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ABSTRACT: Brassica napus L., one of the world’s most significant oilseeds, is experiencing a paradigm
shift from a single-minded focus on edible oil production to a multifactorial approach centered on
sustainable agriculture. This review synthesizes the progress in molecular breeding, which has enabled the
development of multifunctional B. napus ideotypes. We discuss the genomic plasticity of the crop, based
on the genomic mosaicism and allopolyploid origin, which provides a genetic reservoir basis of
diversification. Contemporary approaches such as genomic selection, marker-assisted pyramiding, and
multi-omics integration are considered in terms of their ability to maximize the properties of multifaceted
trait networks, breaking historical trade-offs (e.g., yield vs. quality), and providing new value-added
functions. Their success is evidenced by examples, including the development of ultra-high-oil cultivars
and multi-colored ornamental varieties. We also describe emerging directions, such as engineering the root
architecture of dual-purpose fodder and optimizing seed oil composition with single-cell omics. These
molecular tools, combined with precision agriculture technologies, enable the realization of an integrated
Agriculture-Processing-Tourism framework. B. napus can move beyond being a commodity and become a
personalized crop, capable of fulfilling all three functions in bringing nutritional security, bio-economic
diversification, and ecological resilience, and thus, the philosophy of the Grand Food Concept.

Keywords: Brassica napus; Molecular breeding; Multifunctional crop; Genomic selection; Sustainable
agriculture

1. Introduction

Brassica napus L. (rapeseed, canola) is the world’s second most significant oilseed crop, with an annual
production exceeding 75 million metric tons. It basically yields vegetable oil for human consumption and
a high-protein meal as an essential component of animal feed. Traditional breeding has been in a yield
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paradigm whereby emphasis is placed on the production of more seed and better yield in oil content and
fatty acid composition [1]. Low-erucic acid and low-glucosinolate (double-low) rapeseed varieties marked
a breakthrough in the nutritional and feed quality, substantially increasing the crop’s value [2]. These
breeding efforts have already been fruitful; the oil content of contemporary hybrid varieties is now more
than 50%, and yield has increased by about 1.5% each year over the last several decades [3]. Moreover, the
utility of rapeseed extends far beyond its seeds; the oil is not only a major source of edible oils but also a
key feedstock for biodiesel and industrial lubricants [4]. Majorly, in livestock and aquaculture feed, defatted
seed meal (35-45% protein) is used, which lowers the need to import soybean meal [5]. B. napus also offers
significant ecological advantages. It is a prolific producer of nectar and promotes the health of the
pollinators and the apiculture industry [6].

The fact that it grows very fast and also because of its high biomass makes it an effective cover crop
as well as green manure, and this helps to organize the soil and recycle of nutrients as well as the process
of carbon sequestration. Additionally, in the genus Brassica, a few of them have been domesticated about
the vegetative structures, such as B. rapa, as a leafy vegetable or ruminant fodder crop [7]. Brassica is also
a good source of bioactive compounds with high nutraceutical and pharmaceutical value. Glucosinolates
and hydrolysates (e.g., sulforaphane), phenols, and tocopherols are anti-inflammatory, antioxidant, and
anti-carcinogenic compounds that could be useful as the ingredients in functional foods and cosmetics [8].
The species is pre-adapted to abiotic stressors (e.g., cold, drought) and is suited to various cropping systems
(e.g., winter cropping, rotations), which gives it a place as a backbone to climate-resilient intensive
sustainable agriculture [9]. Although rapeseed has multiple potential applications, its full exploitation of
the crop is yet to be achieved, partly because breeding has been emphasized on oil maximization. Therefore,
a paradigm shift is required, which would not be the oil-centric model of breeding but would create this
multifaceted crop in all aspects. This will involve decoding the complicated genetic systems that dictate not
only seed characteristics but also vegetative biomass, metabolic capacity, and stress offenses [10]. Modern
molecular tools enable this transformation. With the availability of high-quality reference genomes, advanced
multi-omics approaches such as genomics, phenomics, metabolomics (Figure 1), and precision breeding
technologies, we now possess an unprecedented capacity to dissect and re-engineer these complex traits [11].
Hence, this review focuses on the emerging concept of oilseed Brassica as a multipurpose biological system
for sustainable production. Leveraging its genetic and genomic plasticity, we discuss innovative molecular
breeding technologies for the simultaneous optimization of yield, quality, and resilience, as well as for adding
value to non-seed tissues. We also provide a vision of how this designer crop could be integrated into systems
that address global needs for nutrition, renewable biomass, and ecological health.

Agritourism Economy
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Figure 1. Multifunctional landscape and integrative applications of modern Brassica napus. This figure shows the path from
elite genetic resources to Al-driven design. It highlights how modern rapeseed serves multiple goals, including high-quality oil
production, ecological restoration, and the agri-tourism economy to support the “Grand Food Concept”.



Biobreeding 2026, 1(2), 10008. doi:10.70322/biobreeding.2026.10008 3of22

2. Genetic Diversity and Genomic Foundations for Multifunctional Innovation

The remarkable adaptability of B. napus is rooted in its complex genetic architecture. As an
allotetraploid, it has evolved within the Triangle of U, creating a genomic foundation that supports high
phenotypic plasticity. This section explores this evolutionary history and how it has endowed rapeseed with
functional traits, natural genetic variation, and phenotypic diversity, as well as the modern techniques that
can be applied to generate new germplasm resources. Together, these constitute the genetic toolbox needed
to engineer rapeseed beyond its traditional role in oil production.

