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ABSTRACT

Major objectives in oil crop improvement are enhancement of seed and oil yield, quality of oil
according to its use, i.e. edible or industrial uses, breeding of varieties that fit in different cropping
systems and breeding biotic and abiotic stress resistant/tolerant varieties. Despite traditional
breeding approaches, including pure line breeding, yielding only modest gains in productivity,
recent advancements in mustard breeding have led to significant breakthroughs in both productivity
and oil quality. This review discusses the innovative breeding strategies that have contributed to
these advancements, with a focus on hybrid development, oil quality enhancement, and
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biotechnological approaches. To enhance productivity, researchers at the University of Delhi have
developed hybrid seed production techniques using transgenic Barnase-barstar systems and
cytoplasmic male sterility (CMS) systems. These systems enable large-scale hybrid seed
production, with field trials demonstrating significant yield heterosis ranging from 31% to 55%
compared to national check varieties. In addition to productivity, improving oil and meal quality has
been a key objective. By integrating genes from canola-quality mustard lines, breeders have
achieved reductions in erucic acid and glucosinolates, enhancing the health profile and industrial
applicability of mustard oil. A high-density linkage map developed using an F1 double haploid
mapping population has facilitated the marker-assisted backcross breeding of desirable traits,
enabling precise transfer of key quality traits. Transgenic approaches, such as antisense RNA
technology, have led to the development of high-oleic, low-linoleic mustard lines with improved fatty
acid profiles. These advancements reflect a strategic combination of conventional and
biotechnological methods, demonstrating a clear pathway for boosting mustard yields while
enhancing oil quality. Molecular markers reported for genetic diversity assessment, mapping and
tagging genes/QTLs for different qualitative and quantitative traits and their use in marker-assisted
selection have been presented. This progress not only addresses current challenges but also sets
the stage for future research aimed at further optimizing productivity, oil quality, and resistance to

pests and diseases in mustard cultivation.

Keywords: Breeding; hybrid; CMS; antisense RNA technology; high-oleic; low-linoleic; molecular

markers and QTLs.
1. INTRODUCTION

Indian mustard (Brassica juncea L.), is a major
oilseed crop in India, cultivated across six million
hectares, primarily in rainfed regions of northern
India during the winter season [1]. Brassica
juncea, commonly known as Indian mustard,
holds particular significance due to its
amphidiploid nature, with a chromosome count of
2n = 36 (AABB) [62]. This amphidiploidy arises
from the combination of genomes from two
diploid species: Brassica rapa (AA) with 2n = 20
chromosomes and Brassica nigra (BB) with 2n =
16 chromosomes [63-64]. Traditional breeding
approaches, particularly pure line breeding, have
yielded only marginal improvements in
productivity, largely due to the limited genetic
variability among the existing elite germplasm [2].
To significantly enhance productivity and oil
quality, Indian breeding programs are now
focusing on exploiting new sources of genetic
variation and utilizing innovative biotechnological
tools. To overcome the limited genetic base in
traditional mustard breeding, breeders are
exploring heterosis, or hybrid vigour, by crossing
lines from two distinct gene pools—the east
European and Indian gene pools. Hybrids from
these diverse backgrounds have shown
increased yields due to heterosis, with research
indicating that these crosses are particularly
effective for improving productivity [3]. However,
the exotic east European germplasm, known for
its beneficial traits like low erucic acid and
glucosinolates, has proven challenging to
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integrate into Indian mustard varieties due to
issues like linkage drag and adaptation to Indian
agro-climatic conditions.

Addressing these challenges requires a
combination of conventional and biotechnological
approaches. The University of Delhi's laboratory
is at the forefront of such efforts, focusing on two
primary  objectives: increasing productivity
through hybrid breeding and improving oil and
meal quality by developing canola-quality
mustard with low erucic acid and glucosinolates.
The lab has successfully developed cytoplasmic
male sterility (CMS)-based restorer systems and
transgenic barnase-barstar systems to enable
large-scale  hybrid seed production [4].
Additionally, high-density linkage maps using
AFLP, RFLP, and SSR markers have been
constructed to tag genes related to crucial traits,
like erucic acid, linoleic acid, and seed coat color.
These maps also facilitate the dissection of
quantitative trait loci (QTLs) involved in vyield
components and glucosinolates. Biotechnological
tools like antisense RNA and microspore-derived
doubled haploids offer precise methods for
transferring  desirable traits from  exotic
germplasm into elite Indian varieties [5]. Marker-
assisted backcross breeding provides a way to
integrate specific traits from east European lines
into Indian cultivars without compromising the
heterotic gene pool. These innovative strategies
are essential for developing high-yielding, high-
quality mustard varieties that meet both
productivity and nutritional goals, ensuring a
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brighter future for Brassica juncea cultivation in
India [6].

