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"A Comprehensive Review on Heat Stress in Indian Mustard (Brassica juncea L.): Challenges and Adaptive Strategies"

Abstract
Indian mustard (Brassica juncea L.), a vital oilseed crop of the Brassicaceae family, plays a significant role in global vegetable oil production, faces significant productivity challenges due to high-temperature stress, particularly during key developmental stages. As a C3 plant, Indian mustard experiences reduced photosynthetic efficiency, altered osmotic balance, and increased oxidative stress under heat stress conditions. Physiological disruptions include chlorophyll degradation, impaired stomatal regulation, and reduced relative water content, leading to compromised carbon assimilation and plant metabolism. Morphological traits, such as plant height, leaf area index, and dry matter accumulation, also decline, further limiting yield potential. Heat stress particularly affects reproductive traits by causing pollen sterility, flower abortion, and poor seed development, ultimately leading to lower seed yield and oil content. At the biochemical level, high temperatures trigger excessive reactive oxygen species (ROS) production, lipid peroxidation, and enzyme inactivation, affecting overall plant stability. Additionally, terminal heat stress disrupts oil biosynthesis pathways, reducing oil accumulation in seeds. To mitigate these effects, mustard plants activate complex stress-response mechanisms, including transcriptomic and proteomic adjustments, epigenetic modifications, and enhanced antioxidant enzyme activities. This review explores breeding and biotechnological strategies for developing heat-tolerant mustard varieties. Conventional breeding approaches, including the utilization of crop wild relatives, marker-assisted selection (MAS), and quantitative trait loci (QTL) mapping, have facilitated the identification of thermo-tolerant genotypes. Advanced genomic tools, such as CRISPR/Cas-based genome editing, genome-wide association studies (GWAS), and multi-omics integration, offer novel pathways for enhancing stress resilience. Agronomic interventions, including optimized nutrient and water management, microbial inoculation, and stress-mitigating foliar applications, complement genetic improvements. Given the increasing threat of climate change, a multidisciplinary approach combining genetics, biotechnology, and agronomy is essential to ensure the sustainability of mustard production and global oilseed security.
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1. Introduction
The genus Brassica L. belongs to the family Brassicaceae (Cruciferae) under the tribe Brassiceae (Rakow, 2004). The Brassicaceae family comprises a significant number of species, ranging from 3,000 to 4,130, and genera, estimated between 365 and 419, as reported by various scientists (Warwick et al., 2006). Brassica juncea L. (Indian mustard) is an amphidiploid plant (2n=36) that also belongs to the Brassicaceae family (Kumar et al., 2023). It is a Rabi season crop of temperate region, which requires relatively cool temperature. Its seed contain nutritional value viz., carbohydrates 4.51%, sugar 1.41 %, dietary fibre 2 %, fat 0.47 % and protein 2.56 % per 100 %. Mustard seed is largely crushed for edible oil, which is perhaps the cheapest source of oil in our daily diet. The oil content varies from 37 to 49% (Bhowmik et al., 2014). The oil is golden yellow, fragrant, and considered among the healthiest and most nutritional cooking medium. It is also utilized as a condiment, for medicinal uses and has industrial applications. The seed is used as a condiment in the preparation of pickles and for flavouring curies and vegetables. The green leaves of young plants are used as green vegetables as they supply enough sulphur and minerals in the diet. Antioxidants are abundant in mustard (Shrivastav et at., 2023).  It ranks as the second most important vegetable oilseed crop in India and holds the fifth position globally, contributing to 7.4% of the world's oilseed output. India is responsible for approximately 7.4% of the global oilseed production but consumes 9.3% of the world's edible oil (Sur et al., 2023). Realizing the exploitable yield reservoir by narrowing yield losses due to biotic (disease and insect pest) and abiotic stresses (drought, heat, frost) is one of the strategies to achieve this growing demand (Chauhan et al., 2020).