2.1. Evolutionary Origin and Genomic Architecture of Brassica napus

The allotetraploid species in U’s triangle are among the youngest known allopolyploids. Brassica
napus in particular is thought to have formed less than 7500 years ago through hybridization between B.
rapa and B. oleracea, followed by chromosome doubling [12].

The genus Brassica is an outstanding agricultural genus of the Brassicaceae family, traditionally
consisting of three diploid species B. rapa (AA genome, n = 10), B. nigra (BB genome, n = 8), and B.
oleracea (CC genome, n =9), and three allotetraploid species B. juncea (AABB, n = 18), B. napus (AACC,
n =19), and B. carinata (BBCC, n = 17). They have genetic relationships defined by the Triangle of U
(Figure 2).
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Figure 2. Beyond legacy of “U’s Triangle”, showing the genetic relationships among the six classical species of the genus
Brassica, plus the five novel allohexaploids. Reproduced with permission from our previous Ref. [13]. The traditional “Triangle
of U” as a hexagon, with established diploid species Brassica rapa, B. nigra, B. oleracea with AA, BB and CC genome
complements, the established allotetraploid species B. juncea, B. napus and B. carinata with AABB, AACC and BBCC genome
complements, and possible combinations of allohexaploids which can be derived from crosses between them: “naponigra” (B.
napus % B. nigra), “junleracea” (B. juncea X B. oleracea), “carirapa” (B. carinata * B. rapa), “NCJ” (B. napus x B. carinata x
B. juncea) and “A.B.C.” (B. rapa x B. oleracea % B. nigra).

The allotetraploid B. napus (A"A"C"C") was formed due to either natural hybridization and whole-
genome duplication of'its parents, B. rapa (A"A") and B. oleracea (C°C®) [13]. Despite the traditional Triangle
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of U model, which explains the basic genomic arrangement of rapeseed (B. napus), recent evidence shows
that allopolyploid gene introgression, especially that of the B. rapa ancestor, has contributed much more to
the diversification of the latter [14], which has contributed to its genetic diversity and adaptation. Most
allopolyploid species have asymmetric sub-genomes on structural and functional levels, which results in
genome shock that supports evolutionary innovation [15]. The C" sub-genome has undergone more loss of
genes, increased sequence diversification and accumulation of transposable elements (TEs) than the A" sub-
genome in B. napus [16]. B. napus represents a young and still evolving allopolyploid system. Its genomic
flexibility provides a basis for phenotypic variation and creates opportunities for further genetic improvement.

2.2. Genetic Resources for Multifunctional Traits

B. napus is not only a global source of oilseeds but also provides vegetables and fodder. Major
repositories worldwide store tens of thousands of germplasm accessions [17]. This global germplasm
comprising landraces, elite cultivars, wild relatives, and synthetic polyploids harbors extensive natural
variation due to its allotetraploid origin (AACC, 2n = 38), providing the genetic foundation for phenotypic
plasticity and broad adaptability. To exploit these resources, researchers employ pan-genome sequencing,
genome-wide association studies (GWAS), and large-scale transcriptomic platforms (e.g., BnIR) for in-
depth characterization [18]. For multifunctional innovation, B. napus germplasm can be classified based on
target phenotypes and relevant genes (Table 1).

Table 1. Functional classification of Brassica napus genetic resources and key genes for multifunctional traits.

Trait
Anthocyanin biosynthesis

Functional Category Representative Gene(s)
BnDFR [19], BuMYBI111 [20], BnF3H [21]
BnCCD4[22], BnPEP2 [23], BnPDS3 [24], BnZEP [25]

BnTTGI [26], BnTT2 [27], BnTTS [28]

Flower Color & Ornamental
Value

Petal color variation

Seed color

Flowering time & floral

.. BnFLC [29], BnFT[30], BnSOCI [30], BnFRI [31]
transition

BnEOD3 (CYP78A46) [32], BhKLUH (CYP7845) [32],

Seed size/seed number BnARFI8 [33], BuDAI [34]

Yield and Seed Traits

Silique number and shape

BnCLV3, BnCLV1, BaCLV?2 [35]

Pod shattering resistance

BnSHPI [36], BnSHP2 [37], BnIND [38], BrALC [39],
BnJAG.A08 [40]

Oil content and fatty acid
composition

BnLPAT? [41], BaLPATS [41], BaFAD2 [42], BaDGATI [43],
BnGPATY [44]

Root Architecture & Nutrient
Efficiency

Root system architecture

BnNRTI.1[45], BnARF7 [46], BnLBD29 [46]

Nitrogen-use efficiency

BnNRT2.1 [45], BaWRKY47 [47], BaBORI [48], BnA2.NIPS5;1
[47]

Stress and Resilience Traits

Drought tolerance

BnWRKY70 [49], BaDREBIA [50], BaNCED3 [51]

Disease resistance

BnPDF1.2 [52], BaWRKY33 [53], BnPRI [54]

Cold/Heat tolerance

BnCBF1 [55], BnHSP70 [56], BnICEI [57]

Quality and Value-added Traits

Glucosinolate content

BnMYB28 [58], BnCYP79F1 [58], BnGTR1/2 [59], BnAOP2
[60]

Protein quality and seed
storage

BnOLE]I [61], BnSAD [62], BaLECI [63]

Pigment & antioxidant
metabolism

BnPSY [64], BnZEP [65], BnVTE4 [66]

This practical categorization, incorporating recent genomic and gene-editing discoveries, highlights
how existing genetic diversity can be harnessed to diversify B. napus for ornamental, productive, and
resilient applications. By combining genomic variants with high-throughput phenotypic data, it is now
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possible to precisely identify quantitative trait loci (QTLs) and major genes influencing traits such as flower
color, root architecture, quality components, and stress resistance [67]. Research on asymmetrical sub-
genome evolution and epigenetic control (e.g., chromatin accessibility differences) has revealed the
molecular nature of variation of functional traits across accessions, and is increasingly turning germplasm
banks into a genetic toolbox to breed with precision.

