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The family Brassicaceae include 338 genera with 3709 species of which the genus
Brassica comprises 37 species. A number of Brassica species are of global eco-
nomic importance for yielding quality edible oil, nutritious vegetables, and animal
forage and as with most crops, Brassicas are subject to considerable losses caused by
biotrophic, necrotrophic, and hemibiotrophic pathogens. Recent advances in molec-
ular techniques have greatly expanded our understanding of plant pathology, disease
resistance, and immunity, enabling their application through plant breeding to
agricultural crop systems. Within the Brassicas, host-pathosystems of various
crops are being studied genomically using multiomic research technologies.

Plant immune/defense systems rely on their ability to recognize the presence of
the pathogen, to carry out signal transduction, and to respond defensively through
pathways involving many genes and/or their products. The plant immune systems
have provided both increased evolutionary opportunity for pathogen resistance and
additional mechanisms for pathogen inhibition of such defense responses. However,
sequencing the genomes of plant pathogens has shown variability in genome size
and its structure. Genomic data generated so far has provided insightful information
to understand the mechanisms and the changes in genome size and adaptive evolu-
tion in plant pathogens. The pathogens provide prominent advantageous
associations between rapidly evolving transposable elements and virulence genes
that cause variation in virulence of the phenotypes. The genome architecture,
pathogenicity factors, and determinants of host specificity of some pathogens are
yet to be known.

The outstanding book Genomics of Crucifer’s Host-Pathosystem authored by
Prof. (Dr.) G. S. Saharan, Prof. (Dr.) Naresh K. Mehta, and Dr. Prabhu Dayal Meena
is the ninth book in the series on diseases of crucifers being published by Springer,
Nature, after the books on Albugo, Alternaria, Erysiphe, Hyaloperonospora,
Plasmodiophora, Sclerotinia, Crucifer’s host resistance, and Molecular mechanism
of crucifer’s host resistance. The book is an annotated compilation that explains the
characteristics of the recent development in genome assembly of important
pathogens of crucifers to gain insights into host-pathosystem. The manuscript has
been prepared after critical analysis of the world literature on all the major diseases
of crucifers with encyclopedic treatments for better comprehension by readers. The
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book provides helpful background and current information that enhances our insight
on host-pathosystem of crucifers.

My heartiest congratulations to the authors for bringing out their lifelong profes-
sional interest, and expertise with comprehensive treatise at the most needed time. It
will be quite useful for researchers, teachers, students, extension workers, and all
those who are concerned with the growth and development of cruciferous crops.

Department of Plant Pathology, Paul H. Williams
University of Wisconsin
Madison, WI, USA



Crucifer encompasses one of the major groups of crops belonging to the family
Brassicaceae yielding high-quality edible oil and nutritious vegetables. Major
diseases of these crops cause heavy yield and quality losses at global level which
are increasing with the climate change threatening food security. The use of omics
technologies allows us to understand the genomics of crucifers’ host-pathosystem at
molecular level to get deeper insights into the interacting host and pathogen to reveal
systems biology. The integrated multiomics and systems biology data will enable
breeding of high-quality disease-resistant Brassica crops in a more holistic, targeted,
and precise way for better management of long-term co-evolutionary process of host
and pathogen and in desired direction. Application of omics approaches has allowed
getting high-quality genome assemblies of all the six Brassica species of “U”
triangle in addition to the model plant Arabidopsis thaliana and major pathogens
of Brassica crops. It has greatly facilitated the discovery of candidate gene for
effectors and virulence factors of the pathogens. Transcriptomics of virulence-
related genes has been applied to study pathogen gene expression during host
invasion in order to monitor molecular mechanisms and events involved in patho-
genesis. Secretomics revealed effector proteins and specific enzymes crucial for host
colonization by the pathogens. Interactomics studied networks of genes and proteins
interactions in biological host-pathosystem. Biometabolomics provided an insight
into metabolic changes in the host during host-pathogen interactions and its effects
on host-pathosystem.

