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Brassica juncea is a major oilseed crop in tropical and subtropical countries, especially in south-east Asia like India, China, Bangladesh, and Pakistan. The widespread cultivation of genetically similar varieties tends to attract fungal pathogens which cause heavy yield losses in the absence of resistant sources. The conventional disease management techniques are often expensive, have limited efficacy, and cause additional harm to the environment. A substantial approach is to identify and use of resistance sources within the Brassica hosts and other non-hosts to ensure sustainable oilseed crop production. In the present review, we discuss six major fungal pathogens of B. juncea: Sclerotinia stem rot (Sclerotinia sclerotiorum), Alternaria blight (Alternaria brassicae), White rust (Albugo candida), Downy mildew (Hyaloperonospora parasitica), Powdery mildew (Erysiphe cruciferarum), and Blackleg (Leptoshaeria maculans). From discussing studies on pathogen prevalence in B. juncea, the review then focuses on highlighting the resistance sources and quantitative trait loci/gene identified so far from Brassicaceae and non-filial sources against these fungal pathogens. The problems in the identification of resistance sources for B. juncea concerning genome complexity in host subpopulation and pathotypes were addressed. Emphasis has been laid on more elaborate and coordinated research to identify and deploy R genes, robust techniques, and research materials. Examples of fully characterized genes conferring resistance have been discussed that can be transformed into B. juncea using advanced genomics tools. Lastly, effective strategies for B. juncea improvement through introgression of novel R genes, development of pre-breeding resistant lines, characterization of pathotypes, and defense-related secondary metabolites have been provided suggesting the plan for the development of resistant B. juncea.

Keywords: B. juncea, diseases, resistant sources, quantitative trait loci, improvement strategies


INTRODUCTION

The Brassicaceae family has about 3709 species and 338 genera, displaying enormous diversity and used as a source of oil, vegetables, mustard condiments, and fodder (Warwick et al., 2006). Brassica juncea (L.) Czern & Coss is a natural amphidiploid (AABB, 2n = 36) of Brassica rapa (AA, 2n = 20) and Brassica nigra (BB, 2n = 16) belonging to this family and cultivated worldwide for its edible oil. The estimated area, production, and yield of rapeseed-mustard in the world were 36.59 Mha, 72.37 Mt, and 1980 kg/ha, respectively, during 2018–2019. India contributed 19.8 and 9.8% to global acreage and production, respectively (USDA, 2020). It is presumed that this species originated approximately 0.039-0.055 million years ago (Yang et al., 2016) and the present B. juncea species evolved through chromosomal triplications and other re-arrangements (Lysak et al., 2005). The linkage map of B. juncea showed that both parental genomes were conserved and have remained unchanged since hybridization (Axelsson et al., 2000). This evolution theory is supported by the genome assemblies of B. rapa (Wang et al., 2011; Cai et al., 2017; Zhang et al., 2018), B. nigra (Yang et al., 2016; Perumal et al., 2020), B. juncea (Yang et al., 2016; Paritosh et al., 2020), B. napus (Chalhoub et al., 2014; Bayer et al., 2017; Lee et al., 2020), and the pan-genomes of B. napus (Song et al., 2020). The A and B genomes of B. juncea belong to the two different lineages of the Brassicaceae family namely Nigra and Rapa/Oleracea, thus contains the most dissimilar genomes (Kaur et al., 2014).

The genetic uniformity between all cultivated varieties of B. juncea makes it vulnerable to pathogen attacks. The major biotic diseases and pathogens of mustard that cause a serious threat to B. juncea worldwide are Alternaria blight [Alternaria brassicae (Berk.) Sacc.; A. brassicicola (Schwein.) Wiltshire; A. raphani Groves & Skolko], Sclerotinia stem rot [Sclerotinia sclerotiorum (Lib.) deBary], White rust [Albugo candida (Pers.) Kunze], Clubroot [Plasmodiophora brassicae Woronin], Powdery mildew [Erysiphe polygoni DC.], Blackleg [Leptosphaeria maculans (Desmaz.) Ces.& De Not.], and Downy mildew [Hyaloperonospora parasitica (Pers.: Fr.) Fr.] (Williams and Saha, 1993). These diseases cause serious damage to mustard production worldwide owing to the lack of vertical and horizontal resistance against pathogens in current cultivating varieties. Disease management through chemical fungicides is not climate-resilient and also economically not suitable. However, despite cultural adaptations very limited efficiency in disease management has been demonstrated. The host’s genetic resistance is the most effective and consistent means to control diseases (Ren et al., 2016). Fortunately, the resistant gene(s) and quantitative trait locus (QTLs) for most of the aforementioned pathogens have been identified within the Brassicaceae family, with some wild members as a treasure trove of resistant genes (Table 1).


