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A Genetic Treasure Trove: Wild Relatives and Landraces in the Genomic Era of Indian Mustard (Brassica juncea)


ABSTRACT
Indian mustard (Brassica juncea L.) holds significant agronomic value globally, particularly across South and Southeast Asia, where it is cultivated both as an oilseed and leafy vegetable crop. However, breeding efforts in B. juncea have been hindered by its relatively narrow genetic base, a consequence of repeated selection for a limited number of traits over generations. This genetic bottleneck compromises its adaptability and increases susceptibility to various biotic and abiotic stresses. Recent advancements in genomics, molecular breeding, and the strategic use of wild relatives offer promising avenues for enhancing genetic variability and improving key agronomic traits. This review highlights the crop’s domestication history, its diverse gene pool encompassing landraces and wild relatives, and recent progress in hybrid development, QTL mapping, and marker-assisted selection. Emphasis is placed on the untapped potential of wild relatives in conferring improved stress tolerance, disease resistance, and enhanced nutritional content. Integrating molecular tools with emerging pan-genomic datasets and high-throughput phenotyping platforms can accelerate the development of climate-resilient, high-yielding B. juncea cultivars. Therefore, the systematic exploration and incorporation of underutilized genetic resources hold the key to sustainable mustard improvement in the face of evolving environmental challenges.
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1.  INTRODUCTION
Brassica juncea (Indian mustard) is a key oilseed and leafy vegetable crop of considerable importance in South and Southeast Asia. Despite its agronomic significance, the cultivated gene pool of B. juncea is characterized by limited genetic diversity, largely due to historical selection for a narrow set of desirable traits (Istaitieh et al., 2024; Kang et al., 2021). This restricted genetic base has contributed to comparatively lower yields than other oilseed crops and increased vulnerability to pests and diseases (Flint-Garcia et al., 2023; Banga & Banga, 2016). The extent of genetic differentiation among various cultivated forms of B. juncea remains poorly defined, and comprehensive classification systems are yet to be established (Saad et al., 2021).
Morphological and agronomic assessments have enabled tentative grouping of B. juncea into distinct types. In India, for example, “toria” a short-duration mustard type—is predominantly grown in the dry temperate zones of the northeastern regions (Borah et al., 2020; Pokharia et al., 2024). Certain late- and normal-sown low-yielding varieties, however, are often misclassified as toria despite their differing agronomic behavior. The sarson and toria types exhibit partial overlap in cultivation across northwestern and central India. Furthermore, primitive forms of sarson are proposed as a basis for the subdivision of broader rape-mustard groups. “Raya,” another cultivar of B. juncea, is typically associated with low-input, rainfed cultivation and is often treated as a weedy variant (Inturrisi et al., 2022). “Tatsai,” an ancient leafy vegetable type, bears morphological resemblance to primitive Chinese landraces (Hossain et al., 2023). Studies conducted in India have attempted to distinguish wild from weedy variants of B. juncea, suggesting genetic proximity to ancestral forms originating in the Oriental region. However, there is limited molecular evidence to trace the exact lineage and genetic divergence between cultivated types and their wild progenitors (Singh et al., 2021). Hossain et al. (2023) noted such differentiation through farmer-reported observations and participatory surveys.
Although the domestication origins of B. juncea remain debated, prevailing hypotheses point to the Oriental region as its center of origin (Al-Yasi & Al-Qthanin, 2024; Kang et al., 2021). Subtypes resembling weedy and wild forms still persist in this region, indicating potential genetic continuity (Cheng et al., 2023). In various agro-ecological zones, local varieties of mustard have evolved under farmer selection, favoring traits such as early maturity, disease resistance, and oil quality (Kundu et al., 2024; Vasisth et al., 2023). For example, the limited cultivation of toria landraces in eastern and northeastern India reflects historical patterns of domestication and seed exchange. Archaeobotanical findings trace the crop’s diffusion from Eastern Europe through Central Asia to China, possibly facilitated by Neolithic human migration and trade networks (Pokharia et al., 2024). Later dispersal routes introduced mustard into southern, western, and central India, where farmers developed localized varieties distinct from toria and from one another (Liu et al., 2024). Despite their potential, the sarson and raya types have received comparatively less attention in breeding programs than the more extensively studied toria types (Banga & Banga, 2016).