However, its sensitivity to high temperature stress poses a significant challenge, affecting various physiological, morphological, and biochemical mechanisms critical for normal plant growth and development (Fahad et al., 2017). High temperature stress, exacerbated by climate change, adversely impacts Indian mustard during its early developmental stages, leading to disruptions in chlorophyll content, osmotic water potential, plant height, leaf area index, dry matter accumulation, and antioxidant enzyme activity (Mohan et al., 2020; Sharma 2020). The reproductive period, particularly flowering, is highly susceptible to temperature fluctuations, with even minor increases in maximum daily temperatures resulting in significant reductions in seed yield (Singh et al., 2013).  Since temperature stress is one of the major limitations to the crop productivity, identifying suitable screening indices and quantifiable traits would facilitate the crop improvement process for high temperature tolerance. Under the climate change scenario, identification of suitable genotypes and management practices is must to sustain the crop productivity (Sharma, 2014). To sustain mustard production under rising temperatures, there is an urgent need to develop heat-tolerant varieties. Screening for thermo-tolerance, followed by breeding and biotechnological interventions, is essential to ensure stable yield and oil quality under heat stress conditions. Conventional breeding techniques play a vital role in developing heat-tolerant cultivars by harnessing the genetic diversity found in wild accessions. Although incorporating traits from wild species presents challenges, A structured method can help identify and use the wide range of genetic traits available (Pillai & Walia, 2024). Molecular genetic markers, such as amplified fragment length polymorphism (AFLP), are instrumental in unraveling plant genomes and identifying heritable traits associated with genetic diversity (Choudhury et al., 2022). The advent of molecular marker technology has transformed plant breeding, facilitating the rapid identification of heat-tolerance quantitative trait loci (QTLs) and stress-responsive genes through techniques like QTL mapping, QTL-seq analysis, and RNA sequencing (Younis et al., 2020). The integration of traditional breeding methods with cutting-edge molecular techniques provides a promising pathway for developing heat-tolerant crops. By capitalizing on genetic diversity and leveraging advanced genomic tools, breeders can expedite the breeding process and meet the urgent need for climate-resilient agricultural systems (Choudhury et al., 2022; Bohra et al., 2022).
2. Effect of Heat Stress on Various Traits of Mustard
2.1 Impact of High Temperature on Morphological Traits
High-temperature stress significantly affects the morphological traits of Indian mustard, leading to reduced growth, yield, and structural development. Even a slight increase beyond the optimal temperature of 28°C can result in major morphological alterations, particularly when high temperatures occur 30–45 days after sowing. Late sowing conditions, which expose the crop to elevated temperatures, can cause a significant reduction in plant height by up to 22.8% due to decreased soil moisture availability, ultimately restricting the plant’s ability to reach its genetic potential.
Other morphological traits such as the leaf area index (LAI), crop growth rate, and branch number per plant are also negatively affected, reducing radiation use efficiency and dry matter accumulation. These morphological changes have been widely studied using models like Info Crop, demonstrating that heat stress limits plant growth and structural development. Additionally, high temperatures impact meristematic cell division and elongation, which further contributes to reduced plant height and overall biomass production. Heat stress also accelerates the plant's life cycle, leading to a shortened vegetative phase and decreased cumulative light perception, ultimately affecting crop productivity (Barnabas et al., 2008).
Apart from its impact on vegetative growth, heat stress also affects seed quality, particularly oil content, which is a key economic trait in mustard crops. Mohan (2017) reported that Terminal heat stress significantly reduces oil content, with tolerant genotypes such as RGN-368 and RH-1566 showing a lesser percentage decrease compared to sensitive genotypes. Late sowing conditions further exacerbate these effects, leading to reductions in both vegetative growth and grain filling duration, which directly influence final seed yield and quality (Mendham and Salisbury, 1995). A decline in oil content has also been observed in Brassica species under high-temperature conditions at the grain-filling stage, further demonstrating the adverse effects of heat stress on mustard productivity (Heenan and Armstrong, 1993).
2.2 Impact of High Temperature on Physiological Traits
At the physiological level, high temperatures alter fundamental metabolic processes such as respiration and carbon assimilation, causing an imbalance in energy production. The impact on photosynthesis is particularly severe, as heat stress disrupts the thylakoid membrane structure, depletes photosystem II antennae, and inactivates the Rubisco enzyme, leading to reduced photosynthetic and respiratory activities (Wise, 1995; Kumar, 2010). Furthermore, the generation of reactive oxygen species (ROS) under heat stress conditions results in oxidative damage, lipid peroxidation, and membrane destabilization, all of which contribute to cellular dysfunction.
