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Climate Change and Drought Challenges in Indian Mustard (Brassica juncea) Cultivation- Future Prospects for Sustainable Production Under Climate-Smart Agriculture



ABSTRACTIndian mustard (Brassica juncea L.) is a vital oilseed crop globally and a cornerstone of edible oil production in India. However, climate change is threatening its productivity, particularly the growing frequency and intensity of drought stress. This review comprehensively highlights the multi-dimensional impact of moisture scarcity on mustard, from inhibited germination and reduced photosynthesis to significant yield losses. It also details the physiological and biochemical responses including stomatal regulation, osmotic adjustment via proline accumulation and the activation of antioxidant defense systems to combat oxidative damage, Furthermore, this review also explores the transition from conventional breeding to advanced biotechnological interventions such as integration of muti-omics (genomics, transcriptomics, proteomics and phenomics), marker-assisted selection (MAS) and CRISPR/Cas9 genome editing as transformative tools for developing high-yielding and drought resilient mustard cultivars. By reorienting breeding programs toward climate-smart agriculture, this paper outlines the future prospects for ensuring sustainable mustard production and long-term edible oil security in the face of an increasingly unpredictable climate. 
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1. INTRODUCTION
Indian mustard (Brassica juncea L.) belongs to the Brassicaceae family also known as brown mustard, Chinese mustard and oriental mustard is one of the world’s major Rabi season oilseed crops (Khatri, 2024).  It is primarily self- pollinating crop; but can exhibit natural outcrossing in the range of 8-12%. It is an allotetraploid species, evolved through natural interspecific hybridization of two diploid progenitor species Brassica rapa (AA, 2n=20) and Brassica nigra (BB, 2n=16) (Garg et al., 2025). Mostly mustard is cultivated under temperate climates. It can tolerate annual precipitation of 500-4200mm, annual temperature of 6-7℃, and pH of 4.3-8.3 (Shekhawat et al., 2012). It thrives in rainfed cropping systems due to its low water requirements (240-400mm) and requires well-drained sandy loam soil. Approximately 20% of the total mustard area in India is cultivated under rainfed conditions (Sehgal et al., 2022). The optimum temperature required for the germination of Brassica ranges from 25-28℃. Flowering and reproduction occur between 30 and 60 days, and reach maturity between 120 and 150 days depending on the genotype and environmental conditions (Sharma et al., 2024). India is the world’s third- largest producer of rapeseed-mustard, accounting for 9.98% of the total area. In India, it is mostly grown in Rajasthan, Uttar Pradesh, Haryana, Madhya Pradesh, and Gujarat. It is also cultivated on the plains of several northeastern states, including Bihar, Chhattisgarh, Orissa, Jharkhand, Sikkim and West Bengal. The area, production and productivity in India are 10.74million hectares, 13.54million tonnes and 1261kg/ha respectively (Khatri, 2024). Apart from cooking, Indian mustard has a wide range of applications in the food, chemical industries and biofertilizer. Its seed meal is used as poultry feed and its vegetative parts (leaves) are consumed as a healthy vegetable in the northern parts of India as a part of cuisine called as ‘Saag’. Mustard oil has a wide range of antioxidants and a high erucic acid content, as well as excellent lubricating and combustion qualities, making it popular in biodiesel production, vehicle and paint industry (Premi et al., 2013). Moreover, India is one of the world’s largest exporters of seed meal of Indian mustard (Augustine et al., 2013). 
Although oilseed crops are cultivated over 26.2 million hectares in India, still the country imports 73,048 crores worth of edible oil from other nations each year. To meet the rising demand for edible oil, we shall need to produce around 34 million tonnes of edible oilseeds by 2025, out of which 14 MT should need to be meet from Indian mustard alone. On the other hand, our population is expanding at an exponential rate, and people’s preference for mustard oil is growing day by day. To meet the demands of edible oil, high-yielding and better-performing Indian mustard cultivars needs to be developed, that can survive environmental fluctuations, growing in a variety of agro-climatic conditions and can withstand various abiotic stress challenges (Thakur et al., 2020). Considering the rising demand for edible oil and the low productivity of Indian mustard affected by various abiotic stress, genetic enhancement of Indian mustard using modern biotechnological interventions has become critical. Over 100 cultivars have been developed for different agroclimatic conditions in India by conventional plant breeding (Chauhan et al., 2011).
Climate change, together with the consequent desertification and overexploitation of water resources caused by overpopulation and agricultural intensification, will provide a challenge to agricultural commodities survival, growth and sufficient output (Zaib et al., 2023). Drought is commonly recognized as one of the most limiting abiotic factors which affects global agricultural productivity. Water scarcity is a major environmental limitation for plant survival, development and productivity (Yang et al., 2021). Crops experience drought stress as a result of an imbalance between water supply to the roots and transpiration rates (Rani et al., 2024). It disrupts nutrition because roots are unable to absorb various nutrients from the soil due to reduced root activity, slow ion diffusion and water movement rates and disruption of water continuity in soil pores (Parkash et al., 2020). It affects various morphological, physiological and biochemical processes in plants like stomatal regulation, chlorophyll reduction, photosynthetic rate, cell growth, water relations, hormonal regulation etc (Duan et al., 2017). 
Drought stress increases solute concentration in the soil and root zone of the plant, resulting in an osmotic flow of water out of plant cells which reduces their water potential and disrupting their physiological activities (Moaveni et al., 2020). It also affects plant photosynthesis by decreasing leaf area, plant height and lateral stem number. Stomata become blocked or half-blocked, resulting in decline in CO2 absorption while on the other hand, plants use a lot of energy to absorb water, resulting in decline in production of photosynthetic matter (Kumari et al., 2019). Relative water content, is the most useful index for dehydration tolerance (Dogra et al., 2018). The production of reactive oxygen species (ROS) increases due to a decrease in molecular oxygen by reducing electron transport components result in the degradation of proteins, enzyme structures and membranes, which further rise to enzymatic and non-enzymatic antioxidants for defence against oxidative stress tolerance (Basu et al., 2016). In response to osmotic stress from drought, plants accumulate compatible osmoprotectants which includes sugars, amino acids, proline, glycine betaine, glycerol, mannitol and additional low molecular weight metabolites to maintain cell turgor. Among these, proline acts as a highly compatible osmolyte. It enhances stress tolerance by regulating multiple responses, neutralizing free radicals and balancing cellular oxidation-reduction potential (Ahmad et al., 2018). Compared to other stages of development, moisture stress during and after the reproductive stage has a larger negative impact on seed yield. This is likely because pollen development, anthesis and fertilization are more susceptible, which results in poor seed yield (Sodani et al., 2017). To overcome the consequences of water scarcity, plants evolved various kinds of adaptive strategies, including stress avoidance and stress tolerance mechanisms. Deficit irrigation (DI) and irrigation scheduling are two important management practices that helps to conserve water and sustain crop production in water scarce regions (Nasir et al., 2022). The purpose of this review is to overview the morphological, physiological, biochemical and yield responses of Brassica under drought stress and to critically examine breeding strategies for developing drought tolerant genotype under climate resilient agricultural systems.