TABLE 1. The resistance genes/QTLs that have been mapped in Brassicaceae family in relation of major fungal pathogens of B. juncea (Sclerotinia sclerotiorum, Alternaria brassicae, Albugo candida, Hyaloperonospora parasitica, Erysiphe cruciferarum, Leptosphaeria maculans).
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[image: Table 1]The plants respond to pathogens either through constitutive or inducible defense mechanisms to protect themselves from damage. Constitutive defense includes preformed physical barriers such as cell walls, cuticle, wax on the outer surface, bark, and cork layers. Alternately, plants produce toxic chemicals, cell lytic enzymes, and deliberate cell suicide when attacked by pathogens, which form the inducible defense systems. The inducible defense system of the plants activated only after a pathogen is recognized by his immune responsive system because of the production of chemicals or proteins. This leads to high energy costs and nutrient requirements in association with their production and management. A lot of plant pathogens, known as biotrophs, make a close connection with their host plant suppressing its defense system but keeping their host alive, use the plant’s nutrients for their growth and reproduction. However, some pathogens produced toxins, cell degrading enzymes, or proteins to overcome plant defense systems promoting the rapid release of nutrients called necrotrophs. The pathogens can infect more than one host plant called the host range. Similarly, plants can defend themselves against a particular, or wide range of pathogens, or races of the pathogen. This type of plant defense is called vertical and horizontal resistance, respectively. The vertical resistance of the host plant can protect from a particular type of pathogen or race with high intensity but does not last long against the pathogen. The vertical resistance of the host plants is due to one or two major genes and is highly specific. However, the horizontal resistance is durable and it can protect host plants against a wide range of pathogens and races. In this, a group of genes simultaneously take part in host defense and present within the QTL. The genes that take part in the host defense systems are called R genes. The plant pathogenic fungi and bacteria have Avr (avirulence) genes to identify their host plants and infect them. The Avr genes produce small secreted protein (SSP) effectors and secondary metabolites (SM), the key elements of their pathogenesis that regularize innate immunity of the host plant and facilitate infection. However, the host resistance can be established only when the R gene of the host recognizes the effectors or secondary metabolites. This recognition usually triggers its defense responses including the hypersensitive response (HR) and results in resistance from the plant to the pathogen (Freeman and Beattie, 2008).

Apart from resistance genes, plants also resist pathogenic attacks via hormone signaling pathways such as Jasmonates (JAs), Salicylates (SAs), Brassinosteroids (BR), Ethylene (ET), Abscisic acid (ABA), and Phosphoglycerolipids (PGL). Out of all the above signaling pathways, JAs and SAs are reported most effective against pathogenic diseases. The polyunsaturated fatty acids (PUFA), a group of plant oxylipins produced Jasmonates (JAs) through oxidation by using one of the seven different branches of the lipoxygenase (LOX) pathway. However, the key component of JA biosynthesis is allene oxide synthase (AOS) that utilizes 13-hydroperoxide from α-linolenic acid (18:3, α-LeA). PUFA is released from the chloroplast membrane and converted into 9 or 13-hydroperoxides through the LOX pathway, which further enters into the AOS pathway to produce free JA. There are a lot of JA derivatives present in the host plants such as free JA, methyl-jasmonate (Me-JA), cis-jasmone, Jasmonyl isoleucine (JA-Ile), and Jasmonoyl ACC (JA-ACC). The role of free JA and Me-JA is well established under various biotic and abiotic stress conditions (Sirhindi et al., 2017). Salicylic acid (SA) is a phenolic plant hormone that actively participates in defense mechanisms under biotic and abiotic stresses to protect the host plant. For instance, the basal resistance for the fungal pathogen B. cinerea is regulated by SA in tomato but by jasmonic acid and ethylene in tobacco (Loon et al., 2006). The key enzymes of the phosphoglycerolipid (PGL) pathways are phospholipase C (PLC) and phospholipase D (PLD) capable of producing phosphatidic acid (PA). Phosphatidic acid acts as a signaling molecule by binding to target proteins altering their subcellular localization and enzymatic activity. This signaling pathway is activated during plant exposure to both biotic and abiotic stresses (Pokotylo et al., 2017). The hormone signaling pathways functions systemically in host plants, thus labeled as the systemic acquired resistance (SAR) effective against a wide range of pathogens. These plant defense mechanisms regulated through resistance genes and hormone signaling pathways under strict control (Larkan et al., 2013; Ma and Borhan, 2015) exhibited highly complex and specific immune responses (Stotz et al., 2014). Very few R genes have been characterized and cloned as yet, thus resistance breeding programs are slow as they depend on chemical management. However, the next-generation sequencing projects have developed highly specific thorough genomic data of diploid and polyploidy plants, providing an opportunity to identify resistance genes.

