



Advances and Current Status of Rust Resistance Genetics and Breeding in Lentil
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Lentil rust, caused by Uromyces viciae-fabae, is one of the most destructive foliar diseases of lentil, capable of causing severe yield losses under favourable conditions. Conventional management strategies, such as fungicide application and cultural practices, are either environmentally unsustainable or provide only partial control, making host plant resistance the most effective and eco-friendly approach for long-term management. Extensive germplasm screening, mutation breeding, and genetic analyses have identified resistant and partially resistant lines, with resistance frequently governed by single or duplicate dominant genes. Molecular markers have been used to map rust resistance loci; however, many of the reported markers are located at relatively large genetic distances (>5–10 cM) from the target genes, reducing their utility for precision breeding. Integrating genome-wide association studies (GWAS) with genotyping-by-sequencing (GBS) offers an opportunity to discover more tightly linked markers, while advances in high-throughput sequencing can aid in pinpointing candidate resistance genes. Furthermore, genome editing technologies such as CRISPR/Cas provide new possibilities by targeting susceptibility genes or negative regulators of defense pathways, as successfully demonstrated in wheat leaf rust, thereby opening a promising avenue for lentil  improvement.
1. Introduction
Lentil (Lens culinaris Medik. subsp. culinaris) is a cool-season, self-pollinated annual legume with a diploid chromosome number (2n = 2x = 14) and an estimated genome size of 4.2 Gbp (Arumuganathan and Earle, 1991; Ogutcen et al., 2018). It is considered one of the earliest domesticated crops, with its origin traced to the Mediterranean region and Southwestern Asia. Presently, it is cultivated on around 5.67 million hectares globally (FAOSTAT, 2023). Lentil is valued as an affordable source of dietary protein (22–35%), minerals, vitamins, fiber, and prebiotic carbohydrates, making it an important contributor to food and nutritional security. In addition, the crop supports sustainable agriculture through symbiotic nitrogen fixation and offers rotational advantages in cereal-based cropping systems.
Despite these merits, the global average productivity of lentil remains low, around 1 t ha⁻¹, primarily because of rainfed cultivation with lower resource inputs and frequent exposure to abiotic and biotic stresses. Diseases are among the most severe constraints, damaging leaves, stems, roots, and pods, and often reducing both yield and market quality due to seed discoloration (Taylor et al., 2007). Major diseases in lentil include rust, vascular wilt, Ascochyta blight, botrytis blight, stemphylium blight, collar rot and root rot.
Lentil rust is regarded as the most serious foliar disease, capable of leading to complete crop failure under favorable epidemiological conditions. The reported yield losses range between 60–69% (Sepulveda, 1985) and severe epiphytotic outbreaks have been recorded in India, such as in the Narmada Valley of Madhya Pradesh in 1978 and in Uttarakhand during 2008–09, where losses reached nearly 100% (Khare and Agarwal, 1979). Rust remains a recurring challenge in the tarai belt of Uttarakhand and adjoining areas, posing a significant threat to lentil production. While fungicides can suppress the disease, their cost, environmental impact, and limited availability to smallholder farmers highlight the importance of host-plant resistance as the most economical and sustainable strategy for lentil rust management.
2. Etiology:
Lentil rust is caused by Uromyces viciae-fabae (Pers.) Schröt., an obligate biotrophic fungus with a wide host range that includes several legumes such as lentil, faba bean, pea, lathyrus, and vetch (Conner, 1982; Gautam et al., 2022a, 2022b). The pathogen is macrocyclic and autoecious, producing all five spore stages (pycnia, aecia, uredinia, telia, and basidia) on a single host species. U. viciae-fabae is considered a complex species with possible host specialization (Emeran et al., 2005). Up to nine races have been reported in Australia (Ijaz et al., 2020; 2021), while as many as 16 races of worldwide distribution have been identified, based on variation in necrosis response and pustule size in host cultivars (Rashid, 1984). 
3. Symptoms of Lentil Rust
All above-ground parts of the lentil plant are affected by rust infection. The disease usually appears from February onwards, initially as aecia on the leaflets, which manifest as small, yellow, circular or elongated spots that later turn brown. Uredinia, the repeating spore stage, develop on both leaf surfaces as well as on stems, petioles, and pods, appearing as circular to oval brown pustules (Khare, 1981). In advanced stages, telia form mainly on stems, characterized by their firm texture and dark brown to black color (Agrawal and Prasad, 1997). Severe infections cause stunting, leaf drying, premature senescence, and a characteristic scorched or burnt appearance of plants, often leading to death before seed set (Chen et al., 2009). Physiological and biochemical changes accompany infection. Infected leaves show increased reducing and total sugar content but reduced total phenols compared to healthy leaves. Infected tissue often contains higher nitrogen but lower phosphorus and potassium than healthy leaves (Lal, 2008). Such alterations may contribute to pathogen nutrition and disease progression.