2. IMPACT OF CLIMATE CHANGE AND DROUGHT ON MUSTARD PRODUCTION
The ongoing shift in climatic pattern has major consequences for agriculture, particularly crops cultivated in rainfed or moisture deficient conditions. Drought stress is identified as the primary abiotic stress which affects mustard productivity (Farooq et al., 2009). In agriculture, drought is defined as condition where the quantity of water accessible to the plant’s root zone is less than the amount required by the plant to support its growth (Deikman et al., 2012). It is a multidimensional stress that impacts crops at morphological, physiological and molecular levels (Khan et al., 2017). Plants experience rapid physiological response during moisture stress condition, such as the rapid closure of stomata (Galmés et al., 2007). Although this response helps in water conservation, it also simultaneously lowers carbon dioxide (CO2) intake, which lowers photosynthesis and causes growth retardation (Yang et al., 2021). This decrease in CO2 uptake causes an imbalance between the energy which is produced by electron excitation in the light reaction of photosynthesis and the energy used by the Calvin cycle (Reddy et al., 2024). Reactive oxygen species (ROS) which are byproducts of stress responses in plants are overproduced. In the initial stages of stress, they act as signalling molecules, but an excessive accumulation causes oxidative damage (Choudhury et al., 2017). This oxidative damage can harm proteins, lipids, cellular membranes and other plant biochemicals. Eventually, the plant’s ability to survive in these conditions will be compromised (Lie et al., 2015). Recent research shows that moisture deficiency stress-induced oxidative damage in Brassica crops occurs quickly, with ROS accumulation which can be detected within 1-2 hr, lipid peroxidation (measured by malondialdehyde levels) increases within 3-6 hr and membrane damage i.e. electrolyte has become significant within 6-12 hr in sensitive varieties such as rapeseed. Antioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT) are activated within 2-4 hr as a defense response, but prolonged stress can cause irreversible cellular damage and yield losses more than 30% within 72 hr (Yoo et al., 2024). This quick oxidative burst is consistent with previous observations that ROS signalling occurs within 30 mins, which highlights the acute vulnerability of Brassica species to moisture stress (Mohan et al., 2025). As previously stated, this stress cause decrease in enzyme activity, which regulates plant metabolism, resulting in a reduction in crop biomass (Xu et al., 2008). Understanding plant mechanisms and responses to drought stress is key for developing effective strategies to reduce the negative effects on crop yields and ecosystem sustainability (Sabagh et al., 2019).
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Fig.1. Drought stress effects on Brassica crops: insights into morphological, physiological, biochemical and yield traits (Sheoran et al., 2024)
During drought stress, the plant employs three key strategies i.e. drought escape, avoidance and tolerance (Fang et al., 2015). Drought escape is an adaptative process that refers to a plant’s ability to complete its life cycle prior to the onset of drought conditions (Kooyers et al., 2015). The most important mechanism for drought escape is fast phonological development. It features early flowering and a shorter life cycle, allowing the plants to avoid dehydration (Zhu et al., 2016). Early blooming and a short vegetative stage, for example, protect Brassica crops from terminal dryness during the critical flowering and grain-filling periods, minimizing yield losses due to drought stress (Rahman et al., 2013). Another effective strategy to resist stress is stress avoidance by maintaining a favourable hydration balance (Luo et al., 2010). To minimize the damage caused by water deficiency stress plants undergo various morphological and physiological adaptations. Plants maintain their moisture balance by conserving water or increasing water absorption (Knight et al., 2006). Plants improve their water-use efficiency through root architecture changes. Other conservation measures include plant modifications that limit water loss per unit of time, such as stomatal regulation and leaf shape and orientation adaptations (Sheoran et al., 2024). Drought tolerance refers to a plant’s ability to withstand water stress. It is the system that allows a plant to withstand dry conditions (Fang et al., 2015). Many cellular physiological and molecular processes influence a plant’s drought stress tolerance (Saharan et al., 2022). This involves the up-or downregulation of numerous genes, resulting in the accumulation of antioxidants, different proteins and osmolytes.
3. EFFECTS OF DROUGHT STRESS ON VARIOUS TRAITS OF MUSTARD
3.1 Impact of Drought on Morphological Traits
3.1.1 Effect on germination and seedling growth
Absence of moisture block the germination process. Typically, seeds can resist harsh and extreme environmental conditions. The seed germination phase of a plant’s life cycle has an impact on seedling development and overall crop yield (Finch-Savage et al., 2016). The first germination phase is imbibition, in which the seed can absorb water and swell while beginning its metabolic functions. Water softens the seed coat, which allows the embryo to absorb nutrition. The second phase is activation, which occurs when enzyme activity within the seed begin to degrade reserves such as proteins, carbohydrates and lipids to provide energy for growth. The third phase is an emergence of radicle and the sprouting of shoots (Talon et al.,2020). Water scarcity and osmotic imbalance make it harder for the seeds to absorb water for germination, which limits crop germination rates. A decline in seed germination, has an impact on plant population and crop productivity. Under severe conditions, germination is hindered by higher levels of abscisic acid (ABA) and lower levels of gibberellins (GAs) because ABA support seed dormancy while GAs support germination (Yan et al., 2020). Several studies have observed that moisture stress not only decrease the germination rate but also significantly degrade seedling vigour in Brassica species (Zhu et al., 2021). At a field capacity of 50-70%, majority of the Brassica seeds germinate successfully (Mohan et al., 2025). Moreover, drought stress also increases soil salinity, which further hinders seed germination in Brassica. According to studies on Brassica seed germination, germination rates decrease with increasing moisture deficit stress intensity, which negatively affects the total productivity (Yan et al., 2020).
3.1.2 Effect on characteristics of leaves
Drought stress has a significant impact on the internal plant components that boost plant height (Lei et al., 2021). Plant height loss could be attributed to decreased cell growth, a high rate of leaf abscission during dry periods, and poor mitosis (Liang et al., 2018). Moisture-stressed conditions significantly reduced the number of mustard leaves. Drought regimes diminish leaf area and plant biomass by reducing leaf growth and photosynthetic process. Loss of water from the upper epidermis of leaf reduces leaf pressure potential, causing rolling of the leaves. Lower the leaf temperature, greater the incident light interception and higher the transpiration rate will benefit this phenomenon (Wahab et al., 2022). Leaf area and leaf rolling were significantly elevated in mustard (Brassica juncea) crop leaves under moisture stress.
3.1.3 Effect on shoot and root architecture
Shoot length and fresh weight are negatively impacted by drought stress (Wahab et al., 2022). A study on Brassica species indicated that as drought severity increased, shoot fresh and dry weights decreased significantly (Ashraf et al., 1990). It also affects the root structure and morphology. Plant growth and development rely heavily on root architecture. During moisture stress, root biomass increases as the root lengthen and maximum water and minerals are absorbed from the soil (Bhattacharya et al., 2021). Therefore, higher root length and root bulk are considered as key traits for any drought-tolerant cultivar (Turner 1986). Research studies were conducted based on root zone depth in genotypes of B. juncea and it was reported to be 118.2 cm. It has deeper roots, which helps to extract more moisture from deeper soil layers. Root zone depth was found to be positively correlated with the number of primary and secondary branches as well as the number of pods per plants in B. juncea. Increased water use in B. juncea due to elevated plant water stress (LWP and RWC) and photosynthetic activity aids in maintaining productivity under drought stress (Singh et al., 2022). Moderate stress has been shown to accelerate root growth through abscisic acid (ABA) production. Under drought conditions, the association of yield related traits with seedling root traits are considered to be more important than seedling shoot traits indicating that roots as a more powerful sink. A deep, well-established root system will have a higher capacity to absorb water and minerals and transfer them to the developing shoots. Therefore, selection under moisture stress conditions should be based on root traits rather than on shoot traits (Singh et al., 2022).