Mustard, a staple crop in many regions, has
gained significant attention due to its high oil
content and adaptability. Breeding efforts in
mustard have made remarkable strides, leading
to enhanced oil quality and improved yields [7].
This review explores the latest advances in
mustard breeding techniques, focusing on
innovations that have enhanced oil content, yield,
and resistance to pests like aphids. Key
advancements in mustard breeding include the
use of modern molecular techniques, such as
marker-assisted selection (MAS), genomic
selection, and CRISPR/Cas9-based gene
editing. These methods allow breeders to target
specific traits, speeding up the process of
developing high-yielding and high-oil-content
mustard varieties [8]. Moreover, breeders are
leveraging traditional breeding techniques, like
hybridization and backcrossing, to create
varieties that are more resilient to environmental
stressors and diseases.

A significant area of focus has been on improving
oil quality in mustard [9]. This involves not only
increasing oil content but also enhancing the
fatty acid composition to meet health and
industry standards. Breeders are working on
reducing erucic acid levels and increasing oleic
acid content to produce oil that is healthier for
consumption and has a broader industrial
application [10]. Additionally, efforts to increase
the levels of essential fatty acids, such as
omega-3 and omega-6, are ongoing, with
promising results. In addition to oil quality,
mustard breeding programs aim to increase
overall yield and resistance to common pests
and diseases. Breeding for aphid resistance is
crucial, as aphids can significantly impact crop
health and yield [11]. By incorporating genes
from wild relatives and using advanced
genomic tools, breeders are developing mustard
varieties that require fewer pesticides and are
more  environmentally  sustainable. This
comprehensive review provides a detailed
analysis of the latest advancements in
mustard breeding, emphasizing oil quality
enhancement and vyield improvement. It also
highlights the challenges that remain and
suggests future research directions
to further enhance the crop's potential.
Through continued innovation and collaboration,
mustard breeding can contribute
significantly to food security and sustainable
agriculture [12].
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2. ENHANCEMENT OF PRODUCTIVITY
THROUGH DEVELOPMENT OF
HYBRIDS

To boost mustard productivity through hybrid
development, innovative approaches in creating
male sterility and restorer systems have been
employed. The lab has pioneered the use of
transgenic barnase-barstar systems to induce
male sterility and create restorer lines in Brassica
juncea [13]. This technique involves transferring
barnase and barstar transgenes to appropriate
heterotic combiners via recurrent backcrossing,
providing a reliable method for large-scale hybrid
seed production. The resulting hybrids based on
this male sterility system have demonstrated
significant yield advantages. In field trials
conducted in northern India over two consecutive
mustard-growing seasons, yield heterosis of 50—
55% was recorded in transgenic hybrids
compared to national check varieties [14]. The
hybrid will undergo multi-location trials during the
2005-06 growing season to further validate its
performance [15].

Additionally, the lab has developed a novel
cytoplasmic male sterility (CMS) and restorer
system for large-scale hybrid seed production
[16]. This CMS system is unique in that it allows
any mustard line to maintain sterility after a
series of backcrosses or restore fertility in the F1
generation, providing a broad range of combiners
and restorers for hybrid seed production (Fig. 1).
The first hybrid derived from this CMS system
was tested in demonstration trials on farmers'
fields in northern India during the 2004-05
growing season, yielding an average heterosis of
31% (with a range from 16-58%) compared to
local check varieties [17]. Plans are underway to
test this hybrid in larger trials across 500 farmers'
fields during the 2005-06 season, with each trial
covering one acre [18]. These advancements in
hybrid breeding techniques offer promising
avenues for enhancing mustard productivity and
can potentially revolutionize mustard cultivation
in India by providing high-yielding, resilient
hybrids for large-scale commercial production.

3. IMPROVEMENT OF OIL AND MEAL
QUALITY

Enhancing oil and meal quality in Indian B.
juncea (mustard) has been a key focus of
breeding programs, with a particular emphasis
on reducing erucic acid and glucosinolates—two
traits associated with canola-quality mustard [19].
Low erucic acid in B. juncea is controlled by two
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recessive genes, while low glucosinolates are
governed by 6-7 recessive genes [20]. These
traits are being transferred from the canola-
quality line "Heera" to Indian cultivars through
marker-assisted backcross breeding using
double haploids. A significant step in this process
involved the development of a high-density
linkage map using an F1 double haploid (DH)
mapping population derived from a cross
between "Varuna' (an Indian cultivar) and
"Heera” [21]. The initial map consisted of 1,029
Amplified Fragment Length  Polymorphism
(AFLP) and Restriction Fragment Length

Polymorphism (RFLP) markers, later augmented
with additional AFLP, RFLP, and Simple
Sequence Repeat (SSR) markers [22].
This map facilitated the identification and tagging
of critical loci. Through a candidate gene
approach, two loci associated with erucic acid
were identified, while microsatellite markers
helped tag two loci for seed coat color
[23]. The markers from this map are instrumental
in the marker-assisted backcross transfer of low
erucic acid and vyellow seed coat -color
traits from East European lines to Indian varieties
[24].
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Transgenic approaches have also played a vital
role in improving oil quality. A high-oleic, low-
linoleic mustard line was developed using
antisense RNA technology [25]. This involved
modifying the fatty acid composition of a zero-
erucic acid mustard line by introducing antisense
constructs targeting the fad2 gene from B. rapa.
The resulting homozygous lines achieved 74%
oleic acid and 8-9% each of linoleic and linolenic
acids [26]. Further work aims to make these
transgenic lines marker-free through the Cre-Lox
technique, with plans to transfer them to zero-
erucic acid Indian mustard varieties. This
progress underscores the innovative breeding
strategies employed to enhance oil quality,
ultimately contributing to higher-value mustard
products with improved nutritional profiles and
broader market appeal.

