oxidized. So, it is also imperative to breed for
high oleic and low linoleic and linolenic acid
varieties. Oil from these genotypes will be ther-
mostable with better shelf-life.

23.2.1.2 Tocopherols
Tocopherols are natural lipophilic antioxidants
synthesized in plastids. These exist in four forms:
a-, b-, c- and d-tocopherols. a- and c- are pre-
dominant tocopherols. a-tocopherols are the
active form of vitamin E, whereas c-tocopherols
provide stability to oil. In Brassicas, both high
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levels of total tocopherols and better ratio of a-
and c-tocopherols are desirable. Oils of Brassica
have a higher level of c-tocopherol as compared
to a-tocopherol.

23.2.2 Meal

Seed cake left after the extraction of oil contains
protein, carbohydrates, fiber, GLSs, phytic acid
and phenols etc. A good quality meal should
have high digestibility with least number of
antinutritional components such as GLSs, phytic
acid, sinapins and fibers.

23.2.2.1 Proteins
The mustard meal contains high protein content
(32–48%) with good balance of essential amino
acids methionine and cystine. Mustard seed cake
from traditional cultivars is mostly used for
feeding ruminants. However, cake from Canola
varieties can also be used to feed non-ruminants.
B. juncea meal possesses more protein and less
fiber than B. napus.

23.2.2.2 Glucosinolates
These are sulphonate doximethio esters of b-D-
glucose derived from various amino acids.
Approximately, 120 types of GLSs are known.
These are classified into three main types
namely, aliphatic, aromatic and indole GLSs.
This classification is based on the amino acid
origin of the side R chain which is derived from
methionine, phenylalanine and tryptophan,
respectively. The major GLSs present in Indian
mustard are aliphatic types. Mustard samples
from India and Pakistan include high levels of
sinigrin and gluconapin (3-butenyl) whereas;
mustard of Chinese and east European origin are
rich in allyl isothiocyanates. Interestingly, its
progenitors species, B. rapa and B. nigra possess
additional types of GLS. B. rapa is rich in three
types of GLSs; gluconapin (3-butenyl), gluco-
brassicin (3-indolylmethyl), gluco brassicanapin
(4-pentenyl) whereas, sinigrin is the primary
GLSs in B. nigra. The GLSs are hydrolyzed in
the presence of enzyme myrosinase to yield

many biologically active compounds such as
oxazolidine-thiones, epithionitriles, nitriles,
isothiocyanates and thiocyanatesare. The
hydrolysis products are more harmful to the
health of non-ruminants instead of the intact
compounds. Thiocyanates bind iron from feed,
whereas kidney as well as liver functions are
affected by nitriles. Most mustard cultivars
grown in Indian subcontinent contain high levels
of GLSs (>100 µmol/g oil extracted seed meal)
(Chauhan et al. 2007) and hence its seed meal is
only used for feeding ruminants.

23.2.2.3 Phytic Acid
It is chemically known as myo-Inositol-1, 2, 3, 4,
5, 6-hexakis-dihydrogen phosphate. It is present
in the form of mixed salts of Zn2+, Ca2+, Fe2+

and Mg2+ in rapeseed-mustard. It is also called
phytate (Yiu et al. 1982). Phytates serve as the
main form of phosphorus storage, accounting for
60–90% of the total phosphorous in the seed
(Graf 1983; Raboy 2001). In Brassica oilseeds,
10% of the dry weight is contributed by the
phosphorous in phytate. Defatted meal contains
2.0–5.6% phytate level, whereas protein isolates
contain <1.0–9.8% of phytate (Uppström and
Svensson 1980; Sadeghi et al. 2006; Sadeghi and
Bhagya 2009).

23.2.2.4 Phenolic Compounds
Phenolics are secondary metabolites in rapeseed-
mustard. Their content is ten to thirty folds
higher than other oilseeds (Kozlowska et al.
1990). These were previously considered unde-
sirable as these form complexes with vital
enzymes, amino acids as well as other substances
(Shahidi and Naczk 1992). However, phenolics
are also prized for their antioxidant (Thiyam
et al. 2006; Das et al. 2009; Khattab et al. 2010;
Bala et al. 2011), antiviral, anti-inflammatory
(Vuorela et al. 2005) as well as anticarcinogenic
properties. Sinapic acid accounts for the anti-
oxidant activity of phenolics (Brettonnet et al.
2010) and 80% of sinapic acid exists as choline
esters known as sinapine (SP) (Thiyam et al.
2004) whereas only 16% of it exists as free acid
(Kozlowska et al.1990).
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23.2.2.5 Fiber
Crude fiber comprises non-digestible carbohy-
drates such as pentosans, lignin and cellulose of
cell walls. Fiber in high amounts affects the
digestibility of proteins as well as bioavailability
of Mg and Zn minerals. High amount of indi-
gestible fiber limits the use of rapeseed/mustard
meal in the diets of monogastric animals
(Slominski et al. 1994).

23.3 Biosynthetic Pathways

Improving quantity and quality of oil and meal
requires a better understanding of the genes
linked to their biosynthesis. A lot of efforts have
already been made to modify the fatty acid pro-
file and GLSs content in Brassica. Therefore, the
biosynthesis of these two important traits has
been discussed in detail.

23.3.1 Metabolic Routes
for Biosynthesis of Fatty
Acid and Oil Deposition
in Brassica Seeds

23.3.1.1 Seed Oil Biosynthesis
Oil biosynthesis is compartmentalized into two
organelles viz., plastids, and endoplasmic retic-
ulum (ER). The process is initiated in plastids
from acetyl-CoA, generated from pyruvate by the
action of pyruvate dehydrogenase. Two main
enzyme complexes engaged in the de novo fatty
acid biosynthesis are acetyl-CoA carboxylase
(ACCase) and fatty acid synthase (FAS). Plant
ACCase is known to catalyze the carboxylation
of acetyl-CoA (2C) to malonyl-CoA (3C) (Har-
wood 1988) and then to malonyl-ACP. Malonyl-
CoA (3C) is an important intermediary metabo-
lite in fatty acids synthesis. Next step of synthesis
and elongation is a cyclic procedure catalyzed by
four enzymes of FAS complex. These include
(1) a condensation reaction catalyzed by ß-
ketoacyl-ACP synthase, (2) a reduction reaction
by hydroxyacyl-ACP reductase, (3) a dehydra-
tion reaction catalyzed by ß-hydroxy-ACP
dehydratase followed by (4) reduction reaction

catalyzed by enoyl-ACP reductase. After 7
cycles of these reactions, palmitoyl-ACP is
formed as the final product, which is elongated
by ß-ketoacyl-ACP synthase II (5) in combina-
tion with enzymes (2)–(4) to form stearoyl-ACP.
Enzyme stearoyl-ACP desaturase (SAD) cat-
alyzes desaturation of stearoyl-ACP to produce
the unsaturated oleoyl-ACP (Harwood 1996).
Palmitoyl-ACP, stearoyl-ACP and oleoyl-ACP
together act as a source of all the fatty acids
present in seed oils (Hernández et al. 2019).
Acyl-ACP thioesterase (FatA/FatB) catalyzes the
removal of ACP to generate palmitic (C16:0),
stearic (C18:0) and oleic (C18:1) acids. These free
fatty acids can be retained in the plastid for
integration inside plastid lipids via the prokary-
otic pathway or these are exported to the ER for
the synthesis of polyunsaturated fatty acids
(PUFA), very long chain fatty acids (VLCFA)
and lipid assembly via the eukaryotic pathway
(Fig. 23.1). In Arabidopsis, around 62% of the de
novo synthesized fatty acids are exported to ER,
whereas, the remaining 38% are fused into the
plastid lipids (Browse et al. 1986). Similarly, in
oilseed rape major part (>90%) of the plastid
synthesized fatty acids are channeled to acyl-
CoA pool in ER for lipid assembly and the
remaining 10% is directed to plastid lipid syn-
thesis (Zaderimowski and Sosulski 1978).

23.3.1.2 Export of Free Fatty Acids
and Biosynthesis
of VLCFA in ER

The fatty acids reactivated to acyl-CoA are
transported to ER through transporters, FATTY
ACID EXPORT1 (FAX1), FAX2 and FAX4 (Li
et al. 2015). The biosynthesis of VLCFAs is
catalyzed by a fatty acid elongase (FAE) com-
plex, which is coded by Fatty acid elongase 1
gene (FAE1) (Millar and Kunst 1997; Denic and
Weissman 2007; Haslam and Kunst 2013).

23.3.1.3 TAG Assembly in the ER
Two routes are involved in the TAG generation
in ER. The first route involves the incorporation
of different acyl-CoA at three positions of
glycerol-3-phosphate (G3P) backbone to syn-
thesize TAGs. The pathway occurs within the ER

416 G. Kaur et al.



and encompasses four consecutive enzymatic
steps. In the first two steps, successive transfer of
fatty acids from acyl-CoA to sn-1 and sn-2
positions of G3P occurs. The first acylation at
G3P is catalyzed by a glycerol-3-phosphate
acyltransferase (GPAT; EC 2.3.1.15) to produce
lysophosphatidic acid (LPA), which undergoes
acylation by lysophosphatidic acid acyltrans-
ferase (LPAAT; EC 2.3.1.51) to generate phos-
phatidic acid (PA). Overexpression of LPAAT,
increased TAG accumulation in various seeds of
Arabidopsis, cotton, oilseed rape (Maisonneuve
et al. 2010; Wang et al. 2017; Woodfield et al.
2019). In the third step, phosphatidic acid phos-
phohydrolase (PAP; EC 3.1.3.4) catalyzes the
dephosphorylation of PA and releases de novo
diacylglycerol (DAG). The de novo DAG gen-
erated is acylated to form TAG at sn-3 position
by the action of diacylglycerol acyltransferase
(DGAT; EC 2.3.1.20) (Liu et al. 2012) or could
be utilized for the synthesis of membrane lipids
such as phosphatidylcholine (PC) by the action of
CDP-choline: diacylglycerol cholinephospho-
transferase (CPT; EC 2.7.8.2) and phosphatidyl-
choline: diacylglycerol cholinephosphotransferase
(Lu et al. 2009; Bates and Browse 2012). Another
route leading to the formation of TAG in ER is
acyl-CoA independent process and involves
channeling of acyl groups into PC via the activity
of lysophosphatidylcholine acyltransferase
(LPCAT; EC 2.3.1.23), and then subsequent
transfer of fatty acid from the sn-2 position of PCs
(acyl donors) to generate TAG via the activity of
phospholipid: diacylglycerol acyltransferase
(PDAT).

23.3.1.4 The Biosynthesis of PUFAs
in ER

A dominant flux of acyl moieties from acyl-
CoAs pool stored in the ER are not instantly
available for TAG biosynthesis, rather, these are
first esterified to membrane lipid phosphatidyl-
choline (PC) and then undergo desaturation to
form, linoleic and linolenic acids (Sasaki and
Nagano 2004). The C18:1-CoA undergo desatu-
ration by D12 fatty acid desaturases (FAD2) to
produce linoleic (C18:2) subsequently converted

to linolenic acid (C18:3) by D15 fatty acid desat-
urases (FAD3) (Okuley et al. 1994).

23.3.1.5 Storage of TAGs in Oil Bodies
TAGs generated in ER are packaged with several
proteins, oleosin, caleosin and steroleosins
(Frandsen et al. 2001). They are stored as oil
bodies in the cotyledons and the embryonic axis
(Siloto et al. 2006).

23.3.2 GLSs Biosynthesis

The pathway for GLS biosynthesis is well char-
acterized in A. thaliana along with regulatory
genes and transcription factors (Redovniković
et al. 2008; Burow et al. 2010; Sønderby et al.
2010). These can be divided into three separate
steps. The first step involves the elongation of
aliphatic and aromatic amino acids by the addi-
tion of methylene group to their side chains. In
the second step, the core structure of GLSs is
formed by reconfiguring amino acid moiety
itself. In the third step, GLSs formed are modi-
fied by secondary transformations.

23.3.2.1 Amino Acid Elongation
Amino acid undergoes deamination, condensa-
tion, isomerization and transamination. Initiation
of biosynthesis of methionine-derived aliphatic
GLSs involves deamination of methionine to a 2-
oxo acid catalyzed by branched-chain amino acid
aminotransferase 4 (BCAT4), which is trans-
ported to chloroplasts via bile acid transporter 5
(BAT5). 2-oxo acid undergoes condensation with
acetyl-CoA to form 2-malate derivative. The side
chain of aliphatic GLSs is synthesized from
methionine via successive insertion of methylene
groups. This step is catalyzed by methylth-
ioalkylmalate synthase1 (MAM1), MAM2 and
MAM3 (Kroymann et al. 2001; Textor et al.
2007). In plants, amino acid can undergo as many
as nine rounds of elongation. Allelic variation of
the MAM genes determines side chain length and
thus the profile of aliphatic GLSs (Kroymann
et al. 2003; Heidel et al. 2006; Kumar et al.
2019).
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23.3.2.2 Core Structure Formation
Elongated amino acids are further metabolized to
produce aldoximes by CYP79 family genes.
Seven genes: CYP79A2, CYP79B2, CYP79B3,
CYP79C1, CYP79C2, CYP79F1 and CYP79F2
have been reported in Arabidopsis. CYP79F1 as
well as CYP79F2 regulates the formation of
aldoximes from short and long chain aliphatic
amino acids respectively (Reintanz et al. 2001;
Mikkelsen et al. 2002). Expression of CYP79A1
increased total GLS (Nielsen et al. 2001). In
contrast, CYP79B2 and CYP79B3 are involved in
the biosynthesis of indole GLSs (Mikkelsen et al.
2009). CYP79F1 mutants failed to synthesize
short chain aliphatic GLSs, whereas reverse trend
was observed in genotypes with overexpression
of CYP79F1. Aldoximes are converted by
CYP83A1 into unidentified intermediates (previ-
ously assumed as aci-nitro compounds) (Grubb
and Abel 2006). These intermediates undergo
three steps; C-S lyase, glucosylation and sulfation
to form intact GLSs. C-S lyase cleavage is cat-
alyzed by the action of GSTF9, GSTF10, GGP1
and SUR1. Arabidopsis shows total absence of
aliphatic as well as aromatic GLSs in C-S lyase
mutant (Mikkelsen et al. 2004). Glucosylation
catalyzed by UDP-glucosyltransferase 74C1

(UGT74) followed by sulfation catalyzed by
sulphotransferase 17 (SOT17) to generate core
GLS. Whereas, for the production of intact indole
GLSs, glucosylation and sulfation is carried by
the UGT74B1 and SOT16 (Reed et al. 1993;
Sonderby et al. 2010; Hirschmann et al. 2017;
Selmar 2018). Comparative analysis between
Arabidopsis and B. rapa revealed 12 paralogs of
sulfotransferases (Zang et al. 2008). The first four
biosynthesis reactions take place in the chloro-
plast followed by last reaction in the cytosol,
suggesting the role of shuttle transporters in the
entire biosynthesis process (Klein et al. 2006).

23.3.2.3 Modifications
Core structure of both indole and aliphatic GLS is
subjected to wide range of modifications. Flavin-
monooxygenases (FMOs), alkenylhydroxalkyl-
producing 2 (AOP2; At4g03060), AOP3 and
2-oxoglutarate-dependent dioxygenase (GS-OH)
are involved in these modifications (Sønderby
et al. 2010; Selmar 2018). 3-butenylglucosinolate
and 2-propenylglucosinolate are produced by
AOP2 in B. oleracea whereas biosynthesis of
4-(methylsulfanyl)-3-butenylglucosinolate occurs
by GS-OH-related enzyme in radish (Hansen et al.
2008; Kakizaki et al 2017; Zuluaga et al. 2019).

Fig. 23.1 Overview of major reactions involved in fatty acid and triacylglycerol synthesis in maturing embryos of
Brassica
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Generally, plant metabolites, such as alkaloids,
flavonoids as well as nucleic acids are biosyn-
thesized by GS-OH family enzymes (Kawai et al.
2014). Hydroxy alkyl GLSs are formed by AOP3
(Kliebenstein et al. 2001) and it produces aliphatic
GLSs with short chains with the help of MAM2
(Jensen et al. 2015). Almost all the genes involved
in chain elongation of methionine as well as core
structure pathways are expressed and co-
ordinately regulated as revealed by the transcrip-
tomic co-expression analysis (Hirai et al. 2007;
Jensen et al. 2014). Indole GLSs undergo
hydroxylation by CYP81F2, CYP86A7 and
CYP71B26; leading to the formation of hydrox-
yindole GLSs (HIG). HIG are further metabolized
into methoxyindole derivatives by indole GLSs
methyltransferases 1 and 2 (IGMT1 and IGMT2)
(Grubb and Abel 2006; Sonderby et al. 2010;
Pfalz et al. 2011). Cytoplasmic protein phos-
phatase 2A regulatory subunit B′ (PP2A-B′)
and IGMT5 can catalyze the methylation of
4-hydroxyindol-3-ylmethyl glucosinolate (4MI3G)
and 1-hydroxyindol-3ylmethylglucosinolate
respectively (Mikkelsen and Halkier 2003;
Durian et al. 2016).

23.3.2.4 Breakdown of Glucosinolates
GLSs are broken down in the presence of
enzyme myrosinase to many biologically active
compounds. These include: oxazolidine-thiones,
epithionitriles, nitriles, isothiocyanates and thio-
cyanatesare (Bones and Rossiter 1996, 2006;
Rask et al. 2000). The hydrolysis products are
considered harmful for non-ruminants as com-
pared to the intact GLSs. The availability of iron
is affected by thiocyanates whereas kidney as
well as liver functions are affected by nitriles
(Elfving 1980; Mithen 2001; Bellostas et al.
2007; Tripathi and Mishra 2007).

23.4 Variation and Inheritance
of Seed Metabolites

23.4.1 Fatty Acids

B. juncea germplasm has been investigated for
fatty acid as well as other quality traits (Iqbal

et al. 2006; Kumar et al. 2013, 2018; Sharafi
et al. 2015; Tahira and Saleem 2015; Ko et al.
2017). Average erucic acid content of tested
genotypes ranged from 0.8 to 50%. These
genotypes had oleic acid ranged between 11 and
18%, linoleic acid between 18 and 22% and
linolenic acid from 11–27%. The fatty acid
composition of low erucic acid genotypes dif-
fered significantly from conventional mustard
germplasm. Oleic acid in these genotypes varied
between 39 and 48%; linoleic acid ranged 28–
38% and linolenic acid ranged between 15 and
20%. Increase of oleic acid in low erucic acid
mustard was due to termination of chain elon-
gation pathway from oleic acid to erucic acid.
Germplasm variation indicated narrow germ-
plasm base for oleic acid in mustard germplasm.

Low oleic and high linoleic acid is controlled
by single gene with dominance gene action with
minor additive effects in B. juncea (Potts et al.
1999; Woods et al. 1999). Dominance gene effect
for linolenic acid has been reported by Kondra
and Thomas (1975). Concentration of linolenic
acid in mono galactosyl is controlled by cyto-
plasmic factors while nuclear cytoplasmic gene
interactions are involved for concentration of
linolenic acid in triacylglycerol (Diepenbrock
and Wilson 1987). Involvement of only nuclear
factors for linolenic acid was also reported
(Pleines and Friedt 1989). Erucic acid is con-
trolled by two genes with additive effects (Kirk
and Hurlstone 1983; Tiwari 1995; Potts and
Males 1999; Bhat et al. 2002; Gupta et al. 2004;
Singh et al. 2015). Additive and dominance gene
action for controlling erucic acid was also
reported (Monpara and Jaisani 2000; Chauhan
and Tyagi 2002).

23.4.2 Tocopherols

Variability for tocopherol content has been doc-
umented in rapeseed genotypes (Goffman and
Becker 2002). The total tocopherol content var-
ied from 182 to 367 mg/kg seed. Alpha-
tocopherol content ranged between 63 and
157 mg/kg seed while gamma-tocopherol con-
tent varied from 114 to 211 mg/kg seed.
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Whereas ratio of alpha-/gamma tocopherol con-
tents varied from 0.36 to 1.23. Gupta et al.
(2012) also observed a significant variation in
tocopherol content in a recombinant inbred line
(RIL) population of B. juncea. Tocopherol con-
tent varied between 6.43 and 91.27 mg/100 g
defatted meal in B. juncea genotypes (Poonam
et al. 2015). Gupta et al. (2012) reported that
multiple alleles are responsible for controlling
the tocopherol content.

23.4.3 Glucosinolates

Traditional Indian mustard genotypes possess
high GLSs (90–120 u moles/g of defatted meal),
whereas, Canola quality mustard genotypes
possess GLSs < 30 umol/g defatted meal. Ali-
phatic GLSs were the major component repre-
senting 23.0–98.9% of the total GLS content in
mustard whereas progoitrin (PRO), glucotropae-
olin (TRO) and glucobarbarin (BAR) were pre-
sent in relatively low concentrations (Assefa
et al. 2019). Varied genetic control for aliphatic
as well as aromatic GLSs has been reported.
Indian gene pool mostly contain 2-propenyl and
3-butenyl GLSs, whereas, 2-propenyl GLSs
constitute the major fraction in east European
germplasm (Gland et al. 1981; Love et al. 1990b;
Sodhi et al. 2002). GLSs content in Indian
germplasm is controlled by 6–7 genes (Stringam
and Thiagarajah 1995; Sodhi et al. 2002),
whereas, digenic control was reported for east
European germplasm (Love et al. 1990b).
Crosses between low GLSs east European
genotypes with high GLSs Indian genotype
revealed the role of 6–8 loci to control GLSs
content (Stringam and Thiagarajah 1995; Sodhi
et al. 2002). Sporophytic inheritance along with
11 recessive alleles has been reported to control
3-butenyl, 4-pentenyl and 2-hydroxy-3-butenyl
GLSs (Kondra and Stefansson 1970). Love et al.
(1990b) reported multiple alleles having additive
effects for 2-propenyl and 3-butenyl GLSs.

23.4.4 Phytic Acid and Crude Fiber

Very few studies have reported the variability for
phytic acid and crude fiber content in B. juncea.
Phytic acid varied between 2.92 and 3.86% in a
set of tested genotypes while crude fiber
ranged between 7.53 and 15.10% (Poonam et al.
2015).

23.4.5 Phenolics

Total phenols ranged between 17.11 and
21 mg/g in defatted meal of traditional genotypes
of Indian mustard (Das et al. 2009; Sadeghi and
Bhagya 2009; Bala et al. 2011), whereas, defat-
ted meal from Canola varieties revealed 9.16 to
16.13 mg/g phenolics (Khattab et al. 2010).