The book Genomics of Crucifer’s Host-Pathosystem is a compilation of latest
research achievements of Brassica scientists using omics approaches in understand-
ing host-pathogen interaction, molecular detection, identification, and functional
characterization of effectors/genes including pathogenomics and biometabolomics,
genomics of pathogenic variability, and genomics modulation of crucifers’ host-
pathosystem through nine chapters on all the important pathogens of crucifers. The
book is a source of information which has been vividly illustrated with photographs,
graphs, figures, histogram, tables, and colored plates, which makes it stimulating,
effective, and easy to comprehend by readers. The headings and subheadings of each
chapter have been arranged in numbered series to make the subject matter contigu-
ous. A chapter on standardized, reproducible protocols in studying the host-
pathosystem has been included for the researchers of cruciferous crops for
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developing resistant cultivars after understanding the host-pathosystem. The last
section deals with the gaps in understanding, knowledge of genomics, and offers
suggestions for future research priorities in order to initiate advanced research
programs in conducting studies to foster success in Brassica production and produc-
tivity through the development of improved disease-resistant varieties for the benefit
of farmers.

The authors are confident that this book will be immensely useful to researchers
especially Brassica breeders, molecular biologists, plant pathologists, teachers,
extension specialists, students, industrialists, farmers, and all others who are inter-
ested to grow healthy and profitable cruciferous crops all over the world. Any
shortcomings, lacunae, and flaws in the book are the responsibility of the authors.
Any suggestions by readers are always a source of inspiration for the authors, and
suggestions for its improvement are most welcome.

Hisar, Haryana, India Govind Singh Saharan
Hisar, Haryana, India Naresh K. Mehta
Bharatpur, Rajasthan, India Prabhu Dayal Meena
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Abstract

Crucifer’s belong to the family Cruciferae containing over 3660 species which
includes very important crops of human and animal needs yielding quality edible
oil, industrial oilseeds, vegetables, and fodder crops. The largest group of crops
contains 39 species of Brassicaceae grown all over the world including
Arabidopsis thaliana which has been used widely for dissecting molecular
mechanisms of crucifer’s host-pathosystem through multiomics approaches.
Under natural and cultivated conditions, crucifer’s are challenged by several
abiotic and biotic stresses viz., Albugo (White rust), Alternaria (Alternaria
blight), Colletotrichum (Anthracnose), Erysiphe (Powdery mildew), Fusarium
(Fusarium wilt), Hyaloperonospora (Downy mildew), Leptosphaeria (Blackleg),
Plasmodiophora  (Clubroot), Pseudocercosporella (White leaf spot),
Pyrenopeziza (Light leaf spot), Sclerotinia (Stem rot), Turnip mosaic virus
(TuMV), Verticillium (Verticillium wilt), Xanthomonas (Black rot), and
Heterodera (Cyst nematode). These pathogens have been used as model host-
pathosystem to reveal genomics of crucifer’s host-pathosystem. The genomics of
plants was initiated after the sequencing of A. thaliana genome for the first time in
1990. The genome size of A. thaliana is 125 Mbp containing 25,498 genes
encoding proteins from 11,000 families. Now, the genome of all the six Brassica
species has been sequenced. The sequence analysis has revealed genome size of
B. carinata 642 Mb, B. juncea 922 Mb, B. napus 925 Mb, B. nigra 591 Mb,
B. oleracea 584.60 Mb, and B. rapa 485 Mb. The genome of major pathogens of
crucifer’s has also been sequenced. The availability of genome sequence analysis
of both host and pathogen has allowed rapid identification of candidate genes
during different events of host—pathogen interaction to understand genes
governing pathogenesis and host resistance. The application of omics
technologies like NGS, Pangenomics, SNP, In Silico, BSA, Ren Seq,
Effectoromics, Transcriptomics, Proteomics, Secretomics, Interactomics, and

© The Author(s), under exclusive license to Springer Nature Singapore Pte 1
Ltd. 2023

G. Singh Saharan et al., Genomics of Crucifer’s Host-Pathosystem,
https://doi.org/10.1007/978-981-19-3812-2_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-3812-2_1&domain=pdf
https://doi.org/10.1007/978-981-19-3812-2_1#DOI

2 1 Genomics of Crucifer’s Host-Pathosystem: Prologue

Metabolomics has benefitted greatly in revealing the complex biological, geneti-
cal, and molecular mechanisms of crucifer’s host-pathosystem. Crucifers have
developed molecular mechanisms in response to multiple stresses which are
activated through complex signaling pathways for the expression of genes to
overcome these stresses. Several genes are differentially expressed in response to
multiple stresses. At global level, 16 pathogens causing crucifers diseases are
considered as of major consequences based on their geographical distribution,
host range, losses caused, and resources spend to manage them. Using crucifer’s
host-pathosystem with these pathogens, several genes have been identified,
mapped on Brassica chromosomes with functional characterization, isolation,
and cloning to produce resistant cultivars of Brassica. In recent years, QRT-PCR,
a powerful and efficient technique has become the first choice in quantitative gene
expression in crucifer’s host-pathosystem for various biological and molecular
functions. However, data normalization is essential for reliable output of
QRT-PCR assays to avoid unsuitable choice of reference genes.