4. USE OF MOLECULAR TOOLS FOR OIL
CROP IMPROVEMENT

In the quest for improving oil crops, particularly
with respect to biotic and abiotic stress
resistance, traditional breeding approaches often
face limitations [27]. These challenges stem from
complex genetic control, lack of resistant
germplasm, inadequate screening techniques,
and the influence of environmental factors on
traits. However, molecular tools, particularly
Marker-Assisted Selection (MAS), offer
promising solutions by expediting the process of
trait improvement and enhancing precision in
selection. Conventional crop improvement
typically involves the exploitation of genetic
variation within crossable boundaries, focusing
on recombination breeding and heterotic hybrid
development [28]. This process heavily relies on
the selection of appropriate parental lines, often
derived from available germplasm and passport
data. While these resources provide a foundation
for breeding, many potentially valuable
genotypes remain underutilized within the
primary gene pool. Furthermore, conventional
selection methods predominantly depend on
phenotype, which, due to the interaction between
genotype and environment, may not always
accurately reflect the wunderlying genetic
potential.

MAS overcomes these limitations by allowing
breeders to focus directly on the genotype,

reducing the dependency on phenotypic
expressions that can be misleading, especially
for complex traits like oil vyield, disease

resistance, and drought tolerance [29,65,66]. The
integration of molecular markers into breeding
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programs provides a more efficient and accurate
approach to selecting desirable recombinants
[30]. MAS enables the identification of key
genetic markers associated with specific traits,
allowing for more targeted breeding and reducing
the time required for trait introgression [31].

Additionally, when no resistance source exists
within the germplasm, transgenic approaches
can be explored to incorporate resistance traits
from other species, broadening the genetic base
for improvement [32]. These molecular tools not
only streamline the breeding process but also
enhance the overall effectiveness of oil crop
improvement by providing a more reliable and
rapid path to achieving desired traits. This review
underscores the significance of molecular tools in
oil crop improvement, with a focus on the
successful implementation of MAS and its
potential to revolutionize breeding practices. By
utilizing molecular markers and transgenic
techniques, breeders can address the complex
challenges associated with traditional methods,
leading to enhanced oil yields, improved disease
resistance, and greater sustainability in oil crop
production.

5. MARKER-ASSISTED SELECTION
IMPROVEMENT OF OILSEED CROPS

IN

Over the past quarter-century, since the
landmark paper in 1986 on Restriction Fragment
Length Polymorphism (RFLP) markers for
constructing linkage maps in tomato and maize,
significant advancements have been made in
applying molecular techniques to oilseed crops
[33]. This has catalyzed a paradigm shift in plant
breeding, with a focus on Sequence Tagged Site
(STS) and Simple Sequence Repeat (SSR)
markers to generate high-density genome maps
and tag genes/quantitative trait loci (QTLS) in
Brassica, soybean, sunflower, and groundnut.
Single Nucleotide Polymorphisms (SNPs) have
also emerged, providing insights into genetic
diversity and enhancing the precision of marker-

assisted selection (MAS) [34]. The early
limitations of MAS, such as recombination
between markers and target genes, low

polymorphism levels, and reduced resolution of
QTLs due to environmental interactions, are
gradually being addressed [35]. Recent
developments in genome-wide sequence-based
SSR and SNP markers hold the key to
overcoming these challenges, especially in key
oilseed crops [36]. High-density genetic and
physical maps are aiding in finding markers that
are physically close to target genes, minimizing
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the risk of marker-trait linkage breakdown due to
recombination [37]. The construction of these
high-density genome maps using SSR markers
is critical for rapid tagging of useful genes and
map-based genome characterization [38].

For qualitative traits like nematode and virus
resistance in soybean, MAS is immediately
applicable, while quantitative traits require further
validation and fine mapping to identify tightly
linked markers [39]. Pyramiding multiple genes
for resistance against various pathogens,
nematodes, and insects could significantly boost
productivity and ensure more robust oilseed
crops [40]. Strategic use of markers in
conjunction with conventional breeding is crucial
for stabilizing production, particularly under
abiotic stresses [41]. Many QTLs for seed and oil
yield, as well as for salt and drought tolerance,
have been mapped, yet their validation in varied

genetic backgrounds and across different
locations is necessary for broader application
(Fig. 3). Achieving the full potential of MAS in
oilseed crop improvement demands considerable
research efforts, substantial funding, enhanced
infrastructure for phenotyping and genotyping,
and innovative experimental strategies [42]. The
ongoing reduction in genotyping costs, coupled
with rapid technological advancements, makes
MAS more accessible for large-scale breeding
experiments [43]. However, successful MAS
implementation requires strategic integration with
traditional breeding, emphasizing that these
molecular tools are not replacements but rather
enhancements to conventional approaches. The
potential benefits in terms of time, effort, and cost
savings in the long run justify continued
investment in robust sequence-based
validated markers for key traits in oilseed crops
[44, 64].