2.3. Innovation of New Genetic Resources

To overcome the genetic constraints imposed by decades of intense selection for oil-related traits, it is
essential to develop new germplasm resources that facilitate the versatile expansion of B. napus. One of the
most effective approaches is interspecific hybridization and the production of synthetic polyploids to broaden
the gene pool [68]. Allotriploid (A’A"C") strategies enhance diversity, but the creation of allohexaploid
Brassica (AABBCC, 2n = 6x = 54), also known as Super Brassica, is the new horizon of innovation of
genomes [69]. This novel allohexaploid has a potential to bring together genetic variation and favorable
features in all six Brassica species, with the help of other allelic heterosis. The goal of merging the A, B, C
genomes is to increase the high yield of B. napus (AC) with the improved disease resistance (e.g., blackleg,
club root) and stronger abiotic stress tolerance (e.g., salt and drought) of the B genome (B. nigra).

Such resources offer an avenue of multi-trait breeding, which combines the applications of crops to
high-protein feed, bioenergy, and industrial oils. In addition to structural genomic modifications, the
contemporary germplasm innovation is starting to revolve around the area of epigenetics. Hybridization
causes a massive expression change of genes and epigenetic reprogramming, known as transcriptome shock
[70]. Another new opportunity to alter sub-genome-specific DNA methylation patterns is focused on the
manipulation of the RADM pathway, such as the mutation of such key genes as BnaDCL3 and BnaRDR?2,
which are expected to alter the sub-genome-specific patterns of DNA methylation [71]. This epigenetic
editing, coupled with the de novo domestication of allohexaploids, could promise to stabilize nascent
genomes and produce new phenotypic variation that could not be achieved in other ways. Despite persistent
challenges with genomic instability and reduced fertility in early generations, significant progress in
chromosome engineering and selection systems has established synthetic resources as the foundation for
next-generation, multi-purpose Brassica crops so-called “chassis”.

3. Precision Design of Multifunctional Qilseed Brassica via Multi-Omics and Genomic Selection (GS)

Technologies for improving canola (B. napus) are now based on precision breeding, integrating
genomics, multi-omics networks, and intelligent prediction (Figure 3). The aim of these approaches is to
broaden the functional scope of rapeseed beyond a traditional oil crop, toward a more versatile crop with
applications in ornamental, edible, feed, and ecological systems. The following sections describe three key
components that enable precision breeding: genomic prediction, marker-assisted trait stacking, and
systems-level integration of omics.

3.1. Integrated Genomic Prediction and Marker-Assisted Trait Pyramiding

Molecular prediction has revolutionized plant breeding by enabling the direct application of whole-
genome markers in estimating the potential genetic capabilities instead of depending on phenotypic
selection. Genomic prediction (GP) became a reality in the early 21st century using statistical models,
including the genomic best linear unbiased prediction (GBLUP) and Bayesian models [72]. These methods
predict the breeding value of individuals since the sum total of the minuscule impact of thousands of single
nucleotide polymorphisms (SNPs) get the polygenic nature of intricate phenomena [73]. In B. napus, high-
density genotyping and sequencing technologies have supported the application of GS across breeding
programs, allowing in silico prediction of trait performance under different environments.
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GS considers the entire picture of genome rather than just a few large major quantitative trait loci (QTLs)
like seed yield, oil quality, and stress resistance, which is particularly effective in the case of complex polygenic
phenotypes such as seed yield [67]. This has been caused by the emergence of pan-genomic information and
multi-environment scale-level experiments, which have resulted in genomic selection algorithms that integrate
machine learning, environmental covariates, and gene-by-gene epistatic interactions [74]. These advancements
have made it possible to select in the early-stages of breeding based on genomic information and shortened the
breeding period of rapeseed by a significant margin [75]. Complementary marker-assisted selection (MAS)
allows stacking major-effect alleles precisely to provide a hybrid strategy of combining extensive genomic
prediction with highly accurate gene localization [76]. It has also transformed Brassica by integration of GS and
MAS, such that Brassica ceased to be dependent on phenotypes during breeding, but prediction-based breeding
and data breeding. Big and heterogeneous collections of germplasm have played a significant role in calibration
of genomic predictions. For instance, the genome-wide association studies and whole-genome resequencing,
which find SNP genotype loci that have an effect on the trait, and used in models like GBLUP to improve
prediction accuracy in early selection [77].