Keywords

Economic importance - Crucifers’ - Brassica genomics - Arabidopsis - Omics
approaches - Host-pathosystem - Secretomics - Metabolomics - Biotic and abiotic
stress - Expression of genes - Major pathogens at global level - Their morphology -
Disease symptomatology - Host range - Epidemiology - Fine structures -
Pathogenic variability - Infection and pathogenesis - Host resistance - Disease
management - Differential genes to overcome biotic stress - Signaling system of
crucifers’ - Genomics of crucifers host resistance

1.1 Introduction

The family Cruciferae is comprised of most diverse plants containing over 3660
species including important edible, industrial oilseeds, vegetable, and fodder crops.
The largest group of crops belonging to family Brassicae contains 39 species, and
includes six U’s triangle crops grown all over the world for oilseeds, vegetables, and
as forage crops. The Arabidopsis thaliana is also a member of this family which has
become the most important crop to dissect molecular mechanisms and molecular
genetical, interactions using Arabidopsis host-pathosystem as a model in the scien-
tific community of the world.

Cruciferous crop plants like all other living organisms do not live in isolation but
are under the influence of interactions among themselves as well as biotic (pathogen,
pests, weeds), abiotic (temperature, salinity, alkalinity, drought), and environmental
factors (above and below grounds) where they are cultivated or wild. Under natural
conditions, they are always challenged simultaneously by several biotic, abiotic, and
internal defense reactions against these stresses. To defend themselves against all
kinds of stresses, plants employ pre- and post defense mechanisms triggered by
signaling molecules. Multiple stress responses are coordinated by complex signaling
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network molecules which converge at point of defense. The application of omics and
genomics approaches has facilitated to have deeper insight into these complex
interactions and use the modern genomics technology to breed stress resistant
idiotype crucifers’ crops. More than 50 pathogens are reported to cause diseases in
crucifers’ crops all over the world. Out of these, 16 pathogens are widely distributed
causing heavy yield losses in cruciferous crops. The genomics of crucifer’s host-
pathosystem has been investigated at global level using these pathogens as model
system. Each of the following factors has great significance and bearing on compre-
hension of this complex biological system and all events during each stage of
interaction for better management of crucifers crops against all kinds of stresses
with higher yield and quality of crops.

1.2 Economic Importance of Crucifers

Crucifers include large number of vegetables and oil yielding crops of family
Cruciferae. The largest group of crops belongs to family Brassicae. The Brassica
genus is a member of Brassicaceae (Cruciferae) and contains 39 species (http:/
www.theplantlist.org/). Among the Brassica species, six constitute U’sTriangle2:
three diploid species, namely Brassica rapa (AA genome: 2n = 2x = 20), Brassica
nigra (BB: 2n = 2x = 16), and Brassica oleracea (CC: 2n = 2x = 18), and three
allotetraploid species, namely Brassica juncea (AABB: 2x = 4x = 36), Brassica
napus (AACC: 2n = 4x = 38), and Brassica carinata (BBCC: 2n = 4x = 34). The
triangle model provides the fundamental relationships among these Brassica species
and is used as an important guideline for both evolutionary research and the
improvement of Brassica crops via interspecies crossing to facilitate gene
exchanges.

The crucifers’ crops have great economic and morphological importance in daily
life. Crops of the genus Brassica (tribe Brassiceae), which are in the same taxonomic
family as Arabidopsis thaliana, are widely used in the cuisine of many cultures, due,
in part, to the many choices of edible forms in the genus. Economically, Brassica is
loosely categorized into oilseed, vegetable, and condiment crops. The B. napus,
B. rapa (formerly campestris), B. juncea, and B. carinata provide about 12% of the
world-wide edible vegetable oil supplies. The B. oleracea and B. rapa, the so-called
“cole crops,” comprise many of the vegetables in our daily diet. Several of these
vegetables have extreme morphological characteristics. Examples of such
morphologies include the enlarged inflorescence of caulifiower (B. oleracea subspe-
cies botrytis) and broccoli (B. oleracea subspecies italica); the enlarged stem of
kohlrabi (B. oleracea subsp. gongylodes) and marrow stem kale (B. oleracea sub-
species medullosa); the enlarged root of turnip (B. rapa subspecies rapifera); the
enlarged and twisted leaves of Pak-choi (B. rapa subspecies chinensis), Chinese
cabbage (B. rapa subspecies pekinensis); and the enlarged single apical bud of
cabbage (B. oleracea subspecies capitata) or the many auxiliary buds of Brussels
sprout (B. oleracea subspecies gemmifera). Finally, the seed of B. nigra is utilized as
a condiment-mustard. Brassica species are a valuable source of dietary fiber,
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vitamin C, and other possible salubrious factors such as anticancer compounds.
Estimates of the economic importance of Brassica species are conservative, because
several cole crops such as collards are cultivated primarily for local or home use, but
are none the less a dietary main stay in low-income communities where other fresh
vegetables can be prohibitively expensive.