Brassica juncea belongs to the Brassicaceae family and is a nutritionally rich crop valued for both edible oil and leafy greens. The species encompasses a range of cytotypes and morphological variants such as sarson, toria, raya, and tatsai, offering immense potential for crop improvement through trait introgression (Saad et al., 2021). Wild and weedy relatives, often underutilized, can serve as reservoirs of resistance genes for both biotic and abiotic stresses (Subramanian et al., 2023). Understanding the evolutionary trajectory of B. juncea from its primitive forms is crucial before exploring the systematic utilization of wild germplasm. Flint-Garcia et al. (2023) emphasized the potential of primitive Brassica forms, such as Eigenbrass, for their nutritional value and adaptability. Their genetic polymorphism and ecological adaptability make them suitable candidates for breeding programs aiming at enhanced productivity and stress resilience (Kang et al., 2021; Shorinola et al., 2024). Given its central role in food security and sustainable agriculture, especially in Asia, B. juncea requires a strategic approach to broaden its genetic base. The underexploited diversity in wild relatives and landraces, when coupled with advanced genomic tools, offers promising prospects for trait enhancement. Incorporating diverse gene pools through modern breeding, QTL mapping, and marker-assisted selection can lead to the development of high-yielding, climate-resilient cultivars. This review aims to consolidate current knowledge on genetic resources in B. juncea, assess the breeding potential of wild and weedy relatives, and outline future strategies to harness these resources for crop improvement under evolving agro-climatic conditions.
2. Potential of Genetic Resources in the Improvement of Brassica juncea
Genetic resources, encompassing landraces, wild relatives, and elite germplasm, serve as foundational material for genetic improvement in crop breeding programs. In recent decades, substantial breeding progress in Brassica juncea has been driven by the exploitation of genetic variability derived from wild Cruciferae relatives and traditional landraces (Ali et al., 2022). A key example includes the introgression of the Rfo gene, conferring resistance to Turnip Mosaic Virus (TuMV), from Brassica oleracea into Indian mustard.
The development and use of differentiated genetic stocks—such as aneuploid stocks for individual chromosomes of B. rapa—have facilitated the precise identification and substitution of B. juncea chromosomal segments. Such substitution lines allow the establishment of genetic linkage between specific traits and B. juncea chromosomes, promoting targeted trait transfer. Additionally, successful generation of B. juncea–B. napus addition lines has enabled the movement of desirable genes, especially those linked to seed quality and disease resistance, via wide hybridization. Recent efforts have further progressed towards the development of B. juncea–B. oleracea monosomic addition lines. These lines will be instrumental in alien chromosome mapping and transferring beneficial traits from B. oleracea into B. juncea.
While classical breeding methods continue to be valuable in interspecific gene transfer, the integration of molecular marker technologies has significantly improved the accuracy and efficiency of gene tracking. This integration reduces the problem of linkage drag and ensures that only targeted genomic regions are introgressed. Furthermore, the convergence of genetic stock development with molecular breeding and genomics-enabled selection offers a promising direction for accelerating crop improvement (Fraga et al., 2022). This strategy enhances breeding precision, facilitates gene pyramiding, and enables the creation of improved germplasm with enhanced yield potential, stress resistance, and nutritional value. The adoption of genomics-assisted approaches thus represents a paradigm shift in Brassica juncea improvement programs, offering scope for targeted interventions under rapidly changing agro-climatic conditions.
3. Wild Relatives of Brassica juncea