3.2 Impact of Drought on Physiological Traits
3.2.1 Effect on photosynthetic efficiency
Plant growth depends on photosynthesis, and when there is interruption in this process, plant development and yield are negatively impacted. Drought stress causes a decline in RWC, that leads to the accumulation of solutes in cells, resulting in the closure of stomata. Under low moisture conditions, plant cells accumulate ABA, that accelerates the process of stomatal closure. Stomatal closure is also a plant defense mechanism to prevent further loss of moisture under drought stress. Closing of stomata reduces Co2 uptake by leaves, which is the most crucial component of photosynthesis (Sheoran et al., 2024). Moisture stress reduces leaf surface area, which affects the absorption efficiency of photosynthetically active radiations (Flexas et al., 2004). Lack of water also decreases the activity of Photosystem II and the essential enzyme in photosynthesis, Rubisco. It also degrades the photosynthetic pigment, i.e., chlorophyll. Insufficient accessible water causes harm to both chlorophyll a and b. Drought stress has a dual effect on chlorophyll; it inhibits the activity of enzymes responsible for chlorophyll production while increasing chlorophyll degradation through the action of chlorophyllases (Raza et al., 2017). When B. juncea was subjected to short-term drought stress 30 days after sowing (DAS), photosynthetic pigments were found to be degraded, with a 21% and 42% decline in chlorophyll a and carotenoid content respectively (Dogra et al., 2018).
3.2.2 Effect on leaf relative water content
Leaf RWC is an important regulator of physiological processes in plants. The first symptom of the moisture stress response is a decrease in RWC (Hussain et al., 2018). The relative water content of leaves is highly correlated with both leaf tissue growth and transpiration rate (Kapoor et al., 2020). Lower RWC lowers leaf water potential, forcing stomata to contract. A drought study on several Brassica species revealed that drought-stressed plants exhibited lower fresh weight, dry weight and relative water content in B.juncea (Yoo et al., 2024). It also indicated that a 4% decline in RWC significantly increased stomatal resistance, ranging from 1.89-2.94 cm/s in Brassica species (Ardestani et al., 2012). These findings highlight the importance of RWC in maintaining physiological functions during moisture stress conditions. Decline in RWC not only disrupts stomatal regulation, but also reduces photosynthetic efficiency, which affects plant growth and productivity (Mohan et al., 2025).
3.2.3 Effect on stomatal regulation
Three critical signalling molecules, ABA, ROS and calcium ion (Ca2+) have important roles in controlling stomatal closure (Gong et al., 2020). Plants primarily sense the moisture-deficit signal through their leaves and roots. ABA is produced and accumulated in leaves, causing the closure of stomata (Manzi et al., 2016). It also controls plant transpiration and water loss by influencing ion fluxes in stomatal guard cells via both Ca2+ independent and dependent pathways. In contrast, root and leaf vascular tissues actively produce ABA, which is then delivered to guard cells (Mutava et al., 2015). On the other side, the roots sense drought signals and production of the clavata3/embryo-surrounding region-related 25 (CLE25) peptides, which are then transferred to guard cells to stimulate ABA synthesis (Takahashi et al., 2018). Pyrabactin resistance (PYR)/PYR1- like (PYL)/Regulatory Components of ABA Receptor (RCAR) receptors perceive ABA, which causes PP2C to become inactive and the protein kinases SnRK2s to become active. Through protein phosphorylation, these SnRK2s in turn activate a number of proteins involved in stomatal closure (Postiglione et al., 2020). ABA-activated SnRK2s also increase the production of apoplastic ROS outside the guard cells, which are then transported into the guard cells (Arve et al., 2011). Apoplastic H2O2 is directly detected by the receptor kinase hydrogen peroxide-induced Ca2+ 1 (HPCA1). Ca2+ levels in the cytoplasm of guard cells are raised when HPCA1 is activated because it activates Ca2+ channels in the cytomembrane. Consequently, stomatal closure is triggered (Qi et al., 2018). It has been found that many vital genes play a role in stomatal closure during water deprivation. In a recent study 12 of the 70 BnCLE genes found in B.napus were identified as potential regulators of agronomic traits (Xie et al., 2022).
3.2.4 Effect on canopy temperature
Canopy temperature, which is directly proportional to stomatal conductance, is an important factor of drought stress tolerance. The high stomatal conductance promotes more transpiration, hence maintaining a cooler canopy temperature. Canopy temperature and canopy temperature depression (CTD), under moisture stress are reliable measures of leaf cooling in hot and humid conditions via transpiration (Singh et al., 2022). Drought causes stomata to close, transpiration to decrease and canopy temperature to gradually rise. In different Brassica species, the close association of osmotic adjustment with both stomatal conductance and canopy temperature has been reported (Singh et al., 1985). Genotypes with better osmotic adjustment have higher stomatal conductance and transpirational cooling than those with low osmotic adjustment. Drought tolerant B.carinata had cooler leaves than B.juncea, B.rapa and B.napus. The differences in Tc-Ta are due to the difference in stomatal conductance (Kumar and Singh 1998). Canopy temperature has so emerged as a screening method for drought stress tolerance. With the introduction of portable infrared thermometers, this method has been extensively utilized to differentiate drought tolerance and susceptibility among genotypes. Moisture stress raises leaf temperature while decreasing the temperature difference between canopy and surrounding air. Application of K reduced transpirational losses, while (Te-Ta) increased irrespective of sampling stages and stress levels (Fanaei et al., 2009).
3.2.5 Effect on osmotic adjustment
Plants adapt to water scarcity in several morpho-physiological, biochemical and molecular ways, but cellular osmotic adjustment is one of the most common. OA may help plants to thrive in moisture-stressed situations (Blum et al., 2005). Moisture stress causes plant cells turgor pressure to drop, resulting in cellular dehydration and membrane damage. Plants use osmotic control as a stress-tolerance strategy to mitigate the above-mentioned consequences. Drought stress decreases soil water content and increases Na+ and Cl- levels, lowering the soil’s water potential. Plants require favourable water gradient for their roots to draw water from the soil and keep them hydrated. Plants accumulate osmolytes, including sugars, polyamines, glycine betaine, proline and organic acids (Jogawat 2019) Osmolytes, also called as osmoprotectants are small organic solutes that are soluble in water and non-toxic at high concentrations. They are sometimes also known as compatible solutes. The primary function of these osmolytes is to aid cells in regulating their osmotic pressure (Giri 2011). Turgor pressure is maintained by the accumulation of these osmoprotectants in cell compartments, which allow plants to absorb enough water from their environment to support their regular metabolic activity and growth (Chimenti et al., 2006). Osmoregulation is the active regulation of a cell’s osmotic potential through the accumulation of solutes (Blum et al., 2017). Osmoprotectants are necessary for scavenging ROS, maintaining membrane stability and protecting enzymes and proteins in addition to osmotic adjustment. OA can also maintain stomatal conductance and prevent moisture stress from inhibiting photosynthesis by maintaining a high concentration of CO2 in the mesophyll intercellular space.