Crops belonging to the Brassica genus are among the ten most economically
important vegetable crops in global agriculture and markets. Due to their wide
adaptation and ability to thrive under varying agroclimatic conditions, Brassica
crops are grown throughout the world for food, animal forage and fodder and also
for industrial applications. They also have an allelopathic use for sustainable agri-
culture and are grown as phytore mediators against heavy metals such as cadmium.
As far as food is concerned, now a day, consumers are demanding products that are
rich in nutrients for optimal health benefits. In this respect, the popularity of Brassica
products is increasing because of their nutritional value, and anticancer, antioxidant,
and anti-inflammatory properties. Nutritionally, these vegetables are low-fat, have a
high vitamin (C and E) content and contain minerals (P, S, Cl, Ca, Fe, Sr, K, Cr, Mn,
Se, and Zn) and fiber. In addition, they contain important phytochemicals that are
beneficial for human health, such as anthocyanins, flavonoids, terpenes, S-methyl
cysteine sulfoxide, coumarins, and other small compounds. However, the most
characteristic compounds are glucosinolates, which are a group of secondary
metabolites that are only present in Brassicaceae and immediate families. They
have various functions within the plant, being especially important in the defense
against pathogens and herbivores (Poveda et al. 2020).

Many Brassica crops are of great economic significance, as they are cultivated as
vegetables, oilseed sources, condiments, and forages. Climate change, pathogen
variation, and inappropriate farming methods, such as continuous and high-intensity
cropping, contribute to disease outbreaks, which pose threats to crucifers “produc-
tion.” Various biotic and abiotic stresses cause production losses (Saharan et al.
2017). Traditional approaches for disease prevention include agricultural, physical,
chemical, and biological controls, and integrated pest management (IPM) strategies.
Physical approaches, such as high-temperature treatment and light trapping,
chemicals, such as fungicides and bactericides, and biological agents, such as
Bacillus subtilis and arbuscular mycorrhiza, are frequently used. IPM has been
extensively studied and can achieve some effect for certain diseases. However, the
approaches are often complicated, costly, and/or environmentally damaging. In
contrast, natural resistance in crucifer’s hosts is the most desirable strategy and
could be integrated with other approaches for high-efficiency disease control. Two
types of plant immunity have been identified to date: pathogen/microbe-associated
molecular pattern (PAMP/MAMP)-triggered immunity, which is activated by cell
surface-localized pattern recognition receptors by the recognition of PAMPs/
MAMPs, and effector-triggered immunity activated by host resistance (R) genes
through the recognition of pathogen-specific effector molecules, which is in accord
with the gene-for-gene theory. Most R genes identified to date encode nucleotide-
binding leucine-rich repeats (NB-LRRs), including coiled-coil NB-LRRs (CC-NB-
LRRs) and Toll interleukin 1 receptor NB-LRRs (TIR-NB-LRRs). Moreover, some
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Fig. 1.1 Resistance genes identified in Brassica crops and their avirulence/interactor genes in the
pathogens. ASMT, N-acetylserotonin Omethyltransferase; CC, coiled-coil domain; eIF (iso) 4E,
eukaryotic translation initiation factor isoform 4E; eIF2Bp, eukaryotic translation initiation factor
2Bp; LRR, leucine-rich repeat; NB, nucleotide-binding domain; PK, protein kinase; RLP, receptor-
like protein. *Putative genes that have not been functionally validated. ??? The avirulence or
interaction genes in the pathogens that have not yet been characterized (Lv et al. 2020)

R genes encode receptor-like kinases (RLKSs), transmembrane receptor-like proteins
(RLPs), cytoplasmic kinases, and proteins with a-typical molecular motifs. Various
R genes with flexible molecular mechanisms provide powerful weapons that protect
the plant host from pathogens.