The exploration and characterization of wild relatives of B. juncea have profound implications for broadening its genetic base and enhancing its adaptability. Detailed analyses of genetic and adaptive variations in these wild relatives provide insights into the evolutionary processes that shaped the species and inform future breeding and conservation strategies (Yang et al., 2020). Recent evaluations of select B. juncea landraces at research stations have focused on key agronomic traits such as flowering time, maturity period, plant height, leaf area, and yield. These assessments have revealed significant phenotypic and phenological diversity, underscoring the underlying genetic variability that arises due to B. juncea’s adaptation to diverse climatic regions (Li et al., 2023). Complementary molecular studies using microsatellite markers have been instrumental in dissecting global patterns of genetic diversity, enabling the identification of unique alleles and gene clusters that may be targeted in marker-assisted breeding (Saad et al., 2021; Zhang et al., 2022). Approximately 19 B. juncea landraces have been collected across Asia—primarily from India and China—through participatory breeding partnerships or non-regulated germplasm sharing efforts. These landraces provide a window into the crop’s historical domestication and adaptation trajectory, particularly for dryland agriculture in regions like Western Canada. Traits such as drought tolerance, water-use efficiency, and insect resistance make them valuable resources for breeding mustard genotypes adapted to marginal environments (Gerard et al., 2022).
To safeguard the genetic integrity of these landraces, targeted surveys and germplasm collection campaigns have been undertaken, especially in key mustard-producing zones of India and China. The collected landraces have been systematically described, conserved in national gene banks, and evaluated for critical traits to support future breeding initiatives (Banga & Banga, 2016). Among 48 evaluated landraces, significant variation was noted for acid soil tolerance, primarily through mechanisms such as reduced aluminum uptake and increased organic acid secretion. Variability in phosphorus-use efficiency was also documented, suggesting the potential to develop cultivars suited for nutrient-deficient soils. These adaptive traits, shaped by traditional selection and ecological pressures, have contributed to the formation of distinct ecotypes capable of thriving across diverse agro-climatic conditions (Makhadmeh et al., 2022). Given the threats of genetic erosion and environmental stressors, the preservation and systematic utilization of B. juncea wild relatives and landraces are imperative. Their integration into modern breeding pipelines holds the promise of developing resilient, high-yielding cultivars tailored for future agricultural challenges. Breeding strategies using wild and landrace genes to improve Brassica juncea illustrated in Fig. 1.
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Fig. 1: Breeding strategies using wild and landrace genes to improve Brassica juncea (Saad et al., 2021).
4. Utilization of Wild Relatives for Enhancing Brassica juncea
The strategic use of wild relatives in breeding programs offers a valuable pathway for enhancing the agronomic potential of Brassica juncea (Indian mustard). These wild taxa serve as reservoirs of novel alleles and diverse gene interactions that can significantly broaden the crop’s genetic base. By integrating such exotic genetic material, breeders can achieve greater resilience, productivity, and adaptability in B. juncea, especially under fluctuating climatic and ecological conditions (Subramanian et al., 2023). Introgression breeding—an approach involving hybridization between cultivated B. juncea and its wild relatives followed by backcrossing and selection—has emerged as a powerful technique to transfer desirable traits such as disease resistance, abiotic stress tolerance, higher yield, and improved nutritional quality (Kang et al., 2021; Zhang et al., 2022). This process enhances the gene pool and introduces novel traits that may not be present in the cultivated gene pool, enabling improved performance under both biotic and abiotic stress scenarios.
Wild relatives from the Brassicaceae family harbor a rich array of genetic variation. Their incorporation into breeding programs has facilitated the development of new B. juncea accessions with superior agronomic performance and adaptability. As environmental pressures such as climate change, emerging pests, and shifting disease profiles intensify, the utilization of these wild relatives becomes crucial. Genes conferring resistance to pathogens, tolerance to soil constraints, and responsiveness to low water availability can be introgressed from wild germplasm to enhance crop resilience and sustainability (Xie et al., 2023). One of the primary breeding objectives is to improve disease resistance in B. juncea through the incorporation of resistance genes from wild relatives. Resistant cultivars reduce dependency on chemical control methods, promoting environmentally sustainable agricultural practices. Classical breeding, molecular-assisted selection, and genetic engineering are all employed to uncover and exploit plant-pathogen interaction mechanisms, thereby strengthening resistance to a wide range of pests and diseases (Subramanian et al., 2023).