Water relations in plants are also critically affected, with heat stress leading to decreased relative water content (RWC), altered osmotic potential, and reduced membrane stability index (MSI), which are crucial indicators of stress tolerance in mustard genotypes (Ram et al., 2012; Kumar et al., 2013). The alteration in leaf water potential due to heat stress negatively affects root hydraulic conductance, even under conditions of optimal soil moisture availability (Wahid and Close, 2007). Kavita and Pandey (2017) observed variability in relative water content (RWC) among mustard genotypes under terminal heat stress, with values ranging from 52.28% in RGN-330 to 118.61% in Pro-5222, indicating different levels of heat tolerance among genotypes. Increased transpiration rates under high-temperature conditions lead to rapid water loss, affecting plant turgor and reducing overall water use efficiency. This rapid loss of water during the day, compared to nighttime conditions, exacerbates the negative impact of heat stress, contributing to further dehydration and reduced metabolic function.	Comment by Shailesh Kumar: it should not be more than 100%, so please recheck
Additionally, photosynthetic pigments such as chlorophyll ‘a’ and ‘b’ are essential for harvesting light energy, but their levels decline significantly under heat stress, limiting photosynthesis and further constraining plant growth and development (Harding et al., 1990). A reduction in chlorophyll content and an altered chlorophyll a/b ratio have been associated with premature leaf senescence and reduced carbon fixation efficiency, negatively impacting yield (Kumar and Srivastava, 2003). Kavita and Pandey (2017) reported that under terminal heat stress, chlorophyll content in Indian mustard varied between 4.83 and 9.06 mg/g FW, indicating differences in stress response among genotypes.	Comment by Shailesh Kumar: Must mention the range, at which temperature the photosynthetic pigments or photosynthesis started decline	Comment by Shailesh Kumar: At fresh weight (FW) basis the value chlorophyll content mentioned is not possible please recheck 
Thus, the combined impact of heat stress on morphological, physiological, and biochemical traits underscores the necessity of breeding and selecting heat-tolerant mustard genotypes. A thorough understanding of these stress responses will help develop effective mitigation strategies, ensuring sustainable crop production and food security under the challenges posed by climate change.
2.3 Impact of High Temperature on Yield and Yield Attributing Traits
Yield in mustard is significantly influenced by genotype, environment, and their interaction, with high-temperature stress being a major limiting factor. Sowing time plays a crucial role, as late sowing exposes the crop to elevated temperatures, leading to reductions in plant height, seed yield, and overall productivity. Studies have reported a decline in plant height under late sowing, with reductions up to 22.8% (Singh et al., 2014), and a negative correlation between plant height and delayed sowing (Alam et al., 2015). Heat stress during flowering and grain filling stages results in pollen abortion, reduced anthesis, and poor fertilization, directly contributing to yield losses (Arshad et al., 2017). Late sowing shortens the vegetative phase, advances flowering, and decreases dry matter accumulation, often causing siliqua abortion and reduced yield (Bhattacharya, 2022). A reduction of 13% and 50% in seed yield was observed when mustard was sown on 1st and 15th November, respectively, compared to earlier sowing (Kumar et al., 2013). Mohan (2017) reported that mustard genotypes exhibit different levels of thermo-tolerance, with RH-0749 and RH-1134 experiencing the highest yield reductions (20.11% and 21.37%, respectively). In contrast, RH-1566 and RGN-368 showed greater tolerance, with comparatively lower yield losses (7.72% and 8.27%). Late sowing conditions (26 November) further exacerbate yield decline due to terminal heat stress compared to timely sowing (26 October) (Singh et al., 2014). High temperatures also affect phenological phases, leading to disrupted floral development, pollination, and seed formation, ultimately reducing grain yield (Lallu and Dixit, 2008). Studies show that temperature stress can significantly reduce seed size, increase reproductive organ abortion, and lower thousand-seed weight (Mohan, 2017). Increased seasonal temperatures have been associated with decreased seed yield, with reductions observed when temperatures exceed critical thresholds during different growth stages of mustard (Ahmad et al., 2021). Given the substantial impact of high temperatures on mustard yield, understanding these effects is essential for developing heat-tolerant genotypes and improving crop resilience under changing climatic conditions (Khayat et al., 2018).	Comment by Shailesh Kumar: How much increase in temperature from optimum is responsible for reduction in seed yield of Brassica  	Comment by Shailesh Kumar: Must mention the temperature at which these processes are affected in Brassica sp./mustard