In the meantime, marker-assisted gene stacking is more specific in that it increases the effects of the
specifically targeted gene loci. Natural allelic variants to genes like BnFAD2 (oleic acid content),
BnWRKY70 (disease resistance), and BnTTG1 (flavonoid biosynthesis) have been utilized in B. napus to
provide more than one trait into elite germplasm without being transgenically altered [27,49,78]. Therefore,
GS to select the background and MAS to select the foreground, making it a two-level breeding approach.
One of the challenges of breeding plants is how to trade of between divergent characteristics (e.g., yield
and seed size, defense and growth rate). Recent progress in multi-trait genomic prediction and causal
inference modeling now allows breeders to measure and optimize these interactions, helping produce the
best varieties [79].

Workflow for Precision Design Breeding in Modern Brassica napus

3. Precision Selection &
Trade-off Optimization
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Figure 3. It is the breeding of ideotypes of multifunctional Brassica napus. Four integrated modules, (1) Input: expansion of
genetic diversity by using diversity panels and synthetic polyploids; (2) Data: bridging high-throughput phenomics and multi-
omics to decode regulatory networks; (3) Core: Al-innovative genomic selection and marker-assisted pyramiding; (4) Output:
non-transgenic ideotypes by using genetic diversity adapted to oil quality, ornamental value, and ecological resilience convert
genetic diversity to elite varieties. It has a feedback mechanism whereby it continuously contributes to the germ plasm store.
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3.2. Multi-Omics Networks Driving Optimization of Seed Oil Composition

Multi-omics technologies have transformed plant biology by enabling the simultaneous interrogation
of genetic, transcriptional, proteomic, and metabolic layers of regulation. In B. napus, this integrated
framework is particularly valuable because key agronomic and industrial traits, especially seed oil content
and composition, are governed by highly interconnected regulatory networks rather than single loci [80,81].
Genomic variation derived from pan-genome resources provides the structural basis of diversity, while
transcriptomic profiling captures dynamic gene regulation during development and stress responses [67,82].
Proteomics and metabolomics further complement these datasets by linking gene activity to enzymatic
function and metabolic flux, particularly in lipid biosynthesis pathways [83].

A representative example of multi-omics integration in B. napus is triacylglycerol (TAG) biosynthesis
and fatty acid (FA) metabolism, which directly determine oil yield and quality. Key enzyme-coding genes
such as acetyl-CoA carboxylase (ACCase), stearoyl-ACP desaturase (SAD), diacylglycerol acyltransferase
(DGAT), and phospholipid:diacylglycerol acyltransferase (PDAT) play central roles in regulating carbon
flux toward lipid accumulation [84]. At the regulatory level, transcription factors including WRI1, LECI,
and ABI3 integrate carbon metabolism with storage lipid biosynthesis during seed development [85]. Multi-
omics studies combining transcriptomic and proteomic data have revealed coordinated developmental
modules associated with early fatty acid synthesis, TAG assembly, and oil body formation, suggesting that
oil accumulation is governed by tightly synchronized gene—protein networks rather than isolated pathways.

In addition to transcriptional regulation, epigenetic mechanisms such as chromatin accessibility and
histone modifications further contribute to the control of lipid metabolism, indicating that three-
dimensional genome organization may influence the activity of lipid-related genes. Metabolomic profiling
provides complementary evidence by identifying key intermediate and cofactor limitations in fatty acid
elongation and desaturation pathways, thereby revealing metabolic bottlenecks that shape both oil yield and
quality. Together, these findings highlight that seed oil traits in B. napus emerge from multi-layered
regulatory interactions spanning the genome to the metabolome.

Recent advances in single-cell and spatial transcriptomics further refine this framework by revealing
cell-type-specific metabolic specialization within developing seeds [86,87]. When integrated with spatial
metabolomics and chromatin architecture mapping, these approaches enable the reconstruction of spatially
resolved metabolic microenvironments during seed development. Coupled with machine learning and
network modeling approaches such as weighted gene co-expression network analysis (WGCNA), these
datasets allow the identification of regulatory modules underlying lipid accumulation and stress adaptation
[39]. Process-based and Al-assisted models further support predictive simulation of carbon allocation
between competing pathways, providing a basis for rational design of oilseed ideotypes with tailored fatty
acid profiles.

3.3. Intelligent Breeding Pipelines for Multifunctional ldeotypes

The introduction of intelligent breeding systems that incorporate data, artificial intelligence (AI), and
systems modeling has led to a new generation of crop advancement. Traditional breeding practices are
founded on a large-scale application of empirical selection in addition to breeder knowledge; however, the
rising levels of multi traits target in crops such as rapeseed make prediction as well as simulation-based
decision-making systems mandatory. Donald introduced the ideotype concept, which is a vision of a model
or an idea of a plant optimized to the selected environmental and agronomic goals [88]. The use of modern
computational tools, mathematical modeling, optimization algorithms, and data synthesis with the help of
artificial intelligence makes the quantitative ideal type design possible.

It is now possible to predict phenotypic performance using machine-learning models, especially the
convolutional neural network (CNN) and gradient boosting models, using the large-scale multi-omics and
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environmental measurements, and in-silico screen before field identification [89]. Al-assisted optimization
methods enable plant breeders to simultaneously combine multiple traits, thereby overcoming traditional
trade-offs such as growth versus disease resistance and yield versus quality. Together with digital
phenotyping solutions (e.g., drone imaging and real-time stress sensors), breeders would be able to simulate
the performance of plants at various time points and create optimal plant architecture, which is not only
adapted to the environment but also achieves production objectives. This approach brings about a shift
towards involving plant breeding as a process of trial and error to an engineered, data-driven procedure.