In recent years, attention has also shifted toward improving abiotic stress tolerance—especially drought, salinity, and extreme temperatures—through the exploitation of wild genetic resources. These genetic pools offer potential to introduce adaptive traits, including water-use efficiency, nutrient uptake under limiting conditions, and oxidative stress tolerance. Such improvements are pivotal for achieving climate-resilient agriculture and stabilizing crop production across diverse environments (Shi et al., 2024). The integration of conventional breeding with advanced molecular, genomic, and phenomic approaches is revolutionizing B. juncea improvement. High-throughput genotyping, genome-wide association studies (GWAS), and precision phenotyping enable the identification and introgression of key adaptive traits. As highlighted by Rajpal et al. (2023), this multidisciplinary breeding strategy is expected to drive rapid development of high-yielding, climate-resilient, and nutrient-enriched B. juncea varieties. Effective utilization of wild relatives also hinges on comprehensive assessment, characterization, and conservation of genetic resources. Systematic documentation and gene bank preservation efforts ensure that valuable alleles are available for future breeding use. International collaborations and capacity-building initiatives are further strengthening the global effort to harness the full potential of wild genetic resources. According to Almeida et al. (2024), these collaborative frameworks are essential for addressing interconnected global challenges such as land degradation, water scarcity, climate change, and food insecurity through sustainable crop improvement.
5. Utilization of Landraces in Genetic Enhancement of Brassica juncea
Landraces, due to their long history of adaptation to specific agro-ecological conditions and minimal exposure to intensive breeding, represent a reservoir of valuable genetic diversity. As highlighted by Apostol et al. (2022), these traditional varieties have played a pivotal role in crop improvement efforts, especially in regions reliant on low-input farming systems. In the context of Brassica juncea, landraces are particularly significant for regions like South Asia, where they continue to be cultivated under diverse environmental conditions. However, with the rapid pace of rural transformation and the erosion of traditional farming systems, these genetic resources are under threat of extinction. There is, therefore, an urgent need to undertake systematic collection, characterization, and conservation of B. juncea landraces, particularly from geographic hotspots or communities preserving indigenous farming traditions (Ramírez-Villegas et al., 2022).
5.1 Landraces as a Resource for Yield Enhancement
The incorporation of natural and induced variability from mustard landraces has contributed significantly to yield improvements in Indian mustard breeding programs. For instance, hybrid varieties developed through such variability, such as ‘Varuna’, have demonstrated a yield advantage of up to 15–20% over existing cultivars (Vasisth et al., 2023). Studies involving inheritance patterns and broad genetic base breeding have yielded crucial insights into yield-related traits, enabling their introgression into cytoplasmic male sterile (CMS) lines and facilitating the development of high-yielding pure lines.
5.2 Enhancing Nutritional Traits Through Landraces
Landraces have also contributed significantly to the nutritional improvement of B. juncea. Notable examples include ‘Pharsi Rai’, a traditional variety rich in calcium and iron, and with low glucosinolate content. When crossed with high-erucic acid rapeseed, it resulted in the WR49-43 genotype—characterized by elevated oleic and erucic acid and reduced glucosinolate levels—improving both nutritional and oxidative stability of the oil (Istaitieh et al., 2024). Similarly, line CS52-3, derived from a cross between Polish yellow sarson and Indian mustard, shows high oil content (42.8%) with a favorable fatty acid profile (Sawicka et al., 2020). Additionally, yellow sarson landraces with high carotenoid levels (6–15 mg/100 g of oil) have been identified, offering value in biofortification (Singh et al., 2022; Momeni et al., 2024). Utilization of Landraces in Brassica juncea Genetic Improvement tabulated in Table 1. These findings emphasize the untapped potential of mustard landraces for improving oil quality and yield traits in modern breeding efforts.
Table 1: Utilization of Landraces in Brassica juncea Genetic Improvement