Many R genes have been identified and successfully applied to improve Brassica
crop resistance against various diseases, which not only ensures Brassica production
but also facilitates the discovery of host—pathogen interactions. Moreover, the
genomic era characterized by massive genome and omic data has made fast and
accurate R gene studies possible. The release of the reference genome data of the six
Brassica species in addition to B. carinata has provided vital information for
determining the genetic and molecular basis of disease resistance. Since the 2010s,
researchers have performed extensive, high-quality genomic, postgenomic, and
omics studies in Brassica species and have discovered a variety of R genes and
closely related genes, which not only provide further insight into the resistance
molecular mechanism and host—pathogen co-evolutionary arms race but also facili-
tate accurate molecular breeding at the whole-genome level (Lv et al. 2020; Fig. 1.1).
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1.3 The State of Brassica Genomics

The genomes of diploid Brassica species are three to five times the size of the
Arabidopsis genome, ranging from 0.97 pg/2C (468 Mb/1C; where C is haploid
DNA per nucleus), for B. nigra to 1.37 pg/2C (662 Mb/1C) for B. oleracea 696 Mb.
The amphidiploid genomes, which have two sets of chromosomes from each parent
species, range from 2.29 pg/2C (1105 Mb/1C) to 2.56 pg/2C (1235 Mb/1C).
Relationships among the three diploid species—B. rapa (syn. rapa; 2n = 20, genome
AA), B. nigra (2n = 16, genome BB), and B. oleracea (2n = 18, genome CC)—and
three amphidiploids B. napus (2n = 38, genome AACC), B. juncea (2n = 36,
genome AABB), and B. carinata (2n = 34, genome BBCC) are well known.
Rapid-cycling strains of B. oleracea have been developed that have a life cycle as
short as that of Arabidopsis thaliana, making them easier to study (Nagaharu 1935;
Williams and Hill 1986; Paterson et al. 2001).

Neutral DNA polymorphisms are common among coeno-specific genotypes of
most Brassica species, and at least 15 molecular maps have been produced, using at
least 900 different publicly available Brassica and Arabidopsis DNA probes (which
are each used with similar efficacy). Virtually all the probes hybridize to two or more
loci, even in diploid Brassica species; however, only a subset of loci segregates for
allelic variation in any one mapping population. The subset of genetically mapped
loci can, therefore, be used to infer the locations of many additional sequence tagged
sites (STSs) (Lan et al. 2000). The comparative organization of the chromosomes of
Brassica and Arabidopsis is well studied. On the basis of 186 corresponding loci,
about 19 chromosome structural rearrangements differentiate B. oleracea and
A. thaliana orthologs, suggesting that chromosomal tracts of about 20-25 ¢cM remain
largely co-linear in the two taxa (Lan et al. 2000). Microsynteny studies involving
comparative genetic and physical mapping of specific chromosome segments have
shown largely conserved gene order in Arabidopsis and Brassica, but some disrup-
tion in gene content by deletions or insertions. Furthermore, duplicated partial gene
clusters are commonly found in both Arabidopsis and Brassica species. Compara-
tive sequencing has permitted orthology assignment of some duplicated segments in
Arabidopsis and Brassica species (Wroblewski et al. 2000).

1.4 Crucifers’ Host Genome

The members of the crucifer family are too diverse and the genomic structures are
very complicated. In general, the cultivated Brassica species as per the triangle of U
including diploid as well as allotetraploids species, the diploid possess the most
variability while there is less variability, as compared to the diploid, in the amphi-
diploid species, as it is derived from the diploid species with the few chance crosses
followed by the amphidiplodization. Also the selection pressure on the amphidiploid
species is more due to its nucleo-cytoplasm and environmental instability. But still a
considerable genetic diversity is present within these three amphidiploid species
(Song et al. 1998). Based upon studies of genetic diversity, B. napus may be
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considered as the most ancient amphidiploid, succeeded by B. juncea and
B. carinata. Two major factors are responsible for general diversity within
amphidiploids, multiple hybridizations with different diploid parents and genome
modifications following polyploidization. Early comparative studies conducted at
the level of genetic linkage maps revealed extensive duplication within Brassica
genomes (Lagercrantz and Lydiate 1996) and tracts of co-linearity disrupted by
multiple rearrangements between the genomes of B. nigra and A. thaliana
(Lagercrantz 1998). The genome of different U-triangle species along with
Arabidopsis thaliana (Figs. 1.2 and 1.3) is as follows.