3.3 Impact of Drought on Biochemical Traits
3.3.1 Effect on proline
Proline accumulates in response to drought stress through the regulation of genes involved in the biosynthesis and transport of proline. Pyrroline-5-carboxylate synthetase (P5CS) and pyrroline-5-carboxylate reductase (P5CR) are the two enzymes which work together to synthesize proline (Szabados et al., 2010). Overexpression of P5CS or OAT (ornithine aminotransferase) and reduced expression of ProDH (proline dehydrogenase) increased the proline levels under osmotic stress (Wang et al., 2019). The upregulation of the P5CS and P5CR genes is controlled by various transcription factors, including DREB2A, WRKY and MYB which interact with the promoter regions of the P5CS and P5CR genes to induce the expression of those genes in response to moisture stress (Osakabe et al., 2014). Proline is then transported to different parts of the plant including leaves, where it can act as a ROS scavenger and osmoprotectant (Ghosh et al., 2022). Proline may act as a signalling molecule, regulating the expression of genes associated with stress tolerance and response. Overall, proline acts as an osmoprotectant, ROS scavenger and gene expression regulator in Brassica crops, greatly contributing to drought tolerance. Understanding the mechanisms behind proline accumulation and its role in drought tolerance will help in creating techniques to improve drought tolerance in Brassica crops, which are crucial for food security and sustainable agriculture (Sheoran et al., 2024).
3.3.2 Effect on glycine betaine
Genes involved in glycine betaine synthesis and transport are elevated as part of the drought stress response pathway. Glycine betaine production involves two enzymes: choline monooxygenase (CMO) and betaine aldehyde dehydrogenase (BADH). Drought stress stimulates the expression of these genes, increasing synthesis of glycine betaine (Kurepin et al., 2015). Then, glycine betaine is transported to various plant components including leaves where it acts as an osmoprotectant and ROS scavenger. Furthermore, betaine acts as a molecular chaperone, aiding protein folding and avoiding protein denaturation during stressful circumstances (Farooq et al., 2009). Recent study has focused on identifying and characterizing the genes and processes involved in osmotic adjustment in plants. A gene in B.napus is discovered that encodes a trehalose-6-phosphate synthase (BnTPs), which is involved in the synthesis of trehalose (Yang et al., 2023).
3.3.3 Effect on sugars
Sugars, such as trehalose, sucrose and fructose act as osmoprotectants by maintaining the osmotic balance and protecting cellular structures. Under extreme conditions, sugars can link with the lipid bilayer of cellular membranes to maintain their fluidity and integrity, preventing membrane fusion, leakage and transitions that impair cellular operations (Traversari et al., 2018). They also act as signalling molecules that control the expression of genes associated with stress reactions and they stabilize proteins, maintain membrane stability and strengthen antioxidant defense systems (Yuanyuan et al., 2009). Several studies on Brassica crops have revealed an increase in soluble sugar content under moisture stress (Park et al., 2021).
3.3.4 Effect on polyamines
Polyamines are aliphatic compounds with a low molecular weight and nitrogen content. These chemicals regulate the pH of a cell and influence numerous cellular activities. Plants under drought stress accumulate a large number of polyamines (Sengupta et al., 2016). They have tremendous potential as a drought stress defense because they regulate the expression of linked genes (Kusano et al., 2007). These biomolecules have also been shown to help plants to tolerate drought when applied exotically. Polyamines include phytohormones with aliphatic amine groups, such as putrescine (Put), spermine (Spm) and spermidine (Spd) (Sheoran et al., 2024).
3.3.5 Effect on antioxidants
Plants respond to drought stress by activating various defense mechanisms, including antioxidant production. Antioxidants are essential for reducing the negative effects of ROS produced during drought-induced oxidative stress. Drought stress causes a sequence of plant molecular and physiological responses, which eventually lead to oxidative stress. Oxidative stress results from an imbalance between ROS production and the plant’s ability to scavenge them. ROS comprising superoxide radicals (O2-), hydrogen peroxide (H2O2) and hydroxyl radicals (OH) can damage biological components such as proteins, lipids and DNA (Kabiri et al., 2014). To combat the harmful effects of ROS, plants use numerous defense mechanisms including the synthesis of antioxidants. Antioxidants are chemicals that help plants to withstand oxidative damage caused by moisture stress. They neutralize ROS, which are harmful byproducts of cellular metabolism that can damage proteins, lipids and nucleic acids. Enzymatic antioxidants are proteins that scavenge ROS which includes superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and glutathione peroxidase (GPX). These enzymes are important in transforming ROS into less toxic chemicals (He et al., 2016). SOD is an enzyme that converts superoxide radicals (O2-) to hydrogen peroxide (H2O2) and atomic oxygen (O) and is defined as the first line of defense against drought stress (Mittler 2002). CAT breaks down H2O2 into water and oxygen, preventing H2O2 accumulation (Garg et al., 2009). APX uses ascorbate as an electron source to transform H2O2 into water. GPX uses glutathione as an electron donor to reduce H2O2 and lipid hydroperoxide levels (Nahar et al., 2016). A recent study found that drought-tolerant rapeseed cultivars exhibited increased transcription levels of the genes encoding the antioxidant enzymes Cu/ZnSOD, glutathione peroxidase, MnSOD, ascorbate peroxidase and glutathione reductase (Xia et al., 2016). B.napus gene ontology (GO) enrichment analysis revealed that BnCAT genes had a substantial correlation with cellular architecture, antioxidant enzymes and ROS balance during drought stress. Enzyme activity and gene expression were revealed to be directly related to cell defense against drought stress. Under stressful conditions, the relative expression ratio of CAT2, cytosolic APX and gPOD was higher (Hosseini et al., 2015).
3.4 Impact of Drought on Yield Attributes
Crop yield in Brassica is also affected by the timing and severity of drought stress and genotype (Ashraf et al., 2013). Drought causes an average crop yield loss of about 17% worldwide and can rise to 70% annually (Chandra et al., 2018). Water availability is important throughout the crop production cycle. Sufficient water supply at an early duration of the crop ensures a better percentage of seed germination and a more stable crop. Young plants in the vegetative stage can recover from drought stress with sufficient hydration. The moisture need for the oilseed Brassica crop’s life duration from seed to seed is generally linear, with the peak flowering occurring during grain filling and seed maturation (Wan et al., 2009). Drought stress has a greater impact on Brassica crops during the flowering or pod-filling stage than during the vegetative stage because moisture stress during the flowering or reproductive stage accelerates the process of flower drop and reduces output (Ghobadi et al., 2006). In the recent study different genotypes of B. juncea for drought tolerance under rainfed conditions are tested (Sharma and Sardana 2022). Rainfed plants showed a total seed production drop up to 12.7%. Moisture stress has a significant impact on oil content in oilseed crops. Absence of moisture decreases oil content significantly by altering the composition of fatty acid production. In B.juncea, the oil productivity of the rainfed crop is 6.3% lower than that of the wet crop (Sharma and Sardana 2022).