23.5 Analytical Methods

Success at the modification of seed quality traits
in rapeseed-mustard crops owe much to the
availability of precise analytical methods to
quantify fatty acid composition and GLSs con-
tent in the seed samples. The fatty acid compo-
sition can be determined by gas chromatography
(Appelqvist 1968) or paper chromatography
(Thies 1971). Fatty acid composition can be
determined from whole seeds or half seeds as
well. Half-seed technique has been especially
useful for non-destructive estimation of fatty
acids in segregating generations (Downey and
Harvey 1963). Total GLSs can be easily esti-
mated by estimation of total glucose in the cru-
shed sample by glucose test paper (Lein 1970).
This method is easy, economical and suitable for
screening of large number of samples of segre-
gating generations. However, this method has
limitation of precision and subsequent confir-
mation can be done through HPLC and calori-
metric methods. Individual fractionation of GLSs
can be estimated on HPLC. Nowadays, near-
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infrared reflectance spectroscopy (NIRS) based
equations for high throughput screening of oil,
GLSs and fatty acids are available for the crop
mustard (Kaur et al. 2016; Sen et al. 2018).
Recently, Gohain et al. (2021) developed an
NIRS equation for non-destructive estimation of
fractionated components of GLSs.

23.6 Breeding Program

23.6.1 Breeding of Canola/‘00’
Quality Varieties
in Mustard

Attempts toward quality improvement of rape-
seed were initiated with identification of zero
erucic acid mutants in B. napus (Stefansson
et al. 1961) and B. campestris (Downey 1964)
in Canada. The attempts at developing cultivars
with improved quality were largely carried out
in Canada, Australia and India. First really low
erucic acid (<2%), ZEM1 and ZEM2 were
identified in Australia (Kirk and Oram 1981).
These genotypes were the pivots for breeding
for low erucic acid in mustard programs first
initiated in India during 1980s. ZEM1 was more
widely used as donor for low erucic acid in the
hybridization programs with a number of com-
mercial varieties in India and elsewhere.
Crossing followed by rigorous selection at sin-
gle seed level (half seed method) led to the
identification of many low erucic acid geno-
types in India (Chauhan et al. 2002). Inter-
specific hybridization has also been made to
improve quality traits (Agnihotri et al. 1995;
Raney et al. 2003; Kaur et al. 2004). Efforts at
breeding Canola quality mustard were initiated
following availability of first low GLSs mustard
genotype, BJ 1058 from Canada (Love et al.
1990a). BJ 1058 was developed by crossing B.
juncea (non-allyl, 3-butenyl GLSs) with low
GLSs B. rapa followed by single backcross
with B. juncea and selfing of BC1. Many canola
quality varieties have been developed world

wide utilizing these sources of low GLSs and
erucic acid.

23.6.2 Breeding for Designer Fatty
Acids

These ‘0’/‘00’ genotypes possess oleic acid (40–
42%), linoleic acid (28–38%) and linolenic acid
(15–20%). In contrast, ‘0’/‘00’ B. napus pos-
sesses a much higher level of oleic acid (>60%)
with lesser amounts of linoleic and linolenic acid.
Low oleic acid content in ‘0’ erucic acid geno-
types of B. juncea was attributed to strong
desaturase activity of FAD genes located on B
genome (Raney et al. 1995). Attempts have been
made to introgress high oleic acid and low
linolenic acid from B. napus in B. juncea using
interspecific hybridization followed by one gen-
eration of backcrossing with B. juncea and self-
ing of BC1 plants (Agnihotri and Kaushik 1998;
Raney et al. 2003; Iqbal et al. 2011). Screening
of single plants of BC1 F2-4 allowed identifica-
tion of plants with low C18:3 (5.5–6.2%) coupled
with higher levels of C18:1 (53.7%) and C18:2

(47.2%) (Raney et al. 1995). High oleic acid trait
from B. napus was reportedly transferred into B.
juncea through hybridization with selected lines
of B. napus (Agnihotri and Kaushik 1998; Kaur
et al. 2004; Iqbal et al. 2006; Agnihotri et al.
2007). Increase in oleic acid in B. juncea type
plants may be due to transfer of oleate desaturase
suppressor gene from C genome of B. napus.
However, high oleic acid level in these B. jun-
cea-B. napus introgression lines was unstable
and hence these stocks were not used in the
breeding programs. In subsequent attempts, a
low GLS B. juncea line J90-4253 could be
improved by interspecific hybridization and
plants with 60–70% oleic acid and *11% lino-
lenic acid could be developed (Raney et al.
2003). Mutagenesis was also used to broaden the
genetic base of Brassica crops with improved
fatty acid composition (Robbelen 1990). Mutants
for extra high oleic acid were also reported in
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B. napus (Auld et al. 1992; Rucker and Robbelen
1997; Bai et al. 2019) and B. juncea (Yao et al.
2005) and B. juncea (Bai et al. 2019). Applica-
tion of doubled haploidy (DH) in combination
with induced mutagenesis also provided oppor-
tunities to isolate mutants with improved oil and
meal quality (Turner and Facciotti 1990; Wong
and Swanson 1991; Auld et al. 1992; Huang
1992; Kott et al. 1996; Kott, 1998; Ferrie et al.
2008) with specific reference to high oleic acid.
Exposure of microspore with UV resulted in
mutants with reduced saturated fatty acids
(Beaith et al. 2005). Variability for high erucic
acid was observed in microspore derived mutants
(Barro et al. 2001). Substitution of phenylalanine
with a serine residue at 282 position in the
polypepitide of FAE1 through site directed
mutagenesis resulted in low erucic acid B. napus
cv. Westar (Katavic et al. 2002). However,
mutant of this gene restored the elongase activity
in yeast and synthesized VLCMFAs. Desatura-
tion from oleic acid to linoleic acid is catalyzed
by an enzyme delta 12 oleate desaturase coded
by gene FAD2. Changes at single nucleotide
level in the gene FAD2 resulted in accumulation
of high oleic acid. Substitution of single
nucleotide resulted in synthesis of proline instead
of lucine caused increase in accumulation of high
oleic acid (Tanhuanpää et al. 1998). Similarly,
Hu et al. (2006) also observed increase in accu-
mulation of high C18:1 due to substitution of
single nucleotide from C to T and resulted in stop
codon TAG. This led to premature termination of
the peptide chain and mutated FAD2 gene could
not produce functional polypeptide and resulted
in loss of desaturase activity and contributed
towards high oleic acid.

23.7 Molecular Mapping
and Marker Assisted Breeding

23.7.1 Fatty Acids

Different marker systems have been used to map
genes associated with erucic acid biosynthesis.
Restriction fragment length polymorphism
(RFLPs) were first used to map two quantitative

trait loci (QTLs) with unequal contribution in B.
juncea (Cheung et al. 1998; Mahmood et al.
2003b). Whereas, only one QTL could be map-
ped for erucic acid by using amplified fragment
length polymorphism (AFLP) markers (Lion-
neton et al. 2002). This was attributed to the fact
that RFLP studies utilized high erucic acid parent
from Indian gene pool (Cheung et al. 1998;
Mahmood et al. 2003b), whereas high erucic acid
parent belonging to east European gene pool was
used in AFLP studies (Lionneton et al. 2002).
Since, RFLP and AFLP markers are not breeder
friendly as well as time consuming, attempts were
also made to develop high throughput PCR-based
markers. Their development was facilitated by the
cloning and sequencing of two FAE1 genes,
FAE1.1 and FAE1.2, representing two homologs
each from low and high erucic acid mustard
genotypes for the trait (Gupta et al. 2004).
Sequencing of genes indicated the presence of
single nucleotide polymorphisms (SNPs) for dif-
ferences between high erucic acid (HEA) and low
erucic acid (LEA) genotypes. FAE1.1 and
FAE1.2 indicated four and three trait differenti-
ating SNPs respectively. Mapping position of
these SNPs coincided with earlier mapped QTLs
for erucic acid on two linkage groups represent-
ing A and B genomes. These two QTLs con-
tributed differently and each QTL mapped on A
and B genome explained 60% and 40% of phe-
notypic variation, respectively. The identified
seven SNPs could differentiate high vs low erucic
acid as well as heterozygotes. These SNPs were
later used to develop cleaved amplified poly-
morphic sequence (CAPS) markers (Saini et al
2016). CAPS are dominant markers and these
cannot be used to identify recessive alleles in
heterozygous state. Later on, sequence variation
in the promoter regions of FAE1 was exploited
for the development of PCR-based markers (Saini
et al. 2019). KASPar assays were also developed
to differentiate HEA/LEA genotypes (Gill et al.
2021). These assays act as codominant markers
and can identify recessive alleles in heterozygote
state. Studies aimed at mapping of the fatty acids
such as palmitic acid (C16:0), stearic acid (C18:0),
oleic acid (C18:1), linoleic acid (C18:2) and lino-
lenic acid (C18:3) are summarized in Table 23.1.
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Table 23.1 Summary of mapping of different fatty acids

Fatty acid Population Markers QTLs Linkage groups/
chromosomes

References

Palmitic acid
(C16:0)

F1 derived DH
population

AFLP 3 QTLs Lionneton et al.
(2002)E4M1_4 LG 2

E4M1_15 LG 3

E1M2_11 LG 6

RILs AFLP 2QTLs Singh et al. (2013)

qpal-2.1 LG 2

qpal-5.1 LG 5

Stearic acid
(C18:0)

F1 derived DH
population

AFLP 1 QTLs Lionneton et al.
(2002)E4M1_4 LG 2

Oleic acid (C18:1) F1 derived DH
population

AFLP 2 QTLs Lionneton et al.
(2002)E4M1_4 L G 2

E1M2_6 LG 6

Reciprocal DH
populations

RFLP 2 QTLs Mahmood et al.
(2003b)E1a Chr A8

E1b Chr B5

Linoleic acid
(C18:2)

F1 derived DH
population

AFLP 1 QTLs
E4M1_4

LG 2 Lionneton et al.
(2002)

RILs AFLP 2QTLs Singh et al. (2013)

qlino-2.1 LG 2

qlino-3.1 LG 3

Reciprocal DH
populations

RFLP 2 QTLs Mahmood et al.
(2003b)E1a Chr A8

E1b Chr B5

Linolenic acid
(C18:3)

F1 derived DH
population

AFLP 2 QTLs Lionneton et al.
(2002)E4M1 4 LG 2

E6M2_1 LG 6

RILs AFLP 3QTLs Singh et al. (2013)

qlin-1.1 LG 2

qlin-6.1 LG6

qlin-6.2

Reciprocal DH
populations

RFLP 3 QTLs Mahmood et al.
(2003b)E1a Chr A8

E1b Chr B5

LN 2 Chr A4

LN 3 Chr A7

LN 4 Cht A5

(continued)
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23.7.2 Tocopherols

Seven QTLs for total tocopherol, a-, c-tocopherol
and a/c ratio were mapped in winter oilseed rape
(Marwede et al. 2005). These QTLs revealed
additive and/or epistatic effects and explained
72% of the phenotypic variance in the rapeseed
population. Gupta et al. (2015) mapped two QTLs
in B. juncea through linkage analysis. These
QTLs explained 28 and 19% phenotypic varia-
tions, respectively. Association also facilitated the
identification of two genes, BnaX.VTE3a and
BnaA.PDS1.c in B. napus. Allelic variations of
these QTLs were also used to develop CAPS
marker for use in marker-assisted selection
(Fritsche et al. 2012).

23.7.3 Glucosinolates

Cheung et al. (1998) mapped QTLs for aliphatic
GLSs using RFLP map developed following
genotyping of a DH population. Two QTLs were
mapped for 2-propenyl and another three for 3-
butenyl GLSs. Mahmood et al. (2003a) identified
four QTLs which were stable across different
environments for aliphatic, 2-propenyl GLSs and
3-butenyl GLSs by using AFLP map developed on
DH population. Four of these QTLs: GSL-A2a,
GSL-A2b, GSL-F and GSL-B could be used for
marker-assisted selection. Lionneton et al. (2004)
mapped two major QTLs for both 2-propenyl and
3-butenyl GLSs by using an AFLP map. Most of
these mapped QTLs were not related to any of the
candidate genes involved in the GLSs biosynthetic

pathways. Mapping of the genes involved in the
biosynthetic pathway for aliphatic GLSs have been
reported previously (Ramchiary et al. 2007; Bisht
et al. 2009). Inheritance of GLSs is complex and is
influenced by complexity of genetic background
involved. Recurrent selection backcross
(RSB) along with DH was utilized to identify
QTLs which were consistent across generations.
Mapping of QTLs in FIDH and BC4DH genera-
tions led to the identification of six ‘true’ QTLs for
marker assisted selection (Ramchiary et al. 2007).
Further, these QTLs were fine mapped by using
sequence information of candidate genes from A.
thaliana and B. oleracea (Bisht et al. 2009).
Seventeen paralogs representing six gene families
are known in B. juncea. However, paralogs of
candidate gene belonging to three gene families
GSL-ELONG, MYB 28 and GSL-ALK were
linked to previously mapped QTLs. QTL intervals
on chromosome J2 and J3 harbored candidate
genes for GSL-ELONG family. Paralogs of tran-
scription factor Myb 28 were mapped to QTL
interval on chromosomes J3 and J17. Paralogs of
GSL-ALK were mapped to QTL interval on chro-
mosome J3. Three QTLs, J2Gsl1, J3Gsl2 and
J9Gsl3 were found useful for marker assisted
selection (Bisht et al. 2009).

23.8 Characterizing Genes Linked
to Oil and Meal Quality

Several genomic techniques like high next gen-
eration sequencing (NGS) platforms, genome-
wide association studies (GWAS) and candidate

Table 23.1 (continued)

Fatty acid Population Markers QTLs Linkage groups/
chromosomes

References

Ecosenoic acid
(C20:1)

F1 derived DH
population

AFLP 3 QTLs Lionneton et al.
(2002)E4M7_3 Chr 1

E3M6 4 Chr2

E4M1_4

RILs AFLP 2QTLs Singh et al. (2013)

qeic-2.1 LG 2

qeic-5.1 LG 5
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gene-based association mapping (CG-AM) are
now used to elucidate novel genes and markers
trait associations for various quality traits.

23.8.1 Fatty Acids

23.8.1.1 Erucic Acid
b-ketoacyl-CoA synthase (KCS) is a rate-
limiting enzyme and it catalyzes the biosynthe-
sis of a very long chain monounsaturated fatty
acid (VLCMFA), erucic acid. Fatty acid elongase
1 (FAE1) encodes this enzyme (James et al.
1995). Mutation in FAE1 genes causes dys-
functional enzyme activity (Katavic et al. 2002).
Single copy of gene exists in diploid species,
whereas, two copies have been identified in
amphiploid species, B. juncea and B. napus
(Gupta et al. 2004; Wu et al. 2008; Harper et al.
2012; Havlickova et al. 2018). FAE1.1 and
FAE1.2 of B. napus co-located with positions of
already mapped QTLs on A08 and C03 (Ecke
et al. 1995; Qiu et al. 2006). FAE1.1 was also
mapped to chromosome A08 in B. juncea, but
the physical position of FAE1.2 is ambiguous.
Using a yeast transgenic system, the role of mis-
sense mutations responsible for low erucic acid
trait has been verified (Roscoe et al. 2001).
Expression analysis of FAE1 gene revealed that
low erucic acid resulted from reduced expression
level of FAE1 gene in LEA genotypes of B. rapa,
whereas no relationship was found between the
expression level and erucic acid content in B.
napus (Wu et al. 2008; Hu et al. 2009). Over-
expression of BjFAE1 gene increased erucic acid,
whereas reverse was true for the downregulation
mediated by antisense gene in B. juncea (Kanrar
et al. 2006). Similarly, overexpression of FAE1.1
in B. napus transgenic led to significant increase
in the eicosenoic and erucic acid levels (Han
et al. 2001).

23.8.1.2 Characterization of FAE1
FAE 1 gene was first isolated from A. thaliana
using transposon tagging (James et al. 1995).
Sequence information from Arabidopsis helped
to clone and sequence FAE1 gene from B. napus
(Fourmann et al. 1998), B. oleracea (Das et al.

2002), B. rapa (Yan et al. 2015; Gill et al. 2021),
B. juncea (Gupta et al. 2004; Gill et al. 2021), B.
nigra (Gill et al. 2021). Sequence analysis of
FAE1 gene of 1521 bp indicated single exon
encoding 507 aa in B. napus, B. juncea, B. rapa
and B. nigra (Xu et al. 2010, Gill et al. 2021).
These genes have been isolated from both HEA
and LEA genotypes. Comparison of sequences
between HEA and LEA genotypes reported
several SNPs in B. napus, B. rapa and B. juncea
(Wu et al. 2008; Wang et al. 2010; Yan et al.
2015; Gill et al. 2021). In B. napus, loss of
activity of FAE1 was caused by the deletion of
two to four bases in C genome homologs
(Fourmann et al. 1998; Wu et al. 2008), while,
transition substitution (C/T) was indicated for a
genome homolog (Han et al. 2001). Whereas,
substitution have been reported for both the
homologs of B. juncea. In B. juncea, four and
three SNPs for genes FAE1.1 and FAE1.2 could
differentiate low erucic from high erucic types
(Gupta et al. 2004). However, Ghanevati and
Jaworski (2001) have reported that the deletion
in the FAE1 led to the frame shift mutation which
caused premature termination of translation,
resulting in LEA B. juncea. In B. rapa, four
substitution SNPs have been found for LEA.
These were at positions 591 (G/A), 735 (C/T)
and 968 (C/T) (Wang et al. 2010). Of these, only
SNP at position 968 caused change in amino
acid. Low erucic acid in B. rapa was also
observed due to deletion of 24 bp in AT rich
region of the promoter region (Yan et al. 2015).
Single SNP resulted in substitution at position
282 bringing change in the amino acid from
serine to phenylalanine which led to the devel-
opment of LEA B. napus cv. Oro (Katavic et al.
2002). Targeting induced local lesions in gen-
omes (TILLING), a reverse genetic strategy,
identified 19 mutants of the BnFAE1 from
screening of 1344 M2 plants. Of these, three M3

plants showed reduced erucic acid (Wang et al.
2010).

23.8.1.3 Oleic Acid
Fatty acid desaturases (FADs) regulate composi-
tions of unsaturated fatty acids. These insert
double bonds into the fatty acid hydrocarbon
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chains (Xue et al. 2018). FAD2 (oleoyl-PC D12-
desaturase) and FAD3 (delta-15 desaturase) cat-
alyzes the desaturation of oleic acid (18:1) by
forming double bond at the delta 12 position
(Yang et al. 2012; Lee et al. 2016). QTLs for oleic
acid have been mapped in B. napus using both
linkage and association studies (Burns et al. 2003;
Hu et al. 2006; Zhao et al. 2008; Smooker et al.
2011; Yan et al. 2011; Yang et al. 2012; Wen
et al. 2015; Korber et al. 2016; Qu et al. 2017;
Bao et al. 2018; Chen et al. 2018). However,
similar studies are lacking in B. juncea. QTLs
identified through linkage analysis were mapped
on chromosomes A1, A5, C1 and C5 in B. napus.
Most of the mapped QTLs for oleic acid in
B. napus coincide with FAD2 (Scheffler et al.
1997; Schierholt et al. 2000; Hu et al. 2006) and
B. rapa (Tanhuanpää et al. 1996; Yang et al.
2012). Genome-wide analysis of haplotype blocks
identified six haplotype regions associated with
C18:1 and these regions were mapped to chro-
mosomes A02, A07, A08, C01, C02 and C03.
Further, whole-genome sequencing revealed three
genes; BnmtACP2-A02, BnABCI13-A02 and
BnECI1-A02 in the haplotype region of A02 and
two genes, BnFAD8-C02 and BnSDP1-C02 in the
C02 for association with oleic acid (Qu et al.
2017). Candidate gene-based association study
identified three functional candidate genes on
chromosomes A07, A08 and C03 for association
with oleic acid. A8 region contributed to synthesis
of oleic acid (Zafar et al. 2020). GWAS using 375
low erucic acid B. napus identified a novel QTL
for FAD2 on the A09 chromosome. This QTL
explained 6.2–11.7% of phenotypic variation over
three crop seasons. Introgression of this locus
along with already mapped QTLs could enhance
oleic acid content to 80%. Fine mapping of QTL
allowed identification of three potential candidate
genes and all three could be validated through
gene expression assays. Closely linked marker,
BnA129 has also been developed to facilitate
marker assisted selection for oleic acid (Zhao et al.
2019). Expression studies in B. napus indicated
that four homologs of FAD2 genes, BnFAD2-1,
BnFAD2-2, BnFAD2-3 and BnFAD2-4 showed
tissue specific expression. BnFAD2-1(Bna.A5.
FAD2), and BnFAD2-2(Bna.C5.FAD2) are

constitutively expressed in all tissues, while
expression of BnFAD2-3(Bna.A1.FAD2) and
BnFAD2-4(Bna.C1.FAD2) is confined to seeds
and roots (Okuzaki et al. 2018). The expected
activities of fatty acid desaturases in plants, such
as FAD2 from A. thaliana, Phaeodactylum tri-
cornutum and cotton, have been widely confirmed
using yeast systems (Covello and Reed 1996;
Domergue et al. 2003; Vrinten et al. 2005; Zhang
et al. 2009). Functional analysis of BnFAD2-1 and
BnFAD2-2 genes in yeast confirmed that SNPs
caused loss-of-function mutations, thereby,
restricting the conversion of oleic acid to linoleic
acid and accumulating a significant amount of
oleic acid (Long et al. 2018). Similarly, functional
analysis of BnaFAD2-A5 and BnaFAE1-A8 genes
using yeast system also validated these genes in
formation of linoleic and erucic acid, respectively
(Zafar et al. 2020). Expression of the four copies
in yeast confirmed that BnaFAD2.A1 is non-
functional (Lee et al. 2013). Silencing of FAD2
through antisense RNA constructs from cDNA of
B. rapa led to a modified fatty acid profile and
enhanced oleic acid content from 53 to 73% in
B. juncea. Increase of linoleic and linolenic acid
was also observed (Sivaraman et al. 2004).
Simultaneously, RNA interference (RNAi)
silencing of BnaFAD2 along with BnaFAE1 genes
led to high oleic acid (80%) and low PUFA (9%)
levels in B. napus (Peng et al. 2010). Huang et al.
(2020) utilized clustered regularly interspaced
short palindromic repeats/CRISPR associated
protein 9 (CRISPR/Cas9) system to mutate all the
orthologs of BnaFAD2. Resultant mutants had
high oleic acid (80%) content. BnaFAD2.A5 allele
mutations generally produced more changes in
fatty acid profile than the mutations on BnaFAD2.
C5 alleles. According to Stoutjesdijk et al. (2000),
the oleic acid content of B. juncea has increased
up to 73% along with the reduction in the C18:2

and C18:3 PUFA fractions <16% due to co-
suppression of FAD2. RNAi induced suppres-
sion of FAE1 and FAD2 also led to increased oleic
acid content in B. napus (Shi et al. 2017).