1.4.1 Arabidopsis thaliana

The flowering plant Arabidopsis thaliana is an important model system for
identifying genes and determining their functions. So, A. thaliana made a large
contribution to our molecular understanding of key concepts in biology by success-
ful integration of different fields of molecular biology research. The chromosome
number of Arabidopsis thaliana is 2n = 10 and it has a polyploid origin, although
there has been a dramatic genome reconstruction and loss of genes from the
duplicated genome segments (Arabidopsis Genome Initiative 2000; Blanc et al.
2000; Ku et al. 2000; Mayer et al. 2001). The Brassica and Arabidopsis lineages
diverged 20 MYA (Yang et al. 1999). Phylogenetic analysis groups of the Brassica
species into the nigra and rapa/oleracea lineages (Warwick and Black 1991), which
diverged 8 MYA (Lysak et al. 2005). With the progression of the Arabidopsis
genome project during the late 1990s, thousands of “interesting” genes were
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Fig. 1.3 U’s triangle of Brassica species with their estimated genome size. The inferred relation-
ship with the model species A. thaliana is indicated, but it should be noted that each of the species
shown share a common ancestor with an increased chromosomes number

discovered at an unprecedented pace, fueling the desire by plant researchers to test
their favorite hypothesis about these genes’ potential functions. The genome size of
Arabidopsis thaliana is 125 Mbp and genome contains 25,498 genes encoding
proteins from 11,000 families (Arabidopsis Genome Initiative 2000).

1.4.2 Brassica carinata

Brassica carinata (BBCC, n = 17) was formed from B. oleracea (CC, n = 9) and
B. nigra (BB, n = 8). This species is characterized by the slow steady growth of
B. oleracea and the mustard oil content of B. nigra. Wild forms of B. carinata are not
known, but primitive domesticated types are cultivated in upland areas of Ethiopia
and further south into Kenya. This hybrid may have originated from kale land races
of B. oleracea types hybridizing with wild or semi-domesticated forms of B. nigra.
Both kale and carinata crops thrive in cool environments typical of the Ethiopian
plateau. The local farmers grow them in “kale gardens.” This term, translated into
many languages and dialects, is commonly found throughout those rural areas using
vegetables derived from B. oleracea types. Carinata crops themselves are
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alternatively named “guomin,” Abyssinian mustard or Ethiopian cabbage, and
provide leafy vegetables and sources of oils. Cabbage itself can be a ubiquitous
term used to describe cole Brassicas and not necessarily synonymous with the
sophisticated heads seen on today’s super market shelves. The flow cytometry
estimation of B. carinata gave a picture of genome size around 642 Mb (Johnston
et al. 2005).

1.4.3 Brassica juncea

Brassica juncea (n = 18) is a hybrid between B. rapa (n = 10) and B. nigra (n = 8)
(Frandsen 1943) producing large leaves and with the rapid growth of B. rapa and the
mustard oil of B. nigra. Use of B. juncea as a source of vegetable oil is gaining
importance in India; while throughout Asia, especially in China and Japan, the plant
has a great diversity of cultivated forms used as staple vegetables of immense dietary
importance. Reputably, wild forms are still found on the Asia Minor plateau and in
southern Iran. The genome size of B. juncea variety Tumida is around 922 Mb (Yang
et al. 2016).

1.4.4 Brassica napus

Brassica napus (n = 19), has wild forms in Sweden, Denmark, The Netherlands, and
the UK. It developed from hybridization between B. rapa (n = 10) and B. oleracea
(n = 9) followed by chromosome doubling. This hybrid may have formed as
B. oleracea types expanded their range along the coasts of northern Europe and
B. rapa extended from the Irano-Turanian regions. Alternatively, B. napus may have
Mediterranean origins or, as seems likely, there were several centers of evolution.
The wild populations of B. napus have acquired major scientific significance
recently as they present means of determining the potential for gene flow to and
from genetically modified cultivars of oilseed rape. The sequence analysis reveals
the genome size of winter B. napus is 925 Mb (Lee et al. 2020).

1.4.5 Brassica nigra

Brassica nigra (black mustard), itself the ancestor of culinary mustards, is found
widely and distributed as annual herbs growing in shallow soils around major rocky
Mediterranean coasts. The B. nigra is the diploid species and also progenitor of the
two allotetraploids species viz., B. juncea and B. carinata. The chromosome num-
bers of B. nigra is 16 with BB genome. The estimated genome size as per the flow
cytometry analysis is 632 Mb (Johnston et al. 2005). The sequence of B. nigra
variety Sangam using [llunima HiSeq platform depict the genome size of B. nigra as
591 Mb (Yang et al. 2016).