	Trait/Use
	Landrace/Source
	Key Contribution
	Reference

	Yield improvement
	Mustard landraces (e.g., Varuna)
	15–20% higher yield potential in pure lines
	Vasisth et al., 2023

	Nutritional enhancement (high Ca, Fe)
	Pharsi Rai
	High calcium and iron; low glucosinolates
	Istaitieh et al., 2024

	Oleic acid and low erucic acid traits
	CS52-3 (Polish × B. juncea)
	High oil yield (42.8%), improved fatty acid profile
	Sawicka et al., 2020

	Carotenoid content
	Yellow sarson accessions
	Carotenoids 6–15 mg/100 g oil; oil content 42–45%
	Momeni et al., 2024; Singh et al., 2022

	Abiotic/biotic resistance
	Various landraces
	Stress tolerance, Sclerotinia & aphid resistance
	Garg et al., 2008; Ewing et al., 2024


5.3 Molecular Mapping and QTL Identification in Brassica juncea
Recent advances in quantitative trait loci (QTL) mapping have facilitated the identification of genomic regions associated with disease resistance and stress tolerance. Phenotyping of recombinant inbred lines (RILs) for Sclerotinia sclerotiorum resistance, aphid resistance, and slow bolting traits has been conducted under controlled environments in India and Pakistan (Garg et al., 2010; Shehrawat, 2021; Naveed et al., 2024). Resistant lines were derived from sources such as IT91K-377 and IT91K-100, enabling the development of stable RILs (Ewing et al., 2024).
Initially, random amplified polymorphic DNA (RAPD) markers were employed for mapping in B. juncea, although limitations in reproducibility led to the adoption of more robust markers such as SSRs and SNPs (Chen et al., 2024). For instance, SSR markers derived from B. rapa via in silico approaches have demonstrated utility in transferring sulfur-use efficiency and disease resistance traits from wild relatives. High-density genetic maps constructed using SNP arrays and genome-wide markers have further enabled the accurate identification of major and minor QTLs. Such advancements pave the way for efficient marker-assisted selection (MAS) and genomic selection (GS), streamlining the breeding of stress-tolerant and high-yielding mustard varieties (Wang et al., 2024; Chizk et al., 2032).
6. Marker-Assisted Selection for Improvement of Brassica juncea
Marker-assisted selection has emerged as a transformative tool in B. juncea breeding, enabling precise and efficient introgression of desirable alleles from diverse genetic backgrounds. The technique has facilitated the improvement of key traits such as drought tolerance, disease resistance, and oil quality through targeted gene selection and pyramiding strategies (Park et al., 2024). By employing MAS, breeders can effectively manage and exploit natural diversity, especially from wild relatives and landraces, to enhance agronomic traits while maintaining environmental sustainability. Montesinos-López et al. (2023) emphasized that MAS, when coupled with increased genetic pool diversity, significantly improves the resilience and yield potential of crops. The integration of MAS with high-throughput phenotyping and genotyping platforms further accelerates breeding pipelines, aiding in the development of cultivars with enhanced nutritional quality and climate adaptability (Kundu et al., 2024).
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Fig. 2: Different sources of genetic diversity and their potential utilization in the development of new crop varieties (Salgotra & Chauhan, 2023)
7. Advanced Molecular Techniques for Brassica juncea Improvement
The advent of next-generation sequencing (NGS) and whole-genome resequencing has enabled the comprehensive profiling of B. juncea and its wild relatives. This facilitates rapid trait discovery, variant detection, and marker development, ultimately accelerating trait introgression into elite lines (Wojcik et al., 2023). Reference genome assemblies, although initially limited for ‘minor’ crops, have proven invaluable for comparative genomic studies and gene mining in B. juncea.
Furthermore, tools such as doubled haploid production, cytogenetics, gene targeting, and in planta transformation have enhanced genetic precision and breeding efficiency (Shorinola et al., 2024; Petroli et al., 2023). Despite previous limitations due to domestication bottlenecks, new genetic modification strategies such as insertional mutagenesis and SNP-based fine mapping offer unprecedented opportunities for trait enhancement. The integration of bioinformatics, gene expression studies, and pan-genome construction across multiple B. juncea accessions is expected to further advance precision breeding. Comparative analysis with closely related Brassica species allows for the identification of conserved gene blocks, facilitating marker development and cross-species trait transfer (Liu et al., 2024; Patra, 2020). Future breeding strategies will likely hinge on building high-resolution genomic resources and deploying them in combination with trait-specific markers for sustainable and climate-resilient B. juncea varieties (Park et al., 2024).
8. Future Prospects and Challenges
In the immediate future, a key challenge lies in identifying efficient mechanisms that can effectively integrate genetic improvements into regionally stable and locally adapted cultivars, especially for resource-poor farming communities. A common pitfall in past breeding strategies has been the selective introgression of desirable traits from elite germplasm into landraces, which often resulted in the inadvertent loss of other beneficial attributes inherent to the landraces. This underscores the need for a paradigm shift—from conventional trait-centric approaches to more inclusive strategies that prioritize in situ conservation of genetic diversity alongside trait enhancement. To address this, a two-pronged approach should be adopted. First, tailored breeding strategies must be developed for specific agro-ecological zones, accounting for the environmental stresses and socio-economic contexts of target regions. Second, there is an urgent need to empower local communities by promoting participatory plant breeding (PPB) programs and strengthening capacity development. This includes training farmers, establishing community seed banks, and fostering awareness about the importance of genetic diversity. Institutional support through coherent policy frameworks and stakeholder engagement is equally crucial to ensure the long-term sustainability of such programs and to safeguard indigenous innovations from being monopolized by corporate entities.
Brassica juncea is believed to have originated from initial domestication events in Western Asia, followed by secondary diversification in India, China, and parts of Eastern Europe. This historical domestication pattern has contributed to a broad genetic base, equipping the crop with adaptability to diverse biotic and abiotic stressors and suitability for various end uses. However, despite its significance in South and East Asia, B. juncea remains underutilized compared to other members of the Brassica genus such as B. rapa and B. oleracea, which have benefited from greater research investments in terms of germplasm conservation, trait characterization, and genomic resource development. To bridge this gap, future breeding initiatives must focus on leveraging the genomic tools and knowledge already established in other Brassica species. Comparative genomics, molecular markers, high-throughput phenotyping, and gene editing technologies such as CRISPR/Cas9 offer promising avenues for improving stress resilience, nutritional quality, and yield potential in B. juncea. Advances in Molecular Tools and Breeding Strategies for B. juncea Improvement tabulated in Table 2. Additionally, the construction of a pan-genome representing diverse B. juncea accessions will be instrumental in identifying core and dispensable genes associated with key agronomic traits.
Furthermore, identifying and cataloging functional alleles across related Brassica species and model crops like Arabidopsis thaliana can facilitate their introgression into B. juncea via transgenic approaches or marker-assisted backcrossing. As genomic selection and genomic prediction models advance, breeders will increasingly be able to select for complex quantitative traits with greater accuracy and efficiency, expediting the development of climate-resilient and nutritionally superior cultivars. In conclusion, while considerable progress has been made, the full potential of B. juncea as a resilient oilseed crop remains untapped. Future breeding programs should adopt an integrative strategy combining traditional knowledge, participatory breeding, and cutting-edge genomics to ensure the sustainable and equitable utilization of its rich genetic heritage.
Table 2: Advances in Molecular Tools and Breeding Strategies for B. juncea Improvement