23.8.1.4 Characterization of FAD Genes
Four copies of FAD2 have been identified in
allotetraploid B. napus (Yang et al. 2012; Gacek
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et al. 2017). BnaFAD2.A5 and BnaFAD2.A1 cor-
respond to B. rapa (2n = 20, AA), whereas,
BnaFAD2.C5 and BnaFAD2.C1 to B. oleracea
(2n = 18, CC) (Scheffler et al. 1997). Three
orthologs each of FAD3 are present in B. rapa and
B. oleracea diploidswhile six orthologs are known
in allotetraploid B. napus (Yang et al. 2012).
FAD2 and FAD3 genes were characterized in B.
napus as well as its progenitor species B. rapa and
B. oleracea. A single nucleotide mutation (Hu
et al. 2006) or four-base-pair (bp) insertion in
BnaA.FAD2.a on A5 (Yang et al. 2012) and
mutation in the BnaFAD2.C5 (Wells et al. 2014)
enhanced oleic acid content. Knockout mutants of
three functional homologs ofFAD2 could enhance
oleic acid up to 84–85% in B. napus (Wells et al.
2014). Single nucleotide mutation in the FAD2
gene of B. rapa resulted in substitution of leucine
with proline and increase in the C18:1 content
(Tanhuanpää et al. 1998). Cloning and sequence
analysis of FAD2 indicated that single nucleotide
mutation, C to T in FAD2 created a stop codon
(TAG) and produced a truncated polypepitide
chain causing dysfunctional FAD2. Sequence
comparison of FAD3 gene also revealed single
nucleotide mutation. SNPs for both of these genes
were converted into SNP markers using invader
technology (Hu et al. 2006). Genome analysis of
mutants for high oleic acid indicated 2-bp deletion
in the upstream region in FAD2-2 resulted in
truncated polypeptide and led to increase in oleic
acid (Lee et al. 2018).

23.8.2 Tocopherols

The content and composition of tocopherols
(vitamin E) are important for oil stability and
human health. Fritsche et al. (2012) utilized the
established pathway for tocopherol biosynthesis
in A. thaliana to carry out a targeted association
mapping study of tocopherol content in 229 B.
napus genotypes. Re-sequencing of 13 candidate
genes facilitated the detection of nucleotide
variation. Two major candidate genes, BnaX.
VTE3.a and BnaA.PDS1.c, were identified in the

region close to already mapped QTLs on chro-
mosomes A7 and A10, respectively.

23.8.3 Glucosinolates

In most of the cases, QTLs mapped through
linkage analysis did not show any association with
candidate genes involved in the biosynthetic
pathway of GLSs (Ramchiary et al. 2007). Bisht
et al. (2009) used DNA sequences of genes
involved in biosynthesis of aliphatic GLSs fromB.
oleracea and Arabidopsis to amplify the genes in
low and high GLSs genotypes of B. juncea.
Twenty paralogs were identified. Of these, 17
genes representing six gene families could be
mapped—six paralogs of GSL-ELONG family
gene (4 from A genome and 2 from B genome),
four paralog belonging to GSL pro family (two
each from A and B genome), four paralogs for
GSL-ALK family (2 each from A and B genome).
Other genes, CYP79F1, CYP79C2, CYP83A1,
sulphotransferase and UDPgylcosyltransferase
were also identified. Of these, candidate genes of
gene family GSL-ELONG (BjuA.GSL-ELONG.a
BjuA.GSLELONG.c, BjuA.GSL-ELONG.d),
GSL-ALK(BjuA.GSL-ALK.a) and transcription
factors (Myb 28) were co-mapped with known
QTLs. GSL-ELONG and GSL-PRO are involved
in the side chain elongation, whereas, GSL-ALK
are involved in side chain modifications.
Sønderby et al. (2007) also found that Myb 28 was
located within a genomic region of QTL identified
for aliphatic GLSs. Genome-wide association
studies allowed identification of eight candidates
genes (HB16, SK1, AT2G35450, (CM1, JMT,
LINC4, CYP81G1 and MYB44) on chromosomes
A4, A5, A6, B3, B4 and B6 of B. juncea (Akhatar
et al 2020). SK1 is involved in a step of shikimate
kinase (SK) synthesis and HB16 controls carbon
influxes from the central metabolism pool to a
broad range of secondary metabolites. CM 1 and
JMT are involved in the biosynthesis of trytophan
and indole GLSs. Transcription factor, MYB44 is
important for regulating the expression of trans-
porter gene, GTR2. This gene is important for the
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transportation of GLSs from the apoplast into the
phloem (Akhatar et al. 2020). Many orthologous
have been identified in B. napus and its progeni-
tors species through combination of syntenic and
non-syntenic homology analyses with Arabidop-
sis (Lu et al. 2020). Genome-wide association
studies identified many homologs in B. rapa
(Zang et al. 2009). Role of HAG1 (Myb 28) was
also demonstrated through associative transcrip-
tomics analysis in B. napus (Hirai et al. 2007).
Transcription factors regulate biosynthesis of both
aliphatic as well as indole GLSs. Transcription
factors, MYB28, MYB29 and MYB76 were
found to be associated with aliphatic GLSs,
whereas, altered tryptophan regulation 1
(ATR1/MYB34) regulate the indole GLSs.
Transactivation potential of MYB28,MYB29 and
MYB76 for synthesis of GLSs have been
emphasized in B. napus (Gigolashvili et al. 2007a,
2008). Overexpression of these transcription fac-
tors led to increased expression of genes associ-
ated with aliphatic GLSs and repression of indole
GLSs. This resulted in the increased accumulation
of aliphatic GLS. Role of MYB28 and MYB29
was also confirmed by knockout mutants.MYB28
knockout mutants showed reduced levels of both
short chain as well as long chain GLSs, whereas
Myb29mutants were only effective for short chain
(Gigolashvili et al. 2007a; Sønderby et al. 2007).
The double mutant for Myb28 and Myb29 lacked
the biosynthesis of aliphatic GLSs, emphasizing
the role ofMyb28 andMyb29 asmaster regulators
(Gigolashvili et al. 2007a; Hirai et al. 2007;
Sønderby et al. 2007). Augustine et al. (2013)
used RNAi-based transcription suppression of a
HAG1 orthologs (BjMYB28) in B. juncea to
replicate the low seed GLSs phenotype. A domi-
nant overexpression allele, atr1D, altered the
expression of CYP79B2, CYP79B3 and
CYP83B1 involved in the production of indole
GLSs. Overexpression of this allele enhanced the
accumulation of indole GLSs whereas a loss of
function mutant resulted in decreased levels of
indole GLSs (Celenza et al. 2005). MYB51 and
MYB122 have been found as positive regulators
for biosynthesis of indole GLSs (Gigolashvili
et al. 2007b).

23.9 Engineering Seed Quality
Modifications

23.9.1 Transgenics

Genetic engineering enables precise transfer of
novel genes beyond the gene pool. In Brassicas,
transgenics for herbicide resistance, biotic stres-
ses, male sterility and restorer gene for devel-
opment of hybrids have been developed. Some of
transgenics have also commercialized in
advanced countries. Omics approaches have been
successful in identification, characterization and
functional validation of genes for quality-related
traits in many crop plants. Genetic engineering
has also facilitated the transfer of genes from
other systems to improve seed and meal quality
of Brassica crops (Table 23.2).

23.9.2 Gene Editing

CRISPR/Cas9 is now widely used for functional
analysis and precise genome modifications for
crop improvement. Brassicas are ancient poly-
ploids and there is significant level of genome
and gene redundancies. Despite these limitations,
gene editing using CRISPR/Cas9 has been used
successfully for seed quality modifications in
oilseed Brassica species (Table 23.3).

23.10 Conclusions and Way
Forward

Conventional plant breeding has been successful
in developing varieties with Canola quality traits
in Indian mustard. However, linkage drag asso-
ciated with these characters is a key limiting
factor for enhancing productivity potential of
these genotypes. Integration of genetic, genomic,
metabolic, molecular and molecular inferences
coupled with the availability of whole genome
assemblies and improved gene annotations has
opened up new opportunities for engineering
seed quality traits through simple plant breeding
or gene editing techniques to produce Brassicas
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for diverse uses as edible or industrial raw
materials. We expect greater application of
molecular markers to improve the precision of

breeding programmes and rectify the yield lim-
iting factors and deploy superior alleles of seed
quality in more productive agronomic basis.

Table 23.2 Summary of transgenic Brassicas developed for improved quality traits

Category Targeted genes Source Quality modifications References

Fatty acids:
oleic acid

Antisense construct of
FAD2 gene

B. rapa Increased oleic and decreased linoleic acid
contents in B. juncea

Sivaraman
et al. (2004)

Fatty acids:
caprylate and
caprate

Overexpression of Cn
FatB2 thioesterase
cDNA

Cuphea
hookeriana

Increased levels of caprylate and caprate in
B. napus

Dehesh et al.
(1996)

Fatty acids:
Stearic and
erucic acid

Ml Fat B gene Madhuca
longifolia

Stearic acid increased upto 16 fold and
erucic acid decreased upto 71% in B. juncea

Bhattacharya
et al. (2015)

Fatty acids:
Saturated
fatty acids

ADS 1 gene Arabidopsis Decreased levels of saturated fatty acids of
B. juncea

Yao et al.
(2003)

Fatty acids:
Erucic acid

Upregulation and
downregulation of
BjFAE1 gene

B. juncea Overexpression lead to 36% increase in
erucic acid and downregulation caused 86%
decrease in erucic acid

Kanrar et al.
(2006)

Sense and antisense
constructs of FAE
gene

B. napus Sense construct increases the erucic acid
levels and antisense construct decreases the
erucic acid levels

Zebarjadi
et al. (2006)

RNAi knockdown of
FAE1

B. napus Greatly decreased levels of erucic acid,
Largely increased levels of oleic acid,
slightly increased PUFA

Shi et al.
(2015)

GLSs Silencing of MAM
gene family

B. napus
Canola

Reduction of aliphatic GLSs and total GLS
content

Liu et al.
(2011)

Overexpression of
STM gene

B. napus Reduction in seed GLS levels Elhiti et al.
(2012)

One of the seven and
four of 12 GTR
orthologs

B. napus Decreased GLSs by 70% in B. rapa and B.
juncea

Nour-Eldin
et al. (2017)

Targeted silencing of
BjMYB28
transcription factor
gene

B. juncea Decreased GLSs Augustine
et al. (2013)

Redirection of
tryptophan into
trytamine

B. napus Lower levels of tryptophan derived indole
GLSs

Chavadej
et al. (1994)

Tocopherol c tocopherol methyl
transferase cDNA

Arabidopsis Increased seed alpha tocopherol Yusuf and
Sarin (2007)

Phyatate Phy A and app A
genes

A. niger Lowers the phytate Wang et al.
(2013)

Phy and Bar genes – Phytase activity 3–20 fold higher Li et al.
(2019)

Fiber Suppression of COMT
gene

B. napus Decrease in ADF and NDF Oraby et al.
(2015)
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24Advances in Breeding Strategies
for Improving Stress Tolerance
in Brassicas

Pratibha Pant, S. Hamsa, and Jagreet Kaur

Abstract

Brassica juncea, a major crop of the Indian
subcontinent, is gaining greater acceptance
worldwide especially in the low rainfall areas
due to its better performance under semi-arid
conditions, low pod shattering and tolerance
to abiotic and biotic stresses. Despite several
years of focussed research aimed at improving
yield, the commercial growth of Indian mus-
tard has been facing stagnation in productiv-
ity. This has been further compounded by
severe yield losses caused by abiotic and
biotic factors. The integrated information from
various omics-based approaches can signifi-
cantly contribute to increasing the genetic gain
and decrease the time taken to achieve more
precise improvement in agronomic traits. This
chapter provides a glimpse of the core
omics-based technologies that have been used
in Brassicas for screening pre-breeding mate-

rial, identifying stress tolerance QTLs in
natural accessions, mapping populations,
introgression lines and how these have
improved our current understanding of the
mechanisms adopted by the host in mitigating
abiotic and biotic stresses. The chapter sum-
marizes how the data generated through high
throughput genotyping and phenotyping
approaches, GWAS, comparative genomics,
transcriptomics and metabolomics have been
integrated to identify candidate genes for
improving the Brassica response to various
biotic and abiotic stresses.

24.1 Introduction

Brassica genus members are globally among the
ten most economically important crops. They are
used for food, fodder, industrial purposes, phy-
toremediation of heavy metals and biodiesel
production (Thakur et al. 2019; Poveda et al.
2020). The worldwide production of oilseed
Brassicas is second to soybean. In 2018, the
production of oilseed Brassica reached 75 million
tonnes and was cultivated over 38 million acres in
63 countries (Cantila et al. 2021). Rapeseed
(Brassica napus) is cultivated more extensively in
Canada, Australia, Europe and China, whereas
Indian mustard (B. juncea) is predominantly

Pratibha Pant, S. Hamsa—Contributed equally.

P. Pant � S. Hamsa � J. Kaur (&)
Department of Genetics, University of Delhi,
South Campus, Benito Juarez Road, Dhaula Kuan,
New Delhi 110021, India
e-mail: jagreet@south.du.ac.in

P. Pant
e-mail: pratibha.pant@south.du.ac.in

S. Hamsa
e-mail: shamsa@south.du.ac.in

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
C. Kole and T. Mohapatra (eds.), The Brassica juncea Genome, Compendium of Plant Genomes,
https://doi.org/10.1007/978-3-030-91507-0_24

439

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_24&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_24&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_24&amp;domain=pdf
mailto:jagreet@south.du.ac.in
mailto:pratibha.pant@south.du.ac.in
mailto:shamsa@south.du.ac.in
https://doi.org/10.1007/978-3-030-91507-0_24


cultivated in the Indian subcontinent. Presently,
B. juncea is grown as a major crop in Bangladesh,
Central Africa, China, India, Japan, Nepal, Pak-
istan and some parts of Russia. The worldwide
country-specific distribution of B. juncea has
been enlisted in the Invasive Species Com-
pendium (CABI 2021; FAOSTAT). B. juncea has
several advantages over B. napus such as low
water requirement, ability to grow under harsh
conditions, enhanced tolerance to biotic stresses,
lower pod shattering and higher oil and protein
content. Similar to Brassica carinata, it has
shown potential to be used for biofuel production
and industrial usage. These advantages have led
to a rapid increase in cultivation area in low
rainfall countries like Canada and Australia
(Burton et al. 2007).The estimated area, produc-
tion and yield of rapeseed-mustard across the
world were reported as 30.74 million hectares,
59.93 million tons and 1950 kg/ha, respectively,
during 2009–10 which increased to 36.59 million
ha, 72.37 million tons, and 1980 kg/ha, respec-
tively, in 2018–19 (Jat et al. 2019).

Despite its economic importance, the pro-
ductivity of oilseed mustard has not increased
significantly in the last ten years to meet the
current edible oil demands. The stagnation in
production trend is partly due to several biotic
and abiotic constraints that have been challeng-
ing crop yields (All India coordinated research
project on Rapeseed-mustard: research highlights
2019–20, DRMR; www.drmr.res.in). Addition-
ally, the changing climatic conditions, in the
form of increased temperature and erratic rain-
falls, especially in the semi-arid regions has
enhanced the incidence of yield losses due to
both biotic and abiotic stresses.

24.2 Various Biotic and Abiotic
Stresses Faced by Brassicas

Plants routinely encounter several biotic and
abiotic stresses in the environment—fungi,
arthropods, aphids, insects and drought, salinity,
cold/frost, high temperature and heavy metals
throughout their life span. Among the various
biotic constraints, Alternaria leaf blight caused

by the necrotrophic fungal pathogen Alternaria
brassicae, stem rot (SR) caused by an aggressive,
generalist fungal pathogen Sclerotinia sclerotio-
rum, white rust caused by obligate biotrophic
oomycete Albugo candida, downy mildew
caused by Peronospora brassicae, powdery
mildew caused by Erisyphae are the major ones
affecting the B. juncea productivity globally.
Additionally, major insect pests—aphid L. ery-
simi, mustard sawfly (Athalia proxima) and
painted bugs (Bagrada hilaris) also negatively
impact the oilseed Brassica productivity. Com-
bined biotic stress comprising pests, pathogens
and weeds causes approximately 45% loss of
yield on annual basis (Sekhon and Brar 1997).

Besides biotic stresses, abiotic stresses like
drought, soil salinity, extreme temperatures,
presence of heavy metals or mineral imbalance in
soil, etc. also adversely affect the Brassica crop
productivity and the quality of oil produced.
Drought and salinity cause hyperosmotic stress
that impedes physiological and biochemical
reactions (Paul et al. 2019). A combination of
both drought and salt stress alters the redox
homeostasis in the cells, vacuole ion sequestra-
tion, cellular energy, chloroplast formation,
impacts the electron transport chain (ETC) and
subsequently the photosynthesis (Alamri et al.
2020). The exposure of plants to high tempera-
tures during the reproductive stages—‘terminal
heat stress’ mainly due to late sowing, inhibits
the photosynthesis process and increases disease
incidence, leading to lower seed weight and
yield. Alternatively, cold stress causes membrane
rigidification, excessive Ca2+ accumulation, thus
altering plant cellular homeostasis. The various
prevalent abiotic and biotic stresses plaguing B.
juncea productivity are enlisted in Table 24.1.

Besides cultural practices, chemicals and
biological/genetic resistance form the common
multi-pronged strategy to tackle the menace of
pathogens and pests that severely impacts crop
productivity. Unfortunately, the indiscreet use of
agrochemicals has negatively impacted the
environment and the diversity of crop species.
Once again, the emphasis is shifting back
towards breeding for resistance. The success of
both classical and unconventional breeding
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Table 24.1 Main stresses in Brassica production

Brassicaceae
pathogen

Yield loss Mode of action and
symptom

Plant stage
affected

References

White rust (Albugo
candida)

20–60% loss in
India, Australia,
Canada

Airborne Rosette
leaves, pods

Arora et al.
(2019a)

Blackleg
(Leptosphaeria
maculans)

10–0% globally Airborne via spores; off-
white lesions, canker

All stages Cantila et al.
(2021)

Alternaria sp. 32–50%% (India) Airborne; necrotic lesions
with concentric rings,
chlorosis

Flowering
stage leaves,
stems, and
branches

Meena et al.
(2010)

Clubroot
(P. brassicae)

1–45% globally Galls, wilting due to
nutrition loss

Roots Dixon (2009)

Sclerotinia
sclerotiorum

5–100% globally in
B. juncea; Impacts B.
napus in Australia,
Canada, China,
Europe, and India

Soil-borne (via sclerotia),
airborne (spores)

Flowering
stage stems,
branches,
and leaves

Singh et al. (2021)

Downey mildew
(Hyaloperonospora
brassicae)

50–100% globally Chlorosis, brown lesions Seedling
and rosette
stage leaves

Saharan et al.
(2017)

Powdery mildew
(Erysiphe
cruciferarum)

25–30% loss
globally

Airborne; grey/white
patches on leaf and stem

All stages Uloth et al. (2018)

Aphids 35–96% yield loss in
mustard in India

Phloem feeding via
aphids

All growth
stages

Kumar et al.
(2017), Dotasara
et al. (2018)

Beet western yellow
virus (BWYV)

35–46% in canola in
Europe and Western
Australia

Stunting, purple/red
lower leaves; via aphids

All growth
stages

Jones et al. (2007)

Turnip yellow virus >40% loss in
rapeseed crops
globally; 19.26%
loss in B. juncea var.
rugosa

Stunting, mosaic pattern,
necrotic spots

All growth
stages

Congdon et al.
(2019)

Orobanche
aegyptiaca

15–49% loss in
mustard in India,
80% in France, 5–
100% in semi-arid
regions

Wilting, nutrition loss
due to competition

NA Véronési et al.
(2009), Jat and
Singh (2018), Das
et al. (2020, Das
Laha et al. 2020)

Abiotic stress

Drought 29.5% seed loss
(reduced silique
number and seeds
per silique), 31.7%
oil loss

Hyperosmotic stress that
affects vacuole ion
sequestration and cellular
energy

All stages Ahmar et al.
(2019)

Heat NA Wilting, reduction in seed
weight and seeds per
silique; disturbs plant
cellular homeostasis

All stages Bhatia et al.
(2020)

(continued)
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approaches mainly relies on the available vari-
ability in the crop population/diversity sets for a
particular trait, followed by selection, availability
of high-density genetic maps for mapping the
locus, high-throughput genotyping and robust
phenotyping platforms.

24.3 Classical Breeding Strategies
for Improving Stress Tolerance

Significant efforts have been made in the past to
improve Brassica crops for resistance against
biotic and abiotic stresses through plant breeding.
Most of the studies related to the identification of
resistance/tolerance quantitative trait loci (QTLs)
against various stresses in Brassicas have used
bi-parental populations derived from a cross
between parents with contrasting traits. The ease
of making the doubled haploid population in
Brassicas through microspore culture has short-
ened the time taken to develop immortal segre-
gating populations for identification of the QTLs
associated with the trait. In the past, several

QTLs have been identified for resistance against
white rust (Panjabi-Massand et al. 2010), black-
leg (Kaur et al. 2009; Larkan et al. 2016b),
Sclerotinia stem rot (Wu et al. 2013), clubroot
(Suwabe et al. 2003, 2006) using the polymerase
chain reaction (PCR)-based molecular markers.
However, due to the limited number of markers
available, the QTLs identified had very poor
resolution and thus had a very limited impact on
breeding programs aimed at improving stress
tolerance, especially where the trait was poly-
genic and quantitative.

Considering the limited variability available
within the natural Brassica germplasm,
researchers had used a mutation breeding
approach to introduce novel genetic variability
(Parry et al. 2009). Somaclonal variations were
also tapped into to identify biotic and abiotic
stress resistance lines (Sacristan et al. 1988; Kirti
et al. 1991; Liu et al. 2005). Since sources of
resistance to major diseases are elusive in the
primary gene pool, the secondary gene pool
represented by the wild relatives has been
explored as a potential source of usable genetic

Table 24.1 (continued)

Brassicaceae
pathogen

Yield loss Mode of action and
symptom

Plant stage
affected

References

Salinity 38% reduction in oil
content in B. juncea;
60–80% reduction in
seed yield

Hyperosmotic shock,
ROS production

Seed
germination
and seedling
stage

Alamri et al.
(2020)

Cold Anthocyanin production,
Plasma membrane
rigidification, Ca2+

accumulation, wilting

Seedling
and pod
filling stage

Sinha et al.
(2015), Lohani
et al. (2020)

Heavy metal stress
Pb

Reduced growth and
yield

Oxidative stress and
damage inhibited plant
growth and chlorophyll

All stages Zhang et al.
(2020a)

Cadmium Reduced growth and
yield loss

Growth retardation, leaf
chlorosis, and necrosis;
disruption of absorption
and movement of
essential ions, inhibition
of photosynthesis,
respiration, and ROS
detoxification

All stages Alessandro et al.
(2013), Zhang
et al. (2021)

Arsenic Growth and biomass
reduction

ROS production All stages Thakur et al.
(2020b)
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variation. Alien gene transfer has been exploited
to broaden the gene pools and harness the
available genetic variability within the closely
related species. Introgression of various agro-
nomic traits, including tolerance for biotic and
abiotic stresses, from the wild-type relatives and
allied species into the oilseed rape and rapeseed
has been attempted for a long time (Quezada-
Martinez et al. 2021). As with other breeding
approaches, the introgression of a single major
dominant gene has been more successful in
comparison to polygenic traits influenced by
environmental factors. Several single, dominant
R genes conferring resistance against white rust
and black rot defined within the B. juncea
germplasm were introduced into elite varieties
following conventional marker-assisted back-
cross breeding approaches (Quezada-Martinez
et al. 2021). Similarly, the appropriate quantita-
tive resistance against blackleg has been intro-
duced to the cultivated varieties (Rahman et al.
2016). Resistance to stem rot identified in the
wild relatives Erucastrum cardaminoides,
Diplotaxis tenuisiliqua and E. abyssinicum have
been introgressed into B. napus and B. juncea
using wide hybridizations followed by embryo
rescue or ovule/ovary culture (Garg et al. 2010).
Three major QTLs for SR resistance identified in
B. incana have been introgressed into B. napus,
and a 35% gain in resistance has been recorded
(Mei et al. 2020). Similarly, introgression of SR
resistance from B. fruticulosa to B. juncea has
been successful as lines with around 60%
restricted lesion expansion as compared to the
wild type have been identified. Successful
transfer of B genome residing resistance against
blackleg being from B. rapa subspecies silvestrys
to B. napus has been reported (Yu et al. 2012).

