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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

A. N. Rai � P. Suprasanna (&)
Ex-Head, NABTD, Nuclear Agriculture &
Biotechnology Division, Bhabha Atomic Research
Centre, Mumbai 400085, India
e-mail: archurai@barc.gov.in

M. Rao � N. C. Gupta � A. Kashyap
ICAR National Institute of Plant Biotechnology,
New Delhi 110012, India
e-mail: mahesh.rao@icar.gov.in

S. Thakur � P. Bharadwaj
Molecular Genetics Laboratory,
Department of Botany, Central University of Punjab,
VPO Ghudda, Bathinda, Punjab 151401, India
e-mail: pankajihbt@gmail.com

S. Perumal
Global Institute for Food Security (GIFS), University
of Saskatchewan, Saskatoon, SK S7N 0W9, Canada

© 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_17

295

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_17&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_17&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91507-0_17&amp;domain=pdf
mailto:archurai@barc.gov.in
mailto:mahesh.rao@icar.gov.in
mailto:pankajihbt@gmail.com
https://doi.org/10.1007/978-3-030-91507-0_17


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.

17 Transcriptomics Research and Resources in Brassica spp. 301



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)
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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
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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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