The present study aims to review the work done on identifying the sources of these resistance genes/QTLs across the Brassicaceae family. This knowledge may help improve the resistance of B. juncea by focusing on major pathogens and corresponding diseases such as Sclerotinia stem rot, Alternaria blight, White rust, Downy mildew, and Powdery mildew (Figure 1). We shall confirm the sources of resistance genes for these pathogens in Brassicaceae to support their potential use in resistance breeding of B. juncea. Also, the challenges in identification and the use of resistance genes, and effective strategies to use resistance genes in the development of resistant B. juncea lines for such major pathogens will be discussed.
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FIGURE 1. Major fungal diseases of B. juncea. (A) Sclerotinia stem rot; (B) Alternaria leaf blight; (C) Staghead formation in flower buds of B. juncea by A. candida; (D,E) Downy mildew symptoms at lower surface of cotyledon and mature leaf, respectively (Photo courtesy: A. K. Tewari); (F) Powdery mildew of B. juncea.




RESISTANCE SOURCES FOR MAJOR PATHOGENS


Sclerotinia Stem Rot

The Sclerotinia sclerotiorum (Lib.) deBary is a necrotrophic fungal pathogen causing stem rot disease in B. juncea worldwide (Ghasolia et al., 2004; Singh et al., 2008). Severe outbreaks of stem rot disease under cool and moist weather conditions (Purdy, 1979; Saharan and Mehta, 2008) cause heavy yield losses ranging between 5 to 100% (Ghasolia et al., 2004; McDonald and Boland, 2004; Shukla, 2005). Sclerotinia stem rot (SSR) is also now recognized as a major yield-limiting disease of B. napus in Australia, Canada, China, Europe, and India (Rana et al., 2017). However, the management of stem rot by traditional and/or biochemical practices has been a cumbersome process, owing to its wide host range (about 408 plant species of 75 families) and the potential to survive in harsh environmental conditions by forming sclerotia (Boland and Hall, 1994; Peltier et al., 2012). Genetic diversity studies of S. sclerotiorum have been conducted since last three decades in different parts of the world including Australia, Brazil, Canada, India, Iran, United Kingdom, and the United States (Kohn et al., 1991; Sexton et al., 2006; Hemmati et al., 2009; Litholdo et al., 2011; Barari et al., 2012; Clarkson et al., 2012; Mandal and Dubey, 2012; Attanayake et al., 2014). Therefore, instead of using traditional practices and chemicals, the cultivation of resistant varieties is the most economical and climate-resilient approach to manage SSR in the mustard crop. Resistant cultivars can efficiently minimize yield losses due to the disease (Westman et al., 1999; Taylor et al., 2002). Thus, the resistance sources were investigated within the Brassicaceae and out of the family to identify potential R genes for B. juncea resistance breedings and introgressions. The resistance screening experiments were mainly focused on leaf and stem at cotyledonary and adult plant stages under in vitro and/or field conditions (Garg et al., 2008; Li et al., 2008; Barbetti et al., 2014; Uloth et al., 2014; Ge et al., 2015; Naher et al., 2018; Kumari and Singh, 2019).