Several groups have reported their attempts to
improve resistance against Alternaria leaf blight
using intergenic somatic hybridization between B
juncea and Sinapis alba (Kumari et al. 2017). In
vitro ovary and ovule culture were attempted to
rescue the embryos from the intergenic crosses.
Protoplast fusion has also been used for trans-
ferring resistance against Alternaria leaf blight
from Sinapis alba to B. napus and B. juncea
(Kumari et al. 2020). Reports of successful

introgressions against blackleg resistance from B.
juncea to B. napus (Roy 1984; Sacristan and
Gerdemann 1986) and from B. nigra to B. napus
(Struss et al. 1992; Chèvre et al. 1997). More
recently, the C genome residing resistance
against S. sclerotiorum has been transferred from
B. oleracea to B. napus (Mei et al. 2020).The
introgression of flavonoid-associated resistance
against cabbage seedpod weevil available in S.
alba to B. napus was also reported (Lee et al.
2014).

However, the rate at which these genetic gains
are made indicates that the reliance on these
approaches alone is not enough to meet the
increasing demands of edible oil. Therefore,
efforts have been made in developing the high
throughput omics platforms to accelerate the
breeding programs.

24.4 Advancing the Brassica
Genomics Resources

The six important species of the brassicas, i.e. the
diploid species B. rapa (AA, 2n = 20), B. nigra
(BB, 2n = 16) and B. oleracea (CC, 2n = 18),
and the cultivated allo tetraploid species B. jun-
cea (AABB, 2n = 36), B. napus (AACC,
2n = 38) and B. carinata (BBCC, 2n = 34) are
closely related to each other and the U’s triangle
explains the evolutionary relationship between
them (Nagaharu 1935). Advancements in next-
generation sequencing (NGS) and integrating
the single-molecule long-read technology
(SMRT), optical mapping, Hi-C sequencing have
enabled the near-complete, highly contiguous
chromosome-level genome assemblies of all the
six species of the U’s triangle.

Paritosh et al. (2020) and Perumal et al. (2020)
used Oxford Nanopore sequencing technology
(ONT), Illumina sequencing and optical mapping
to identify 57,249 protein-encoding genes in the B
genome (522 Mb) of B. nigra. A comparative
analysis of the B genomes of B. nigra and B. jun-
cea showed a high gene colinearity and similarity
in the gene block arrangements within them and a
clear divergence from the A and C genome.
Combining the PacBio SMRT sequencing with
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optical mapping facilitated the assembly of the
922 Mb genome of the B. juncea var. Varuna
(AABB) and revealed a total of 79,108 annotated
genes. It also reported higher Long Terminal
Repeats (LTR)/Gypsy retrotransposon content in
the B genome component as compared to the A
genome. Both the A and B genome components
showed high colinearity with their progenitors
(Paritosh et al. 2021). The 442.9 Mb genome
assembly of the B. rapa estimated 45,985 protein-
encoding genes within the genome. The study also
identified a new LTR-RT (long terminal repeat-
retrotransposon) expansion event in the B. rapa
genome that occurred 1.2 bn years ago (Zhang
et al. 2018). The recent high-quality genome
assembly of B. napus variety ZS11 provides
valuable insights into the structural and evolu-
tionary aspects (Chen et al. 2021). The recent
addition of the high-quality genome assemblies for
B. oleracea (Cai et al. 2020;Guo et al. 2021) andB.
carinata (Song et al. 2021c) also provide a trea-
sured resource to understand the evolutionary
relationship between the six species of the U’s
triangle. The available genomic resources enable
the researchers to address the possible events that
might have occurred at the genomic level during
the evolution and domestication of these species.
The sequence information for all the six species is
available at the BRAD database (http://brassicadb.
cn/) and Brassica Genomics Database—BGD
(http://brassicadb.bio2db.com/), Bolbase: pro-
vides a comprehensive database for Brassica
oleracea (Yu et al. 2013).

Although the reference genomes for all the
representative species of the U’s triangle are now
available, however, they do not adequately rep-
resent the genetic variation present within and
between species. The reduced sequencing cost
and improved genome assembly algorithms have
stimulated the sequencing of several individual
genomes of a species. Golicz et al. (2016)
sequenced nine morphologically distinct varieties
of B. oleracea and a wild relative—Brassica
macrocarpa. Sequence comparison among these
revealed several novel single nucleotide poly-
morphisms (SNPs), presence–absence variations
(PAVs), Indels within the elite accessions as well
as the wild type which were missing from the

reference genome. Incorporating all the existing
variation amore representative pan-genome for B.
oleracea has been constructed and is available at
http://appliedbioinformatics.com.au/gb2/
gbrowse/BolePan/. Another similar study carried
out a genome-wide comparative analysis of eight
B. napus genomes to identify core, dispensable
and specific gene clusters. It also helped identify
PAVs responsible for silique length, seed weight
and flowering time (Song et al. 2020). A Pan-
genome thus ensures a more holistic reference
genome and allows a single reference point to
study the genetic variation within a species ulti-
mately leading to the identification of novel
genes that could be missing from a single refer-
ence genome. Besides SNP information, it also
provides novel information/insights about the
structural variations like PAVs, copy number
variations (CNV), inversions, etc. Pangenomic
study of resistance genes (R genes) in B. napus
and B. oleracea also revealed significant struc-
tural differences (Bayer et al. 2019; Dolatabadian
et al. 2020). BnPIR (Brassica napus Pan-genome
Information Resource), a comprehensive data-
base forming a pan-genome of 1688 B. napus
accessions has been curated (Song et al. 2021a).
A similar construction of the B. juncea pan-
genome is the need of the hour and will provide
opportunities for agronomic trait improvement.
Sequencing of B. oleracea wild species B.
macrocarpa also uncovered the presence of
additional genes which have been lost in the
cultivated elite varieties during domestication.
Therefore, in the future, the construction of a
super pan-genome, comprising of the complete
pan-genomes and including wild relatives will
give a complete picture of the existing genetic
variation (Khan et al. 2020).

24.5 Advanced Genotyping
Platforms in the Genomics Era

Molecular marker-based linkage maps for several
Brassicas including B. juncea have been devel-
oped for trait mapping. In the pre-genomics era,
researchers had mainly used low-throughput
PCR-based markers—RFLP, RAPD, AFLP,
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SSR and IP markers. Moreover, the density of
these markers was not sufficient to develop sat-
urated linkage maps which had a direct conse-
quence on the resolution of the trait-associated
QTL identification. Additionally, the introgres-
sion of the larger genomic region was invariably
associated with linkage drag. The reduced cost of
high-throughput genome sequencing and
advanced comparative analysis/programs have
opened up new opportunities/platforms to
incorporate a multitude of genome-wide DNA
markers for crop genotyping. This has resulted in
accurate genotyping of populations and diversity
sets generally using SNPs.

24.5.1 Genome-Dependent
Genotyping Systems:
SNP Infinium Array

Whole-genome resequencing (WGRS) at low
depth (1-5X), called Skim-sequencing has
allowed the identification of a large number of
good quality intra- and inter-specific SNP and
InDel markers without any bias (Bayer et al.
2015). Based on 52,157 SNPs available in B.
napus, the International Brassica SNP Consor-
tium developed an Illumina Infinium™ 60K SNP
array which can simultaneously genotype
between 3000 and 1 million polymorphic sites
for a single sample (Clarke et al. 2016). This
chip-based genotyping is highly preferred due to
its easy sample preparation, data generation,
analysis and reproducibility. It has since been
upgraded to the 90K Illumina Infinium Array to
include B. carinata genome markers as well, thus
providing a comprehensive representation of all
the three subgenomes (A, B, and C) (Zou et al.
2018). It is more of a closed system where
existing SNPs can be tested across several
accessions and germplasm but no new SNP
could be identified. Infinium arrays have been
used in several studies for mapping QTLs and
identifying candidate genes for biotic and abiotic
stress tolerance like blackleg resistance (Larkan
et al. 2016a), black rot resistance in B. oleracea
(Lee et al. 2015), stem rot resistance (Wu et al.

2016), salinity and drought tolerance (Tan et al.
2017), drought response (Fletcher et al. 2015),
water stress tolerance (Zhang et al. 2015).
However, the limitation of Infinium array is that
the SNP information is drawn from a single or
few genomes representing each subgenome so
the diversity is not well represented.

24.5.2 Sequence-Independent
Genotyping Approaches

In the absence of the pan-genome sequence
information genotyping by sequencing (GBS),
RAD seq, and DArTseq strategy enable SNP
mining across multiple samples. Unlike chip-
based assay, these techniques are open-ended
approaches where new variations present between
accessions can be identified. These approaches
have been successfully adopted across crop plants
due to their generic nature. These approaches
involve digesting the entire genome with a
methylation-specific restriction enzyme, followed
by adapter ligation, PCR amplification and
sequencing the pool of amplified amplicons using
NGS. Further, multiplexing the sequencing using
the barcodes makes the whole process cost-
effective. In addition to SNP, one can also iden-
tify small insertions, deletions and microsatellite
markers as well (Baird et al. 2008; Elshire et al.
2011). GBS can identify SNPs with low minor
allele frequency (MAF). GBS has been especially
recommended for high-throughput genotyping
for polyploid species including Brassicas.

The SNPs identified can be converted to high
throughput Kompetitive Allele-Specific PCR
(KASP) assays that are based on competitive
allele-specific PCR to detect polymorphisms at a
specific locus. KASP markers were utilized for
detecting 1167 polymorphisms in 70 inbred lines
of B. rapaL. subsp. chinensis. A combination of
GBS and KASP assays has also assisted in
mapping resistance genes in B. rapa and B.
napus and analyse genome-wide variations
(Cheng et al. 2016; Fu et al. 2019; Karim et al.
2020). These two are generally used as comple-
mentary approaches.
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24.6 Advances in High-Throughput
Phenotyping Platforms:
Phenomics

Huge data sets being generated by the genomics
need to be correlated with a large-scale collection
of phenotypic data under varying environmental
conditions to understand the genotype �
environment-related traits. Functional phe-
nomics involves developing a phenotypic plat-
form to analyse the genetic trait in a population
that improves our understanding of big data
analytics at different growth and development
stages of the plant (Dwivedi et al. 2020). The
major bottleneck in phenomics is the develop-
ment of high-throughput reliable and efficient
phenotyping tools for screening huge popula-
tions, especially for stress biology where manual
phenotyping is laborious and requires proper
training (Marsh et al. 2021). A commercial
imaging device morphological analysis tool
(MAT) was developed to allow accurate repre-
sentation of plant geometric characters like leaf
shape and leaf projected area in Arabidopsis.
Multi-sensor imaging tool, growth-imaging
approach, pulse-modulated chlorophyll fluores-
cence imaging and carbon isotope discrimination
have been utilized to study drought stress in
Arabidopsis. Another phenomics method of
infrared thermography to screen osmotic and
drought tolerance in economically important
crops has gained importance in recent years
(Furbank and Tester 2011). Image-based phe-
nomics and digital biovolume were adopted to
study genetic variation to salinity stress and water
stress in wheat and tomato (Danzi et al. 2019).
A phenotypic dataset generated by an automatic
phenotyping platform along with Genome-Wide
Association Studies (GWAS) and transcriptome
revealed major genetic loci involved in drought
resistance in cotton (Li et al. 2020a).

For biotic stress, phenomics has been applied
to explore various aspects of phenotyping plant
health through differences in disease severity,
metabolic changes, phytohormone quantification
through biosensors, quantification of pathogen
mass and examining parameters related to plant

biomass mainly on the field level (Mahlein et al.
2012). Imaging of chlorophyll fluorescence and
fluorescence spectroscopy was developed for
selecting resistant genotypes and accessing
molecular changes in leaves at early infection
stages in plant–fungal interactions (Scholes et al.
2009).

Phenotyping tools which are non-destructive
like volume of flowers, total triose phosphate use
and Vcmax for carboxylation rate of RuBisco
have been applied in Brassica to understand the
behaviour of various genotypes under heat or
drought stress at early reproductive stages (Chen
et al. 2019). It was used to study various bio-
physical and agronomic traits and phenotype root
architecture in Brassica napus (Shi et al. 2013;
Jaradat 2018; Arifuzzaman et al. 2019).
Recently, a new low-cost and non-destructive
tool electrical impedance tomography (EIT) was
developed to visualize the development of roots
of B. napus infected with P. brassicae (Corona-
Lopez et al. 2019). Another platform, SeedGerm,
was able to process multiple image series of
germinating seedlings by scoring the timing of
radical emergence and measuring various mor-
phological traits in B. napus varieties. In com-
bination with associative transcriptomics,
SeedGerm was able to identify a gene involved
in abscisic acid (ABA) signalling (Colmer et al.
2020). Phenomics platforms have helped breed
for aphid resistance where traditional methods
for estimating plant resistance and tracking the
feeding behaviour of aphids through electrical
penetration graph (EPG) are laborious and have
associated drawbacks. A high-throughput video
tracking platform was established for screening a
large diversity set to identify lines resistant to
aphid and other phloem-feeding insect pests
(Kloth et al. 2015). Since aphids also transmit
plant viruses, Chen et al. (2012) developed a
quick and efficient method to identify mutant
lines resistant against the aphid Myruspersicae
using turnip yellow virus as a reliable indicator.
Hayat et al. (2010) selected salt-tolerant varieties
of B. juncea based on photosynthetic attributes.
Owing to the limitation of digital imaging in field
setup, a machine-based phenotyping tool, real-
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time plant phenotyping (RTPP) has been devel-
oped for identifying physical and biochemical
changes in plants which can be a potential tool to
explore various parameters in Brassica under
field conditions when subjected to biotic stress
(Arunachalam and Andreasson 2021). However,
the utilization of advanced phenomics approa-
ches is still in infancy in the B. juncea research.

Publicly accessible database like Plant Geno-
mics and Phenomics Research Data Repository
(PGP) has been started to submit and share the
experimental phenotype data (Arend et al. 2016).
A centralized repository Brassica Information
Portal has been established for efficient storage
and management of phenotypic data collected
from various breeding and research experiments
on Brassica crops (Eckes et al. 2017). Advances
in phenomics through ariel phenotyping plat-
forms, machine learning, artificial intelligence
and robotics can address the challenges faced by
ground-based platforms for multi-stress pheno-
typic data analysis in future crop breeding pro-
grams (Song et al. 2021b).

24.7 Omics-Facilitated QTL
Identification
and Characterization

Although the conventional linkage mapping has
effectively identified several QTLs associated
with stress tolerance in Brassicas, the major
drawback is that it can capture the allelic diver-
sity available between the two contrasting par-
ents only and the genomic resolution has
limitations too.

24.7.1 Association Mapping Studies

Linkage disequilibrium (LD) mapping or asso-
ciation mapping (AM) has opened an advanced
platform for identifying polymorphisms associ-
ated with a trait in the large natural diverse gene
pool. Since the approach utilizes thousands of
ancestral recombination events that have accu-
mulated over generations to draw statistically

significant marker-phenotype associations, the
resolution of the QTL identified is high (Fan
et al. 2006). GWAS has the potential to identify
the causative mutation or at least provide tightly
linked markers. The resolution of the QTLs
identified by AM depends upon the extent of
genetic variation available in the population, size
of the diversity set, the density of markers,
population structure and kinship.

Several GWAS studies have been carried out
to predict loci conferring resistance to Brassica
crops in response to pathogen infection.
A GWAS study in 167 B. juncea lines identified
seven SNPs associated with rlm6 mediated
resistance against L. maculens on chromosomes
A07 and B04. Sixteen candidate R genes were
predicted in the region-5 on chromosome A07 (4
of the LRR-RLK type and 1 LRR-RLP type) and
11 on chromosome B04 (2 NLR genes, 3 LRR-
RLK, and 6 LRR-RLP genes) (Yang et al. 2021).
To study the genetic basis for S. sclerotiorum
resistance to B. napus, GWAS was carried out
using 448 B. napus accessions and 26 SNPs
corresponding to 3 loci—DSRC 4, DSRC 6 and
DSRC 8—were identified. Of these, the DSRC 4
and 8 were found to be novel loci, and 39 can-
didate genes were also predicted in these loci
(Wu et al. 2016). Another study utilized 347 B.
napus accessions and the 60K Brassica SNP
array to associations for resistance to S. sclero-
tiorum. Seventeen such SNPs and candidate
genes—glucosidase, PR-2 genes, LR family R
genes, ZFP type transcription factor and indole
glucosinolate methyltransferase (IGM) were
identified (Wei et al. 2016). In B. juncea–Eru-
castrum cardaminoides introgression lines har-
bouring the genomic region responsible for S.
sclerotiorum resistance, six resistance-conferring
loci were identified in both the A and B genomes.
A GWAS of 84 Introgression lines identified
several SNPs associated with resistance—a
majority of which lay on chromosomes A03 and
A06. The linked genetic regions were annotated
to be responsible for HR, signal transduction
pathways and anti-fungal proteins and metabo-
lites. 885 kb and 74 kb regions on chromosome
A03 and B03, respectively, were found to house
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a clustering of SNPs conferring stem rot resis-
tance (Rana et al. 2017).

Similarly, the genetic variation responsible for
drought stress tolerance was studied using
GWAS and identified 314 closely associated
novel markers. These were found to contain 85
genes orthologous to drought-responsive genes
in A. thaliana (Khanzada et al. 2020). Another
study genotyped 66 accessions using 25,495
SNP markers and identified 16 loci associated
with the water stress response. They identified 11
genes homologous with A. thaliana that were
upregulated during water stress—LEA family
genes, MAPKKK, Caleosin-related family genes.
To study the genetics of salt stress in B. napus, a
GWAS study was conducted in 368 accessions,
which were genotyped using the 60K Array. The
study yielded 75 SNPs associated with four salt-
tolerance-related traits that mapped into 25
QTLs. Additionally, 38 potential candidate genes
were also identified in the regions associated
with salt tolerance including aquaporins, tran-
scription factors and enzymes (Wan et al. 2017).
Sandhu et al. (2019) identified 24 SNPs for seed
yield traits associated with terminal heat stress.
Breeding programs aimed at lead (Pb) tolerance
in Brassicas have been restricted due to the
limited availability of information regarding the
molecular mechanisms governing Pb tolerance
and detoxification. Aiming to study lead toler-
ance in B. napus, a GWAS study was conducted
using 472 accessions to identify the genetic loci
responsible for the same. The study identified six
Pb-tolerant genotypes and four QTLs conferring
this resistance. Promising candidate genes con-
ferring Pb resistance—glutathione transferases,
ubiquitin-specific proteases, aminotransferases
and heavy metal-associated isoprenylated plant
proteins induced in tolerant accessions upon
encountering Pb stress were also identified
(Zhang et al. 2020a).

To reduce the efforts involved in genotyping
and phenotyping large diversity sets while iden-
tifying SNP-trait associations, the GWAS is
modified to extreme phenotype GWAS (XP-
GWAS) which measures allele frequencies in
two bulks of individuals representing the
extreme phenotypes selected from the

association/diversity panel to identify SNP-trait
association. XP-GWAS was first used in maize to
identified 145 trait-associated variants (TAVs),
which were comparable to the conventional
GWAS (Yang et al. 2015). Recently, XP-GWAS
and allele frequency diversity divergence
(AFDD) was utilized to identify SNP variation in
virulent (vcr2) pathotype and avirulent (Avcr2)
Cronartium ribibola and identify effector candi-
date genes through BSA RNA-Seq (Liu et al.
2021).

24.7.2 Associative Transcriptomics
(AT)

Although GWAS is efficient in identifying the
causative sequence variation associated with a
trait, the analysis has its limitation when it
comes to polyploid crops with complex gen-
omes. Thus to circumvent the genome com-
plexity issue, the associative transcriptomics
(AT) approach correlates the variation in the
quantitative trait with the SNP markers identified
by mRNA seq/Exomeseq and has been widely
used in polyploid crops including Brassicas
(Harper et al. 2012). There are some limitations
of detecting SNPs through transcriptomics
which include the inability to provide informa-
tion on noncoding RNAs and missing SNPs
which have low transcript expression. AT has
been useful in dissecting associations with trait
variation in B.napus in several traits like yield,
oil content, erucic acid, flowering time, glu-
cosinolate and anion homeostasis (Harper et al.
2012; Havlickova et al. 2018; Xiao et al. 2019;
Jian et al. 2020). Extending this approach to
stress biology, recently (Huang et al. 2020b)
identified 22 candidate genes by analysing
genetic variation for photosynthetic gas
exchange parameters under freezing stress in
123 accessions of B. napus. Of the 22 candidate
genes, transcriptome analysis further narrowed
down to one probable candidate BnTR1 which
was later characterized to enhance freezing tol-
erance in Arabidopsis. GWAS of five B. napus
varieties combined with transcriptome identified
polymorphisms at five loci consisting of 38
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genes and the major role of photosynthesis and
oxidative stress mechanisms associated with
freezing tolerance after deacclimation (Horvath
et al. 2020). Hejna et al. (2019) used 245
accessions of B. napus and dissected out 86
SNPs to be significantly associated with the
clubroot disease resistance. These SNPs were
located in nine loci (7 minor and 2 major)
indicating a quantitative nature of resistance and
a further transcriptomics approach identified 82
candidate genes from these loci which may be
involved in resistance to clubroot. Harper et al.
(2020) established AT in B. juncea by creating a
pan transcriptome reference from 204 accessions
for association studies in important agronomic
traits. A similar pan transcriptome platform for
B. napus representing the A and C genome had
provided novel insights into the genome struc-
tural variation during the evolution of the poly-
ploidy crop (Harper et al. 2012).