For B. napus, this technology can be used to design multi-purpose ideotypes suited to various contexts:
ornamental varieties for tourism, dual-purpose varieties for vegetable and fodder production, and stress-
tolerant varieties for marginal lands. The essence of molecular breeding is to translate genetic potential into
ideotypes that are effective across various environments. The ideal ideotype is one that is characterized by
high yield of oil, appealing floral color, desirable edible or fodder quality, and ecological resilience, in the
case of B. napus. The problem of achieving this balance is that it needs smart optimization systems that are
capable of a trade-off of traits. The models of Bayesian optimization and causal inference enable the
weighting of traits based on the environment and stage of development, where the optimal combinations of
traits can be determined [90]. Al also combines multi-omics data and time-series of phenomics to project
genotype performance, and neural networks demonstrate the ability of individual alleles to enhance yield
without decreasing stress tolerance [91]. Process-based models are models that simulate the flow of both
carbon and lipids in order to enhance the efficiency of resource allocation [68]. These tools combined allow
testing virtually, breeding faster with the result of multifunctional ideal type varieties as the future of
sustainable agriculture.

4. Expanding the Diversified Application of B. napus
4.1. Ornamental and Ecological Innovations in Multi-Colored Rapeseed

The applications of rapeseed (B. napus) have expanded far beyond its traditional uses in edible oil,
biofuels, and animal feed to include high-value ornamental and ecological roles. Originally bearing yellow
flowers, modern rapeseed has evolved through interspecific hybridization and selective breeding to display
a diverse palette of flower colors, including orange, red, pink, and purple (Figure 4). This shift toward
ornamental and ecological applications addresses the need to diversify agricultural products and promote
agro-tourism, while also enhancing the crop’s nutritional and medicinal value [92]. These diverse colors
are scientifically rooted in the flavonoid biosynthetic pathway, specifically in the accumulation of
anthocyanins. Anthocyanins are water-soluble pigments that produce the red, pink, blue, and purple color
on different organs of plants. Metabolically expressed, the color of the petals depends on concentrations
and composition of individual anthocyanidins; pelargonidin type generates orange-to-red color, whereas
cyanidin and peonidin type generate pink-to-fuchsia color, and delphinidin, petunidin, and malvidin type
generate purple to blue color. A recent metabolomic profiling has discovered 79 anthocyanins and
associated metabolites in the colorful genotypes, and the presence of high levels of cyanidins specifically
suggested their involvement in the red pigmentation process [93]. A conserved set of structural genes and
transcription factors governs the molecular control of this transition. The major structural enzymes are
Phenylalanine Ammonia-Lyase (PAL), Chalcone Synthase (CHS), Flavanone 3-Hydroxylase (F3H),
Dihydroflavonol 4-Reductase (DFR) and Anthocyanin Synthase (ANS). The MYB-bHLH-WD40 (MBW)
regulatory complex coordinates these. The major regulators of B. napus are BnaA07.PAP2 (induces
anthocyanin genes to make apricot turn to red) and Bna403.ANS (key to red pigmentation). Integrated
transcriptomics has continued to perfect this network [93,94]. Multi-colored rapeseed can offer very
important non-aesthetic services ecologically. Colorful flowers are also noticed, which attract the
pollinators, leading to an increase in the success of pollination and seed production. In addition, flavonoids
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and anthocyanins assist the resistance of plants against stress, as they are antioxidants that eliminate
destructive free radicals. They prevent exposure of plants to UV rays, heavy metals, drought, salt stress,
and frost. How ornamental properties can also enhance ecological resilience is demonstrated by purple-
stem plants that are more efficient photosynthesis systems and stronger antioxidants during periods of
drought due to their richness in anthocyanins. Together, these findings show that variation in flower color
in B. napus is not simply a visible trait. It reflects regulated changes in flavonoid metabolism and can be
directed through molecular breeding and network-level regulation.

HURE L

Figure 4. Representative examples of phenotypic diversity in multi-colored Brassica napus. Field demonstration of the
multifunctional “Zheda Colorful Rapeseed”. This series exhibits phenotypic diversity, boasting over 15 different petal colors.
The color innovation is not limited to flowers but extends to multiple vegetative and reproductive organs, including leaves, stems,
branches, and pods.