2.4 Impact of High Temperature on Biochemical Traits
High temperatures significantly impact plant biochemical traits, as various biochemical processes are highly temperature-sensitive. These traits include enzymatic and non-enzymatic components, which play a crucial role in stress tolerance. Non-enzymatic compounds such as proline, ascorbic acid, and carotenoids contribute to heat stress mitigation by enhancing osmotic balance and reducing oxidative damage (Ashraf et al., 2019). Proline accumulation is notably higher in thermotolerant mustard genotypes, helping maintain relative water content and osmotic potential under heat stress (Tutlani et al., 2023). Carotenoids also serve as protective molecules by mitigating oxidative damage caused by reactive oxygen species (ROS), while temperature-tolerant genotypes exhibit elevated ascorbic acid concentrations during terminal heat stress. Enzymatic indicators such as hydrogen peroxide (H₂O₂) accumulate under heat stress, signalling oxidative stress, whereas malondialdehyde (MDA), a byproduct of lipid peroxidation, increases in response to high temperatures, leading to cellular damage (Xia et al., 2009). The selection of heat-tolerant genotypes is often based on their ability to limit MDA accumulation. To counteract ROS damage, antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), glutathione peroxidase (GPX), and ascorbate peroxidase (APX) play a vital role (Gill and Tuteja, 2010). Studies on Indian mustard indicate that these enzyme activities increase significantly under high-temperature stress, particularly in heat-tolerant genotypes. Enhanced SOD and peroxidase activity has been observed in both tolerant and sensitive cultivars, with higher enzyme activity linked to improved stress resilience. Understanding biochemical responses to heat stress is essential for identifying and developing stress-tolerant mustard genotypes, ensuring improved crop performance under changing climatic conditions (Ashraf et al., 2019; Xia et al., 2009).

[image: ]Figure 1. Impact of heat stress on physiological, biochemical, growth & yield responses in plants













2.5 Impact of High Temperature on Oil Attributing Traits
High-temperature stress has a significant impact on oil-attributing traits in mustard, leading to alterations in biochemical pathways that influence oil biosynthesis (Ashraf et al., 2019). Under heat stress, an increase in sugar content is observed alongside a decline in seed oil accumulation, indicating a disruption in the conversion of carbohydrates into triglycerides (Focks et al., 1998). This metabolic shift suggests that elevated temperatures interfere with normal oil biosynthesis, ultimately reducing oil content in seeds. The sensitivity of mustard oil accumulation to environmental fluctuations is evident, as the highest oil content is achieved under optimal temperature and relative humidity conditions. Studies by Zebarjadi et al., (2011)  have reported significant variations in oil content between stress and non-stress conditions, with reductions from 40.01% to 38.1% in Brassica juncea under terminal heat stress. These findings highlight the complex relationship between heat stress and oil formation, which not only affects oil yield but also its overall quality. Understanding the mechanisms underlying these changes is essential for developing adaptive strategies to minimize the adverse effects of high temperatures on mustard oil production, ensuring stable oilseed productivity in changing climatic conditions.	Comment by Shailesh Kumar: Mention the temperature also

3. Breeding Strategies for Developing Thermo-Tolerant Mustard Varieties
3.1 Conventional breeding approaches
Traditional breeding aims to develop high-yielding cultivars, but heat stress due to climate change threatens the productivity of oilseed crops, including mustard (Brassica spp.). Developing heat-tolerant traits in mustard is challenging because multiple genes control these traits, making selection and breeding complex (Blum, 2018). Field-based stress quantification is also difficult due to inconsistent heat stress conditions, which can mislead breeders in selecting resistant traits (Driedonks et al., 2016).
To address these challenges, genetic engineering offers an efficient approach to developing heat-tolerant oilseed varieties. Identifying and manipulating heat-tolerance traits must be conducted at specific growth stages, as different phases of development exhibit varying sensitivities to heat stress (Vara Prasad et al., 2000). Germplasm screening and understanding the genetic basis of heat tolerance in mustard are crucial for developing resilient varieties.