24.7.3 Comparative Genomics:
Aiding Gene Discovery
for Improving Stress
Tolerance

The whole-genome sequence information avail-
able from all the six cultivated species of Bras-
sicas along with the model plant Arabidopsis has
revealed the evolutionary relationships and
structural conservation between the homologous
chromosomes of the three subgenomes A, B, C
(Paritosh et al. 2021). Given the close phyloge-
netic relationship comparative analysis offers
means to identify genes with probable functional
equivalence which can then be the starting point
for dissecting the molecular pathway involved in
several agronomic traits including stress toler-
ance. The molecular dissection and in-depth
understanding of various processes involved in
stress tolerance in the model plant Arabidopsis
have revolutionized the field of comparative
genomics in Brassicas. However, the complex
genome organization of the Brassica genomes
poses difficulties in identifying the orthologous
relationship of genes between genomes. Never-
theless, comparative mapping of genomic

regions, defined by GWAS, AT and traditional
mapping associated with agronomic traits in
Brassicas, with A. thaliana genome helps in the
identification of potential candidate genes.

Most of the initial comparative genomic
studies were focussed on B. rapa and B. napus;
however, due to the presence of desirable traits
like better tolerance to heat, drought, salinity,
heavy metal accumulation and resistance to seed
shattering and the recent improvements in the
available genomics resources has brought
B. juncea to the forefront as well.

Comparative analysis of B. napus and Ara-
bidopsis unraveled the importance of phospho-
lipase genes BnaPLDa1s and BnaPLDds in
drought stress (Lu et al. 2019); similarly role of
transport inhibitor response1/Auxin signaling, F-
box protein (TIR1/AFB) genes in B. juncea var
Tumida (Cai et al. 2019), and role of Jas-
monate ZIM domain proteins (JAZ) genes—re-
pressors of the JA mediated pathway in the
abiotic and biotic stress response—were identi-
fied in the B. juncea genome (Cai et al. 2020). A.
thaliana PHT genes encoding H2PO4

−/H+ co-
transporters are well characterized for their role
in the absorption and transport of inorganic
phosphorus for growth, development and pro-
tection against heavy metals accumulation.
A comparative study of the phosphorus trans-
porter (PHT) in Brassicas identified 85 genes in
B. juncea while 54 were found in B. rapa and 55
in B. nigra. The expression pattern of PHT genes
also varied under As3+ and Cd2+ stress in
B. napus indicating a role for the genes in heavy
metal stress response (Wan et al. 2020). Simi-
larly, 130 multidrug and toxic compound extru-
sion (MATE) genes responsible for the
metabolism of organic acids and toxic com-
pounds were identified in the B. juncea genome,
while 85 and 79 were identified in B. rapa and
B. nigra, respectively, and 23 genes also showed
colinearity with A. thaliana genes. To investigate
the role of Brassica MATE genes in heavy metal
detoxification their expression patterns were
studied under arsenic and cadmium stress in
B. napus. Group 1, 2 and 4 MATE genes were
found to be induced under stress, while Group 3
genes were suppressed (Qiao et al. 2020).
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Similarly, 12 Salt Overly Sensitive (SOS) path-
way genes were identified in B. juncea var.
Tumida based on their homology with A. thali-
ana SOS genes. The different SOS genes encode
for Na+/H+ anti-transport proteins, serine/
threonine-protein kinase and Ca2+ binding pro-
teins which help in ion sensing and efflux. All the
predicted genes were responsive to salt stress at
12 h and several genes were induced under low
temperature and P. brassicae infection (Cheng
et al. 2019). Phylogenetic analysis of B. juncea
heat shock factors (HSF), NAC transcription
factors and SOD genes with other Brassica spe-
cies have been analysed to understand their role
in various stress mechanisms (Verma et al. 2019;
Li et al. 2020b; Jiang et al. 2021).

24.7.3.1 R Gene Studies
The host resistance genes form the most essential
component of the plants innate immune system.
They detect pathogen virulence factors (Avr
genes) leading to hypersensitive response and
activation of various defence-related genes.
However, when genetically uniform lines with a
single R gene conferring resistance against a
pathogen is used year after year on a large scale,
there are chances that the resistance is defeated
by newly emerging pathogen races. Therefore,
there is a need for constantly upgrading the R
gene arsenal in the breeder’s kitty and deploying
multiple R genes than a single R gene to reduce
the selection pressure on the pathogen. Pange-
nomic studies have shown a large amount of
variability and dispensability among host R
genes indicating the need for a large repertoire to
compensate for resistance breakdown and selec-
tion pressure of the arms race. However, the
complex genome of polyploidy B. juncea pre-
sents a major challenge for the isolation of
individual genes.

Bioinformatically, R genes can be identified
using homology-based methods—BLAST,
sequence alignment with R gene database
(PRGdb) or domain sequence homology. Due to
the larger allotetraploid genome and evolutionary
gene duplication events, B. juncea and other
Brassicas was found to contain a larger number
of genes as compared to other plants, including

its progenitors-289 NLR genes were found in the
B. juncea genome, along with 202 genes in B.
rapa and 282 in B. nigra. 24% B. juncea R genes
contained all the typical R genes structural ele-
ments—TIR/CC, NBS, LRR, while the rest were
partially deleted or truncated (Inturrisi et al.
2020). Their identification and evolutionary
understanding has been further aided by the
development of robust and user-friendly pipeli-
nes such as RGAugury that enables the genome-
wide identification of R gene analogues (RGAs),
potential R gene candidates based on conserved
domains and motifs (NB-ARC, LRR, TM
Domains, STTK, Lysin motifs, CC and TLR
domains) (Li et al. 2016). Genome-wide analysis
in B. juncea of the two RGAs classes receptor-
like kinases (RLK) and receptor-like proteins
(RLPs) identified 493 RLKs and 228 RLPs (LRR
and LysM type) mainly resulting from duplica-
tion events; they were found to have a 83.62%
and 41.98% conservation with their progenitors.
Other R genes identified in various Brassicaceae
members (genome and RGA-pan-genome) have
been reviewed in (Zhang et al. 2020b). Several
softwares utilizing bioinformatics pipelines like
NLGenomeSweeper and AgRenSeq were devel-
oped to identify R genes. A large number of
RGAs have also been identified in the wild rel-
ative B. macrocarpa, strengthening the observa-
tion that a large R gene base and variability is
available in wild crop relatives and land races
that can be exploited for crop improvement (Neik
et al. 2020).

Targeted sequencing where only the region of
interest or apart from the whole genome can be
enriched before sequencing offers a potential
method to detect R gene variants in natural
populations which is done by resistance gene
enrichment sequencing (Ren-Seq). This approach
has been applied to identify new NBS-LRR
genes in potato, wheat and to identify SNP
markers associated with resistance to Phytoph-
thora infestans (Jupe et al. 2013). Several mod-
ifications of traditional Ren-Seq like MutRen-
Seq, MutChromSeq and AgRenSeq were useful
to discover new R genes independent of map-
based cloning and transfer of R genes from wild
relatives to domesticated crops (Sánchez-Martín
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et al. 2016; Steuernagel et al. 2016; Arora et al.
2019b). PacBio sequencing-based SMRT-Seq
was utilized to construct a pan-NLRome using
64 accessions of Arabidopsis which revealed the
process of evolution of NLR in terms of their
diversification and selection patterns (Van de
Weyer et al. 2019) and also to analyse sequence
variation and presence/absence of various WRR
(white rust resistance) alleles in a MAGIC pop-
ulation of Arabidopsis (Cevik et al. 2019).

Since Ren-Seq has been widely used in Ara-
bidopsis, it can be a potential method for build-
ing a pan-RGAome or NLRome in Brassica to
understand the complexity of R gene analogues
and mechanisms of disease resistance (Zhang
et al. 2020b). Such detection and discovery of
orthologous genes along with a phenotype–
genotype correlation can also help us in identi-
fying lines resistant to several stresses.

The availability of high-quality reference
genomes of several important pathogens of
Brassicas like L. maculans (Dutreux et al. 2018),
S. sclerotiorum (Derbyshire et al. 2017), A.
brassicae (Rajarammohan et al. 2019), P. brassi-
cae (Daval et al. 2019), A. candida (Links et al.
2011) has facilitated the prediction of a large
number of effectors which may play a crucial role
in pathogenesis. Several bioinformatics programs
have been developed to predict effector proteins
based on their structural features/domains such as
EffectorP.2.0 and EffHunter (Sperschneider et al.
2018; Carreón-Anguiano et al. 2020). These pre-
dicted effectors can also be effectively deployed to
screen the crop germplasm and wild species to
facilitate the detection of the cognate R gene.

24.7.4 Comparative Transcriptomics:
Towards Candidate
Gene Identification

Extracting and decoding information on differ-
ential expression of variant and regulatory genes,
major pathways involved in stress regulation,
understanding gene regulatory networks through
systems biology are being explored in recent
years (Kole et al. 2015). Initially, Arabidopsis
cDNA microarrays were used to examine

transcriptional responses in Brassica (Dalyan
et al. 2017) and later Brassica-specific oligonu-
cleotide arrays like Br135K Brassica rapa
oligonucleotide array was used to unravel regu-
latory mechanisms under cold stress and profil-
ing of transgenic lines against Proteobacterium
carotovorum (Jung et al. 2014). Since the array
design required sequence information was
involved with high cost and provided inconsis-
tent results, they have failed to gain importance
in the field of transcriptomics (Lijuan et al.
2013). On the other hand, RNA sequencing, a
high-throughput technique generates complete
transcriptome information at a greater depth and
coverage facilitating in-depth analysis of tran-
scriptome at the whole genome level (Mortazavi
et al. 2008).

Transcriptomics studies in the stress biology
field have provided insights on the role of redox
signalling, SOS pathway, ABA pathway and
calcium signalling in salt-tolerant B. juncea
(Srivastava et al. 2011; Sharma et al. 2015).
Sinha et al. (2015) obtained de novo assembly of
transcriptome data of cold stressed siliques and
revealed the role of protein kinases and various
transcription factors like CBF, ICE1, ICE2,
DREB, CAMTA3, LEA and other cold responsive
genes (COR) in stress tolerance at early and late
developmental stages. The role of these genes
has also been well established in B. napus and B.
rapa in freezing or cold stress (Jung et al. 2014;
Pu et al. 2019; Jian et al. 2020). Similarly,
comparative RNA-Seq integrated with systems
biology, proteomics and metabolomics has
revealed the role of several genes in heat stress
(Yue et al. 2021) and heavy metal stress
(Mourato et al. 2015).

Identifying potential candidates involved in
tolerance to more than one stress is essential for
engineering multiple abiotic and biotic stresses.
Bhardwaj et al. (2015) explored genome-wide
transcriptome changes in B. juncea seedlings
against two crucial abiotic stresses high temper-
ature and drought to elucidate common genes
and pathways. Gene duplication and alternative
splicing are common in polyploids like Brassica,
and transcriptome combined with bioinformatic
approaches has been useful in exploring new
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duplicated allelic variants responsive to multiple
stresses like SOS, PYL and SOD involved in salt,
drought, low temperature and high temperature
in B. juncea (Cheng et al. 2019; Verma et al.
2019; Das Laha et al. 2020).

Transcriptomics has also played a crucial role
in monitoring the molecular mechanisms
involved in the complex interactions between the
pathogen or pest infecting Brassica. It provides an
in-depth understanding of cellular mechanisms
involved in providing innate and systemic
acquired immunity in response to several biotic
stress responses. Transcriptomics has also
expanded our knowledge on non-host disease
resistance mechanisms in plant–pathogen inter-
action where resistant sources are not known yet
(Fatima et al. 2019). Dual RNA-Seq to study
gene expression simultaneously in both plant and
pathogen and Bulk Segregant RNA-Seq (BSR-
Seq) of varieties with contrasting phenotype are
advanced approaches used to identify probable
candidate genes through transcriptomics
(Westermann et al. 2012; Fu et al. 2019). Chu
et al. (2014) combined traditional fine mapping
with transcriptomics to unravel quantitative dis-
ease resistance in B. rapa against clubroot disease
and Qasim et al. (2020) fine mapped 36 probable
candidate genes from three overlapping QTLs
contributing to stem rot resistance. RNA-Seq
analysis provided insights on resistance mecha-
nisms in B. napus recombinant inbred lines
(RILs) developed by pyramiding two clubroot-
resistant genes (Shah et al. 2020). Transcrip-
tomics along with establishment of pan-genome
and identification of RGA can be a potential
approach to characterize and validate R genes in
B. juncea against pathogens and pests. Due to
paucity of resistant sources in Brassica against
aphid, initial transcriptome studies were per-
formed in Arabidopsis (Bhattacharya 2019).
Recently, comparative transcriptomics implicated
the differential role of various transcription fac-
tors, oxidative stress genes, glucosinolate path-
way, and secondary metabolites in the feeding
efficacy of two aphids in B. juncea (Duhlian et al.
2020). Ento(o)mics have been widely used for
deciphering defence-related mechanisms against
insect pests (Zogli et al. 2020).

For improving our current understanding of
stress-related machinery, gene expression profil-
ing of microRNA and long noncoding RNAs
(lncRNA) are also gaining importance in recent
years. In recent years, several microRNAs have
been identified to be involved in various abiotic
and biotic stress in Brassica sp. through the
RNA-Seq approach (Bhardwaj et al. 2015; Zhu
et al. 2019; Ahmed et al. 2020) In biotic stress,
lncRNA has been reported to play a crucial role
in defence response against S. sclerotiorum in B.
napus and also in abiotic stress like heat and
drought (Joshi et al. 2016; Bhatia et al. 2020).

24.7.5 Metabolomics

For adapting to biotic and abiotic stresses, the
plants modulate the production and accumulation
of primary and secondary metabolites for suc-
cessful adaptation to stress. Therefore, a com-
prehensive exploration of metabolome
perturbations associated with stress sensitive and
tolerant germplasm/variety/landraces can provide
insights into various metabolic networks
linked/associated with stress (Parida et al. 2018).
Analytical methods like mass spectrometry
(MS) and nuclear magnetic resonance
(NMR) combined with supervised and multi-
variate analysis are promising tools to understand
the complexity of metabolites under various
stress conditions. Due to limited information in
Brassica, Arabidopsis has played a central role in
expanding our knowledge on key metabolic
pathways regulated under abiotic and biotic
stress (Razzaq et al. 2019). Differences in
metabolites, especially glucosinolate which are
important defence regulators in the Brassicaceae
family have been studied in various Brassica
species through metabolomics (Misra 2016;
Arena et al. 2020; Liu et al. 2020). Integrating
metabolic profiling with QTL and mGWAS has
been used for predicting the association between
genetic polymorphisms and concentration of
metabolites (Dumas 2012). Metabolomics com-
bined with the systems biology approach is
emerging as a potential tool to explore the role of
metabolites in resistance to plant–pathogen
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interaction (Neik et al. 2020) and is being
established as an important tool for genomics
assisted breeding for crop improvement (Fernie
and Schauer 2009). Since metabolomics is not
completely understood in B. juncea, we can
integrate the knowledge available from related
Brassica crops (Table 24.2).

24.8 Omics-Assisted Breeding:
Accelerating Crop
Improvement

Conventional or pedigree breeding efforts have
yielded positive results in developing superior
varieties in Brassica but integrating omic tools
with traditional methods can speed up the pro-
cess of breeding. Advances in genotyping and
phenotyping platforms has provided immense
scope for discovering genome-wide markers and
construction of high-density linkage maps to
identify QTLs of interest and applying them in
marker-assisted breeding (MAB)/marker-assisted
selection (MAS). Still, there are some limitations
in MAS such as linkage drag which refers to
introgression of undesirable traits along with the
desired ones, transfer of multiple traits, and thus
has not been successfully employed to improve
complex traits (Hu et al. 2021). To overcome
these limitations, genomic selection (GS), a spin-
off from genome-wide association genetics can
be employed for addressing quantitative and
polygenic traits in breeding programs. GS is
defined in terms of genetic value or estimated
breeding values (EBVs) derived from genome-
wide markers and predicts accuracies based on
interactions between the genotype and the envi-
ronment (G * E) in a large population (Cowling
and Balázs 2010; Varshney et al. 2017). It is
advantageous over MAS, especially for complex
traits as it does not require identifying markers
linked to QTL for a trait of interest, it is less time
consuming and has higher accuracy (Gemenet
et al. 2020). GS has enabled identification of
superior genotypes in polyploid crops like wheat
(Arruda et al. 2016), Brassica (Würschum et al.
2014) and legumes (Varshney et al. 2017). Since
most of the abiotic stress and some biotic stress

(fungal diseases) in Brassica are complex, GS
can be widely implemented to enhance the yield
of Brassica crops and to dissect R genes since
plant resistance to biotic stress is governed by
several major and minor quantitative genes.

24.8.1 Gene Editing (GEd)

As discussed in the preceding sections, functional
and comparative genomics have identified several
candidate genes, from the Brassicas and their wild
relatives, that are involved in biotic and abiotic
stress responses. The knowledge about these
regulatory pathways and candidate genes drawn
from the multidimensional omics approach needs
to be translated to develop new varieties or
improve the elite cultivars with desired traits.
Thus, genome editing has emerged as a promising
technology for developing cultivars with
improved stress-related traits (Kumar et al. 2021).
CRISPR-Cas9 technology has been based on the
borrowed knowledge of bacterial type II acquired
immune system and has been established for
several economically important diploid and
polyploid crops including Brassica (Osakabe and
Osakabe 2015; Pacher and Puchta 2017). The
efficacy of CRISPR-Cas9 to induce mutation at
one or multiple loci has been tested in B. napus
(Chang et al. 2021), B. rapa (Jeong et al. 2019),
B. oleracea (Ma et al. 2019) and B. campestris
(Xiong et al. 2019). Huang et al. (2020a) simul-
taneously targeted multiple copies of the FADS2
gene to induce allelic variations in oleic acid and
fatty acid levels in B. napus. This technique was
effectively utilized for multiplex genome editing
of WRKY11 and WRKY70 genes involved in
biotic stress in canola (Sun et al. 2018). Similarly,
since plant hormone ethylene plays an important
role in abiotic stress tolerance, targeting multiple
ethylene response factors through CRISPR-Cas9
is a promising strategy to develop multiple abiotic
stress-tolerant crops (Debbarma et al. 2019). In
addition to gene knockout, the CRISPR-Cas9-
based techniques have also been developed for
transcriptional regulation in the plant which can
be deployed to activate or suppress the expression
of stress-related genes identified through
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Table 24.2 Metabolic studies to investigate abiotic and biotic responses in Brassica

Species Stress Method Major findings References

B. juncea Cadmium HPLC, MS-
QTOF

Upregulation of phosphoglycolate:
role of photorespiration

D’Alessandro
et al. (2013)

Aluminium Biochemical
analysis

Upregulation of antioxidants such
as SOD, CAT, APX, GR, GST

Ahmad et al.
(2018)

Alternaria
brassisicola

NMR
spectroscopy

Spirobrassinin is a major
phytoalexin and accumulation of N-
acetyl-3-indolylmethanamine due to
detoxification of brassinin by the
pathogen

Pedras et al.
(2009)

Phosphate,
phosphite

HPLC Modulation of secondary
metabolites glucosinolates and
flavonoids regulation of nitrate
concentrations

Trejo-Téllez
et al. (2019)

Photosynthetically
Active Radiation
(PAR)

Biotic stress HPLC Major role of indole glucosinolates
after exogenous application of
biotic elicitors

Augustine and
Bisht (2017)

B. napus Drought Biochemical
analysis

Increase in phenols, flavonoids,
tocopherol in drought-resistant
varieties

Rezayian et al.
(2018)

Drought HPLC Increase in glucosinolate content Jensen et al.
(1996)

Low carbon-di-
oxide

GC-MS, UPLC-
MS, MRM
HPLC-MS

Changes in fatty acid metabolism,
jasmonic acid biosynthesis, starch
and sucrose metabolism and redox
regulation

Geng et al.
(2017)

Cadmium LC-MS Role of anthocyanins, lignans, cell
wall saccharides, jasmonic acid,
ethylene and vitamin B6 in
tolerance to cadmium

Mwamba
et al. (2020)

Cold or low
temperature

UHLC/MS/MS2
and GC-MS

Transgenic plants overexpressing
phospholipase C2 accumulated
higher levels of maltose and
unsaturated fatty acids at subzero
temperatures, elevation of
myoinositiol, raffinose, flavonoids
under acclimatizing conditions

Nokhrina
et al. (2014)

Sclerotinia
sclerotiorum

High levels of linoleate and
linolenate, precursors of JA
pathway

Heat or high
temperature

GC-MS Increase in the level of sugars in
heat tolerant genotypes

Koscielny
et al. (2018)

Plasmodiphoa
brassicae

LC-MS Role of citric acid and
gluconasturtiin in resistance

Wagner et al.
(2019)

Fusarium
oxysporum and F.
germanium

RP-UHPLC-
PDA-ESI-MS

Role of glucosinolates when
infected with pathogenic and non-
pathogenic fungi

Andini et al.
(2019)

(continued)
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transcriptome analysis (Lowder et al. 2015). The
advances in genome editing technology, the
yield, quality and plant type-related traits that
have been targeted and the bottlenecks in B.
napus have been reviewed (Chang et al. 2021).
Genome editing has not been extensively used in
B. juncea but with the availability of genome
sequence and refined gene annotations, these
methods can be established to further characterize
and engineer multiple abiotic and biotic stress
response candidate genes in B. juncea.

Due to bottlenecks in stable transformation
techniques and off-target mutations in the tradi-
tional CRISPR-Cas9 method, DNA-free gene
editing approaches have been introduced. In this
method, pre-assembled ribonucleoprotein
(RNP) complexes consisting of sgRNA and Cas9
are delivered into the genome through protoplast
or particle bombardment (Park and Choe 2019).
Murovec et al. (2018) used this method to suc-
cessfully induced high mutation frequencies in
two endogenous genes of B. oleracea and
B. rapa.

Besides modulating the susceptibility
factors/genes to improve disease resistance, the
CRISPR-Cas9 approach has been extended to
mutate virulence genes in pathogens to

functionally validate the effectors and predict
their target in the host. It has been successfully
used to create a loss of function mutant for
virulent genes in S. sclerotiorum to implicate
the role of mutated genes in development and
virulence (Li et al. 2018). Recently, a deletion
mutant in the AvrLm7 of L. maculans caused a
loss in pathogenicity in B. napus genotypes not
carrying the cognate Rlm7 gene (Zou et al.
2020).

The various techniques used in unravelling
B. juncea stress biology have been diagrammat-
ically summarized in Fig. 24.1.