4. Epidemiology
Rust epidemics in lentil have been reported from multiple regions, including India, Morocco, Cyprus, Syria, Palestine, Portugal, Turkey, Iran, Israel, Chile, Bangladesh, and Nepal (Butler, 1918; Prasada and Verma, 1948; Bilgrami et al., 1979). In India, major outbreaks were reported in the Narmada Valley (1978) and in Uttarakhand (2008–09), sometimes causing complete yield loss (Khare and Agarwal, 1979). Yield reductions of 30–60% are common, though losses up to 100% have been observed under epiphytotic conditions (Beniwal et al., 1993). Quantitative estimates reveal that seed yield decreases by approximately 8.4% for each 1% increase in rust severity (Negussie & Pretorius, 2008). Epidemics are favored by moderate temperatures (18–25 °C), high relative humidity (>90%), and prolonged leaf wetness, conditions that support rapid urediniospore germination and dispersal. The disease frequently appears in epidemic form in Bihar, Uttar Pradesh, Madhya Pradesh, and the tarai region of Uttarakhand, where cool, humid winters prevail.
5. Management Strategies
As an airborne pathogen, rust persists across seasons either latently or via alternative hosts, making eradication difficult. Thus, integrated approaches including cultural practices, biological and chemical control, and breeding are required. The elimination or reduction of the pathogen propagules and of its aerial dispersion are the primary objectives of these disease control measures (Chandrashekara et al. 2022).
5.1 Chemical Control
The management of rust can be achieved through the application of chemically synthesized fungicides, primarily triazoles, strobilurins, and carboxamides, though their efficiency varies (Juliatti et al., 2017; Chen, 2005; Alam et al., 2007). Triazoles inhibit 14α-sterol demethylase, disrupting ergosterol biosynthesis and fungal cell wall integrity. They act systemically through translaminar and acropetal movement and are effective against U. viciae-fabae, either alone or with benzimidazoles (Devi et al., 2020; Emeran et al., 2011; Etheridge and Bateman, 1999; Sugha et al., 2008). However, mutations in sterol demethylase observed in cereals indicate an intermediate risk of resistance in legume rust pathogens (Cools et al., 2006). Strobilurins (QoIs) block mitochondrial respiration by inhibiting electron transfer between cytochromes b and c1, thereby reducing ATP synthesis (Köhle et al., 1997). They have shown broad efficacy against rusts and, in some cases, improved crop growth and yield (Rasha and Mohamed, 2021; Glaab and Kaiser, 1999). Nevertheless, a single point mutation in cytochrome b can lead to resistance (Grasso et al., 2006). However, despite their effectiveness, the use of chemicals is not sustainable in the long run due to high costs, health risks, environmental impacts, and the risk of resistance development.
5.2 Alternative Approaches
More sustainable approaches for managing rust disease rely on cultural practices and the application of biological control strategies, which reduce pathogen pressure while minimizing environmental and health risks. Cultural practices such as delayed sowing reduce early spore germination, limit fungal cycles, and decrease inoculum carryover (Das et al., 1999; Dawit and Andnew, 2005; Eshetu et al., 2018). Intercropping legumes with taller cereals can act as a barrier to spore dispersal, reduce fungal reproduction, and suppress weeds that may serve as alternative hosts (Singh et al., 2014; Guo et al., 2021; Luo et al., 2022; Villegas-Fernández et al., 2023; Shtaya et al., 2021). Management of alternate hosts, such as Euphorbia spp. for pea rust or barberry for wheat stem rust, lowers the likelihood of sexual recombination and reduces inoculum availability (Zhao et al., 2016; Pfunder and Roy, 2000). Plant density may also influence rust severity, though its effect is often secondary to climatic conditions (Eshetu et al., 2018; Rubiales et al., 2006; Olle and Sooväli, 2020).
Biological control offers eco-friendly alternatives through the use of antagonistic microorganisms, plant-derived compounds, secondary metabolites, and chemical elicitors. Endophytic bacteria (Bacillus, Pseudomonas) and fungi (Trichoderma, Cladosporium, Simplicillium) suppress rust pathogens, induce systemic resistance, or act as hyperparasites (Baker et al.,1983; Kiani et al., 2021; Burmeister and Hau, 2009; Cruz-Triana et al., 2018; Si et al., 2022). Plant extracts and essential oils from species such as Ageratum conyzoides, Pelargonium zonale, Nigella sativa, linseed, and basil inhibit urediniospore germination and reduce pustule formation (Yusnawan and Inayati, 2018; El-Fawy et al., 2021; Arslan, 2014; Oxenham et al., 2005). Large-scale application of biological control is currently limited by low metabolite yields and incomplete understanding of environmental impacts, but these strategies provide promising sustainable alternatives to chemical fungicides.
5.3 Host Resistance
The use of host plant resistance is widely recognized as the most economical, durable, effective, farmer-friendly, and environmentally sustainable strategy for managing rust disease in lentil. The cultivation of resistant varieties has become a common practice, especially in regions where rust poses a major production constraint. Consequently, the identification and characterization of rust-resistant genotypes within Lens germplasm is a critical prerequisite for the development of improved and sustainable rust management strategies.