	Technique
	Application in B. juncea
	Benefit
	Reference

	RAPD, SSR, SNP markers
	QTL mapping, linkage mapping
	Trait identification, gene introgression
	Chen et al., 2024; Wang et al., 2024

	Marker-Assisted Selection (MAS)
	Trait-specific introgression (e.g., disease, drought)
	Faster breeding cycles, higher accuracy
	Montesinos-López et al., 2023

	Genomic selection
	Predictive breeding for complex traits
	Improved yield, resistance, and stability
	Kundu et al., 2024

	Whole genome sequencing
	Pan-genome development, gene discovery
	Enhances trait-targeted improvement
	Wojcik et al., 2023

	Comparative genomics
	Using Arabidopsis and other Brassica relatives
	Speeds up identification of functional genes
	Shorinola et al., 2024



9. CONCLUSION
The genetic improvement of Brassica juncea remains a vital priority for enhancing oilseed productivity, nutritional value, and climate resilience, particularly in South and Southeast Asia. Despite its wide cultivation, the narrow genetic base of existing cultivars poses significant challenges to yield stability and stress tolerance. This review underscores the untapped potential of landraces and wild relatives as rich reservoirs of genetic diversity that can be harnessed to overcome these limitations. Advances in traditional breeding, molecular markers, QTL mapping, genomic selection, and gene editing technologies now offer powerful tools to accelerate the introgression of desirable traits. Integrating these innovations with conservation, characterization, and utilization of diverse germplasm especially underrepresented landraces—can drive the development of resilient, high-yielding, and nutritionally superior B. juncea cultivars. Moving forward, a multidisciplinary and participatory approach involving breeders, researchers, farmers, and policy-makers will be essential to fully unlock the potential of genetic resources for sustainable mustard improvement.
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