The species displaying a promising resistance against the SSR disease are Brassica fruticulosa, wild Brassica oleracea, Brassica napus, Camelina sativa, Diplotaxis tenuisiliqua, Erucastrum abyssinicum, E. cardaminoides, and Sinapis alba (Morrall and Dueck, 1982; Kolte, 1985; Garg et al., 2010; Mei et al., 2013; Wu et al., 2013; Rana et al., 2017, 2019; Purnamasari et al., 2019). These species were used to introgress resistance in the cultivated oilseed Brassicas. The introgression lines were developed through somatic hybridization or embryo rescue, followed by subsequent backcrossing and/or selfing. The wild crucifers viz. Erucastrum cardaminoides, Diplotaxis tenuisiliqua, and E. abyssinicum were used for resistance introgressions in B. juncea and B. napus and then evaluated for a higher level of resistance as compared to 54 Brassica germplasms of Australia, China, and India (Garg et al., 2010). These introgression lines were then used to locate the candidate gene or QTL for S. sclerotiorum resistance and physically mapped through advanced molecular tools. Rana et al. (2017) produced fertile B. juncea–B. fruticulosa introgression lines with segmental introgressions in B-genome chromosomes at terminal positions. All these lines were resistant and genotyped with 262 microsatellite markers. They have identified a total of ten significant marker-trait associations through association mapping. In another study, Rana et al. (2019) developed a set of 96 B. juncea–Erucastrum cardaminoid introgression lines for SSR resistance. All these introgression lines were genotyped by transferable microsatellite markers, followed by genotyping by sequencing to establish marker-trait associations. They have detected a total of six marker loci in both A and B genomes associated with resistance through SSR markers. However, the genome-wide association analysis (GWAS) identified a large number of single nucleotide polymorphisms (SNPs) linked to resistance in A03, A06, and B03 chromosomes. The annotation studies identified an array of resistance mechanisms, i.e., signal transduction pathways, hypersensitive responses, and production of anti-fungal proteins and metabolites. A total of five SNPs on the A03 chromosome were found to be associated with LRR-RLK genes that encoded LRR-protein kinase family proteins. They also predicted genetic factors associated with pathogen-associated molecular patterns (PAMPs) and effector-triggered immunity (ETI) on the A03 chromosome. These belonged to three R-Genes encoding TIR-NBS-LRR proteins. Hitherto, no resistant gene has been cloned for this disease (Wu et al., 2016, 2019).

The population derived from the resistant wild B. oleracea (B. incana) with the susceptible B. oleracea var. alboglabra was used to identify QTL for SSR. The F2 population exhibited a total of 12 and 6 QTLs for leaves and stem resistance, respectively. The candidate R genes were identified for Sclerotinia resistance on C09 of B. oleracea by blasting the sequence of adjacent markers to the B. rapa reference genome. The 12.8-cM genetic region on C09 contains two major QTLs for both leaf and stem resistance, while the corresponding 2.7-Mb genomic region on chromosome A09 of B. rapa harbors about 30 genes putatively encoding resistance-related and defense associated proteins. The putative genes present on the A09 chromosome belonged to the CC-NBS-LRR class (Mei et al., 2013).

Furthermore, the B. napus has been evaluated by many to identify putative QTLs for SSR resistance. The GWAS for SSR resistance in B. napus had identified three putative QTLs on C04, C06, and C08 (Wu et al., 2016), A08, C06, and C09 chromosomes (Gyawali et al., 2016). The chromosome A02, A03, C02, and C06 of B. napus were identified to have QTLs for SSR resistance through SNP-array genotyping. However, it was recorded that these genomic regions also harbored QTLs for flowering time (Wu et al., 2019). Mei et al. (2020) developed a BC1F8 population of B. napus var. Zhongshuang 9 and B. incana for pyramiding of three resistant QTLs for SSR present on C01, C09-1, and C09-2 chromosomes. They concluded that all QTLs worked cumulatively for disease and the lines having all three QTLs showed the highest resistant level. Qasim et al. (2020) identified three major QTLs through comparative transcriptomic studies harboring 36 putative candidate genes from resistant B. napus lines that might actively involved in SSR resistance. Wu et al. (2013) identified 10 and 3 QTLs for stem and leaf resistance in B. napus, respectively. Out of these, a major QTL present on the C06 chromosome was associated with the BnaC.IGMT5, a candidate resistant-gene for SSR. Theoretically, there could be a strong correlation between leaf and stem resistance as noticed in various studies of Brassica species (Mei et al., 2012; Wu et al., 2013; You et al., 2016). Yet, this observation could not be correlated practically when some genotypes of Brassica were evaluated for SSR resistance (Uloth et al., 2013; You et al., 2016). Nevertheless, some other genotypes share common genomic regions for leaf and stem resistance (Li et al., 2015). Such contradictory findings indicate that the resistance against SSR in leaves and stem is specific at subpopulation levels. The inheritance of common resistance genes on both genomes (A and C) indicated a common ancestry of chromosomes (Wei et al., 2014).