Selection of plants with desired morphological traits

Development of breeding population (F, and F- generation)

Marker assisted selection of plants with desired traits

Fig. 3. Marker-assisted breeding for abiotic stress tolerance in crop plants
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6. ACHIEVEMENTS IN MUSTARD
BREEDING AND OIL QUALITY

Advances in mustard breeding have played a
pivotal role in transforming the oilseed landscape
in India [45]. A significant achievement in this
field is the development of high-yielding hybrid
varieties, enabled by innovative breeding
techniques such as cytoplasmic male sterility
(CMS) and the transgenic barnase-barstar
system [46]. These approaches have
revolutionized hybrid seed production, allowing
for large-scale commercial cultivation with
substantial yield gains. In field trials, these hybrid
mustard varieties have shown yield heterosis of
up to 50-55% compared to traditional national
check varieties, indicating a tremendous potential
for boosting productivity [47]. The success of
these hybrids has provided farmers with new
opportunities to  increase their  output,
contributing to food security and rural income
[48].

Another notable achievement in mustard
breeding is the significant improvement in oil
quality. The focus has been on reducing erucic
acid and glucosinolates, compounds that are
generally considered undesirable in edible oils
due to health and flavor concerns [49]. Through
marker-assisted  backcross breeding and
transgenic  techniques, researchers have
successfully introduced canola-quality traits into
Indian mustard cultivars. These traits include
lower erucic acid content and reduced
glucosinolates, making the oil healthier for
consumption and expanding its market potential.
Transgenic approaches, such as the use of
antisense RNA, have further enhanced the oil's
composition by increasing oleic acid content and
reducing linoleic and linolenic acids [50]. These
advancements have improved the nutritional
profile of mustard oil, making it more appealing to
health-conscious consumers.

Furthermore, the integration of molecular tools
has played a crucial role in enhancing the
efficiency of breeding programs. High-density
linkage maps and marker-assisted selection
(MAS) have allowed breeders to identify and
transfer specific traits more accurately, reducing
the time required for breeding new varieties [51].
These molecular techniques have enabled
precise selection of traits related to yield, oil
quality, and even resistance to biotic and abiotic
stresses. This precision has resulted in a more
consistent and reliable breeding process, leading
to mustard varieties that are not only more
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productive but also more resilient to
environmental challenges. Overall, the
achievements in mustard breeding and oil quality
enhancement are a testament to the successful
marriage of traditional breeding with modern
biotechnological tools, paving the way for a
brighter future for mustard cultivation in India.

7. CHALLENGES IN MUSTARD
BREEDING AND OIL QUALITY

Despite the remarkable achievements in mustard
breeding and oil quality enhancement, several
challenges persist that require ongoing attention.
A key challenge is the complex genetic control of
many traits, particularly those related to yield,
disease resistance, and stress tolerance.
Mustard breeding involves managing a variety of
genetic factors, which can complicate the
selection process [52]. This complexity is
exacerbated by the interaction of multiple genes
and environmental influences, making it difficult
to isolate and stabilize desired traits. The high
degree of genetic variation required for effective
breeding also poses a challenge, as it
necessitates extensive resources for genotyping
and phenotyping to maintain the diversity needed
for robust breeding programs [53].

Another significant challenge is the potential
environmental impact of new breeding
techniques, particularly transgenic approaches.
Public perception and regulatory hurdles often
complicate the introduction of genetically
modified organisms (GMOs), leading to slower
adoption rates and increased costs associated
with regulatory compliance [54]. Moreover, the
use of transgenic methods in mustard breeding
may face opposition from certain consumer
groups and environmental organizations, who

express concerns about biodiversity and
ecosystem health. Addressing these concerns
requires careful risk assessments and
transparent communication to ensure that

breeding innovations are both safe and publicly
accepted.

Additionally, ensuring equitable access to
advanced mustard varieties is a challenge that
impacts the broader agricultural community.
Although high-yielding hybrids and improved oll
quality can benefit farmers and consumers alike,
disparities in resource availability can create
barriers to adoption. Smallholder farmers may
lack the financial resources, knowledge, or
infrastructure needed to effectively implement
these advanced breeding techniques. This
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disparity can limit the widespread adoption of
improved mustard varieties and exacerbate
existing inequalities in the agricultural sector. To
overcome this challenge, it's crucial to focus on
capacity building, knowledge transfer, and
inclusive policies that ensure all stakeholders can
benefit from advances in mustard breeding and
oil quality enhancement.