Conventional breeding strategies for heat stress tolerance should focus on: (i) Developing accurate screening techniques for heat tolerance, (ii) Identifying and characterizing thermo-tolerant genetic resources, (iii) Understanding heat tolerance at all growth stages, and (iv) Screening and expanding breeding populations to facilitate the transfer of heat tolerance genes into commercial mustard varieties (Siddique et al., 1999). 
3.1.1 Use of wild relatives and genetic diversity in mustard
Wild relatives of mustard (Brassica species) are important sources of traits like heat tolerance, disease resistance, drought tolerance, and better yield. Plant breeders use the genetic diversity of these wild relatives through different breeding and biotechnology methods. Environmental challenges such as high temperatures, water scarcity, and soil salinity can greatly reduce crop yields (Yadav et al., 2020). Scientists are continuously studying how B. juncea responds to abiotic stress, as these responses are controlled by multiple genes. Due to changing climate conditions, there is an urgent need to develop Indian mustard varieties that can use water efficiently and tolerate heat stress (Gill et al., 2012; Singh et al., 2021b). The genetic variation found in wild relatives can help transfer stress-resistant traits into high-yielding mustard varieties (Kashyap et al., 2023). Among these wild relatives, Sinapis alba has good heat tolerance along with resistance to other stresses. (Kumari et al., 2018) used protoplast fusion to create hybrids of B. juncea and S. alba to introduce genes for resistance against Alternaria brassicae and heat stress. These hybrids successfully resisted A. brassicae and were able to produce seeds at temperatures above 38°C, showing heat tolerance. A recent study by Kashyap et al. (2023) also found that B. tournefortii (Rawa), another wild mustard species, has strong heat tolerance. Under heat stress, B. tournefortii (Rawa) showed the highest increase in germination rate (38.46%), proving its ability to withstand high temperatures, especially during germination.
3.1.2 Importance of Wild Relatives in Mustard Breeding
Crop wild relatives (CWRs) are the wild, weedy ancestors of domesticated plants, mostly found and maintained in their original growing regions (Kashyap et al., 2022; Jain et al., 2023). These wild relatives have remained largely unused in breeding because they contain some undesirable genes or traits that can reduce yield. The main wild relatives of B. juncea include Sinapis alba L. (White mustard), B. tournefortii Gouan. (African mustard), B. fruticulosa Cirillo (Twiggy turnip), Camelina sativa L. (Gold-of-pleasure), Diplotaxis tenuisiliqua Delile (Wall rocket), D. erucoides L. (White wall rocket), D. muralis L. (Annual wall rocket), Crambe abyssinica R.E.Fr. (Abyssinian mustard), Erucastrum gallicum Willd. (Common dogmustard), E. cardaminoides Webb ex Christ (Dog mustard), Capsella bursa-pastoris L. (Shepherd’s purse), Lepidium sativum L. (Garden Cress), and others (Singh et al., 2021a). Over time, these wild species have survived various biotic and abiotic stresses by naturally developing resistance mechanisms, which they have passed down through generations.
Table 1 provides a list of B. juncea wild relatives, along with some oilseed crops, their common and scientific names, and their role in breeding. Despite their potential, using these wild relatives in conventional breeding programs is difficult due to differences in ploidy levels or certain pre- and post-fertilization barriers. Moreover, the transfer of undesirable traits from wild species into B. juncea through linkage drag can cause significant yield loss (Bohra et al., 2022). In recent decades, scientists have developed various methods to introduce resistance traits from wild relatives into cultivated B. juncea varieties. These methods include protoplast fusion, embryo rescue, repeated backcrossing with the parent plant, open pollination, and advanced omics technologies.
Studies pertaining to utilizing wild allies for introgression of heat stress resilience into Indian mustard are still in infancy. The above surveyed literature suggests that at this stage, it would be beneficial to take up studies concerning evaluation of different B. juncea wild relatives for their heat tolerance traits.