5.3.1 Genetics of rust resistance
The genetics of rust resistance in lentil has been widely studied, and several stable sources of resistance have been identified. Early studies demonstrated that rust resistance is generally controlled by a single dominant gene, with F₁ plants showing complete resistance and F₂ populations segregating in the expected 3:1 ratio for resistant and susceptible plants, further supported by F₃ segregation data (Sinha and Yadav, 1989; Singh and Singh, 1992; Chauhan et al., 1966, Mishra et al., 2008). Later work revealed variability in the genetic control of resistance. Resistance in the macrosperma variety Precoz was reported to be governed by duplicate dominant genes (Lal et al., 1996; Kumar et al., 1997). In contrast, genotypes such as L 2991, L 2981, L 1534, L 178, and HPLC 8868 were found to be controlled by a single dominant gene (Kumar et al., 1997). Further confirmation of duplicate dominant gene control came from studies on crosses such as Precoz × L 259 and Precoz × PL 639 under greenhouse conditions (Chahota et al., 2002). A more extensive study involving 23 crosses showed that most resistant × susceptible crosses were governed by a single dominant gene, while in the cross L 4076 × DPL 21 resistance was found to be under monogenic recessive control. Resistant × resistant crosses further indicated that Precoz carries a dominant gene at a locus distinct from that of PL 4. Susceptible × susceptible crosses confirmed non-complementative susceptibility. Based on these results, the first gene symbols for lentil rust resistance were proposed as Urf₁ in Precoz and Lens 4603, Urf₂ in Pant L 4 and Lens 4147, and urf₃ in DPL 21. (Kumar et al., 2001).
The plant hypersensitive response (HR) is a rapid, localized cell death at the site of pathogen penetration, effectively restricting further colonization and commonly associated with strong disease resistance (Gaumann, 1950). In contrast, partial resistance represents a quantitative defense, expressed as reduced infection frequency, slower pathogen growth, or delayed sporulation (Parlevliet, 1985). While it does not completely prevent infection, partial resistance limits pathogen development and often provides more durable protection. In case of rust resistance, both hypersensitive and partial resistance mechanisms have been documented across lentil germplasm (Porta-Puglia et al., 1993). Incomplete resistance of both hypersensitive and non-hypersensitive types has been reported in lentil, with hypersensitive resistance expressed as late-acting host cell necrosis resulting in intermediate infection type (IT), and non-hypersensitive resistance associated with reduced fungal penetration and fewer haustoria per colony, both of which restricted disease development despite high IT (Rubiales et al., 2013). More recently, the presence of hypersensitive resistance in both cultivated lentil and wild relatives (L. ervoides, L. nigricans, L. c. orientalis), as well as partial and adult plant resistance in some accessions of L. nigricans and L. c. orientalis, has been confirmed, highlighting their value for durable resistance breeding (Barilli and Rubiales, 2023).