4. BREEDING STRATEGIES FOR DEVELOPING DROUGHT TOLERANT MUSTARD VARIETIES
Breeding oilseed Brassicas for drought tolerance is required in order to develop the cultivars with increased and continuous production in rainfed conditions. Crop genotypes must be screened in target conditions with an appropriate level of stress to assess the cause of variation. There is always a danger that trials will fail because this method is so reliant on environmental fluctuations. Moreover, it is highly difficult and expensive to simulate natural environmental conditions under artificial screens. Plant responses to water stress, on the other hand, are influenced by the time, duration, frequency and intensity of stress. Plant, soil and climatic factors are constantly interacting to determine plant responses to water deficiency (Singh et al., 2022). It is difficult to produce well-defined and reproducible water stress conditions, making drought-tolerant genotype screening more difficult (Ramirez and Kelly 1998). As a result, difficult selection indicators should be considered for phenotyping of drought tolerance (Tuberosa 2012). A variety of traits, including water-use efficiency (WUE), leaf wilting index (LWT), stress tolerance index (STI), relative vigour index (RVI) and drought susceptibility index (DSD) are commonly used in breeding programs to identify genotypes that produce higher yields under stress conditions. Drought tolerance is a complex trait controlled by polygenes (Blum 2005). For any quantitative trait, the magnitude of heritable variation in the gene pool of a crop is a requirement for any genetic improvement. Genetic diversity is already present in the form of well-adapted cultivars/improved germplasm, landraces, relatives and wild species. Selection for drought tolerance is associated with early flowering and partitioning of dry matter to reproductive parts; naturally selection for earliness is difficult due to its continued fruit-bearing behaviour until maturity; however, anthesis, harvest index and maturity are largely influenced by drought stress and thus affect screening of tolerant genotype. Biomass production and partitioning, which determine yield, are the outcome of a complex connection between hundreds of genes and their interactions with the environment. Rapeseed-mustard genotypes that bears pods and reach maturity early in the season are considered to be more suitable for cultivation in stress-prone locations. Drought escape and avoidance are also effective in Brassicas and a number of mustard varieties including DRMR 1165-40, DRMR 150-35, Geeta, GM-1, Pusa Bold, Pusa Bahar, Aravali, RH 725, RH 781, RH 819, RB 50, Shivani, PBR 97, TM-2, TM-4, Vaibhav and RGN 48 which have been released for drought-affected areas of India (Chauhan et al., 2011).
4.1 Conventional Breeding Approaches
The genetic control of drought tolerance is polygenic, complicated and environment-dependent. Understanding the inheritance pattern of genes governing drought tolerance is critical for designing effective breeding strategies. Conventional breeding methods are often used for self-pollinated crop improvements such as mass selection, pure line selection, pedigree, bulk, single seed descent (SSD) and backcross breeding methods while recurrent selection, disruptive selection, diallelic selective mating, bi-parental mating, synthetics, composites and heterosis are used for cross-pollinated crops. Mutation and backcross breeding are used for both self- and cross-pollinated crops. Basically, conventional breeding procedures make use of existing diversity, create variety through hybridization between contrasting parents and select or develop novel genetic features. Conventional drought tolerance breeding programs include the following steps: (1) characterizing accessions with drought-tolerance associated traits using various approaches (2) identification and classification of germplasms based on morphological and physiological features (3) Hybridization and selection in segregating generations during drought stress (4) Continuing selection until the population is totally homozygous and homogeneous (5) Potential tolerant homozygous and homogeneous lines will produce a variety or serve as a donor in future breeding procedures (Kencharaddi et al., 2024). 

4.2 Pre-Breeding Strategies
Pre-breeding is the process of transferring beneficial genes from wild or exotic plant species into recognized breeding material or agricultural environments. It is essential for producing climate-resilient crop varieties. This method requires to identify, collect and exploit genetic resources to improve crop quality and yield. Their approaches aim to identify and exploit wild or closely related crop species with desired features, such as heat or drought tolerance, in order to develop new more resilient varieties against environmental stress (Prabhu et al., 2023). Moreover, pre-breeding process takes more time (Sukumaran et al., 2021). The key goals to provide plant breeders with easily available genetic material for use in their programs, promote genetic diversity and identify desirable traits for selecting superior parents in the crossover program. By combining these wild relatives with cultivated crops, desirable traits can be conveyed, resulting in the formation of new genetic combination (Singh et al., 2020). This technique results in improved germplasm with broader diversity and increases abiotic stress tolerance. It can also support to reduce linkage drag by shifting genes from primary, secondary and tertiary gene pools such as wild species into more successful elite genotypes. The use of wild relatives, landraces and gene identification can result in the development of novel crop varieties that are more resilient to environmental stress. Therefore, pre-breeding techniques offers a useful basis for increasing agricultural yield, improving crop quality and minimizing the effects of climate change on agriculture (Prabhu et al., 2023).
4.2.1 Role of wild relatives in mustard breeding
Crop wild relatives (CWRs) are the weedy, wild relatives of domesticated plants that are typically found and preserved mostly in their places of origin (Jain et al., 2023). They have remained unexploited in nature due to the presence of certain undesired genes/alleles that act as yield barriers (Verma et al., 2023). CWRs of B.juncea mainly includes Sinapis alba L. (White mustard), B.fruticulosa (Twiggy turnip), B.tournefortii (African mustard), Lepidium sativum L. (Garden cress), Erucastrum gallicum (Common dog mustard), E.cardaminoides (Dog mustard), Camelina sativa L. (Gold-of-pressure), Crambe abyssinica (Abyssinian mustard), Capsella bursa-pastoris L. (Shepherd’s purse), Diptotaxis tenuisiliqua (Wall rocket), D.erucoides L. (White wall rocket), D.muralis L. (Annual wall rocket) etc (Singh et al., 2021a). These CWRs have resist the selection pressure of drought stress factors, progressively developing the tolerance mechanisms that have been passed down through generations.
4.3 Key Genes and Pathways involve in Drought Tolerance
Continuous attempts are being undertaken to better understand the molecular mechanism of drought tolerance in plants. A total of 1092 drought-responsive genes have been identified, 37 of which are transcription factors, 28 were connected to signal transduction and 61were osmo sensing responsive pathways. Moreover, 248 up-regulated and 388 down-regulated genes were reported under drought conditions in Sinapis alba (Dong et al., 2012). Recent studies shown that B.fruticulosa have higher proline content than the control plants under PEG-induced drought stress conditions (Kashyap et al., 2023). Gene ontology (GO) analysis revealed differentially elevated genes involved in cell division, catalytic and metabolic processes. Most of these genes were activated in response to abscisic acid (ABA) or moisture stress, implying that signal transductions mediated by these two substances are most likely the process behind the root hydrotropic response. With the availability of wide number of candidate genes conferring drought tolerance, genetic improvement for drought tolerance in Brassicas can be achieved by controlling their expression. The similarity of this species to Arabidopsis will be further supportive in estimating the response of these genes. Approximately 500 genes were found to be connected to the stress and the ABA response (Liang et al., 2011). Another approach was to enhance Arabidopsis resilience to drought stress by overexpressing an ethylene-responsive factor (ERF) from B.rapa (BrERF4). BrERF4 expression was induced by ethylene or methyl jasmonate but not by ABA or NaCl (Seo et al., 2010). This suggests that BrERF4 appears to be activated via a network of various signalling channels in response to these two stresses. Cloned from B.napus, the Arabidopsis lateral suppressor (LAS) homologue gene (BnLAS) was discovered to express in the roots, shoot tips, lateral meristems and floral parts of the plants (Yang et al., 2011).
The Annexin gene (AnnBn1) identified and cloned from the drought-tolerant rapeseed genotype ‘Q2’ encodes Annexins in the genus Brassica which plays a significant role in abiotic stress responses (Xiao et al., 2012). With the availability of technologies to build gene-based markers and extremely effective and reproducible genetic markers, these identified genes can be altered or staked in improved genetic backgrounds.