4.2. Unlocking Fodder and Vegetable Potential via Root Architecture Plasticity

This high plasticity of B. napus root architecture gives it a biological basis to grow its application as
either fodder or a vegetable. Even though it has primarily been bred as a seed and oil crop, its hybrid nature
of B. rapa and B. oleracea enables it to inherit the gene of thickening of the root, storage of carbohydrates
as well as vegetative development. Recent genomic and transcriptomic findings demonstrate that such
concealed qualities can be unleashed through molecular breeding, thus establishing new possibilities for
multi-purpose rapeseed varieties [67]. Root thickening has already been well characterized in B. rapa,
which would be valuable in this enhancement [95]. In a recent study, it was demonstrated through
histological and transcriptomic studies that impactful cellular processes include quickening of the growth
and expansion of the parenchyma cells and the cambium during the formation of the hypocotyl-tuber [96].
Hormone interactions (particularly auxin and cytokinin balance), sugar build up, and cell wall remodeling
control this process. A number of the hub genes were found, such as Bra-EXP3, Bra-STP1.1, Bra-I14AA1,
Bra-ARF17, Bra-CYP735A42, and Bra-FLORI [97]. These genes have orthologs in B. napus and are
differentially expressed in root and hypocotyl tissues indicating that marker-assisted selection or
transcriptome-based breeding [67] may reinstate the same developmental toolkit. The SUS pathway and
HXK pathway regulate the breakdown and transportation of sucrose and the root strength of Brassica plants
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that produce storage roots [98]. The balance of hormones controls the division of the cells in the cambium.
In B. napus, increased BnARF7, BnLBD29, and BnEXPAI( are associated with increased root biomass,
which shows that specific regulation of the mentioned genes might alter the growth of plants to edible or
fodder phenotypes [99]. This type of multifunctional potential is exemplified by a hypocotyl-tuber-forming
germplasm of B. napus that grows and fruit in field conditions and retains normal flowering and seed-
setting ability (Figure 5). These results show that B. napus has untapped potential. These findings suggest
the potential to develop multi-purpose B. napus ideotypes combining edible, fodder, and oilseed functions.
Root architecture plasticity in B. napus also represents a useful breeding target. It offers a way to develop
dual-purpose ideotypes that combine vegetative biomass production with stable reproductive performance.

:

Figure 5. Multifunctional Brassica napus exhibiting hypocotyl-tuber development with normal flowering and seed-setting
capabilities. This ideotype supports a dual-purpose utilization model, combining the harvest of nutrient-rich hypocotyl-tubers
with stable seed productivity within a single life cycle, though it requires high soil fertility for optimal growth. The germplasm
displays distinct skin color variations, including purplish (top) and greenish (bottom) phenotypes. Both variants feature a dense,
solid, whitish interior of good quality, with no pithiness (hollow centers).

4.3. Ecosystem Services and Roles in Sustainable Cropping Systems

B. napus is increasingly recognized not only as an oilseed crop but also as a functional component of
agroecosystems, especially when used as a cover crop or included in diversified rotations. Its contributions
include improvements in soil structure, nutrient cycling, reduced nutrient losses, and suppression of
soilborne diseases.

As a cover crop, B. napus improves soil physical properties. Cover crops can alleviate soil compaction
and reduce its susceptibility to further compaction, although the extent of these effects depends on species,
growth period, and root traits [100]. Brassica species with deep taproots, such as rapeseed, are able to
penetrate compacted layers and thereby loosen the soil. In no-till systems, root penetration through
compacted layers (0—50 cm) follows the order forage radish > rapeseed > rye [100]. After decomposition,
these roots leave macropores that improve water infiltration, soil aeration, and root growth of subsequent
crops [100,101]. Cover crops also reduce soil penetration resistance, with decreases of up to 65% reported
in surface soils [102], and can reduce plow pan compaction over the long term [103].

Beyond structural effects, B. napus contributes to nutrient retention and recycling. Cover crops
effectively take up residual soil nitrogen and reduce nitrate leaching. A synthesis of 16 studies reported
reductions in NOs leaching from 6% to 94%, depending on species and conditions [104], while global
analyses estimate an average reduction of about 50% in irrigated systems [105,106]. Brassica species are
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particularly efficient in nitrogen uptake [107,108]. For example, rye can retain 46-56 kg-ha™! of excess
nitrogen in maize systems [109]. These nutrients are gradually released after termination, thereby
improving nutrient use efficiency and limiting losses. Cover crops also take up phosphorus and convert it
into organic forms, lowering soil P levels and reducing runoff risk [110]. Root traits further affect these
processes. Rapeseed has an extensive lateral root system and a favorable C:N ratio, which supports efficient
nutrient capture and recycling.

Including B. napus in crop rotations also provides clear agronomic and ecological benefits. Diverse
rotations improve nutrient cycling, increase soil organic matter, and enhance the availability of nutrients
such as nitrogen and potassium compared with monoculture systems [111]. They also support more diverse
soil microbial communities, which are important for nutrient turnover and plant health. Canola hosts a
complex rhizosphere microbiome that contributes to nutrient uptake, stress tolerance, and disease resistance.
Root exudates are key drivers of these communities, shaping microbial composition and activity.

Rotation frequency is an important factor. Continuous or short rotations of canola are linked to higher
abundance of soilborne pathogens such as Alternaria, Leptosphaeria, and Phaeomycocentrospora, and to
increased disease incidence, including blackleg [111]. In contrast, more diverse rotations, such as canola—
wheat or canola—pea—barley systems, favor beneficial microorganisms, including Pseudomonas, Serratia,
and Penicillium, which contribute to nutrient solubilization and pathogen suppression. This highlights the
importance of rotation design.

Brassica species can also suppress diseases when used in rotations or as green manure. Field studies
show that Brassica crops can reduce diseases such as black scurf, common scab, and powdery scab in potato
systems, with reductions ranging from 16% to 78% depending on conditions [112]. These effects are often
linked not only to glucosinolate-derived biofumigation but also to broader changes in soil microbial
communities. Similar effects have been reported in non-Brassica rotations, suggesting that microbial shifts
and organic matter inputs play a central role.

Finally, ecosystem services can be further improved by using mixed-species cover crops. Because no
single species provides all functions, combining Brassica species with legumes or grasses can take
advantage of complementary traits such as nitrogen fixation, carbon input, root diversity, and weed
suppression [113,114]. These mixtures enhance system resilience and productivity, reinforcing the role of
B. napus in diversified cropping systems.