24.9 Improving Stress Tolerance
Through Genetic Engineering
(GE)

The lack of natural resistance source in the related
Brassica germplasm for fungal diseases like
Alternaria blight, stem rot, powdery mildew,
aphid resistance, Orobanche resistance and abi-
otic stress tolerance has driven the genetic engi-
neering interventions for improving Indian
mustard (Thakur et al. 2020a, b). Although,
transgenics have a lower acceptance in society

Table 24.2 (continued)

Species Stress Method Major findings References

B. nigra Herbivory attack GC and LC TOF
MS

Accumulation of glucosinolates,
syngirin, TCAAs and depletion of
amino acids after herbivory attack

Papazian et al.
(2019)

B. rapa Putella xylostella
and Spodoptera
exigua

Two-
dimensional
NMR

Increase in levels of sinapic acid,
ferulic acid and gluconapin

Widarto et al.
(2006)

F. oxysporum NMR
spectroscopy

Infected plants accumulate more
flavonoids, phenyl propanoids and
fumaric acid

Abdel-Farid
et al. (2009)

Leptosphaeria
maculans and F.
oxysporum

HPLC Role of indole and aliphatic
glucosinolates in two different
cultivars after infection

Abdel-Farid
et al. (2010)

Drought Increase in the levels of amino acids
alanine and aspartate

Good and
Zaplachinski
(1994)

B. oleracea Xanthomonas
campestris pv.
Campestris

GC-MS, LC-MS,
NMR

Increase in alkaloids, coumarins and
sphingolipids after pathogen
infection

Tortosa et al.
(2018)
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due to several misconceptions, it can be a bene-
ficial tool to accelerate the development of plants
resistant to abiotic and biotic stresses as it is faster
in comparison to conventional breeding tech-
niques. Additionally, it also removes the natural
barriers involved in pyramiding inter-species
traits. Table 24.3 showcases the glimpses of the
use of genetic engineering in biotic, abiotic stress
tolerance and phytoremediation in B. juncea.

24.10 Conclusions

The availability of reference genome sequence
information for all three subgenomes (A, B and
C) of Brassica along with the sequence for the
model plant Arabidopsis can be extensively uti-
lized for evolutionary and diversity analysis,
construction of high-density linkage maps, QTL

identification of various stress-related traits. The
high-throughput omics and reliable phenotypic
data have provided momentum for a sustainable
crop improvement program in oilseeds by iden-
tifying candidate genes followed by functional
validation through gene editing, exploring the
role of various signaling and metabolic networks
in stress tolerance. Efforts are now needed for
capturing the complete genetic diversity within
the species as well in the related wild crop spe-
cies to develop pan-genome and super pan-
genome. This will allow the breeders to more
precisely apply genomic selection (GS), in con-
jugation with speed breeding (SB) for improving
biotic and abiotic stress associated traits in
Brassica varieties. The establishment of gene
editing techniques in various Brassica spp. has
made precision breeding a popular choice for
introducing genetic variation in the genome and

Fig. 24.1 Various omics-
based techniques used in
unraveling and improving
B. juncea biotic and abiotic
stress response
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Table 24.3 Table enlisting the biotic and abiotic stress tolerant transgenic B. juncea developed

Biotic stress tolerant B. juncea transgenics

Pest/pathogen Source of
transgene

Protein encoded Impact Mode of action
of transgene

References

Sclerotinia
sclerotiorum

T. harzianum Chitinase 42
(chit42)

Reduced
lesion
formation

Chitin
degrading
enzyme
(Hydrolyses b,
1–4 linkage)

Ojaghian
et al.
(2020)

Barley Oxalate oxidase
(Boxo)

11–42%
reduction in
lesion

Degrades
pathogen
oxalates

Verma and
Kaur
(2021)

Synthetic
chimera of
cecropin A and
melittin cationic
antimicrobial
peptides (msrA1)

56–71%
protection
against S.
sclerotiorum

Membrane
antagonists

Rustagi
et al.
(2014)

Alternaria
brassicae,
Alternaria
brassicicola

T. virens Endochitinase
(ech42)

Delayed onset
of infection;
30–73%
reduction in
infection area

Degrades fungal
cell wall
chitinase

Kamble
et al.
(2016)

Alternaria
brassicae
Erysiphe
cruciferarum

B. juncea Non-repressor of
pathogen-related
(NPR1)

Delayed onset
and reduced
disease
severity

Activation of
SA mediated
defence

Ali et al.
(2017)

Alternaria
brassicae

msrA1 A synthetic
chimera of
cecropin A and
melittin cationic
antimicrobial
peptides

44–62%
reduction in
A. brassicae
hyphal
growth, 69–
85%
protection in
transgenics

Membrane
antagonist

Rustagi
et al.
(2014)

Hevea
brasiliensis

Lectin Increased
latency
period;
reduced
necrosis
lesions,
disease
intensity, and
delayed
senescence

Bind to
carbohydrates
and act as a
defence tool

Kanrar
et al.
(2002)

Chickpea Lectin 30–60%
reduced
infection;
enhanced
tolerance to
salinity and
drought

Fungal cell wall
carbohydrate
immobilization

Kumar
et al.
(2015)

(continued)
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Table 24.3 (continued)

Class I chitinase 12–56%
reduction in
in vitro
colony size,
reduced
disease onset
and lesions

Fungal cell wall
degradation

Mondal
et al.
(2003)

Barley Class II chitinase
and ribosome
inactivating
protein (RIP)

44%
reduction in
fungus
mycelia
in vitro;
reduced
disease onset
and lesion

RIP inactivate
foreign
ribosomes

Chhikara
et al.
(2012)

Tomato Class I glucanase 15–54%
reduction in
mycelial
growth,
delayed and
reduced
lesions

Hydrolyses
fungal cell wall
glucans

Mondal
et al.
(2007)

A. brasisicola NA NIC (Synthetic
chitinase)

15–20%
reduction in
fungal growth
following leaf
extract
treatment

Cell wall
degradation

Munir
et al.
(2016)

Albugo candida B. juncea WRR1 (CC-NB-
LRR) R gene

Complete
resistance
against 6
isolates

R gene Arora et al.
(2019a)

Lipaphis erysimi Colocasia
esculenta,
Galanthus nivalis

Tuber agglutinin
(CEA),
agglutinin
(GNA)-related
lectin

70–81%
increased
mortality,
reduced
fecundity
(49.35–
62.11%)

Das et al.
(2018)

Wheat Wheat germ
agglutinin
(WGA)

65–85%
mortality on
feeding

Anti-metabolic
and Insecticidal

Kanrar
et al.
(2002)

Allium sativum Leaf agglutinin
(ASAL)

Reduced
insect survival

blocks insect
gut epithelial
membrane

Dutta et al.
(2005)

Allium cepa Agglutinin
(ACA)

Increased
insect
mortality

Hossain
et al.
(2006)

Lentil Lentil lectin (LL) 40%
inhibition of
larval survival

Rani et al.
(2017)

(continued)
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Table 24.3 (continued)

Chickpea Chickpea
protease
inhibitor (CPPI)

Disrupts
assimilation of
dietary proteins

Rani et al.
(2017)

Mentha arvensis ((E)-b-
farmesene) Ebf

37.5–80%
repellence of
aphids

Sesquiterpene
compound,
component of
alarm
pheromones

Verma
et al.
(2015)

Rorripa indica Defensin (RiD) 36.67%
survival of
aphids

Insecticidal,
inhibits nutrient
uptake

Sarkar
et al.
(2017)

R. indica Nematode
resistance
protein like
homolog
(HSPRO2)

Reduced
survivability

Resistance
protein.
responsive to
oxidative stress
and SA

Bose et al.
(2019)

Plutella
xylostella

Baccilus
thuringensis

Cry1Ac + Cry1C High larval
mortality,
reduced eggs

Lysis of gut
epithelial cells

Cao et al.
(2008),
Shelton
et al.
(2008)

Abiotic stress tolerant B. juncea transgenics

Gene and mode
of action

Source Stress Impact References

Annexin
(AnnBj2);
calcium-
dependant
membrane-
binding protein

B. juncea cv.
Pusa Jai Kisan

Salinity Glucose, NaCl, and ABA
insensitivity, led to increased
chlorophylls, water content,
proline, calcium, potassium,
reduced Na+ and thiobarbituric
acid reactive species

Ahmed
et al.
(2017)

Late
embryogenesis
abundant
(LEA4-1);
osmoprotectant,
membrane
stabilizers,
antioxidant and
molecular
chaperones

A. thaliana Salinity and
drought

Enhanced salt, drought tolerance Saha et al.
(2016)

Glyoxalase I, II
(glyI, II);
convert cytotoxic
methylglyoxal
and other 2-
oxoaldehydes to
their 2-
hydroxyacids

B. juncea, Oryza
sativa

Salinity, heavy
metal, and
drought

Enhanced salinity, heavy metal
(ZnCl2), and drought stress

Saxena
(2011),
Rajwanshi
et al.
(2016)

LEAFY; flower
meristem identity
gene

A. thaliana Heat Early flowering induction to escape
terminal heat stress

Sahni et al.
(2013)

(continued)
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can further be exploited to fasten crop improve-
ment. In the future, multidimensional omics
along with a systems biology approach will
ensure the selection of specific Brassica varieties
resilient to various abiotic and biotic stresses.
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25Genome Editing in Polyploid Brassica
Crops

Mohan Varghese, Bhanu Malhotra,
and Naveen C. Bisht

Abstract

Genome editing technology like the
CRISPR/Cas9 has emerged as an excellent
and rapid plant breeding tool for exploring
basic plant biology as well as for increasing
agricultural GDPs. Although CRISPR-based
genome editing had shown its applicability in
different plant genomes since 2013, the genus
Brassica has come across this precise gene
modification tool only since 2015. In poly-
ploid Brassica species, CRISPR/Cas9 tech-
nology has been established in two major
aspects; firstly, for the functional validation of
novel genes and secondly, for improving
various agriculturally important traits, like
for example the enhancements of seed num-
bers and oil contents as well as downregulat-
ing the susceptibility genes responsible for
various abiotic and biotic stresses. With the
current chapter, we explicitly bring about all
the case studies from the advent of
CRISPR/Cas based mutagenesis in all the
species so far, of the agriculturally significant
genus Brassica from a period of half a decade

to present. The current chapter not only
combines all the CRISPR/Cas9 genome edit-
ing reports published exclusively from the
Brassica species but also succinctly discusses
the possibilities and challenges for overcom-
ing its shortcomings in the case of polyploid
crops. Additionally, we bring about the
opportunities that remain open for targeting
the key desired traits towards fulfilling the
breeding milestones of the Indian oilseed
mustard, Brassica juncea.
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25.1 Introduction

Genome editing (GE) is a type of gene modifi-
cation technique that precisely alters the genetic
codon at a specific locus using site-specific
nucleases (SSN) in species of both plants and
animals. Besides putting novel insights into the
functional genomics of an organism and the basic
biology, genome editing comes as an alternative
package to conventional breeding approaches
and as well as to genetically modified
(GM) crops. Although conventional techniques
like cross breeding, mutation breeding, and
transgenic breeding are popular crop improve-
ment approaches, they demand a lot of time,
create random mutations, and possess disadvan-
tages like bringing environmental and health
issues along with them (Chen et al. 2019; Wolter
et al. 2019). In the process of genome editing, the
mutations generated are highly specific and pre-
cise in nature and can be detected in the first
generation itself. It overcomes the pitfall of for-
eign gene incorporation, as in GM crops, by
altering few bases in an organism’s native

genome. The alterations generated by genome
editing technology are much like the changes that
are widespread in naturally occurring popula-
tions. The whole idea of genome editing is to first
create damage in the genomic sequence and then
repair it with the desired nucleotides. For this,
genome editing harnesses the native DNA repair
system of a cell, which creates either small
insertions or deletions at specific sites of a target
gene (NHEJ repair pathway) or introduces
specific sequences with desired mutations (HDR
repair pathway) (Symington and Gautier 2011).

The toolbox of genome editing comprises
various SSN dependent techniques like; engi-
neered mega nucleases (MN), zinc-finger nucle-
ases (ZFNs), transcription activator-like effector
nucleases (TALENs), the clustered regularly
interspaced short palindromic repeats/CRISPR-
associated protein 9 (CRISPR/Cas9) system and
the newly developed base editing and prime
editing approaches. MN, ZFN, and TALENS are
considered as the first-generation genome editing
tools and the promising new CRISPR/Cas9
technology is referred to as the second-
generation one (Shan et al. 2013; Manghwar
et al. 2019). These first-generation technologies
are crowned as the 2012 “Method of the Year”
by Nature Methods and CRISPR/Cas9 as the
2015 “Breakthrough of the Year” by Science
(Baker 2012; Travis 2015). Amongst all the case
studies of genome editing, the CRISPR/Cas
technology dominates over all the first-
generation genome editing tools (MN, ZFN,
and TALENS) majorly due to its simple con-
struction along with efficient delivery of its
expression cassette. Since the first use of the
CRISPR/Cas system in plants, as in rice and
common wheat, it has thereafter been widely
adopted and exploited as a precise, low cost and
easy to use genome editing tool for various
species of plants (Jiang et al. 2013; Miao et al.
2013; Shan et al. 2013; Xie and Yang 2013;
Upadhyay et al. 2013).
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25.1.1 The CRISPR/Cas Technology
and Its Principle

CRISPR/Cas technology is a newly emerged GE
technique that has been added to the plant
breeding toolkit for its ability to precisely edit
multiple genes simultaneously in complex gen-
omes of plants. This technology is designed
based on an RNA-mediated DNA targeting the
adaptive immune system, employed against the
foreign invasive elements like phage and plas-
mids by the genomes of bacteria and archaea
(Mojica et al. 2000). The principle of
CRISPR/Cas technology lies, in how this
prokaryotic adaptive immune system fights a
viral invasion. Upon infection by a virus, the
prokaryotic cell triggers a primitive immune
defense response. Any bacteria or archaea system
that happens to survive such infections cleaves
and stores short DNA sequences (30–40 bps) of
the invading pathogen with the help of endoge-
nous Cas proteins (Cas1 and Cas2) (Barrangou
et al. 2007; Sapranauskas et al. 2011). These
short DNA sequences are called protospacers
which act as a memory so that they can fight the
virus efficiently in future exposures (Charpentier
et al. 2013). Protospacers are then integrated
between the leader sequence and the first repeat
of the CRISPR array present in the CRISPR-cas
locus, found in the vast majority of sequenced
archaeal and bacterial genomes (Ishino
et al.1987; Barrangou et al.2007). Protospacer
after integration into the CRISPR array is termed
as spacer sequence and the process is called
spacer acquisition (Mojica et al. 2000; Bolotin
et al. 2005). This stage of the mechanism is
called the adaptive stage (Fig. 25.1). Followed
by the adaptive stage, the immunological mem-
ory gathered by the CRISPR array in the form of
integrated spacer sequence is transcribed into a
short precursor RNA transcript that further
undergoes endonucleolytic cleavage, referred to
as the expression and maturation stage, to yield
smaller units of RNA known as CRISPR RNAs
(crRNAs) (Fig. 25.1). These crRNAs are com-
bined with one or more Cas proteins to form the
active Cas–crRNA complex and act as a guide
for the Cas endonuclease proteins, which cleave

the foreign target DNA. The last stage of this
adaptive immune response called the interference
stage happens when the bacteria encounter a
second infection, during which this Cas–crRNA
complex recognizes a foreign nucleic acid region
that has a complementarity with the crRNA
spacer sequence (immunological memory). Suc-
cessful base pairing (Watson–Crick pairing)
between the crRNA spacer and the complemen-
tary foreign target sequence (protospacer) acti-
vates sequence-specific degradation of the
foreign nucleic acid. This hybridization is aided
by a conventional 5′-NGG-3′ or non-
conventional NAG motif (usually of 2–6 bps)
adjacent to the protospacer sequence called the
protospacer-adjacent motif (PAM) (Bolotin et al.
2005; Mojica et al. 2009). In simple terms, the
CRISPR/Cas toolkit comprises majorly of two
components: first, a guide RNA that recognizes
the target DNA of interest, and second, a non-
specific endonuclease, CRISPR-associated
(Cas) nuclease, that cleaves the foreign nucleic
acid sequence.

25.1.2 The CRISPR/Cas9 Genome
Editing System

The type II CRISPR/Cas9 complex in human
pathogen Streptococcus pyogenes is the widely
accepted nuclease protein among the genome
editing tools and is known for its precise editing
of the genomic sequence in various organisms
including the plant kingdom (Deltcheva et al.
2011). It is a simple two-component system,
comprising a single DNA endonuclease (Cas9)
and a chimeric guide RNA that base pairs with
the target sequence. Thus, by changing only the
guide RNA sequence one can virtually target any
genomic sequences of interest, making it one of
the most simplified forms of the available gen-
ome editing approaches.

The type II CRISPR-cas locus in S. pyogenes
comprises four genes of Cas nucleases (Cas9,
Cas1, Cas2, and Csn1), two non-coding RNA
elements (crRNA and trans-activating
crisprRNA (tracrRNA), and a characteristic array
of direct repeats interspaced by short stretches of

25 Genome Editing in Polyploid Brassica Crops 473



non-repetitive sequences (spacer) (Deltcheva
et al. 2011). In the CRISPR/Cas9 system, a chi-
meric single guide RNA (sgRNA) is developed
by combining the mature crRNA and the
tracrRNA with an artificial tetraloop. The crRNA
consists of a 20 nucleotide (nt) long guide
sequence complementary to the target DNA and
a repeat region (12 nt); while the tracrRNA
comprises three tracrRNA stem loop and an anti-
repeat (14 nt) region, which acts as a binding
scaffold for the Cas nuclease (Nishimasu et al.
2014). Besides the scaffold, tracrRNA has a role
in the maturation process of primary crRNA
transcript, forming an RNA duplex with the
crRNA (Deltcheva et al. 2011). The structural
studies have revealed that the interaction between

sgRNA and the target DNA gives a T-shaped
architecture (Nishimasu et al. 2014). This dual
sgRNA takes Cas9 nuclease to target any DNA
sequence upstream of a very simple 5′-NGG-3′
PAM present on the non-target strand.

PAM is a short sequence of 2–6 base pairs
that is recognized by the sequence-specific active
site present in the Cas proteins. The presence of
PAM sequence adjacent to the protospacer helps
Cas nuclease to discriminate the foreign genetic
material (non-self) from the sequence encoded by
the CRISPR array (self), thus avoiding the
CRISPR-cas autoimmunity (Mojica et al. 2009;
Gleditzsch et al. 2019). However, the use of
PAM for targeting a sequence limits the scope of
CRISPR/Cas approach to target the sequences

Fig. 25.1 Development of the prokaryotic CRISPR/Cas
adaptive immunity. The CRISPR/Cas immunity develops
through three stages; (1) Adaptation stage: When a
prokaryotic system encounters an invader for the first
time, endogenous Cas1-Cas2 complex procures a proto-
spacer from the invader DNA and uses it as an
immunological memory by integrating the protospacer
into the CRISPR-array as spacer sequence. (2) Expression
and Maturation stage: The new spacer-CRISPR array of
DNA sequence is transcribed into primary crRNA and

further processed into mature crRNAs, containing a
transcribed spacer and part of the repeat sequence. Later
this mature crRNA forms a ribonucleoprotein (RNP) com-
plex along with the Cas proteins. (3) Interference stage:
During a second infection, the crRNA-Cas RNP complex
identifies the foreign invader carrying a protospacer
sequence complementary to the transcribed spacer present
in the RNP complex. Target sequence is then cleaved by
the nuclease domain in the Cas protein
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without PAM. To relax this requirement of PAM,
studies have also discovered different variants of
Cas9 nucleases for recognizing different con-
sensus PAM sequences like; VQR-Cas9 (NGA
PAM), EQR-Cas9 (NGAG PAM), VRER-Cas9
(NGCG PAM), SaKKH-Cas9 (NNNRRT PAM),
xCas9 (NG, GAA, and GTA PAM), and SpCas9-
NG (NG PAM). Moreover, in 2020, Walton et al.
has evolved a nearly PAM-free SpCas9 nuclease
variant named SpRY, through structure-guided
mutagenesis of already developed VRQR variant
(Kleinstiver et al. 2016). SpRY variant recog-
nizes NRN (R = A or G) and NYN (Y = C or T),
thus giving rise to the most relaxed version of
PAM preference and the ability to target any
sequence. However, the SpRY variant possessed
a higher off-target tendency when compared to
the conventional SpCas9 variant (Walton et al.
2020).

The type II signature gene Cas9 encodes a
single large multi-domain protein, Cas9 (1368
amino acids) with two DNA cleavage domains:
Ruv C and His-Asn-His (HNH). Ruv C nuclease
domain cleaves the DNA strand opposite to the
target strand (non-target strand) and the HNH
domain cleaves the DNA strand complementary
to the guide RNA (target strand) (Chen et al.
2014). Cleavage by Cas9 nuclease creates
double-stranded DNA snips in the gene of
interest and triggers the two major repair path-
ways of cell: non-homologous end joining
(NHEJ) pathway and homology-directed repair
(HDR) pathway (Fig. 25.2). The basic difference
being in these two repair systems is that the latter
requires a recombining molecule, with a shared
homology region, in the cell to restore the dam-
age created by Cas nuclease, whereas the former
does not (Symington and Gautier 2011; Chen
et al. 2019).

Usually, a cell prefers the NHEJ pathway
throughout the cell cycle without any prerequi-
site for a homologous repair template, thus
making it a popular repair system for large-scale
knockout studies in plants for creating specific
deletions or insertions in the gene of interest
(Chen et al. 2019). NHEJ is an error-prone DNA
repair process, and hence insertions and deletions
(indels) are often introduced into the gene,

resulting in frameshifts and potential loss of gene
functions (Fig. 25.2). However, NHEJ repair
pathway unlike the HDR pathway lacks the
precision required for a specific genome modifi-
cation. The HDR pathway is commenced during
S and G2-phase of the cell cycle and is com-
paratively more precise in creating a desired
insertion or deletion, more specifically a point
mutation (Fig. 25.2). In the HDR pathway, the
repair template can be an exogenous DNA
molecule, besides a sister chromatid, with desired
modification to be inserted into the break site
(Salsman and Dellaire 2016). Still, the efficiency
of HDR-mediated gene editing in plants is not
equivalent to NHEJ-mediated gene modification
and its requirement for the donor molecule and
delivery remains its added limitations (Chen
et al. 2019). Nevertheless, the HDR-mediated
gene targeting has been introduced in plants
either through positive–negative selection pro-
cedure as in rice or by increasing the donor
template copies by using Gemini virus-mediated
delivery in tomatoes (Terada et al. 2002; Cĕrmák
et al. 2015).