6. Breeding for rust resistance in lentil
6.1 Screening and disease assessment
Screening is a critical step in rust resistance breeding, as reliable detection and characterization of resistance depend on efficient, uniform, and cost-effective screening methods. Field evaluation in rust hot-spot areas remains the most practical approach, as these environments provide ideal conditions for both plant growth and pathogen development. Controlled environments such as greenhouses and growth chambers can supplement field screening, especially for advanced breeding material, but are often limited by space and resource constraints in developing countries (Negussie & Pretorius, 2012).
Several screening techniques have been standardized for lentil rust (Negussie et al., 2005; Sillero et al., 2006). Inoculation methods, spore viability, application techniques, and dew chamber facilities influence the success of artificial screening. For example, Kramm and Tay (1984) reported that a spore concentration of 3 × 10⁴ urediniospores/ml is optimal for infection, though higher concentrations may reduce germination due to self-inhibitors (Parker & Blakeman, 1984).
The 9-point rating scale (Hussain et al., 2008), widely adopted by lentil pathologists and breeders, categorizes plant responses from highly resistant (no pustules) to highly susceptible (extensive pustules with leaf death). This scale is considered efficient, practical, and reproducible under field conditions. While greenhouse evaluations require more precise quantitative measurements (e.g., percentage leaf area infected), field scales remain valuable for large-scale screening. The integration of qualitative (visual rating) and quantitative (tissue area affected) measurements provides a stronger basis for epidemiological studies and helps link field reactions to underlying resistance mechanisms.
6.2 Germplasm screening for resistance
Most studies on lentil rust have primarily focused on large-scale germplasm screening, leading to the identification of resistant and immune sources within cultivated and exotic collections. Early reports documented 13 immune and 23 resistant lines from 129 accessions screened against Uromyces fabae (Nene et al., 1975), while similar efforts identified additional resistant sources (Agrawal et al., 1976; Khare et al., 1979). Resistance was later confirmed in cultivars such as Pant L-406, Pant L-234, and Pant L-639 (Pandya et al., 1980; Sandhu & Malhotra, 1980), with eight resistant lines also reported (Singh, 1980) and 2 immune along with 61 resistant accessions identified out of 251 lines screened (Shukla, 1984).
Extensive evaluations during 1980s–1990s revealed further resistance. Out of 110 lines, 25 were resistant (Mishra et al., 1985), and in a separated study 13 resistant cultivars were noted across two locations (Singh & Sandhu, 1988). Screening of 120 entries using infector rows detected 10 resistant and 9 moderately resistant lines, generally associated with small-seeded, early-maturing phenotypes (Gupta & Singh, 1992). Six resistant lines were also reported from a set of 300 screened, leading to the release of Pant Lentil 4, a high-yielding variety resistant to rust, wilt, and blight (Singh & Singh, 1994).
Differential reactions to U. fabae isolates were also highlighted, suggesting genetic diversity in host resistance (Kuldip et al., 1995; Vineet et al., 1999). Large-scale screenings of 600 lines (Singh & Kant, 1999) and 700 genotypes (Basandrai et al., 2003) identified multiple resistant sources, with a few lines completely free from rust. Resistance sources have also been reported in several countiresincluding Ethiopia (Bejiga et al., 1995; Bejiga & Anbessa, 1999) and Iran (Abbasi & Pooralibaba, 2002).
More recent studies emphasized slow rusting and partial resistance. Donors with slow rusting resistance were identified (Mishra et al., 2005), while resistance components such as latent period, infection efficiency, pustule size, and spore production were dissected (Negussie et al., 2005), confirming the presence of incomplete partial resistance. These findings suggest that alongside immune and hypersensitive responses, durable partial resistance exists within cultivated and exotic Lens germplasm, underscoring the pivotal role of germplasm screening in lentil rust resistance breeding.
6.3 Conventional breeding
Historical records of released lentil varieties show that most were selected from germplasm, demonstrating the success of pure-line selection from locally adapted material. Varietal hybridization, followed by pedigree and bulk breeding methods or their modifications, has also been effectively used (Singh & Pedapati, 2015). Increasingly, bulk and single seed descent (SSD) methods are preferred, where segregating populations are advanced in bulk up to the F₅/F₆ generation, often using off-season nurseries, and single plant selections are subsequently evaluated in progeny rows. The bulk harvest of selected rows is then assessed in yield trials. Importantly, during advancement, adequate natural spread of rust must be ensured to reliably identify resistant genotypes.
Such approaches have led to the release of several rust resistant varieties. For instance, Narendra Masoor-1, derived from the cross Precoz × L9-12 (Singh et al., 1997), was developed through the pedigree method, with selections made from the F₂ to F₄ generations. The variety consistently outperformed the checks in seed yield and exhibited stable resistance to both rust and wilt across multiple locations. Similary, small-seeded variety ‘Pant Lentil 4’ was developed through pedigree selection from a three-way cross, UPL 175 × (Pant L 184 × P288), in the north-western plains of India. This variety combined higher seed yield with resistance to rust, wilt, and Ascochyta blight (Singh et al., 1994). Some rust resistant varieties released in India have been listed in the Table 1.