4.4 Marker Assisted Selection for Trait Associated QTLs
Since traditional methods are inefficient and need to be improved in regarding the rising frequency and severity of drought caused by climate change. To improve the sustainability and stability of yield under stress circumstances, breeders must adopt cost and time efficient ways in breeding programs, where genetic analysis of quantitative traits is necessary to manage the adaptive response of crops to abiotic stress. Most abiotic stress have a quantitative response that is genetically determined by Quantitative trait loci (QTLs). QTL analysis helps in identifying chromosome regions that regulate variations for various morphological, physiological and biochemical changes which impacts plant growth under moisture-stressed conditions. The QTL approach is seen to be a more reasonable strategy for revealing the genetic and physiological components that disrupt source-sink relationship under abiotic stress (Welcker et al., 2007). Moisture markers-based identification of QTLs has aided in establishing their relationship to physiological sub-traits conferring drought tolerance (Hussain 2006). Once the QTLs associated with certain sub-traits for drought tolerance are molecularly marked, they can be transferred to other genetic backgrounds via marker-assisted selection. Using 72 double haploid (DH) lines obtained from a cross between a drought and salinity tolerant genotype (TX9425) with a sensitive Brassica cultivar (Franklin). On the 2H and 5H chromosomes, the QTLs that cause leaf wilting under drought stress were found. The QTL on chromosome 2H accounted for 42% of phenotypic variance, while the one on chromosome 5H was less affected by agronomic background (Fan et al., 2015). Significant QTLs on seven linkage groups were reported to account for 3.4-36.6% of the phenotypic variance in the thirty QTLs for water use efficiency that were mapped based on carbon isotope ratios and photosynthetic characteristics (Hall et al., 2005). Additionally, QTLs were found at the same locus for various physiological features, including photosynthetic capacity, nitrogen content, leaf thickness and stomatal density. This suggests that gene or genes at these loci may have pleiotropic effects for traits associated with photosynthesis and water usage. The QTLs responsible for the root pulling force trait contributed relatively little to phenotypic variation, while some of them were reliable across time. In addition, a significant QTL for days to flowering was identified on linkage group 2. Plant height QTLs are mapped on LG 14 T, but the genus Brassica has no known stable QTLs for seed yield under stress (Mahmood er al., 2005). However, RIL populations was developed using contrasting values for days to 50% flowering, root length and root length decrease rate and percentage of completely emerged cotyledons similarly revealed low constancy and reliability of detected QTLs. Additionally, certain QTLs for responsiveness and root length were discovered to overlap on chromosome 1 and 3 in Arabidopsis thaliana. This indicates that these two loci may include genes that influence root length and tolerance. Application of marker-assisted selection (MAS) has the potential to precisely assemble them to any enhanced background with high precision due to the availability of molecular markers that are closely linked to loci determining responsiveness to drought stress. To achieve this, parents with highly divergent sub-traits, particularly yield under drought tolerance should be recognized and mapped. QTLs linked to various drought-related sub-traits have been identified; however, efforts to validate these QTLs in completely different genetic backgrounds, as well as the development of a reliable and linked molecular marker system, must be directed for the successful deployment of MAS in drought tolerance.
QTL mapping has emerged as a key strategy in this endeavour for using DNA markers to improve crop species (Ramchiary et al., 2007). MAS may aid in enhancing genetic gains and reducing the selection cycle (Moose and Mumm 2008). It is a non-destructive, efficient, reliable and stage-independent method that has been successfully used with identified DNA markers flanking a gene of interest or any segment of DNA. This approach can be used to obtain genotype information from a single plant or a large number of samples at once without exposing the plant to stress. This technique gives an authoritative tool for shortening breeding cycles used to improve plant stress tolerance. The use of molecular marks has rapidly risen, resulting in the construction of precise molecular linkage maps for several plant species including rapeseed-mustard (Yangj et al., 2016). Various types of DNA markers including AFLP, RFLP, SSR and RAPD are used in rapeseed-mustard breeding programs for mapping, gene/QTL tracking, trait identification and diversification analysis (Thakur et al., 2017). With the current information and material, it is now possible to combine MAS into breeding programs aimed at developing high yielding drought tolerant rapeseed-mustard cultivars for fragile habitats (Singh et al., 2022).

4.4.1 Screening of elite germplasm using molecular markers
Developing cultivars with better drought tolerance is one of the most effective ways for reducing agricultural losses under moisture stressed environment. However, it has proven difficult for plant breeders to precisely analyze and incorporate drought tolerance due to the complexity of drought as a stress signal (Rana et al., 2020). Several studies have focused on improving drought tolerance in Brassica juncea. It has been shown that bulk selection under drought stress is 20% more effective than individual plant selection in enhancing characteristics including seed output, 1000-seed weight, harvest index and seeds per pod (Chahal et al., 2020).
Gene RD20 (response to dehydration 20) regulates stomatal opening in response to drought stress in the ABA-dependent pathway, whereas RD26 (response to dehydration 26) helps to up-regulate ABA-inducible genes (Aubert et al., 2010). Plant survival under drought stress is improved by the transcription factors DREB1-2 and DREB2 controlling a group of stress-responsive genes in the ABA-independent pathway.
4.5 Application of Modern Genome-Wide Tools 
4.5.1 Genomic selection
Genome selection (GS) is a sophisticated breeding strategy that predicts an individual’s genetic potential for complex traits by using high-density molecular markers throughout the entire genome (Kumar et al., 2024). Without requiring phenotypic expression, GS enables the early selection of individuals based on their genetic data, in contrast to conventional techniques that depend on phenotypic selection. This strategy is especially beneficial for traits with complex hereditary, such as yield, oil content and stress tolerance, where conventional selection approaches can be slow and inaccurate. In mustard breeding, GS has showed great potential for increasing yield, oil content and stress tolerance. Since these traits are influenced by polygenes with minor effects (Singh et al., 2022). Breeders can use GS to select for desirable genotypes with the proper combination of alleles before phenotypic evaluation (Voss-Fels et al., 2019). This leads to rapid breeding cycles since the requirement for large phenotypic screening is decreased. GS is especially useful for increasing traits that are affected by environmental conditions, like stress tolerance where phenotypic selection can be altered by changing environmental factors. High-throughput sequencing and genotyping technology have made it easier to incorporate genetic selection (GS) into mustard breeding programs. Recent studies have shown that GS can boost both output and oil quality in mustard (Singh et al., 2022). Combining genetic and phenotypic data from field trials allows breeders to create more accurate predictions about a plant’s performance under various growing situations. This is essential for developing mustard varieties that thrive in diverse environments (Zandberb et al., 2022). Additionally, GS is being utilized to increase stress tolerance in mustard, especially against drought, heat and salinity. Climate change is increasing the prevalence of stressors, highlighting the importance of developing stress-tolerance crops. GS allows breeder to choose genes for resilience to environmental stressors, resulting in mustard varieties that can survive in shifting climates. Predicting genotype performance for stress tolerance traits in advance improve breeding efficiency. Incorporating genomic selection into mustard breeding programs is a promising step towards improving complex traits. GS, along with MAS and QTL mapping can improve breeding efficiency and precision, leading to the development of mustard varieties that are high yielding and resilient to environmental stress. Genomic techniques have the potential to boost productivity and sustainability of mustard crops in response to global issues (Mehandi et al., 2025).