8. FUTURE PERSPECTIVES FOR
MUSTARD BREEDING AND OIL
QUALITY ENHANCEMENT

The field of mustard breeding and oil quality
enhancement in India stands at the cusp of a
transformative era, with significant achievements
paving the way for new research opportunities
and innovative approaches [55]. The integration
of advanced biotechnological tools, such as
marker-assisted selection (MAS), genomic
selection, and CRISPR/Cas9 gene editing, has
revolutionized the ability to identify and transfer
desirable traits into mustard crops with precision
and efficiency [56]. This capability opens doors to
overcoming traditional breeding limitations,
accelerating the development of high-yielding,
disease-resistant, and nutritionally enhanced
mustard varieties. In the coming years,
researchers are expected to focus on optimizing
the balance between  productivity and
sustainability [57]. This will involve not only
improving yields but also enhancing oil quality,
such as increasing oleic acid content while
reducing erucic acid and glucosinolates. The
adoption of integrated nutrient management
(INM) practices, combining organic and inorganic
nutrient sources, is poised to play a pivotal role in
promoting sustainable agricultural practices and
soil health [58]. This holistic approach to mustard
cultivation aligns with the broader sustainability
goals outlined by global agricultural frameworks.

Challenges remain, including the need to
address climate change's impact on mustard
production, ensuring resistance to emerging
diseases and pests, and overcoming socio-
economic barriers to technology adoption [59].
Future research must focus on developing
climate-resilient mustard varieties, understanding
the complex genetic mechanisms underpinning
yield and quality traits, and promoting wider

adoption of innovative breeding techniques
among Indian farmers. Collaborative efforts
among academic institutions, government

agencies, and private sector stakeholders will be
essential to drive these advancements forward
[60]. Furthermore, there is an opportunity to
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explore alternative uses for mustard crops, such
as biofuel production and industrial applications,
which could diversify market opportunities for
Indian farmers. By addressing these challenges
and leveraging emerging technologies, India can
lead the way in mustard breeding and oil quality
enhancement, ensuring food security, promoting
sustainable agriculture, and contributing to the
economic well-being of rural communities. The
journey ahead is both exciting and promising,
with immense potential to redefine mustard
cultivation in India.

9. CONCLUSION

Mustard breeding and oil quality enhancement in
India has witnessed significant advancements,
driven by both conventional and biotechnological
approaches. Through the implementation of
innovative breeding techniques like cytoplasmic
male sterility (CMS), transgenic barnase-barstar
systems, and marker-assisted selection (MAS),
Indian mustard breeding programs have made
notable strides in improving yield, oil quality, and
resistance to biotic and abiotic stresses. These
achievements have translated into tangible
benefits for farmers, with higher-yielding and
more resilient mustard varieties contributing to
increased agricultural productivity and
sustainability. However, these advancements
come with a set of challenges that require
strategic  solutions. The complex genetic
structure of mustard, along with environmental
influences, makes it challenging to achieve
stable and predictable outcomes in breeding
programs. By leveraging molecular tools and
integrating conventional breeding with modern

biotechnological methods, researchers can
continue to improve oil quality, vyield, and
environmental resilience. The  continued
exploration of genetic diversity and the

development of high-density genetic maps will be
critical in identifying and harnessing desirable
traits. Ultimately, the success of future mustard
breeding initiatives will depend on collaborative
efforts among researchers, policymakers, and
the farming community to ensure that the
benefits of these advancements are maximized
and widely accessible. Through this approach,
India can continue to lead the way in mustard
breeding and oil quality enhancement,
contributing to a more sustainable and productive
agricultural sector.

COMPETING INTERESTS

Authors have declared that

interests exist.

no competing



Singh and Prakash; Plant Cell Biotech. Mol. Biol., vol. 25, no. 5-6, pp. 52-63, 2024; Article no.PCBMB.12108

REFERENCES

1.

10.

11.

Kumar S, Meena RS. Impact of various
sowing environment and nutrient sources
on growth performance of Indian mustard
(Brassica juncea). Indian Journal of
Agronomy. 2020;65(4):465-70.

Xu'Y, Li P, Zou C, Lu Y, Xie C, Zhang X,
Prasanna BM, Olsen MS. Enhancing
genetic gain in the era of molecular
breeding. Journal of Experimental Botany.
2017;68(11):2641-66.

Mindaye TT, Mace ES, Godwin ID, Jordan
DR. Heterosis in locally adapted sorghum
genotypes and potential of hybrids for
increased  productivity in  contrasting
environments in Ethiopia. The crop journal.
2016;4(6):479-89.

Kempe K, Gils M. Pollination control
technologies for hybrid breeding. Molecular
breeding. 2011;27:417-37.
Biotechnological tools like antisense RNA
and microspore-derived doubled haploids
offer precise methods for transferring
desirable traits from exotic germplasm into
elite Indian varieties

Boopathi NM. Genetic mapping and
marker assisted selection. India: Springer;
2013.

Pratap A, Gupta S, Nair RM, Gupta SK,
Schafleither R, Basu PS, Singh CM,
Prajapati U, Gupta AK, Nayyar H, Mishra
AK. Using plant phenomics to exploit the
gains of genomics. Agronomy. 2019;
9(3):126.