3.1.3 Wild Relatives Used in Mustard and other oilseed crop Improvement
Table 1 Wild Relatives Contributing to Heat Resistance in Oilseed Crops
	Crop
	Wild Relative
	Scientific Name
	Contribution to Breeding
	Citation

	Mustard
	Sahara Mustard
	Brassica tournefortii
	Adapted to extreme heat and drought conditions, enhances stress resilience
	Kashyap et al. (2023)

	Mustard
	White Mustard
	Sinapis alba
	High-temperature tolerance, potential for introgression into cultivated varieties
	Kumari et al. (2023)

	Mustard
	Garden Cress
	Lepidium sativum
	Exhibits heat tolerance, useful for improving thermotolerance in breeding
	Yadav et al. (2020)

	Sunflower
	Wild Sunflower Species
	H. argophyllus
	Provides Drought and heat-resistant genes for sunflower breeding
	Hussain et al., (2017)

	Groundnut
	Bambara Groundnut
	Vigna subterranea
	High drought and heat tolerance, valuable genetic resource for leguminous crops
	Berchie et al (2012)



3.2 CRISPR and other biotechnological interventions
3.2.1 CRISPR Technology
Abiotic stresses like heat negatively affect the growth, seed yield, and quality of oilseed crops (Elferjani and Soolanayakanahally, 2018). Conventional breeding methods have been explored to enhance heat stress tolerance but are often time-consuming and complex. CRISPR/Cas genome editing has emerged as a precise and efficient tool for genetic modifications to improve stress resistance (Subedi et al., 2020). However, there is limited knowledge about negative regulators of heat stress responses, and studies using CRISPR/Cas to enhance high-temperature tolerance remain scarce. The multiplex CRISPR/Cas9 system has been reviewed in oilseed crops, highlighting its potential for developing heat-resistant varieties (Chikkaputtaiah et al., 2017). Different CRISPR-based strategies, including primary editing (PE), base editing (BE), tissue-specific editing (CRISPR-TSKO), epigenome editing, and inducible genome editing (CRISPR-IGE), offer promising avenues for improving resilience to heat stress (Chennakesavulu et al., 2021). This technique involves guide RNA (gRNA) directing Cas proteins to target DNA sequences, enabling precise modifications to enhance stress tolerance (Jinek et al., 2012).
3.2.2 DNA and RNA Base Editing
Genome-wide studies indicate that essential agronomic traits, including abiotic stress tolerance, can be improved by introducing beneficial alleles through single nucleotide polymorphisms (SNPs), a process that traditionally takes years (Singh et al., 2015). CRISPR/Cas-mediated homology-driven repair allows for precise genome editing with reduced effort, although challenges remain in efficiently delivering donor repair templates (DRTs). CRISPR/Cas9 has been successfully applied for genome editing in oilseed crops such as B. napus and B. oleracea (Song et al., 2016; Zhang et al., 2021).
Two base editors—cytidine base editor (CBE) and adenine base editor (ABE)—facilitate targeted base substitutions (Komor et al., 2016). CBE, consisting of a cytidine deaminase fused to Cas9 nickase (nCas9), converts C-G to T-A, while ABE, containing an adenine deaminase fused to nCas9, enables A-T to G-C conversions (Gaudelli et al., 2017). CRISPR/Cas9 and its advanced versions have broad applications, including gene activation, repression, mutation, and epigenome editing. Although genome editing in plants is still emerging, its efficiency and simplicity make it a promising tool for improving stress tolerance (Song et al., 2016).
3.2.3 DNA Prime Editing
CRISPR/Cas9 and CRISPR/Cas12a-based genome editing induces double-strand breaks (DSBs) at target sites, which can lead to unintended mutations or abnormal protein production due to random insertions or deletions (Manghwar et al., 2019). While base editing avoids DSBs, it is limited in performing nucleotide additions, deletions, and all types of base conversions (Mishra et al., 2020). To address these limitations, prime editing, also known as genome editing by "search and replace," has been developed (Anzalone et al., 2019). This technique allows precise modifications, including all 12 possible base conversions, as well as the addition or removal of nucleotides (up to 44 bp and 80 bp, respectively), without requiring DSBs or donor DNA templates.
3.2.4 Epigenome Editing
Epigenome editing involves DNA methylation and histone modifications, which regulate key processes such as genome stability, gene imprinting, and stress-responsive gene expression (Zhang et al., 2018). Abiotic stress triggers histone modifications and DNA hyper/hypo-methylation, leading to either activation or repression of stress-inducible genes (Sudan et al., 2018). DNA methylation and histone modifications may have a combined effect on stress-responsive genes, as observed in soybean (Song et al., 2012).