5. Challenges and Opportunities
5.1. Advancing Agronomic Technologies via UAV Remote Sensing

The practical use of multi-functional rapeseed is not only based on genetic innovation but also the
concomitant creation of exact agronomic management. Unmanned aerial vehicles (UAVs), defined as
remotely piloted or autonomous airborne platforms equipped with sensors for data acquisition, have
emerged as a powerful tool in agricultural remote sensing. Classical approaches to field phenotyping can
be time consuming and labor intensive, and thus must be slowly replaced by high-throughput phenotyping
(HTP) [115]. The remote sensing technology of the UAV has turned out to be a revolution. Multi-source
sensors and deep learning algorithms used in the UAV platforms present a chance to provide a database to
predict complex yield variables and determine the non-destructive physiological conditions of crops, which
could assist in the large-scale production of rapeseed (Figure 6).

One of the most important features of field nutrient management is the real-time monitoring of
chlorophyll content because chlorophyll content is a good indicator of the nitrogen status and photosynthetic
efficiency of plants [116]. The latest studies have demonstrated that with the help of background removal and
feature fusion, it is possible to significantly increase the quality of the prediction of the chlorophyll content in
rapeseed leaves. The sensitivity of the color and spectral indices to the canopy biochemical parameters was
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greatly improved using the ExG-ExR threshold segmentation technique to eliminate the soil and weed
interference. Moreover, the gradual integration of RGB and multispectral characteristics enabled thorough
canopy characterization, resulting in the development of powerful machine learning models (including
support vector regression) that retained high predictive stability across growth phases under varying nitrogen
conditions [117]. In addition to physiological monitoring, structural information based seed yield estimation
is another future field in precision agriculture. In rapeseed, where the deep canopy cover and the dense pod
cover are present, the common vertical overhead imaging device would tend to cause systematic
underestimation of the yield. The 3D reconstruction of the organs and the segmentation of the biomass and
volume can be highly correlated (R*> = 0.98), using Multi-view oblique imaging technology, 3D Gaussian
scattering (3DGS), and Segment Anyone Model (SAM) to achieve the results. The algorithm is better than
the structure-from- motion-based algorithms in the recovery of the canopy structure and lost pods [118]. This
has replaced the black box spectral correlations with the biological basis organ counting and given genotype
selection and harvesting strategies a resource that is understandable.

A. Data Acquisition B. Data Processing C. Information Extraction D. Agronomic Decisions
(UAV & Sensors) (Segmentation & Classification) (Physiological & Yield Traits) (Precision Management)
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Figure 6. The precision agronomic management and the high throughput phenotyping of B. napus with UAVs. The pictorial
workflow shows the transformation of the high-throughput data into action agronomic decisions. (A). Data Acquisition: The data
is collected by the UAVs fitted with field sensors on high-resolution images. (B). Data Processing: Data processing of Soil
background: Data is processed using tools to identify the shape of the plant. (C). Information Extraction: Software is applied to
map yield (chlorophyll and siliques or pods). (D). Agronomic Decisions: Data can be used to assist in vindicating and harvesting
time, plus the preferable varieties.

5.2. Challenges in Scaling the Multifunctional Rapeseed System

The transition of B. napus from a single-purpose oil crop to a multifunctional system that integrates
food, energy, and ecosystem services is constrained by several factors, including biological trade-offs, gaps
in the value chain, and the difficulty of evaluating ecological functions.

One of the main issues is the trade-off among yield, oil, and protein. Nitrogen input is a clear example.
More nitrogen generally increases biomass and protein content, but oil accumulation often declines because
carbon resources are shared between lipid and protein synthesis [119]. This pattern is well documented:
higher nitrogen levels lead to lower oil content and higher protein content in rapeseed [120-122]. Nitrogen
also affects key metabolic enzymes, such as ACCase, DGAT2, and PEPC, which, in turn, alter carbon
allocation [123—125]. This makes it difficult to improve all target traits at the same time. Higher nitrogen
inputs that increase yield can also increase lodging risk due to stem elongation and reduced mechanical
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strength [126]. Field evidence shows that yield gains under high-input conditions are often accompanied
by reduced lodging resistance. In addition, yield components interact in compensatory ways. In B. napus,
increases in silique number do not always translate into higher yield because of reductions in harvest index,
and grain number and grain weight are often negatively associated [127,128]. At the ecological level,
growth and defense are also in tension. Enhanced resistance to pathogens such as Sclerotinia sclerotiorum,
for example, through pectin-related pathways, can come at the cost of growth and productivity [129,130].
Together, these patterns show that multifunctional optimization is constrained across metabolic, structural,
and ecological levels.

Even if these biological constraints are addressed, practical challenges remain along the value chain.
Rapeseed has potential uses in several sectors, but these are not well connected. In the protein sector,
processing remains a bottleneck. Standard methods reduce protein quality, while improved technologies
are still expensive and not widely used [131]. In the bioenergy sector, although rapeseed biomass could
support renewable energy production, high costs and limited use of by-products remain major issues [132].
At the farm level, inefficient nitrogen use, often below 40%, further reduces economic returns and increases
environmental risks [133].