Adlak T, Tiwari S, Rathore MS, Tripathi N,
Tiwari PN, Tripathi MK. Biotechnological
approaches for genetic improvement of
crops. book: Cutting Edge Research in
Biology. 2023;7:63-84.

Priyamedha BK, Thomas L, Bala M, Singh
VV, Singh D. Status and perspective of

canola quality rapeseed-mustard
cultivation in India: a review.
Journal of Oilseed Brassica.

2016;1(1):142-51.

Li X, van Loo EN, Gruber J, Fan J, Guan
R, Frentzen M, Stymne S, Zhu LH.
Development of ultra-high erucic acid oil in
the industrial oil crop Crambe abyssinica.
Plant biotechnology journal.
2012;10(7):862-70.

Luo K, Zhao H, Wang X, Kang Z. Prevalent
pest management strategies for grain
aphids: Opportunities and challenges.
Frontiers in Plant Science. 2022;12:
790919.

60

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Albahri G, Alyamani AA, Badran A, Hijazi
A, Nasser M, Maresca M, Baydoun E.
Enhancing essential grains yield for
sustainable food security and bio-safe
agriculture  through latest innovative
approaches. Agronomy. 2023;13(7):1709.
Lobos Sujo VN. Characterization and
improvement of Ogu-INRA CMS Brassica
napus L. fertility restorers.

Singh SP, Singh H, Hegde DM, Tahir TA.
Past progress, present scenario, nutritional
value and strategies to enhance yield
potential of rapeseed-mustard: an
overview. Indian Journal of Crop Science.
2007;2(2):245-57.

Setimela PS, B Mwangi W. Variety testing
and release approaches in DTMA project
countries in sub-Saharan Africa. CIMMYT;
2009.

Kim YJ, Zhang D. Molecular control of
male fertility for crop hybrid breeding.
Trends in Plant Science. 2018;23(1):53-65.
Yadav OP, Gupta SK, Govindaraj M,
Sharma R, Varshney RK, Srivastava RK,
Rathore A, Mahala RS. Genetic gains in
pearl millet in India: insights into historic
breeding strategies and future perspective.
Frontiers in Plant Science.
2021;12:645038.

Stone GD. Agricultural deskilling and the
spread of genetically modified cotton in
Warangal. Current anthropology.
2007;48(1):67-103.

Meena A, Talekar N. Breeding for quality in
rapeseed-mustard: A review. Pharma
Innovation Journal. 2022;11(7):235-41.
Kaur G, Sharma S, Langyan S, Kaur J,
Yadava P, Banga SS. Advanced Breeding
for Oil and Oil Cake Quality in Brassica
juncea. InThe Brassica juncea Genome
2022 Mar 9 (pp. 413-438). Cham: Springer
International Publishing.

Gupta V, Mukhopadhyay A, Arumugam N,
Sodhi YS, Pental D, Pradhan AK.
Molecular tagging of erucic acid trait in
oilseed mustard (Brassica juncea) by QTL
mapping and single nucleotide
polymorphisms in FAE1 gene. Theoretical
and Applied Genetics. 2004;108:743-9.
Khurshid H, Arshad M, Khan MA, Ali N,
Shinwari ZK, Rabbani MA. Genetic
structure of pakistani oilseed brassica
cultivars revealed by morphometric and
microsatellite markers. Pakistan Journal of
Botany. 2019;51(4):1331-40.

Zhou L, Li Y, Hussain N, Li Z, Wu D, Jiang
L. Allelic variation of BnaC. TT2. a and its



24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Singh and Prakash; Plant Cell Biotech. Mol. Biol., vol. 25, no. 5-6, pp. 52-63, 2024; Article no.PCBMB.12108

association with seed coat color and fatty
acids in rapeseed (Brassica napus L.).
PL0S One. 2016;11(1):e0146661.

Mathur S, Singh P, Yadava SK, Gupta V,
Pradhan AK, Pental D. Genetic mapping of
some key plant architecture traits in
Brassica juncea using a doubled haploid
population derived from a cross between
two distinct lines: vegetable type Tumida
and oleiferous Varuna. Theoretical and
Applied Genetics. 2023;136(4):96.

Lee KR, Kim EH, Roh KH, Kim JB, Kang
HC, Go YS, Suh MC, Kim HU. High-oleic
oilseed rapes developed with seed-specific
suppression of FAD2 gene expression.
Applied Biological Chemistry. 2016;59:669-
76.

Pham AT, Shannon JG, Bilyeu KD.
Combinations of mutant FAD2 and FAD3
genes to produce high oleic acid and low
linolenic acid soybean oil. Theoretical and
applied genetics. 2012;125:503-15.

Anwar A, Kim JK. Transgenic breeding
approaches for improving abiotic stress
tolerance: recent progress and future
perspectives. International journal of
molecular sciences. 2020;21(8):2695.
Bohra A, Kilian B, Sivasankar S, Caccamo
M, Mba C, McCouch SR, Varshney RK.
Reap the crop wild relatives for breeding
future crops. Trends in Biotechnology.
2022;40(4):412-31.