3.2.5 DNA-Free Genome Editing
CRISPR/Cas technology enables precise genome editing, but integrating transgenes into plant genomes can lead to unintended mutations and off-target effects, necessitating their removal. A DNA-free approach using preassembled gRNA-Cas9 ribonucleoproteins (RNPs) circumvents this issue by directly delivering them into protoplasts or zygotes, ensuring precise editing without transgene integration (Woo et al., 2015).
In oilseed crops like canola, mutations in the BnERA1 and BnFTA genes, which encode subunits of Farnesyltransferase (FTase) involved in ABA signalling, have been shown to enhance stress tolerance. These mutations result in increased abscisic acid sensitivity, reduced stomatal conductance, and improved water retention under stress, contributing to better yield stability (Wang et al., 2009). The CRISPR/Cas system can be effectively applied to mustard (Brassica species) to modify these genes, potentially improving resistance to heat and drought stress.
Additionally, stress-associated protein (SAP) genes, which contain A20/AN1 zinc finger domains, represent promising candidates for CRISPR/Cas-mediated stress tolerance enhancement in oilseed crops. Overexpression of SAP genes has been linked to improved resilience under abiotic stress conditions (Dixit et al., 2018).
3.3 Marker-assisted breeding and genomic tools
3.3.1 Marker-Assisted Selection (MAS) 
Marker-assisted selection (MAS) has transformed mustard breeding by enabling the precise identification and incorporation of heat tolerance genes into elite cultivars. QTL mapping and QTL-sequence analysis are used to detect molecular markers linked to heat tolerance QTLs, allowing breeders to efficiently select heat-tolerant genotypes. This approach accelerates the development of resilient mustard cultivars with enhanced adaptation to high-temperature stress, improving yield stability in changing climatic conditions (Pillai & Walia, 2024).
3.3.2 Omics–A Fundamental Approach in Mustard Breeding for Abiotic Stress Tolerance
The application of omics technologies plays a crucial role in improving the performance of oilseed crops, including mustard (Brassica napus), under abiotic stress conditions. Despite the increasing demand for oilseed crops, research efforts have historically focused on major staple crops rather than oilseeds that contribute to food security and nutrition. Advances in genomic sequencing have led to the completion of 80–85% of the reference genomes of rapeseed and soybean, providing valuable insights into oilseed crop improvement (Gupta et al., 2017).
In mustard (B. napus), transcriptomic and proteomic studies have identified key starch metabolism and glycolysis enzymes responsible for its higher oil content compared to other crops (Gupta et al., 2017). However, single omics approaches are insufficient to fully understand the genetic and metabolic mechanisms underlying stress tolerance. Instead, an integrated multi-omics approach, including genomics, transcriptomics, proteomics, phenomics, and ionomics, is essential for decoding gene function, biological pathways, and regulatory networks, ultimately enhancing stress resilience and yield stability in mustard. 
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Figure 2 Integration of omics approaches (genomics, transcriptomics, proteomics, metabolomics, and ionomics) for crop improvement (Ahmad et al., 2021).


3.3.3 Quantitative Trait Loci (QTL) Mapping → Identifies genomic regions responsible for heat stress resistance.
QTL mapping is a crucial approach for identifying genomic regions controlling complex traits such as seed yield, oil content, and abiotic stress tolerance. It requires genome maps, molecular markers, and a bi-parental mapping population (Talukder et al., 2019). Several QTLs linked to heat, drought, and salinity tolerance have been identified (Poormohammad Kiani et al., 2007), contributing to the development of stress-resilient mustard varieties. Additionally, QTLs associated with seed and oil yield have been mapped in oilseed crops (Shi et al., 2009), facilitating marker-assisted selection (MAS) to enhance productivity.