Another challenge is that many ecosystem services are difficult to quantify. Rapeseed depends strongly
on insect pollination, which contributes substantially to both yield and quality, with estimates suggesting
that pollinators support 15-30% of agricultural production [134,135]. However, pollination is highly
variable and sensitive to management practices and landscape context, making it difficult to standardize. In
addition, services such as soil improvement, carbon cycling, and biodiversity support are difficult to
quantify and incorporate into economic decision-making. This lack of measurable indicators limits the
integration of ecological benefits into scalable production systems.

In response to these systemic constraints, our previous work on the Zheda rapeseed series provides a
representative pathway to resolve the bottlenecks in multifunctional system scaling. By integrating genetic
improvement with agronomic optimization and value-chain extension, these cultivars simultaneously
enhance seed yield, oil content, and multi-purpose utilization. Furthermore, the development of ornamental
rapeseed landscapes has enabled the expansion of rapeseed into the tertiary sector, creating a “flowering
economy” that links agricultural production with rural tourism. This tri-sectoral integration illustrates a
feasible model in which productivity, ecological sustainability, and diversified economic value are
synergistically aligned, offering a practical solution to overcome the fragmentation and instability of
conventional rapeseed value chains.

5.3. From Conventional Breeding to Intelligent Multi-Omics Design

Breeding in B. napus is shifting from phenotype-based selection toward data-informed design, driven
by the complexity of traits such as yield, oil content, and stress tolerance. Traditional breeding, which relies
on phenotypic selection and empirical crossing, has delivered substantial gains but remains limited in
resolving complex trait interactions. Advances in genomics and high-throughput sequencing have enabled
the identification of quantitative trait loci and candidate genes through GWAS and linkage mapping.
Through GWAS and linkage mapping, many loci linked to yield, oil traits, and stress responses have been
identified [136,137]. Even so, genomic data on its own does not fully account for phenotypic variation,
which has led to increasing interest in integrating different types of omics data.

This need has driven the development of multi-omics approaches that combine genomics with
transcriptomic, proteomic, and metabolomic data. Integrative analyses, such as those linking GWAS with
TWAS and eQTL mapping, have improved the resolution of regulatory networks controlling oil
biosynthesis and fatty acid composition [138]. These studies show that lipid metabolism is coordinated
across pathways involved in carbon allocation, fatty acid synthesis, and triacylglycerol assembly, rather
than being controlled by single enzymes [139]. Similar approaches have identified genes and pathways
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associated with yield components, including silique number, seed weight, and biomass accumulation [140].
These studies have shifted the focus from single genes to interacting networks.

At the same time, predictive breeding methods are becoming more widely used. Genomic selection
allows breeders to estimate breeding values directly from genotype data, reducing reliance on long field
trials. When combined with high-throughput phenotyping and environmental information, it has shown
good performance in predicting yield stability and oil content in B. napus [141,142]. Machine learning
approaches further improve prediction by identifying complex relationships among traits that are difficult
to capture with conventional models [75].

Rather than focusing on individual traits, breeding efforts now aim to balance productivity, quality,
and ecological performance. Multi-omics models can be used to examine carbon allocation among growth,
storage lipids, and defense pathways, helping to address trade-offs such as yield versus oil content or growth
versus stress resistance [143]. They also allow the design of varieties suited to different applications,
including high-oleic oil, bioenergy use, and ornamental or ecological functions (Figure 7). Resources such
as BnlR further support this process by integrating multi-omics datasets for trait prediction [144].

Even with these advances, several issues remain unresolved. Data integration is still challenging,
especially when combining different types of omics data. Gene-environmental interactions are difficult to
interpret, and predictive models do not always perform well under field conditions. More work is needed
to standardize data, improve model transparency, and link molecular data with field performance.
Continued advances in artificial intelligence and systems biology are expected to make it likely to design
rapeseed varieties with coordinated improvements across multiple traits.
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Figure 7. Future-oriented multi-omics intelligent breeding for Brassica napus. (Left): Utilizing high-quality basic materials,
such as the “Zheda” series, these materials serve as a high-quality genetic foundation, possessing characteristics such as high oil
content and diverse petal colors. (Middle): Multidimensional datasets, including genomics, digital phenomics, and
environmental variables, will be integrated into advanced Al-driven predictive models. In this process, existing successful
varieties will serve as crucial “ground truth” data and validation sets to improve machine-learning algorithms. (Right): The
ultimate goal is to develop versatile, ideal varieties tailored to specific industrial and ecological scenarios, including specialty
varieties with high oleic acid content, salt-tolerant varieties for land reclamation, and varieties with high ornamental value for
landscape tourism.

6. Conclusions

B. napus cultivation is undergoing a paradigm shift, evolving from a single-purpose oil crop into a
multipurpose and multifunctional ideotype. This review demonstrates the interactions between genomic
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knowledge, precision breeding techniques, and enhanced agronomic techniques in enhancing the value of
this valuable crop. This is because the success of new varieties produced has shown that interspecific
hybridization, marker-assisted selection, and gene pyramiding could beat the classical trade-off between
high yield and high quality. With the implementation of landscape value, high-quality nutrition, and
ecological and social benefits as potential applications of B. napus, the diverse demands within the scope
of the Grand Food Concept will be met. However, additional development is still needed. The future of
breeding must evolve from traditional experience-based strategies to intelligent design and data-driven
approaches. It will demand the integration of multi-omics with Al-driven models of prediction to design
cultivars in-silico to match the particular environment. To conclude, the utilization of the genetic, functional
potential of B. napus can fully transform the crop into a major crop in green, sustainable, and diversified
agriculture in the world.
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