4.5.2 Genome-wide association studies
Genome-wide association studies (GWAS) enable high-resolution mapping in large populations by discovering statistically significant associations between traits and genotypes via linkage disequilibrium (LD) (Naqvi et al., 2022). It has helped in discovering genes associated with various abiotic stress tolerances, including drought (Pandit et al., 2017). It has been used effectively to promote drought tolerance in Brassica (Naqvi et al., 2022). Previous studies shown that eleven genes linked to drought tolerance under moderate and severe drought stress were found in Brassica juncea by correlating the significant GWAS SNPs with the significant WGCNA modules. Auxin-responsive protein (SAUR), LEA protein, glucosidase, AP2/ERF, WRKY and GATA transcription factors, FLZ zinc finger domain, PRP and b561 proteins were all regulated by these genes (Zhang et al., 2025). GWAS are helpful for locating genes and alleles from various germplasm linked to complicated traits like abiotic stress tolerance (Swamy et al., 2017).
4.6 Modern Biotechnology-Based Breeding Tools
4.6.1 Transgenic breeding
Transgenic plants are those whose DNA has been altered by genetic engineering methods, usually to increase their ability to withstand biotic and abiotic stress. Plants modify their gene expression patterns in response to various stresses (He et al., 2016). The control of stress-responsive gene is an essential component in managing abiotic challenges, as it is essential for plants to endure and adjust to harsh environments (Ullah et al., 2020). Various genes in plants have been identified as contributing to drought stress tolerance, emphasizing the significance of genetic alterations in improving a plant’s ability to withstand such harsh conditions. For example, transgenic B.napus that were genetically engineered to overexpress the BnKCS1-1, BnKCS1-2 and BnCER1-2 genes showed improved drought tolerance due to increased cuticular wax synthesis (Wang et al., 2020). Transgenic B.oleracea plants overexpressing the BrIQD5 gene were more resistant to drought stress than their wild-type counterparts. Effective techniques for introducing desired features into Brassica crops to increase their economic worth are in vitro transformation research that employed plant regeneration and in vitro callus induction selection to enhance genetic makeup for drought tolerance in B.oleracea (Ali et al., 2019). 
4.6.2 Genome editing (CRISPR CAS9 technology)
Next-generation crop breeding techniques have been developed as a result of recent developments in genetic manipulation technology, which have made it possible to precisely alter plant genomes (Mushtaq et al., 2021). One such tool is the CRISP (clustered regularly interspaced short palindromic repeats)- Cas system, which uses protein-coding genes like Cas 1, Cas 2 and Cas 9 to change genomes. It is derived from a natural gene-editing mechanism in bacteria, which may reduce societal acceptability problems related to earlier genetic modification techniques that uses transgenes. This strategy is likely to speed up the adoption of genetically modified crops in many countries. When compared to previous genome alteration approaches like ZFNs and TALENs, CRISPR/Cas9 is simpler and more efficient, with high precision and minimal operational costs. As a result, it has emerged as a promising strategy for enhancing the genomes of a variety of plant species, including major agricultural crops (Mushtaq et al., 2021). Furthermore, CRISPR-Cas9- driven multiplexing has been successfully employed to target multiple genes in a single organism, allowing for the simultaneous targeting of several stress-sensitive genes in high-yield cultivars responsive to various stress. This method has huge potential for producing crop plants that can endure many stress, and CRISPR/CAS9 technology is currently preferred over all other traditional genome alteration technologies due to its better efficiency and ease of implementation. It has been utilized effectively to improve abiotic stress tolerance like drought, salinity, heat and nutritional deficits in major agricultural crops. 
Several molecular studies have demonstrated that ABA is the major component of plant drought responses, affecting both the expression of stress-related genes and stomatal conductance, which limits water loss. ABA signalling is dependent on the binding domain (ABRE) and bZIP unit (AREBs/ABFs) of transcriptional regulators, commonly known as ABA-responsive factors (Bhat et al., 2016). Whereas AREB1 inactivation enhanced drought sensitivity, AREB1 overexpression boosted drought tolerance. AREB1 is an essential component of the osmotic stress response, antioxidant signalling and ABA synthesis (Bouzroud et al., 2020). It regulates a wide spectrum of gene expression via the ABA signalling pathway. As a result, AREB1 may be viewed as a critical target for enhancing plant drought resilience (Fig.2.). To unlock the AREB1 promoter area in Arabidopsis, a modified CRISPR-Cas9 system was used, which includes sgRNA, the catalytic subunit of the HAT enzyme, and dead Cas9 (dCas9) (Paixão et al., 2019). Apparently, acetylation of the core histone caused by the interaction of the Arabidopsis HAT catalytic site improved the promoter area of AREB1 responsiveness to the transcriptional zone. Mutants had shown higher levels of AREB1 transcription, stomatal conductance and chlorophyll despite the drought, according to physiological and molecular research. Furthermore, in the presence of moisture stress, AREB1 activated RD29A transcription (Paixão et al., 2019). Under moisture deficit conditions, the recombinant CRISPR lines showed increased survival rates. CRISPR/Cas9 technology can be used in Brassica napus to alter the genes BnaA6.RGA and BnAls, increasing drought and herbicide tolerance.
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Fig.2.CRISPR/Cas9-mediated genetic editing can be utilized to boost plant yield in stressful environments. A single guide RNA (sgRNA) can direct the Cas9 protein to a desired genomic region. The CRISPR/Cas9 then finds and cleaves a G-rich protospacer adjacent motif (PAM) region at the proximal end of the target DNA, resulting in a blunt-ended double stranded break. These DSBs can be repaired by the plant’s endogenous repair system using non-homologous end joining (NHEJ) or homology-directed repair. CRISPR/Cas9 can cause mutations by insertions or deletions (INDELs), gene deletions or multiplex gene knockdown, making it an effective tool for genetic modification in plants (Rai et al., 2023). 
4.7 Omics Approaches
The vast field of omics includes various disciplines i.e., genomics (deals with the total DNA content of an organism), transcriptomics (deals with the total RNA content), proteomics (deals with the total protein content), metabolomics (deals with the total metabolites of an individual) and phenomics (deals with the measurement of physical and biochemical traits). Since, both B.juncea and B.napus are tetraploid and amphidiploid in nature- omics techniques are required to understand trait-based genetics for crop development.
4.7.1 Genomics
Genomics deals with the complete set of genomes in an organism. In the context of biotic and abiotic stress, genomics assists in identifying quantitative trait loci (QTLs) that confer resistance to specific stress (Varadharajan et al., 2025). By identifying genetic variations associated with desired traits, advanced approaches like genome-wide association studies (GWAs) facilitate marker-assisted breeding programs to create resilient crop varieties (Huang 2024). To determine the chromosomal locations of a specific trait of interest, linkage mapping and association studies were employed. Molecular markers were used to identify genomic regions in Brassica species. The seed coat color gene was mapped, and microsatellite markers Ra2-A11, Na10-A08 and Ni4-F11 were found as being associated with seed coat colour in B.juncea (Padmaja et al., 2005). Using GWAS, we examined the genetic architecture of glucosinolate accumulation in seeds and leaves in B.napus. Genome-wide association mapping and candidate gene analysis were performed for pod shatter resistance in B.juncea (Kaur et al., 2020). Comparative mapping was also employed in rapeseed-mustard to assess many agronomic and qualitative parameters. Using comparative mapping with A.thaliana, the candidate gene BnAP2 for seed weight in B.napus was discovered (Cai et al., 2012). Through comparative mapping across A.thaliana, B.oleracea and B.juncea, potential genes for glucosinolate biosynthesis were identified: BjuA.GSL-ELONG.a, BjuA.GSL-ELONG.c, BjuA.GSL-ALK.a and BjuA.Myb28.a (Bisht et al., 2009). Genomics has been extensively used in evolutionary studies of Brassica species. To explore chronological diversification and the creation of revolutionary patterns in the mustard family, phylogenetic analysis was performed using the nad4 intron 1 marker (Couvreur et al., 2010). Four BjuCYB83A1 genes were identified from B.juncea and involved in glucosinolate production. Phylogenetic and divergence research revealed that these genes were developed via duplication and hybridization of two diploid Brassica genomes, B.rapa and B.nigra (Meenu et al., 2015).  