3.3.4 Genome-Wide Association Studies (GWAS) → Links specific markers (e.g., SNPs, SSRs) with heat tolerance traits.
GWAS, also known as LD-based association mapping, is an advanced method that identifies genetic markers linked to traits by analyzing phenotypic and genotypic correlations across diverse populations. Unlike QTL mapping, GWAS provides higher mapping resolution by leveraging historical recombination events, enables faster trait-marker associations without requiring bi-parental populations, and allows the study of multiple alleles in natural populations (Neale & Savolainen, 2004). It has been effectively used in heat stress studies in oilseed crops (Zhu et al., 2017), aiding in the identification of genes governing thermotolerance. Despite its advantages, GWAS is prone to false-positive associations due to population structure and genetic drift, which can be addressed through advanced statistical tools (Flint-Garcia et al., 2003).
4. Future Perspectives
Climate change poses a significant challenge to mustard and other oilseed crops, particularly during the reproductive stage, which is highly vulnerable to heat stress. Elevated temperatures lead to floral abortion, reduced seed set, and impaired male and female reproductive organs, ultimately affecting productivity and oil quality. The molecular and physiological responses to heat stress, including lipid peroxidation, ROS accumulation, antioxidant fluctuations, and metabolic reconfiguration, highlight the complexity of plant adaptation mechanisms. Despite natural resilience strategies, further research is needed to understand source-to-sink partitioning, which plays a crucial role in maintaining productivity under stress conditions.
Advancements in molecular breeding tools, particularly CRISPR/Cas-based genome editing, offer promising avenues for developing heat-tolerant genotypes. The integration of multi-omics approaches—encompassing genomics, transcriptomics, proteomics, and phenomics—is key to identifying stress-responsive genes and unraveling metabolic pathways involved in heat tolerance. Expanding the gene pool through precision breeding and biotechnological innovations will be essential for enhancing the resilience of mustard and other oilseeds to climate-induced stresses.
Additionally, agronomic strategies such as nutrient management, microbial inoculation, and innovative agricultural technologies play a crucial role in mitigating heat stress effects. Future studies should focus on understanding the mechanisms by which microbial treatments enhance heat tolerance, thereby improving plant productivity and food security. A collaborative, interdisciplinary approach integrating breeding, biotechnology, and agronomic innovations will be essential to ensuring the sustainability of oilseed crops in the face of climate change and securing global food and oilseed supplies.
5. Conclusion
Heat stress significantly threatens the productivity and quality of Indian mustard by affecting its morphological, physiological, biochemical, and yield-attributing traits. Morphologically, elevated temperatures lead to reduced plant height, leaf area index, and dry matter accumulation, hampering overall growth and yield. Physiologically, high temperatures disrupt photosynthetic efficiency by damaging chlorophyll content, reducing relative water content, and impairing Rubisco enzyme activity, all of which negatively affect carbon fixation and plant metabolism. Additionally, biochemical responses to heat stress, such as increased ROS production and lipid peroxidation, cause cellular damage, which plants attempt to mitigate through antioxidant enzyme activities and osmolyte accumulation. Yield-related traits are also adversely impacted, as heat stress reduces seed formation, siliqua development, and grain filling duration. A major concern is the decline in oil content and quality due to disrupted carbohydrate-to-lipid conversion pathways. Since mustard is a key oilseed crop, sustaining its oil yield under rising temperatures is a critical challenge. Traditional breeding methods, including germplasm screening and hybridization, have played a role in developing heat-tolerant varieties, but their success is limited by the complexity of heat tolerance mechanisms and genotype-environment interactions. 
Advancements in genomic and molecular breeding techniques have revolutionized mustard improvement. Marker-assisted selection (MAS), QTL mapping, and GWAS have identified genetic loci associated with heat tolerance, enabling precise trait selection. Biotechnological innovations, such as CRISPR/Cas9 genome editing, RNA sequencing, and epigenome modifications, provide promising tools for enhancing stress resilience. Furthermore, multi-omics approaches integrating genomics, transcriptomics, proteomics, and phenomics have improved our understanding of heat stress responses, paving the way for the development of climate-resilient mustard cultivars. Future research should focus on identifying novel thermo-tolerant genes, expanding the use of crop wild relatives, and refining genome-editing techniques to accelerate breeding efforts. Additionally, optimizing agronomic practices, such as altering sowing dates, irrigation management, and foliar applications of stress mitigants, can complement genetic improvements. A multidisciplinary approach, combining breeding, biotechnology, and agronomic innovations, will be essential to sustain mustard production and ensure global food and oilseed security in the face of climate change.
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