Table 1: Rust-Resistant Lentil Varieties Released in India
	Variety
	Year
	Institute (Origin)
	Special Traits / Resistance Characteristics

	VL Masoor 126
	2007
	ICAR–VPKAS, Almora (UK)
	Moderately resistant to wilt and rust

	IPL 406
	2007
	ICAR–IIPR, Kanpur (UP)
	Resistant to rust and wilt; wider adaptability

	Pusa Masoor 5 (L-4594)
	2008
	IARI, New Delhi
	Resistant to rust; moderately resistant to pod borer

	Moitree (WBL 77)
	2009
	Berhampore, West Bengal
	Small-seeded; resistant to rust

	Pant Masoor 6 (PL 02)
	2010
	GBPUA&T, Pantnagar (UK)
	Small-seeded; resistant to rust

	Pant Masoor 7 (PL 024)
	2010
	GBPUA&T, Pantnagar (UK)
	Large-seeded; resistant to rust and pod borer

	Pant Lentil 8 (PL 063)
	2010
	GBPUA&T, Pantnagar (UK)
	Large-seeded; moderately resistant to rust and wilt; resistant to pod borer


	IPL 316
	2013
	ICAR-IIPR, Kanpur (U.P)
	Large seed; tolerance to wilt and rust

	IPL 220 
	2018
	ICAR-IIPR, Kanpur (U.P)
	Biofortified, resistant to rust and Fusarium wilt

	PSL-9
	2020
	IARI, (New Delhi)
	Resistant to wilt, rust, powdery mildew and stemphylium blight.

	PDL-1
	2020
	ICAR (New Delhi)
	Resistance to Fusarium witl, rust, powdery mildew, stemphylium blight, pod borer and aphid.

	LL 1373
	2020
	PAU, Ludhiana (Punjab)
	Moderately resistant to wilt and rust.

	RKL 58 F 3715 (Kota Masoor 4)
	2021
	Agri. University, Kota (Rajasthan)
	Resistant to rust & tolerant to wilt.