Alternaria Blight

Alternaria is a key pathogenic genera of the family Brassicaceae, causing severe damage to host plants and one of the major yield-limiting factors. The Alternaria genus was first identified by Nees Von Esenbeck (1817) and Berkeley (1836) as a causal pathogen of leaf blight on Brassicaceae plants as Macrosporium brassicae Berk., which was later renamed as Alternaria brassicae (Berk.) (Saccardo, 1886). The blight disease of B. juncea is responsible for heavy yield losses ranging upto 47% in India (Kolte, 1985) and 32–57% in Nepal (Shrestha et al., 2005). The pathogen has a wide host range in cruciferous crops and is reported from all parts of the world including Canada (Berkenkamp and Kirkham, 1989; Conn and Tewari, 1990), India (Kadian and Saharan, 1983), Iran (Nourani et al., 2008), Italy (Tosi and Zezzerini, 1985), Poland (Nowicki et al., 2012), and United States, United Kingdom, Europe (Gladders, 1987). This pathogen attacks leaves, stem, and siliquae at all growth stages producing characteristic disease symptoms. However, the blighted spots produced by A. brassicae are gray as compared to the black sooty velvety spots of A. brassicicola, another leaf blight pathogen of mustard (Meena et al., 2010; Kumari and Singh, 2019). The infection spot leads to the formation of a necrotic zone which looks like a target board due to the interrupted growth of the pathogen. The pathogen resides at the center of the lesion surrounded by an uninvaded chlorotic halo created by the diffusion of pathogen toxins (Tewari, 1983; Agarwal et al., 1997). The Indian isolates of A. brassicae were grouped under three categories according to their virulence level as A (highly virulent), C (moderately virulent), and D (avirulent) collected from all over India (Vishwanath and Kolte, 1997). A total of 32 isolates of A. brassicae were examined by Random Amplified Polymorphic DNA (RAPD) and Inter Simple Sequence Repeat (ISSR) markers for genetic variability. The results of the study revealed that there was no clear grouping of isolates but little variations were recorded which may be due to ecological or survival-based adaptations (Sharma et al., 2013).

The pathogen has a very high survival rate on Brassica host debris and other alternative hosts (Anagallis arvensis, Convolvulus arvensis) carry the inoculum from one crop season to another (Tripathi and Kaushik, 1984; Verma and Saharan, 1994; Mehta et al., 2002). Thus, the air-borne spores of A. brassicae are the prime source of the inoculum of this polycyclic disease (Kolte, 1985). The pathogen can infect host plants through epidermis penetration, stomata, insects- or wounds. However, A. brassicae preferred stomatal penetration while A. brassicicola penetrated directly through the epidermis (Nowicki et al., 2012). The A. brassicae produced host-specific toxins (HST) during infection characterized as ABR toxin protein (Parada et al., 2008; Wight et al., 2009). This compound plays a vital role in the pathogenesis, also determining the virulence and pathogenicity level of the pathogen (Nishimura and Kohmoto, 1983). However, some additional toxins like destruxin B (Bains and Tewari, 1987) and it’s derivatives (homodestruxin B, desmethyldestruxin B, and destruxin B2) are also produced. All these toxins are responsible for the typical tissue necrosis and chlorosis. These toxins stimulate the phytoalexins, brassilexin, and sinalbin A (Sodelade et al., 2012). The A. brassicae produces abscisic acid causing premature leaf aging and defoliation, dropping of flowers, and premature siliquae breaking (Tewari, 1991b), while cytokines are responsible for green discolorations within the blighted spots (Tylkowska et al., 2004).