25.1.3 The Genus Brassica
and CRISPR Technology

Brassica is an agronomically important genus
that comprises a number of species and sub-
species whose different parts shoots, leaves, roots
(like turnip roots), or seeds are utilized for con-
sumption purposes across the world. Not only the
vegetative parts of the plants but also their seeds
are merchandised predominantly for oil produc-
tion of the country accounting for approximately
25% share in total oilseed productions of India
(Jat et al. 2019). Seeds from oilseed Brassicas are
also used as protein-rich meals to feed cattle and
are widely utilized for condiment purposes in
meals. The Brassica genus, thus, includes crops
that find use as both food and fodders possessing
immense contribution in shaping the health
benefits and taste characteristics for human con-
sumptions (Punetha et al. 2020). The Brassica
crops are represented via a U’s triangle that
contains six plant species that possess three
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diploids: Brassica rapa (AA), Brassica nigra
(BB), and Brassica oleracea (CC), along with
three amphidiploid species: Brassica juncea
(AABB), Brassica napus (AACC) and Brassica
carinata (BBCC), that arose after the natural
interspecific hybridizations of the former three
diploid species (Nagaharu 1935). Further breed-
ing and domestication have created different
agriculturally significant morphotypes across
Brassica species, like for example B. oleracea
which includes brussels sprouts, broccoli, cab-
bage, cauliflower, kale, kohlrabi, savoy cabbage;
the species of B. rapa include morphotypes of
Chinese cabbage, turnips, pak choi and oilseeds;
and B. napus possess rapeseed (Canola), fodder
rape, and rutabaga (Cheng et al. 2016). Out of
which the rapeseed Canola is economically the
most important oilseed crop with second-highest
production levels after soybean (USDA 2021).
Besides the importance of these Brassica crops in
India and different parts of the world, modern
biotechnological approaches still appear to be
lacking for their breeding and research outputs.

In polyploid Brassica species, every ortholog
of a gene from the model plant A. thaliana is
represented by a minimum of two or more
homologs with redundant functions. Thus, tar-
geted genome editing of even a monogenic trait
in Brassica species requires multiplexing to
combine the mutated homologs belonging to the
constituent subgenomes for obtaining a desired
phenotypic effect. Conventional chemical and
irradiation mutagenesis creates single mutations
in either one or the other homolog, with a very
low possibility of obtaining double mutations. In
many such cases, the desired effect is not
achieved, and this demands the use of repeated
crossing and backcrossing approaches which can
be further time-consuming. Here an excellent
example comes from sinapine biosynthetic pro-
cess, were knocking out a single homolog had no
measurable effect, where the double mutant
produced after backcrossing showed a reduction
of sinapine in B. napus (Emrani et al. 2015).
Therefore, the ability of a sgRNA to knock out
gene families as brought about in this chapter

Fig. 25.2 DNA repair pathways associated with
CRISPR/Cas gene editing. The double-stranded break
(DSB) created by CRISPR/Cas system in the DNA causes
genomic modifications by one of the two major DNA
repair pathways: Homology-directed (HDR) and Non-

homologous end joining (NHEJ) pathways. HDR path-
way uses the homologous repair template with the desired
changes to be incorporated into the DSB, while the NHEJ
repair pathway is associated with the occasional insertion
or deletion (called indels) at the cut site
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offers superior possibilities to classical mutage-
nesis, without any, minimum, or no off-target
effects, making CRISPR a promising approach to
be used in breeding programs of Brassica crops.

The CRISPR technology has been used
widely for different plant species, but its utiliza-
tion for genome editing of Brassica crops came
into light with the first report in 2015 (Lawrenson
et al. 2015). Thus, the CRISPR/Cas 9 system has
been utilized for only half a decade until now for
the precise genome editing of Brassica crops.
CRISPR had been used to infer gene functions,
breeding of agriculturally important traits for
higher yield and quality, and also recently for
pathogen resistance in Brassica species
(Lawrenson et al. 2015; Braatz et al. 2017;
Okuzaki et al. 2018; Sun et al. 2018; Zhang et al.
2019; Zheng et al. 2020; Zhai et al. 2020;
Pröbsting et al. 2020). As genetic analysis in
Brassica species is desired to fulfill both the
basic and applied research goals, therefore tech-
nologies like CRISPR/Cas9 offer a hopeful yet
challenging future in Brassica crops. Such tech-
nologies are significantly important because of
their ability of simultaneous alterations of several
homologous gene copies that are needed to
characterize and evolve promising agronomic
traits in Brassica crops (Fig. 25.3).

25.2 CRISPR/Cas9 Based Genome
Editing in Brassica Crops

CRISPR/Cas9 remains well exploited in various
species of plants ranging from the simplest
model plant to the polyploid crop species like
wheat, cotton, etc. (Chen et al. 2019; Manghwar
et al. 2019). The application of the technology
for the first time in Brassica crops was published
in 2015 and since then it has revolutionized the
breeding objectives of Brassica species from
genomics to the translational levels. As it began
the initial studies, the CRISPR/Cas9 based gen-
ome editing in Brassica crops focused on the
validation of technology using various marker
genes as well as for exploitations of the screening
strategies to establish the tool in these Brassica
species. Later the use of this technology was

expanded to target various important traits for
yield and quality improvements and most
recently for developing abiotic and biotic resis-
tance in the Brassica genus. In most of the
published reports since 2015, in the genus
Brassica, the crop of choice out of all the Bras-
sica’s U’s triangle species for CRISPR-based
genome editing was majorly the rapeseed crop,
B. napus. The lack of genetic variation in the
current genetic pool of cultivated rapeseed, and
its ability to serve as the major cash crop sup-
porting the national income make B. napus a
hotspot for CRISPR-based applications. Based
on all the published reports on CRISPR and its
applications in Brassica crops so far, we here
reviewed a total of 13 articles on the various
aspects for which CRISPR was used in Brassica
species from its onset to the present.

25.2.1 CRISPR/Cas9 Validation
as a Genome Editing
Tool in B. oleracea

In the year 2015, the CRISPR/Cas9 gene editing
technology was initially validated in B. oleracea,
by targeting previously well-characterized GA4
gene homologs (Lawrenson et al. 2015). The
loss-of-function mutants of A. thaliana GA4
show a semi-dwarf phenotype and are required
for efficient seed dispersal (Arnaud et al. 2010).
In consistent with the CRISPR/Cas9 efficiency,
the GA4-edited B. oleracea lines by
CRISPR/Cas9 were found to possess modifica-
tions in the T0 generation itself, at both the
genotype and the phenotype levels. For instance,
in the T0 generation, dwarf phenotype lines with
a series of mutant alleles at the targeted regions
were obtained. Theoretically, RNA-guided Cas9
induced mutations should be stably inherited in
the advanced generations from their parental
generations. However, practically, the stable
transmission of CRISPR-induced mutations
depends upon many factors such as the extent of
mutations in the germ-line cells, the Cas9 activ-
ity, and the promoters used for the expression of
sgRNA-Cas9 cassette (Feng et al. 2014) and
hence, variations do exist in the transmission of
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Cas9 induced mutations. This was also evident in
the case of GA4-edited T1 and T2 lines, where
Lawrenson et al. (2015), observed that the
CRISPR-induced mutations were not strictly
transmitted to the next generation from all the
independent transgenic events. Simultaneously,
the CRISPR-edited B. oleracea lines also
showed variations in the intensity of mutations
between the targeted regions of GA4 homologs.
These variations are accounted for the differences
in the efficiency of the guide RNAs used to target
the GA4 regions and the gRNA efficiency also
depends upon the unique nucleotide sequence
and its secondary structure (Uniyal et al. 2019).
One of the highlights of the CRISPR/Cas9
applications in crop species is the effortless
removal of the T-DNA in successive generations
by either self-pollinating or crossing with the
wild-type, thereby minimizing the regulatory
load and facilitating commercialization. In this
context, Lawrenson et al. (2015) had successfully

obtained transgene-free plants with stable GA4
mutations in the T2 generations by employing
the CRISPR/Cas9 toolkit.

25.2.2 Validation of Multiplexing
Feature of CRISPR/Cas9
Tool in B. napus

The functional studies involving gene character-
izations could be ineffective in cases of polyploid
crops where multiple homologs determine a trait.
This can be resolved by exploiting the multiplex
feature of the CRISPR/Cas9 technology, wherein
a sgRNA can be used to target multiple homo-
logs simultaneously. A case study by Yang et al.
(2017), assessed the potentiality of CRISPR-
based multiplex editing in B. napus. The study
targeted 12 genes, namely four paralogs of
REPRESSOR OF GA1-3 (RGA) gene, three par-
alogs of FRUITFULL (FUL) gene, and five

Fig. 25.3 Target genes, target organs, and traits for the
Brassica juncea crop improvement in terms of yield,
nutritional quality, abiotic and biotic resistance by
CRISPR/Cas9 mediated genome editing. MAX1,
MORE AXILLARY GROWTH; AP1, APETALA; FT,
FLOWERING LOCUS; CLV1, 2 and 3, CLAVATA homo-
logs; IND, INDEHISCENT; ALC, ALCATRAZ; ARF18,

AUXIN RESPONSE FACTOR 18; DA1, encodes ubiquitin
activated peptidase; FTA, FARNESYLTRANSFERASE A;
ERA1, ENHANCED RESPONSE TO ABA1; GI,
GIGANTEA; SAP, STRESS-ASSOCIATED PROTEIN;
FAD2, fatty acid desaturase 2; ITPK, encodes tetrakispho-
sphate kinase;WRKY70, plant-specific transcription factor;
CRT1a, a plant-specific fungus susceptibility factor
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paralogs of DA2 and DA1 genes (DA:
LARGE IN CHINESE) involved in gibberellin
signaling, silique dehiscence, and organ size
regulation, respectively in B. napus. Considering
the complexity of the polyploid genomes, the
CRISPR/Cas9 editing could be overloaded for
precise editing in B. napus. However, it was well
surveyed that the genome size does not signifi-
cantly influence the efficiency of targeted gen-
ome editing by the CRISPR/Cas9 system (Xie
and Yang 2013) and this fact was also evident
from the observed CRISPR-based mutation fre-
quencies in all the paralogs targeted in B. napu-
sas well (Yang et al. 2017). Another common
situation faced in crop species with high ploidy
levels is the existence of functional redundancy
associated with paralogs in one gene family, and
therefore, a single gene knockout does not lead to
a phenotype in polyploid species. Such condi-
tions were also observed in CRISPR-based
mutagenesis of B. napus, where the phenotype
of a single gene knock out mutant of BnaRGA
was comparable to the wild-type plants, while the
quadruple mutant showed longer stems than the
wild-type plants (Yang et al. 2017). On that
account, CRISPR/Cas9 based crop improvement
comes with the remedy of using sgRNAs derived
from the conserved regions of the target genes to
simultaneously knockout a group of paralogs, as
also observed in B. napus. Additionally, the
RNA-guided Cas9 gene editing besides the stable
transmission of mutations holds the ability to
continuously modify the wild-type alleles until
they get mutated, in subsequent transgenic gen-
erations. However, Yang et al. (2017), had few
transgenic lines whose wild-type alleles failed to
be mutated even in the advanced generations as
well, probably due to the low efficiency of
CRISPR/Cas9. Factors that determine the
CRISPR/Cas9 efficiency are the promoters that
drive the Cas9 and sgRNA expressions and also
the choice of such promoters varies between
experiments and species (Pan et al. 2016). Yang
et al. (2017) observed that in B. napus high
mutation frequencies were generated by either
using the constitutive promoters or the Ara-
bidopsis U6 promoter. Interestingly, no off-target
mutational effects were detected, suggesting the

high specificity of the sgRNA in oilseed rape.
The above case study suggests that CRISPR/
Cas9 is a highly efficient tool for creating
mutations at multiple loci as well as the fastest
method for the breeding of polyploid crops.

25.2.3 CRISPR/Cas9 Based Prevention
of Yield Losses in B.
napus

CRISPR/Cas9 utility in Brassica species also
stepped into the crop improvement objectives by
targeting genes regulating the silique shattering
trait in B. napus (Braatz et al. 2017). In the model
plant A. thaliana two genes, namely INDEHIS-
CENT (IND) and ALCATRAZ (ALC) are known
to control the silique dehiscence, where the ind
mutants are completely indehiscent since they
lack both the lignified cells and the separation
layer at the breaking point of siliques (Liljegren
et al. 2004), while the alc mutants lack the sep-
aration layer only (Rajani and Sundaresan 2001).
With this background, Braatz et al. (2017)
enhanced the pod shatter resistance in oilseed
rape, by targeting two BnALC homologous by
CRISPR/Cas9 technology. Although they used a
specific sgRNA for targeting the A genome
BnALC homologs, a second BnALC homeolog in
the C genome which differs from the sgRNA
target by one single-nucleotide polymorphism
(SNP) was also mutated, exploiting the fact that
Cas9 tolerates mismatches within the target site
(Lawrenson et al. 2015). At the same time, no
off-target mutations were observed in potential
sequences with a minimum of two SNPs. With a
strong expression cassette under the control of a
constitutive ubiquitin promoter, Braatz et al.
(2017) could generate a 100% mutational effi-
ciency with nonchimeric T1 plants and all the
subsequent T2 off springs with mutations. Fur-
ther, whole-genome sequencing of the advanced
generations in B. napus recovered T2 plants with
four mutated BnALC alleles that did not contain
both the T-DNA and the vector sequences. Upon
analysis of the seed shatter resistance, it was
found that these alc mutants possessed an
increased shatter resistance, and also longer
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siliques of the T2 plants were more robust than
the shorter siliques, suggesting the correlation of
silique lengths and shatter resistance in plants.
Thus, a stronger application of the above-
targeted trait and its usefulness under field con-
ditions to prevent silique shattering can be a
promising effort preventing rapeseed yield loss,
which can also be thought of for other cultivated
Brassica species.

25.2.4 PAGE-Based CRISPR/Cas9
Screening in B. napus

Screening strategies are considered as a rate-
limiting step in the CRISPR-based breeding
programs in polyploid species, where multiple
genomic sites have to be evaluated for identify-
ing simultaneous mutagenesis in the first-
generation transgenic events. The identification
of CRISPR/Cas9 induced mutations is based on
two popular strategies of screenings namely:
PCR-based sequencing and the T7 endonuclease
I assay (Shan et al. 2014). In Brassica polyploid
crops, both these approaches are highly time-
consuming and labor-intensive when a large-
scale screening is to be performed for multiple
homologs. In 2018, the use of polyacrylamide
gel electrophoresis (PAGE)-based screening
approach allowed a large-scale identification of
mutations at five designed BnSPL3 genomic sites
in B. napus (Li et al. 2018). PAGE-based
screening demands the designing of specific
primers which amplify the desired mutation
region of the targeted gene homologs. The
detection of heteroduplexed DNA fragments
from a transgenic line corresponds to the pres-
ence of mutation/s in those screened lines and
can be used as a first step for screening large-
scale mutation sites. Further, the transgenic lines
which showed heteroduplexed DNA fragments
in PAGE in both the T0 and in advanced gen-
erations were confirmed using high-throughput
sequencing and showed an editing frequency of
96.8–100%. It has also been previously shown
that PAGE-based procedure although rapid, can
have limitations to detect small nucleotide indels
and substitutions in the mutated homozygous

plants (Zhu et al. 2014). Therefore, PAGE-based
identification can be applied when scanning
large-scale mutations amongst a large number of
transformants and after confirmation, the
approach can be narrowed down to sequencing-
based identifications for further confirmation of
the mutation type in the subsequent generations.

25.2.5 Improvement of Oil Quality
and Yield in B. napus

Being the second-highest oilseed producing crop
species after soybean (USDA 2021), enhance-
ment of oil quality is a major breeding objective
in the rapeseed. B. napus seeds contain three
major unsaturated fatty acids; oleic acid (C18:1),
linoleic acid (C18:2), and linolenic acid (C18:3).
Enhancing the level of oleic acid in seeds is
known to increase the thermal stability of the oil
and make it more suitable for use as edible oil.
The plant-specific stearoyl-acyl carrier protein
desaturase (SAD), fatty acid desaturase 2 and 3
(FAD2 and FAD3)are the genes involved in the
biosynthesis of C18:1, C18:2, and C18:3 fatty
acids, respectively during the seed development.
Okuzaki et al. (2018) showed that premature stop
codon or amino acid substitutions created by
CRISPR-based mutagenesis in the FAD2 protein
resulted in higher oleic acid contents without any
effect on plant growth. It was previously known
that, among the four homologs of B. napus FAD2
genes (BnaA.FAD2.a, BnaA.FAD2.b, BnaC.
FAD2.a, and BnaC.FAD2.b), a 4 bp insertion
and a frameshift mutation in the coding region of
BnaA.FAD2.a gene in B. napus varieties (SW
Hickory and Cabriolet respectively) led to a high
oleic acid content (Yang et al. 2012; Wells et al.
2014). Implementing the same and post-
screening of transgenic lines for editing in two
different BnaA.FAD2.a target sites, Okuzaki
et al. (2018) obtained a line with a 4 bp deletion
at one target site and lines with a maximum of
5 bp deletion at the second target site of the
BnaA.FAD2 genes. The mutated novel alleles
caused a frame shift which led to an early stop
codon in the open reading frame and created
truncation in the FAD2 protein in comparison to
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the wild-type protein, leading to a change in the
fatty acid composition. Similar to Braatz et al.
(2017) and Yang et al. (2017) case studies, there
were no off-target effects in the other three
homologs of the FAD2 gene, confirming the fact
that precise and specific on-target editing can be
generated in B. napus by CRISPR/Cas9. Post
backcrossing and PCR analysis, Okuzaki et al.,
obtained lines with the mutant fad2_Aa allele
without the T-DNA insertion. In these lines
homozygous for fad2_Aa mutant allele, both
oleic and linoleic acids were increased and
decreased respectively by 7% as compared to the
wild-type plants. Overall, this was the first report
involving the modification of genes involved in
the metabolic pathway in the species of the
Brassica crops with CRISPR.

The use of CRISPR/Cas9 can also be exten-
ded to the silique-related traits, like for example
targeting the regulators of silique architecture
and morphology. In Brassica crops, siliques can
be either bilocular or multilocular. For instance, a
few genotypes like yellow sarson in B. rapa and
B. juncea have been identified, which possess
multilocular siliques. In contrast, B. napus sili-
ques are mostly bilocular, and thus the develop-
ment of varieties with increased locule numbers
which translates into higher yield can be a major
breeding objective of B. napus. A group of genes
that functions in this capacity includes CLAVATA
homologs (CLV1, CLV2, and CLV3), wherein
CLV3 encodes a small, secreted peptide which
potentially interacts with its receptors encoded by
CLV1 and CLV2 genes to repress the expression
of WUSCHEL in the shoot apical meristems
(Clark et al. 1993). In line with this, mutation of
the CLV pathway genes leads to expansions of
shoot apical meristems, with an increase in the
number of floral organs and consequently mul-
tilocular siliques (Clark et al. 1993). The multi-
locular trait found in B. rapa and B. juncea has
been attributed to a single-nucleotide mutation in
CLV3 and insertion in CLV1 gene, interrupting
the function of the target genes (He et al. 2003;
Ze-wenet al. 2012).

Recently, Yang et al. (2018) developed B.
napus with multilocular siliques and increased
seed number by mutating the functional domains

in the homologs of BnCLV1, BnCLV2, and
BnCLV3 with CRISPR/Cas9 gene editing. The
study employed the multiplex ability of Cas9
based genome editing by designing the sgRNAs
from the conserved regions, to target ten different
sites in both the A and C sub-genome copies of
CLV1, CLV2, and CLV3 simultaneously. More-
over, there were no off-target mutations observed
after the PCR screenings of the potential off-
target loci. It is known that the GC% content and
the expression levels ofCas9 and sgRNA are
among the several crucial factors that affect the
sgRNA efficacy in plants (Wang et al. 2014a).
However, no such correlations were observed by
Yang et al. (2018), between the mutation effi-
ciencies and the GC% composition of these
CLAVATA targeted sgRNAs. T0 lines with the
same level of Cas9 and sgRNAs expressions
exhibited variable gene editing efficiencies
(ranging from 0 to 46.5%) by the sgRNAs that
targeted the same gene at different sites. These
observations concluded that neither the GC%
content nor the expression levels of Cas9 and
sgRNA are the major limiting factors of genome
editing in B. napus T0 plants. Instead, the vari-
ations found in the mutation efficiencies of dif-
ferent sgRNAs used in Yang’s case study could
be attributed to the differences in their nucleotide
compositions of the sgRNAs. Another important
part of CRISPR-based genome editing in B.
napus is the knowledge of the efficiency of dif-
ferent promoters for driving the Cas9 protein
expression which affects the editing efficiencies
in rapeseed. In BnCLV3 targeted lines, Yang
et al. (2018) used P35 and Pubi promoters inde-
pendently in two binary vectors to drive the Cas9
expressions. Unlike the observations made by
Ma et al. (2015), who recommended Pubi rather
than P35s for Cas9 protein expression in dicot
plants, Yang’s results had a different view, where
P35sresulted in better Cas9 protein expression and
higher efficiency of mutagenesis (14.4%) in
rapeseed than those by Pubi (6.1%). The above
work of Cas9-based mutation of CLAVATA
genes in rapeseed also emphasized the impor-
tance of a suitable transformation host as they
had obtained a high transformation rate (66.7–
92.5%) in pure B. napus line J9707 in
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comparison with that in spring cultivar Haydn
(0.9%) by Braatz et al. (2017). BnCLV3 mutated
lines showed a significant increase in the number
of locule, number of seed per silique, seed weight
per plant than the wild-type, which suggest that
CLV3 homologs could be promising candidates
for future yield improvement in other oilseed.

25.2.6 Establishing DNA-Free
CRISPR/Cas9 Based
Editing in Brassica
Species

Just like any other genetic engineering tools for
crop improvements like RNA interference
(RNAi) and overexpression strategies, the
CRISPR/Cas9 expression cassette is also carried
by a T-DNA vector and gets integrated into the
genome of the plant species during the targeted
mutagenesis process. Therefore, it must be
removed from the transgenic crops before they
can be subjected to GMO-based regulations
(Wolt et al. 2016). Although transgene-free crops
can easily be screened from the successive
genome-edited mutant generations, the transge-
nesis stage in the CRISPR/Cas9 based genome
editing is inevitable. As an alternative for this,
the use of preassembled Cas9 and ribonucleo-
protein (RNP) complexes can generate DNA-free
genome-edited plants, such as those previously
employed in the case of maize, apple, wheat,
potato, and Petunia x hybrida (Chen et al. 2019).
Both the PEG-based transformations or biolistics
have been employed to introduce these RNPs for
plant regenerations.