Muranty H, Jorge V, Bastien C, Lepoittevin
C, Bouffier L, Sanchez L. Potential for
marker-assisted selection for forest tree
breeding: lessons from 20 years of MAS in
crops. Tree Genetics & Genomes.
2014;10(6):1491-510.

Bernardo R. Molecular markers and
selection for complex traits in plants:
learning from the last 20 years. Crop
science. 2008;48(5):1649-64.

Osei MK, Prempeh R, Adjebeng-Danquah
J, Opoku JA, Danquah A, Danquah E, Blay
E, Adu-Dapaah H. Marker-assisted
selection (MAS): a fast-track tool in tomato
breeding. Recent advances in
tomato breeding and production. 2018:93-
113.

Singh RK, Prasad A, Muthamilarasan M,
Parida SK, Prasad M. Breeding and
biotechnological interventions for trait
improvement: status and prospects.
Planta. 2020;252:1-8.

Voronova O. Callus formation and plant
regeneration in sunflower (Helianthus L.,
asteraceae) in vitro tissue culture. In19th

61

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

International Sunflower Conference, Edirne
2016 May 29 (p. 211).

He J, Zhao X, Laroche A, Lu ZX, Liu H, Li
Z. Genotyping-by-sequencing (GBS), an
ultimate marker-assisted selection (MAS)
tool to accelerate plant breeding. Frontiers
in plant science. 2014;5:107179.

Gupta PK, Kumar J, Mir RR, Kumar A. 4
Marker-assisted selection as a component
of conventional plant breeding. Plant
breeding reviews. 2010;33(4):145-217.
Yang S, Gill RA, Zaman QU, Ulhassan Z,
Zhou W. Insights on SNP types, detection
methods and their utilization in Brassica
species: Recent progress and future
perspectives. Journal of Biotechnology.
2020;324:11-20.

Nair SK, Babu R, Magorokosho C, Mahuku
G, Semagn K, Beyene Y, Das B, Makumbi
D, Lava Kumar P, Olsen M, Boddupalli
PM. Fine mapping of Msvl, a major QTL
for resistance to Maize Streak Virus leads
to development of production markers for
breeding pipelines. Theoretical and
Applied Genetics. 2015;128:1839-54.

Lyu P, Hou J, Yu H, Shi H. High-density
genetic linkage map construction in
sunflower (Helianthus annuus L.) using
SNP and SSR markers. Current
Bioinformatics. 2020;15(8):889-97.

Lin J, Lan Z, Hou W, Yang C, Wang D,
Zhang M, Zhi H. Identification and fine-
mapping of a genetic locus underlying
soybean tolerance to SMV infections. Plant
science. 2020;292:110367.

Rajput R, Naik J, Misra P, Trivedi PK,
Pandey A. Gene pyramiding in transgenic
plant development: approaches and
challenges. Journal of Plant Growth
Regulation. 2023;42(10):6038-56.

Gazal A, Dar ZA, Wani SH, Lone AA,
Shikari AB, Ali G, Abidi I. Molecular
breeding for enhancing resilience against
biotic and abiotic stress in major cereals.
SABRAO Journal of Breeding & Genetics.
2016;48(1).

Yadava DK, Vasudev S, Singh N,
Mohapatra T, Prabhu KV. Breeding major
oil crops: Present status and future
research needs. Technological innovations
in major world oil crops, volume 1:
breeding. 2012:17-51.

He J, Zhao X, Laroche A, Lu ZX, Liu H, Li
Z. Genotyping-by-sequencing (GBS), an
ultimate marker-assisted selection (MAS)
tool to accelerate plant breeding. Frontiers
in plant science. 2014;5:107179.



44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

Singh and Prakash; Plant Cell Biotech. Mol. Biol., vol. 25, no. 5-6, pp. 52-63, 2024; Article no.PCBMB.12108

Collard BC, Cruz CM, McNally KL, Virk PS,
Mackill DJ. Rice molecular breeding
laboratories in the genomics era: current
status and future considerations.
International journal of plant genomics.
2008.

Yadav R, Kalia S, Rangan P, Pradheep K,
Rao GP, Kaur V, Pandey R, Rai V,
Vasimalla CC, Langyan S, Sharma S.
Current research trends and prospects for
yield and quality improvement in sesame,
an important oilseed crop. Frontiers in
Plant Science. 2022;13:863521.

Szeluga N, Baldrich P, DelPercio R,
Meyers BC, Frank MH. Introduction of
barnase/barstar in soybean produces a
rescuable male sterility system for hybrid
breeding. Plant Biotechnology Journal.
2023;21(12):2585-96.

Nuthalapati CS, Zilberman D, Qaim M,
Pingali P. Hybrid Mustard and
Biotechnology. Economic & Political
Weekly. 2023;58(43):47.