4.7.2 Transcriptomics
Transcriptome profiling is a particularly promising tool for understanding abiotic stress regulation in plants, as it allows us to identify novel genes and regulatory networks (Zhang et al., 2018). Plant genomic resources, including gene discovery and function analysis, could be greatly enhanced by transcriptomic using next-generation sequencing (NGS), RNA-seq profiling, subtractive libraries, expressed sequence tags (ESTs), serial analysis of gene expression (SAGE) and microarray (Goodwin et al., 2016). To examine the genes that govern abiotic stress reactions in rapeseed, a comprehensive analysis of drought and salinity- induced genes was undertaken using microarrays. The findings revealed that out of 536 clones, 189 and 141 were responsible for gene supersession under salt and drought stress whereas 288 and 172 were found for drought and salinity tolerance genes respectively. These genes are essential for development, abiotic stress tolerance, hormone response, signal transduction, regulatory factors and other metabolic processes in rapeseed (Thomashow et al., 2010).
4.7.3 Proteomics 
Proteins are the final products that impart gene function and regulate phenotypic expression in an individual. Proteomics techniques such as protein expression profiling and comparative proteomics analysis were utilized to study the gene function in Brassica species (Chand et al., 2021). A comparative proteome analysis of rapeseed seedlings root characteristics under drought stress revealed that proteins such as H+ ATPase, HSP 90 and EF2 play an important role in drought tolerance (Mohammadi et al., 2012). The proteomics strategy was effectively established in early 2000 due to the availability of whole-genome sequencing and mass spectrometry (MS) methods. To better understand the interaction between plant proteome and surrounding environmental stimuli, plants can be subjected to normal and abiotic stress conditions to study relative proteomic expression (Jacq et al., 2018). Yeast two-hybrid (Y2H), matrix-assisted laser desorption ionization (MALDI), electrospray ionization (ESI)-MS and one/two-dimensional gel electrophoresis (2-DE) have received a lot of attention over the last decade as excellent tools for separation and analytical approaches in proteomics analysis. During abiotic stress, protein profiling of drought stress in rapeseed was performed to discover cross-talk between cells using multiple reaction monitoring. Proteins like BSL and STN7 were identified, which plays a function in the phosphorylation process during drought stress (Luo et al., 2015).
4.7.4 Phenomics
For breeding programs, the link between genotypes and phenotypes is essential. Plant phenomics is the study of a plant’s phenotypic or genotypic expression under particular environmental conditions (Asaduzzaman et al., 2015). Plant phenotyping is defined as a comprehensive assessment of complex plant traits such as development, growth, tolerance, resistance, physiology, architecture, yield, ecology and the basic measurement of individual quantitative parameters that serve as the foundation for complex trait assessment (Li et al., 2014). Throughout the crop cycle, breeding efforts often seek to phenotype large populations for various traits (Sandhu et al., 2021). This phenotyping problem is intensified by the necessity to sample in various environments using replicated trials. Traditional phenotyping is extremely expensive, time-consuming, damaging and may reduce the importance or precision of the results. The advent of automated, high throughput phenotyping (HTP) devices combined with artificial intelligence has substantially addressed the issues associated with current-state-of-the-art crop stress phenotyping. HTP has shown considerable promise for non-destructive and efficient field-based plant phenotyping (Gill et al., 2022). Manual, semi-autonomous or autonomous platforms equipped with one or more sensors collect temporal and geographical data, generating vast amounts of data for storage and analysis (Kaur et al., 2021). Machine learning (ML) and its subcategories, such as deep learning (DL) techniques, are used for the study and interpretation of these huge datasets (Sandhu et al., 2021). A study on 12 oilseed Brassica genotypes used high-throughput, non-destructive phenomics methods to assess drought and heat tolerance throughout the flowering stage such as photochemical reflectance index, quantum yield of photosynthesis, leaf gas exchange, leaf stomatal conductance, leaf and bud temperature and whole plant imaging. Plant growth imaging has the potential to aid in phenomics studies of heat and drought stress tolerance in Brassica. The results showed that imaging techniques (digital biovolume) can predict yield-related traits, allowing breeders to choose drought-tolerant genotypes early in the development cycle (Chen et al., 2019).
5. FUTURE OUTLOOK AND STRATEGY
Continuous efforts are needed to increase the yield and productivity of Indian mustard (Brassica juncea) in order to meet the country’s expanding edible oil demand under the pressure of an ever-increasing population. This can be achieved by an integrated method that combines conventional breeding, molecular tools and modern biotechnological interventions. The availability and use of adequate genetic variability remain the cornerstone of any successful crop development program. As a result, there is an urgent need to broaden the genetic base of cultivated mustard by incorporating exotic germplasm, wild relatives and related Brassica species with valuable traits for stress tolerance and yield stability. Rising temperatures, unpredictable rainfall and frequent drought pose major hazards to mustard cultivation, particularly in rainfed areas. As a result, developing climate-resilient mustard varieties has become a focus for future breeding initiatives. A strategic combination of conventional breeding methods (like selection, hybridization and recurrent selection) and modern biotechnological tools can help to develop high-yielding varieties with better oil quality and tolerance to abiotic stress particularly drought.
Advanced molecular breeding techniques, such as marker-assisted selection (MAS), genome-wide association studies (GWAS) and functional genomics can help to identify and transfer stress-responsive genes into elite cultivars. Furthermore, high-throughput phenomics, proteomics and metabolomics can provide deeper insights into the physiological and biochemical mechanisms underlying drought tolerance in mustard. Compared to conventional methods alone, these omics-based approaches shorten the time needed for varietal development and enable precise selection of superior genotypes under stress. The developing concept of omics-assisted breeding is projected to drive future mustard crop improvement techniques. By combining genomics, transcriptomics, phenomics and bioinformatics with conventional breeding, it will be feasible to create climate-smart mustard cultivars that are both high-yielding and tolerant to environmental stress. Therefore, to guarantee long-term edible oil security under changing climatic conditions, mustard breeding efforts must be reoriented towards climate resilience, sustainability and resource-use efficiency.
6. CONCLUSION
Drought stress is one of the most important abiotic factors limiting global crop productivity, especially for Brassica species, which are extremely sensitive to water constraints. This review highlights the various effects of drought on Brassica crops, ranging from germination to physiological, biochemical and yield responses. Drought stress impairs critical physiological processes like photosynthesis, stomatal conductance and water balance, resulting in limited growth and yield. It also causes physiological responses such as overproduction of reactive oxygen species (ROS), oxidative stress and changes in antioxidant enzyme activity, which further affect plant growth and productivity. Despite these hurdles, Brassica species have developed adaptive strategies to minimize drought-induced damage, such as proline accumulation, antioxidant defense mechanism and hormonal control. Understanding these responses is critical for producing drought-tolerant cultivars using modern breeding techniques and successful agronomic strategies. Future research should combine molecular, physiological and agronomic techniques to improve drought resilience in Brassica crops. Addressing drought stress through sustainable agricultural methods and biotechnological interventions will be essential for ensuring food security and maintaining global Brassica production in the face of climate change.
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