Recently in 2018, DNA-free genome editing
has been demonstrated by delivering RNPs into
the protoplast of the three species of Brassica’s
U’s triangle namely, B. oleracea, B. rapa, and B.
napus to target two endogenous reporter genes;
the phytoene desaturase (PDS) gene and the
vernalization determinant FRIGIDA (FRI) gene
(Murovec et al. 2018). Based on an in vitro
digestion assay with purified Cas9 enzyme, the
protoplast of these Brassica species was trans-
fected with sgRNAs showing the highest cleav-
age activity. In the in vitro assay, sgRNAs with

the highest cleavage activity were able to cleave
the PCR products from all the species and a
complete cleavage was seen when a higher
amount of sgRNA and Cas9 was used. Upon
transfecting the protoplasts with the PEG 4000,
the indel percentages observed at the cleavage
site in B. oleracea and B. rapa ranged between
0.09 and 24.51%, while in the case of B. napus
no indels could be detected in case of any of the
sgRNAs used. A positive correlation could also
be observed between the mutations detected and
the amounts of RNPs used, and these mutations
were both gene and locus-dependent. Murovec
et al. in 2018, also assessed if mutational fre-
quencies in the three species were affected with
the time for which protoplasts were cultured after
RNP introduction. They found that in the case of
B. rapa the mutational frequency at 24 h after
transfection was 4.89% and at 72 h was 4.30%,
which were not significantly different. Although
for DNA-free gene editing commercially avail-
able Cas9 enzyme can also be used, the protocol
used by Murovec et al. (2018) brings high-
quality RNP constituents at a decent cost. How-
ever, in the future, questions like the most suit-
able ratio of Cas9:sgRNA should be addressed as
in different studies the results differed substan-
tially between the loci. Also, the protoplast’s
viabilities after isolation and transfections can be
important parameters for assessing the activities
of the same RNPs in different species. Murovec’s
protocol for DNA-free genome editing combined
with the efficient protoplast regeneration proto-
cols will enable the development of Brassica
crops with edited phenotypes without the use of
transgenesis.

25.2.7 Establishing CRISPR/Cas9
Based Biotic Resistance
in B. napus

The classic application of CRISPR/Cas9 tech-
nology for both basic science and crop
improvement by targeting the pathogenesis-
related genes for the first time in any Brassica
species was conducted in B. napus in 2018.
WRKY transcription factors that possess a DNA
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binding WRKY domain are implicated in plants’
resistance and immune responses to diverse
stressed conditions. Studies have shown the role
of WRKY11 and WRKY70 in SA- and JA-
induced resistance responses towards pathogens
in both Arabidopsis and B. napus plants (Li et al.
2004; Wang et al. 2014b). According to a pre-
vious transcriptome report on B. napus lines,
BnWRKY11 and BnWRKY70 genes were found
to be differentially expressed in B. napus resis-
tant cultivars post Sclerotinia sclerotiorum
inoculation (Wu et al. 2016). In 2018, to develop
stem rot resistance in rapeseed, NHEJ-mediated
mutations in both the sub-genome copies of
WRKY11 and WRKY70 were created using
CRISPR/Cas9 technology (Sun et al. 2018). The
sgRNAs used to target the above two candidate
genes were driven by three different promoters:
AtU6-1, AtU6-29, and AtU3b. Upon analysis of
the efficiencies of gRNAs generated against the
WRKY genes, it was found that the sgRNAs
driven by AtU6-1 promoter remained non-
functional. Prior screenings of the sgRNAs and
changing their promoters to B. napus endoge-
nous promoters could be the possible solutions to
the above. Moreover, considering the chances of
encountering non-functional sgRNAs in a
CRISPR-based genome editing, it is highly rec-
ommended to design multiple gRNAs for a given
target gene. Additionally, Sun et al. (2018) also
observed that the number of mutations induced in
the T0 transgenic plants was lower than those in
the T1 plants. The possible explanations could be
either these mutations remain undetected by
sequencing experiments in the T0 due to
screening of a smaller number of samples, or due
to sampling of DNA for screening at the young
stage rather than at the adult stage. The
CRISPR/Cas9 system functions continuously as
it exists in a cell and could also lead to de novo
mutations of the WRKY genes in later stages or
generations. While both the WRKY transcription
factors genes showed homozygous or biallelic
mutations in the T1 transgenic plants, the
BnWRKY70 mutated plants showed significantly
decreased lesions, upon inoculation with myce-
lial plugs of S. sclerotiorum under detached leaf
conditions than those in BnWRKY11 mutated

plants. BnWRKY70 overexpression plants further
showed an enhanced lesion area in comparison
with the wild-type plants upon S. sclerotiorum
inoculation, thus confirming both the negative
regulation of BnWRKY70 in defense against S.
sclerotiorum as well as its suitability as a target
gene to develop disease resistance in rapeseed.
The case study by Sun et al. (2018) sets an
example that CRISPR/Cas9 system can be useful
for basic research and extrapolated for disease
resistance breeding in the complex polyploid
crops of the Brassica genus.

25.2.8 Functional Validation of Fatty
Acid Pathway Genes
by CRISPR/Cas9

Although Brassica species are one of the major
sources of edible oils, the functional roles of
genes involved in the production of oils such as
the triacylglycerol (TAG) biosynthetic pathway
genes, was unclear until 2019. A gene known as
the LPAT, which encodes for the master enzyme
called Lysophosphatidic acid acyltransferase
(LPAT) involved in the production of TAGs, has
been previously validated in the model plant A.
thaliana (Angkawijaya et al. 2017) and also in
Lesquerella seeds (Chen et al. 2016). Later in
2019, Zhang et al. used the CRISPR/Cas9 tech-
nology to elucidate the functional role of the
LPAT genes (LPAT2 and LPAT5) in B. napus by
targeting the three exons in BnLPAT2 and one
exon in BnLPAT5 paralogs. In allotetraploid crop
B. napus, the BnLPAT2 is present as seven par-
alogs and BnLPAT5 as four paralogs; therefore,
sgRNAs from highly conserved regions in both
BnLPAT2 and BnLPAT5homologs were designed
to facilitate the multiplex editing. Moreover,
sgRNAs with 18 nucleotide oligos were used for
effective editing in BnLPAT genes and their
paralogs simultaneously (Zhang et al. 2019),
instead of the conventional sgRNAs with 20nt
oligos. It is important to note that during the
CRISPR-based mutations in BnLPAT genes, a
direct correlation was observed with the GC% of
sgRNAs, as the sgRNA with moderate GC con-
tents (50%) achieved higher mutation efficiency
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than those with lower GC contents (33–39%). In
addition, sgRNAs targeting the sense strand of
BnLPAT2 gene showed higher mutation over
those targeting the antisense strand. To facilitate
the mutation of three exons in BnLPAT2 simul-
taneously, Zhang et al. (2019) also constructed
multi-gRNAs binary construct carrying all the
three sgRNAs with the potential to mutate all the
three exons in all the BnLPAT2 paralogs simul-
taneously. However, in such cases, multiplex
editing efficiency can be affected by the position
as well as the number of gRNAs, as in the case of
BnLPAT2 mutation, wherein, the cleavage
activity of the gRNA targeting the third exon was
inactive when it was placed at the third position
in the binary vector construct, while it was active
in the second position as well as individually.
Cas9-based functional analysis of BnLPAT genes
showed that the oil traits like oil contents and the
morphology of oil bodies in rapeseed were
affected by all the copies of both the BnLPAT2
and BnLPAT5 genes, as a decrease in oil content
was observed in Bnlpat2, Bnlpat5, and
Bnlpat2/Bnlpat5 double mutant lines by 32%,
29%, and 39% respectively as well as enlarged
oil bodies were observed in the double mutant
seeds as compared to the wild-type under the
transmission electron microscopy (Zhang et al.
2019). Overall, CRISPR/Cas9 based editing of
LPAT enzymes offered a base for understanding
several parameters affecting the Cas9 based
mutagenesis in Brassica crops, as well as in
revealing gene functions and generating agro-
nomically important mutations in crops.

25.2.9 Exploring Multiplex Editing
for Yield, Quality,
and Nutritional
Improvement

Among the numerous factors affecting the rape-
seed yield, plant height and branch numbers are
essential to plant architecture components that
affect the yield of rapeseed crops directly.
Strigolactones (SL), a phytohormones cum signal
molecule has been functionally validated as a
signal molecule in inhibiting the branching

mechanism of plants (Umehara et al. 2008).
Genes involved in SL biosynthesis are MORE
AXILLARY GROWTH 3 (MAX3), MAX4, and
MAX1 encoding carotenoid cleavage dioxyge-
nases (CCD7 and CCD8) and cytochrome P450
monooxygenase (CYP711A1), respectively
(Booker et al. 2005). Zheng et al. in (2020),
established the MAX1genebased regulation of
branching in rapeseed by targeting two orthologs
of the Arabidopsis MAX1 gene in B. napus
(BnMAX1) each from ‘A’ and ‘C’ genomes, using
the CRISPR/Cas9 technology. By employing
two sgRNAs with less than 20nt oligos, high
editing efficiencies in BnMAX1 homologous were
observed. Moreover, the replacement of A with
G in the sgRNA targeting the BnMAX1 gene, to
suit the U6 promoter requirement, resulted in
high editing levels (56.30–63.87%) in B. napus.
In BnMAX1 mutated lines, certain uncommon
patterns were observed like the occurrence of
NHEJ-mediated insertions at 4–6 bp upstream of
the PAM unlike the usual occurrence of indels at
3–4 bp adjacent to the PAM (Lawrenson et al.
2015) and the insertion of Gs in most of the
BnMAX1 alleles instead of the common NHEJ-
mediated insertions like As or Ts in previous
studies (Ma et al. 2015). Zheng et al., believed
that in BnMAX1 mutated rapeseeds, mutations
were due to both the NHEJ and HDR mecha-
nisms, as the T0 plants observed a high rate of
homozygous mutations (3.36–18.44%) in
BnMAX1 homologs simultaneously with the
same mutation type. The mutations in both the
BnMAX1 homologs inherited stably and inde-
pendently of the T-DNA construct in their self-
pollinated T1 and T2 progenies. Interestingly,
only those T2 lines with biallelic or homozygous
mutations which resulted in premature stop
codon in both the sub-genome copies of
BnMAX1 gene, had displayed the Arabidopsis
max1 mutant phenotype. While the lines with
insertion in the A genome homolog and an amino
acid deletion in the C genome homologs dis-
played normal phenotype similar to the wild-
type. Overall, knockout of the two BnaMAX1
homologs resulted in semi-dwarf, increased
branching phenotypes, increased silique number,
and yield per plant in rapeseed crop (Zheng et al.
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2020). Hence, Cas9-induced mutations led to the
development of a trait-oriented rapeseed ideotype
as well as desirable germplasm which will
facilitate further breeding for high yields in
rapeseed.

Yellow seed color is the widely accepted
quality trait in B. napus and is among the other
breeding goals of rapeseed production (Hong
et al. 2017). It is known from A. thaliana that, an
MBW transcription factor complex (AtMYB123/
TT2, basic helix-loop-helix/TT8, and WD40/
TTG1) activates and regulates the proantho-
cyanidins pathway-specific genes involved in the
seed coat color (Xu et al. 2014). Among these
MBW TFs complex, TT8 is a central component
responsible for flavonoid deposition in various
crops and is also supported by the genetic studies
in Brassica species. In B. juncea, the yellow seed
color trait is due to the natural mutations in the
two homologs of TT8 genes (BjuA.TT8 and BjuB.
TT8) or due to an insertion of a transposable
element in the intron of the TT8 gene in B. rapa
(Li et al. 2012; Padmaja et al. 2014). In B. napus,
yellow seed genotypes so far have been devel-
oped via time-consuming and inefficient inter-
specific or intergeneric hybridizations (Li et al.
2012; Wang et al. 2005; Wen et al. 2012).

Zhai et al. (2020) used CRISPR/Cas9 to
develop yellow-seeded mutants of rapeseed by
targeting the TT8 gene. B. napus contain three
TT8 homologs, one from the A genome and two
tandem duplicates from the C genome. Based on
the expression analysis and the presence or
absence of the functional domains required for
the TT8 activity, Zhai et al. targeted two of the
three TT8 homologs by designing four conserved
sgRNAs against the four functional domains. As
previously observed by Sun et al. in 2018, there
were no transgenic plants with a mutation in the
TT8 domain targeted by the AtU6-1 driven
sgRNA, suggesting that sgRNAs driven by
AtU6-1 promoter are non-functional in rapeseed.
However, multi-domain targeting with different
gRNAs enabled the research groups to obtain
yellow-seeded phenotype in the T0 generation
itself, as in previous studies (Sun et al. 2018).
The visible yellow-seeded knockout phenotype
was only recovered after targeted mutations in

both the functional copies of the BnTT8 gene,
which further emphasized that the two copies
have redundant functions in rapeseed seed color
formation. The P35 driven Cas9-based mutations
in both the TT8 copies were stably transmitted to
the advanced generations (T1, T2, and T3), and
their targeted mutations were verified by high-
throughput tracking of mutation (Hi-TOM)
sequencing analysis (Zhai et al. 2020). The oil
contents in double mutant lines were increased
by 9.47%, 5.89%, and 5.90% relative to the wild-
type seeds from T0 to T3 generations, respec-
tively. Simultaneously protein contents in T0,
T2, and T3 double mutant lines had increased to
18.01%, 21.97%, and 20.21% respectively as
compared to that of the wild-type plants (15–
19%). Changes in the fatty acid profiles like
increases in the palmitic acid (C16:0), linoleic
acid (C18:2), and linolenic acid (C18:3) and
decreases in the stearic acid (C18:0) and oleic
acid (C18:1) contents were also observed in the
BnTT8 double mutant lines. Thus, simultane-
ously targeted mutations of BnTT8 copies con-
ferred a high oil yield potential with modified
fatty acid compositions and improved the nutri-
tional quality in the allotetraploid plant species.

Another research work in B. napus by
Sashidhar et al. (2020) had demonstrated the
importance of multiple paralog knockout using
CRISPR/Cas9 tool. The study reduced the levels
of an anti-nutritive as well as a detrimental ele-
ment called Phytic acid (PA), a major phospho-
rous source in the seeds of cereals and oilseeds
by targeting its biosynthesis enzyme, inositol
tetrakisphosphate kinase (ITPK) in B. napus. In
rapeseed plants, the content of PA ranges from 2
to 5% in Canola varieties, where its reduction so
far has been carried out by either adding phytases
to the seed meal or by other technical processes
(El-Batal and Karem 2001; Dersjant-Li et al.
2015). Based on the previous studies and the
phylogenetic analysis between the homologs of
BnITPKs and other plants, Sashidhar et al. (2020)
designed two conserved sgRNAs against two
different sites in the BnITPK1 and BnITPK4
paralogs, out of the four homologs (BnITPK1 to
BnITPK4). Targeted and multiplexed editing of
different paralogs of both BnITPK1 and
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BnITPK4 genes simultaneously resulted in 35%
reduction of phytic acid in rapeseed. Addition-
ally, de novo mutations were observed in the
advanced generations (T2) of BnITPKs mutated
lines that had not been found in their parents
(T1), similarly as experienced in the previous
study of CRISPR-based mutagenesis of WRKY
genes in B. napus (Sun et al. 2018). Sashidhar
et al. (2020) suggested that low Cas9 activity in
T0 was due to the position of the T-DNA in the
genome or due to multiple T-DNA insertions
leading to gene silencing. Lines bearing a triple
mutation in different BnITPK1 alleles only dis-
played a significant decrease (27.2–35.3%) in the
phytic acid content with a threefold increase of
inorganic phosphorous in the rapeseed seeds,
than the wild-type plants while the reduction in
double mutants was not found to be significant.
Together, it shows the indispensable role and
potentials of CRISPR/Cas9 mutagenesis in crops
where multiple paralogs function redundantly
towards a trait.

25.2.10 Cas9-Based Modulation
of Pathogenesis Factor
in Rapeseed

CRISPR/Cas9 based validation of pathogenesis
factors for the breeding of pathogen-resistant
Brassicaceae species is very rare. Recently in
2020, by deploying suppression subtractive
hybridization (SSH) library and further valida-
tion in the corresponding Arabidopsis T-DNA
knockout lines, a novel CRT1a gene was iden-
tified in A. thaliana as a novel factor involved in
the establishment of successful host colonization
by a hemibiotrophic fungal pathogen Verticillium
longisporum known to cause Verticillium stem
stripping in rapeseed (Pröbsting et al. 2020).
Database search and the expression analysis of
the CRT1acDNA in both infected and mock-
treated rapeseed roots revealed four distinct
CRT1a copies in the B. napus genome. A codon-
optimized Cas9 for B. napus generated stable
mutations in the BnCRT1a copies, as confirmed
by the ‘derived cleaved amplified polymorphic
sequence’ (dCAPS) assay, and mutations were

stably transmitted from T0 to T2 generation
(Pröbsting et al. 2020). Additionally, the Cas9
based functional analysis of BnCRT1a genes
displayed that, the factor that attributes to the
B. napus–V. longisporum interaction is from the
A genome rather than from the C genome of
rapeseed. Lines bearing a frameshift mutation in
the BnCRT1a showed a complete knockout
phenotype as decreased disease symptoms and
less stunting compared to the control, even under
a high infection pressure by V. longisporum. This
suggested that the CRISPR-based modulation of
BnCRT1a homologs could be a promising strat-
egy to develop V. longisporum resistant lines in
B. napus. Further, transgene-free lines were
obtained in the T2 generation after PCR analysis,
and no negative effects were observed on the
agronomical traits except for slight growth sup-
pression in these mutated lines. Thus, until now
this was the most comprehensive work allowing
for an efficient generation of resistance for the
first time against a specialist pathogen in the
rapeseed plants.

Thus far, the chapter discussed the most
pressing case studies that dealt with the
CRISPR/Cas9 utilities in the crops of the genus
Brassica. Besides these, two recent studies used
the multiplex ability of CRISPR/Cas9 to develop
pod shattering resistance in B. napus by targeting
multiple homologs of INDEHISCENT and JAG-
GED genes (Zhai et al. 2019; Zaman et al. 2019).
In addition, two other research works showed the
advancements made in the CRISPR/Cas9 tech-
nology with respect to transformation protocol
and multiplex editing, by employing hairy root
transformation protocol in B. carinata and
endogenous tRNA-processing system in B.
oleracea respectively (Kirchner et al. 2017; Ma
et al. 2019). CRISPR/Cas9 based genome editing
had successfully been utilized to modify traits
such as yield, quality, and biotic and abiotic
stress resistance in a few of the cultivated Bras-
sica species (Fig. 25.3), however, its application
is yet to be utilized in the other U’s triangle
species of the Brassicagenus like B. nigra and B.
juncea. Altogether if these findings are consid-
ered it can be said that the CRISPR/Cas9 tech-
nology has the potential to give an unparalleled
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productivity rate compared to the conventional
breeding tools in economically valuable Brassica
crops and thus if utilized well it can enable us to
meet the future demands for oilseed productions
boosting the Indian agriculture.

25.3 CRISPR and the Indian
Mustard Crop, Brassica juncea

With 15 reports on the utilization of CRISPR/
Cas9 in Brassica crops, discussed in this chapter,
a proof of concept has not yet been published in
the Indian mustard, B. juncea. Since this book
deals with different concepts in B. juncea, like
the genetic diversity and population structure, its
transcriptomics, metabolomics, and proteomics
studies, unfortunately, there is no single study
describing the use of CRISPR/Cas9 technology
for targeted gene modification in the said crop.
B. juncea is an allotetraploid crop belonging to
the U’s triangle formed after the hybridization of
two progenitor species B. rapa and B. nigra
which constitute the A and B subgenomes
respectively (Nagaharu 1935). B. juncea is the
major oilseed crop of the Indian subcontinent
which is used for both oilseed production as well
as for consumption as a vegetable crop in dif-
ferent parts of India and across the world. It is
more tolerant to low moisture conditions, and it
has also been used as a replacement for B. napus
in the western Canadian prairies (Woods et al.
1991). It is more productive than rapeseed cul-
tivation in areas of unreliable rainfalls as it grows
well under both the irrigated and rainfed condi-
tions. And India despite being the producer of
mustard still meets more than half of its
requirements through imports from countries like
China, Canada, and others (Jat et al. 2019). The
productivity of B. juncea is hampered due to the
requirement of large cultivation areas and the
abiotic and biotic challenges this crop faces
during its life cycle.

Although CRISPR/Cas9 has not been used to
create mutations in B. juncea and few other crops
of the genus Brassica, there still exist several
open possibilities for fulfilling the breeding

objectives of the Indian mustard. The genetic
improvement of B. juncea had so far been carried
out using other approaches like heterosis breed-
ing, in vitro breeding, somaclonal variation, and
others (Pradhan et al. 1993; Nehnevajova et al.
2007; Meena et al. 2015). The commercial
Canola quality lines of B. juncea are being bred
for low erucic acids (<2% of the total fatty acid
pool), low seed glucosinolates (<30 µmoles/g
dry weight), and fatty acid composition
enhancements for increasing the oleic acid levels
in seeds (>60% of the total fatty acid pool) to
match the B. napus level. Enhancement of anti-
cancerous glucosinolates (glucoraphanin),
blackleg and Pseudomonas leaf blight tolerance,
early maturing, short stature, high yielding vari-
eties which out-perform B. napus in low rainfall
environments are also being bred (Burton et al.
2004; Augustine et al. 2013; Pandey et al. 2013;
Augustine and Bisht 2015; Inturrisi et al. 2021).
Despite these, there are a number of other out-
looks which are being researched for the devel-
opment of superior B. juncea cultivars like the
reduction of glucosinolates in the seeds via tar-
geting the glucosinolate transporters for not only
enhancing the seed meal quality but simultane-
ously retaining glucosinolates in the leaf for
better tolerance against pest and pathogen-
induced damages, reducing of anti-nutritive
compound sinapine from seeds, and many
more. This increasing effort to improve the
nutritional traits of B. juncea seed meal to over-
come the dependence on the expensive soybean
imports in regions where it cannot be grown can
be promising enough. In addition, a number of
parameters of biotic stresses which continuously
threaten and impact the productivity of B. juncea
causing its seed quality loss should also be the
concerns which are needed to be dealt. These
include blackleg by Leptosphaeria maculans,
Sclerotinia stem rot by Sclerotinia sclerotiorum,
alternaria blight by Alternaria brassicae, pow-
dery mildew by Erysiphe cruciferarum, white
rust by Albugo candida, bacterial leaf blight by
Pseudomonas syringae, and several others
(Inturrisi et al. 2021). Thus, all these avenues
remain open for the employment of CRISPR/Cas
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mutagenesis for targeting several traits for func-
tional gene analysis and genetic improvements of
the oilseed B. juncea in the near future
(Fig. 25.3).

25.4 Discussion and Conclusion

The CRISPR/Cas 9 system has been utilized for
only half a decade until now for the precise
genome editing of Brassica crops, to infer gene
functions, breeding of agriculturally important
traits for higher yield and quality, and pathogen
resistance. Beyond reasonable doubt, the use of
CRISPR/Cas9 technology will be precise, less
time-consuming, and will help in the effective
generation of simultaneous mutagenesis in the
allotetraploid B. juncea compared with other
genetic modification approaches. More profound
research on enhancing the ability of CRISPR
vectors, precise sgRNA design, and rapid
screening procedures will speed up its applica-
tions for plant species where it has not been
applied yet. The use of CRISPR until now for
targeting different traits across the genus Bras-
sica is still in its infancy, where the future holds
several opportunities like the knockout of
redundant genes and parallel pathways for the
improvements of these Brassica species.
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