It was recorded that when Brassica rapa seedlings were inoculated with the fungal pathogen A. brassicae, 3-butenyl, and 4-pentenyl isothiocyanates were released together with dimethyl disulfide, dimethyl trisulphide, 4-oxoisophorone, and several sesquiterpenes (Kevin et al., 1996). The release of isothiocyanates is evidence for the catabolism of glucosinolates during infection, which is a prerequisite for their involvement in resistance (Doughty et al., 1996). The host resistance is the most economical and feasible mode to control yield losses. This approach allows us to decrease pesticide usage and also lowers the chemical pollution. The resistance breeding programs for Brassica improvement are hindered due to bottlenecks in the resistance introgression from the wild species into the commercial crops. The cultivated vegetable and oilseed Brassicas are devoid of genetic resistance against Alternaria blight pathogens. However, among the Brassica crops, the Ethiopian mustard has displayed the highest level of resistance against A. brassicae. The wild members of the Brassicaceae family such as S. alba (Kolte, 1985; Brun et al., 1987; Ripley et al., 1992; Sharma and Singh, 1992; Hansen and Earle, 1995, 1997; Kumari et al., 2018, 2020b), Camelina sativa, Capsella bursa-pastoris, Eruca sativa, Neslia paniculata, Alliaria petiolata, Barbarea vulgaris, Brassica elongate, B. desnottessi, B. fruticulosa, B. maurorum, B. nigra, B. souliei, B. spinescens, Camelina sativa, Capsella bursa-pastoris, Coincya spp., Diplotaxis catholica, D. berthautii, D. creacea, D. erucoides, D. tenuifolia, Erucastrum gallicum, Eruca vesicaria subsp. sativa, Hemicrambe fruticulosa, H. matronalis, Neslia paniculata, Raphanus sativus, and S. arvensis (Conn and Tewari, 1986; Brun et al., 1987; Conn et al., 1988; Tewari, 1991a; Zhu and Spanier, 1991; Tewari and Conn, 1993; Sharma et al., 2002; Warwick, 2011) reportedly possess the highest level of resistance against A. brassicae.

Camelina sativa produces phytoalexin on the landing of conidia on leaves and accumulates near and under conidial drops. This phytoalexin accumulation is a rapid response initiated just after conidial inoculation solely responsible for the inhibition of pathogen growth on the leaf surface (Jejelowo et al., 1991). The C. sativa produces two types of phytoalexins in leaves after elicitation by the pathogen, namely camalexin (C11N8N2S) and 6-methoxycamalexin (C H N SO) (Browne et al., 1991). The pathogenic attack elicits the production of camalexin, 6-methyloxycamalexin, and N-methylcamalexin (C H N S) in Capsella bursa-pastoris (Jimenez et al., 1997). The mutant Arabidopsis (phytoalexin deficient) is devoid of camalexin biosynthesis displaying higher susceptibility to A. brassicicola, establishing the contribution of camalexin in host resistance (Thomma et al., 1999b). However, it appears that the defense against A. brassicicola in Arabidopsis depends on multiple components, as Jasmonate insensitive Arabidopsis mutant coi1 was found vulnerable to this pathogen. This indicates that both components contribute to host resistance against A. brassicicola pathogen separately but in parallel pathways (Thomma et al., 1998, 1999a, 2000, 2001). The pathogen initiates signaling cascade through MAPK3 inducing the expression of LOX which further regulates the expression of MAPK3. Interaction of both the genes initiates the Jasmonate acid biosynthesis which induces the defense mechanism in B. juncea (Taj et al., 2011). The S. alba produces two types of phytoalexins (sinalexin) sinalbins A and B in the leaf and stem tissues for resistance against the A. brassicae (Pedras and Smith, 1997; Pedras and Zaharia, 2000). The variation in the elicitation level of phytoalexin is believed to be responsible for resistance status in plants (Conn et al., 1988).