Shiferaw B, Prasanna BM, Hellin J,
Banziger M. Crops that feed the world 6.
Past successes and future challenges to
the role played by maize in global food
security. Food security. 2011;3:307-27.
Beszterda M, Nogala-Katucka M. Current
research developments on the processing
and improvement of the nutritional quality
of rapeseed (Brassica napus L.). European
journal of lipid science and technology.
2019;121(5):1800045.

Qi W, Lu H, Zhang Y, Cheng J, Huang B,
Lu X, Sheteiwy MS, Kuang S, Shao H. Oil
crop genetic modification for producing
added value lipids. Critical reviews in
biotechnology. 2020;40(6):777-86.

Panjabi P, Yadava SK, Kumar N, Bangkim
R, Ramchiary N. Breeding Brassica juncea

and B. rapa for sustainable oilseed
production in the changing climate:
progress and  prospects.  Genomic

Designing of Climate-Smart Oilseed Crops.
2019:275-369.

Sandhu SK, Kang MS, Akash MW, Singh
P. Selection indices for improving selection
efficiency in Indian mustard. Journal of
Crop Improvement. 2019 Jan 2;33(1):25-
41.

Aquaculture Genomics, Genetics and
Breeding Workshop, Abdelrahman H,
ElHady M, Alcivar-Warren A, Allen S, Al-
Tobasei R, Bao L, Beck B, Blackburn H,
Bosworth B, Buchanan J. Aquaculture
genomics, genetics and breeding in the

62

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

United States: current status, challenges,
and priorities for future research. BMC
genomics. 2017;18:1-23.

Sadikiel Mmbando G. The Adoption of
Genetically Modified Crops in Africa: the

Public’s Current Perception, the
Regulatory  Obstacles, and Ethical
Challenges. GM Crops & Food.

2024;15(1):1-5.

Debroy B, Tellis AJ, Trevor R. Getting
India back on track: An action agenda for
reform. Random House India; 2014 Jun
11.

Aakanksha, Yadav BG, Mathur S, Yadava
SK, Ramchiary N. Genomic Designing for
Nutraceuticals in  Brassica juncea:
Advances and Future Prospects.
Compendium of Crop Genome Designing
for Nutraceuticals. 2023:419-69.

Higgins AJ, Miller CJ, Archer AA, Ton T,
Fletcher CS, McAllister RR. Challenges of
operations research practice in agricultural
value chains. Journal of the Operational
Research Society. 2010;61:964-73.

Jat LK, Singh YV, Meena SK, Meena SK,
Parihar M, Jatav HS, Meena RK, Meena
VS. Does integrated nutrient management
enhance agricultural productivity. J Pure
Appl Microbiol. 2015;9(2):1211-21.
Rial-Lovera K, Davies WP, Cannon ND.
Implications of climate change predictions
for UK cropping and prospects for possible
mitigation: a review of challenges and
potential responses. Journal of the Science
of Food and Agriculture. 2017;97(1):17-32.
Owojori OM, Okoro C. The private sector
role as a key supporting stakeholder
towards circular economy in the built
environment: a scientometric and content
analysis. Buildings. 2022;12(5):695.
Gautam R, Shukla P, Kirti PB. Male sterility
in plants: An overview of advancements

from natural CMS to genetically
manipulated systems for hybrid seed
production. Theoretical and Applied

Genetics. 2023;136(9):195.

Kumar R, Pandey MK, Chand P.
Correlation and Path-coefficient Analysis
for QOil and Its Fatty Acids Traits in Indian
Mustard [Brassica juncea (L.
Czern & Coss.]. Research Square. 2023;
01-09.
Available:https://doi.org/10.21203/rs.3.rs-
3278206/v1

Kumar R, Pandey MK, Priyanka N, Kumar
V. Character Association and Path
Analysis Studies in Indian Mustard



64.

Singh and Prakash; Plant Cell Biotech. Mol. Biol., vol. 25, no. 5-6, pp. 52-63, 2024; Article no.PCBMB.12108

[Brassica juncea L.]. Research Square.
2023; 01-09.
Available:https://doi.org/10.21203/rs.3.rs-
3252020/v1

Singh S, Ram M, Gupta D, Meena MK,
Nayak PK, Choudhary K, Kumar R,
Chouhan S. Assessing genetic variability in
taramira (Eruca sativa Mill.) germplasm for
enhanced breeding strategies.
International Journal of Economic Plants.
2024;11(Feb, 1):018-25.

65.

66.

Chauhan JS, Tyagi MK, Kumar PR, Tyagi
P, Singh M, Kumar S. Breeding for oil and
seed meal quality in rapeseed-mustard in
India—A Review. Agricultural Reviews.
2002;23(2):71-92.

Paudel P, Pandey MK, Subedi M, Paudel
P, Kumar R. Genomic approaches for
improving drought tolerance in wheat
(Triticum aestivum L.): A Comprehensive
Review. Plant Archives. 2024;24(1):1289-
300.

© Copyright (2024): Author(s). The licensee is the journal publisher. This is an Open Access article distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
https://prh.ikprress.org/review-history/12108

63