(Government of India, Directorate of Pulses Development, 2023).
6.4 Mutation breeding
Mutation breeding has played a significant role in broadening the genetic base of rust resistance in lentil, particularly where natural sources of resistance are limited. By inducing mutations through physical mutagens such as gamma rays, researchers have been able to generate novel allelic variations that confer resistance to rust along with other diseases. A notable example is the development of the high-yielding variety ‘NIAB Masoor 2006’ in Pakistan, derived from the mutagenized line ILL 2580 using 200 Gy gamma radiation, which showed combined resistance to rust, Ascochyta blight, and Botrytis grey mould (Sadiq et al., 2008). Similarly, several mutant varieties released in Bangladesh, such as Binamasur-1, Binamasur-2, and Binamasur-3, exhibit resistance to both rust and Ascochyta blight. Globally, around 18 lentil mutant varieties have been developed so far, of which nearly half possess resistance to major diseases, including rust (http://mvgs.iaea.org). The incorporation of such rust-resistant mutants into breeding programs not only diversifies the resistance gene pool but also provides stable sources of resistance that can be combined with molecular tools for durable disease management in lentil.
6.5 Marker-assisted breeding 
To facilitate the development of rust-resistant varieties through marker-assisted selection (MAS), several studies have focused on identifying DNA markers linked to rust resistance in lentil and related legumes. In case of lentil rust, use of an F₂ population derived from PL 8 (susceptible) × L 4149 (resistant) identified two SRAP and two SSR markers differentiating resistant and susceptible bulks. The rust resistance locus was mapped 5.9 cM from SSR marker GLLC527 (Dikshit et al., 2016). Similarly, a linkage study positioned SSR marker GLLC106 at 10 cM from the resistance gene (Mekonnen et al., 2014), while another study reported an SRAP marker (F7XEM4a) located 7.9 cM away (Saha et al., 2010). More recently, a screening of recombinant inbred lines (RILs) from FLIP-2004-7L (resistant) × L-9-12 (susceptible) identified two SSR markers, LcSSR440 and LcSSR606, co-segregating with rust resistance and flanking the locus at 8.3 and 8.1 cM, respectively (Singh et al., 2021). Although no lentil varieties have yet been released using these linked markers, they provide a valuable foundation for future MAS, enabling the precise introgression and pyramiding of rust resistance genes to accelerate breeding progress. However, large centimorgan distances observed in the linkage maps pose challenges for their effective use in precision breeding. In lentil, most markers linked to rust resistance are located more than 5 cM away from the target gene, with some exceeding 10 cM, reflecting a substantial gap between the marker and the resistance locus (Kant et al., 2004). Moreover, not all identified markers are suitable for MAS. For example, OPX-15,760 and OPX-171,075, reported to be associated with resistance to U. viciae-fabae in lentil, are RAPD markers, which are limited by poor reproducibility and difficulties in detecting allelic variation among heterozygotes (Jiang, 2013). In addition, the precise genetic distance between SSR markers and the underlying resistance gene/QTL, or even their exact position on linkage groups or chromosomes, is often not clearly defined (Dikshit et al., 2016). In contrast, other legume and cereal crops have made significant strides in deploying molecular markers for rust resistance gene pyramiding. In soybean (Glycine max), for example, multiple Rpp genes conferring resistance to Phakopsora pachyrhizi have been successfully combined within single cultivars using closely linked DNA markers. Combinations such as Rpp2, Rpp3, Rpp4, and Rpp5 have been shown to confer broader and more durable resistance, and MAS has been critical in tracking and stacking these genes across generations (Meira et al., 2022). 
7. Conclusion and Future Perspectives 
Breeding for durable rust resistance in lentil faces several challenges, primarily due to the race-specific and often monogenic nature of resistance reported so far, which makes it vulnerable to pathogen variability. Future efforts need to emphasize the incorporation of both major genes and partial resistance to enhance durability through pyramiding approaches, facilitated by MAS. Although QTL discovery in lentil has been more advanced for Ascochyta blight and Aphanomyces root rot (Ma et al., 2020; Dadu et al., 2021), similar genomic strategies are yet to be extended to rust resistance. The application of genome-wide association studies (GWAS) and genotyping-by-sequencing (GBS) offers promise for identifying novel marker–trait associations for rust resistance in diverse germplasm collections. Once identified, such QTLs and associated SNPs could be exploited through genomic-assisted breeding (GAB) to pyramid multiple rust resistance genes into elite susceptible cultivars.
Studies in other legumes demonstrate the utility of high-throughput sequencing techniques for rust resistance. In soybean, RNA-Seq of resistant and susceptible genotypes against P. pachyrhizi identified DEGs involved in defence responses, hypersensitive reaction, and programmed cell death (Hao et al., 2023). Similarly, in peanut (Arachis hypogaea), RNA-Seq revealed upregulation of PR proteins, NBS-LRR genes, and defence-related enzymes in resistant genotypes, providing candidate genes and EST-SSRs for breeding (Rathod et al., 2020). In contrast, lentil rust research has mostly focused on germplasm screening and QTL mapping, with limited functional genomics studies, highlighting the potential to apply transcriptomic approaches for identifying resistance genes and developing molecular markers.
The advent of gene and genome editing enables precise modification of specific genes or genomic regions without altering the rest of the genome, allowing retention of the original agronomic potential while introducing desired traits. This technology provides a rapid approach to improve disease resistance by targeting susceptibility genes or negative regulators of defence pathways (Ahmad et al., 2020). In model crops, CRISPR/Cas9-mediated editing has demonstrated its effectiveness in enhancing disease resistance. For example, in wheat, TaGW2-6A was identified as a negative regulator of leaf rust resistance. Overexpression (OE) of TaGW2 increased uredia formation, reduced H₂O₂ accumulation, and lowered pathogenesis-related (PR) gene expression, whereas CRISPR/Cas9-mediated knockout (KO) lines showed fewer uredia, higher H₂O₂ accumulation, elevated PR gene expression, and reduced hyphal growth after inoculation with Puccinia triticina, confirming its role as a susceptibility factor (Liu et al., 2024). In lentil, similar strategies could be applied to develop rust-resistant cultivars. However, a prerequisite is an efficient genetic transformation and in vitro regeneration system. Various explants—shoot apices, epicotyls, nodal segments, embryo axes, cotyledonary nodes, and roots—have been explored for transformation, with cotyledon-attached decapitated embryos providing the most consistent regeneration (Mahmoudian et al., 2002; Akcay et al., 2009). Agrobacterium-mediated transformation has been attempted, but efficiencies remain low (<1%) (Atkins & Smith, 1997; Gulati et al., 2002; Sarker et al., 2012). Once candidate rust-resistance or susceptibility genes are identified in lentil, CRISPR/Cas or other genome editing systems could be used to precisely modify them, complementing conventional breeding, marker-assisted selection, and speed breeding to rapidly develop durable rust-resistant cultivars.
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