Nayanakantha et al. (2016) examined five defense-related genes viz., PR-1, PR-2, PR-3, non-expresser of PR-1 (NPR-1), and plant defensin (PDF1.2) after inoculation of the seedlings of B. juncea and S. alba. The transcripts of all five defense-related genes accumulated locally as well as systemically at a greater level and earlier in S. alba than in B. juncea upon challenge inoculation with A. brassicae. The PDF1.2 was induced by SA and PR-1 by JA in both B. juncea and S. alba resulting in both JA and SA responsive genes conferring resistance against A. brassicae in S. alba. Similarly, upon challenging with A. brassicicola, the S. alba plants showed higher accumulation of abscisic acid and JA than B. juncea (Mazumder et al., 2013). The molecular basis of resistance could not be uncovered in S. alba due to the lack of molecular markers. However, the recently developed de novo genome assembly and a large number of microsatellites may assist to identify the potential genomic regions of resistance (Kumari et al., 2020a). The transgenic B. juncea cv. RLM-198 for hevein (a chitin binding lectin protein) was developed and evaluated against A. brassicae infection under glasshouse conditions. It was found that transgenics showed higher resistance levels for diseases such as longer incubation and latent period, smaller necrotic lesion size, lower disease intensity, and delayed senescence (Kanrar et al., 2002). Chhikara et al. (2012) developed transgenic B. juncea plants with barley antifungal genes class II chitinase (AAA56786) and type I ribosome-inactivating protein (RIP; AAA32951) to coexpress. These transgenics were evaluated in vitro and greenhouse conditions for resistance against A. brassicae. The study revealed a 44% reduction in hyphal growth, delayed onset of the disease, and a limited number of lesions as compared to wild resistant plants (Mondal et al., 2003). The transgenic B. juncea for tomato glucanase conferred higher resistance against A. brassicae under in vitro and polyhouse conditions (Mondal et al., 2007). Rajarammohan et al. (2017) developed three bi-parental mapping populations from three resistant (CIBC-5, Ei-2, and Cvi-0) and two susceptible (Gre-0 and Zdr-1) accessions. A total of five population-specific and one non-specific QTLs were identified governing resistance against A. brassicae. The presence of population-specific and non-specific QTLs indicated the quantitative nature of resistance to A. brassicae. The RtAbeCvG2-1 QTL consisted of 55 probable candidate genes with known functions in disease resistance pathways. A total of 27 candidate genes were identified at RtAbeCZ5-1 QTL on chromosome 5, out of which 24 belong to TIR-NBS-LRR and three genes to the CC-NBS-LRR class. The other genes present in this region involved in defense signaling pathways include BIR1 (BAK1-interacting receptor-like kinase), MYC3 (JAZ-interacting transcription factor), ERFs (Ethylene response factors), BRG (Botrytis-induced Related Gene), RBOHD (Respiratory Burst Oxidative Homolog D), NPR3 (Non-expressor of PR3) including 14 defensin and defensin-like genes known for antimicrobial/antifungal activities. The exogenous application of β-Aminobutyric Acid to B. juncea prevented plants from A. brassicae infection independent of SA and JA signaling pathways (Kamble and Bhargava, 2007). The cysteine-rich antimicrobial peptide (PmAMP1) from Pinus monticola provides resistance to B. napus against multiple fungal plant pathogens including A. brassicae, Leptosphaeria maculans, and S. sclerotiorum (Verma et al., 2012). Vishwanath et al. (1999) induced resistance in susceptible B. juncea cv. PR-15 against highly virulent isolate-A of A. brassicae by using avirulent isolate-D.



White Rust

Albugo candida (Pers. Ex. Lev.) Kuntze. is an obligate parasite of the oilseed Brassicas causing white rust and staghead disease worldwide including Brazil (Viegas and Teixeira, 1943), Canada (Petrie, 1973), China (Zhang et al., 1984), Germany (Klemm, 1938), India (Chowdhary, 1944), Japan (Hirata, 1954), Korea (Choi et al., 2011), New Zealand (Hammett, 1969), Pakistan (Perwaiz et al., 1969), Palestine (Rayss, 1938), Romania (Savulescu, 1946), Turkey (Bremer et al., 1947), United Kingdom (Berkeley, 1848), and United States (Walker, 1957). The disease can be identified as localized white to pale cream-colored spots on leaves and inflorescence (hypertrophied flowers). The formation of staghead is accounted for complete loss of seed formation which causes upto 90% yield loss. The yield loss is dependent on the disease severity and has been reported upto 60% in Brassica rapa L. in Canada (Petrie, 1973; Petrie and Vanterpool, 1974; Harper and Pittman, 1974), 23–89.8% of B. juncea in India (Bains and Jhooty, 1979; Lakra and Saharan, 1989), and about 5–10% in Australia (Barbetti, 1981; Barbetti and Carter, 1986). The A. candida has reportedly infected more than 63 genera and 241 species of the Brassicaceae family from all over the world (Farr et al., 1989; Saharan and Verma, 1992; Choi et al., 2007). The fungal pathogen can also infect plant species outside of the Brassicaceae family (Choi et al., 2006, 2007, 2008, 2009, 2011). The infection of pathogen leads to many biochemical changes in the host for a successful establishment of the pathogen and causes disease. The chlorophyll, sugars, and total phenol content was found in higher concentrations in resistant cultivars than the susceptible ones during all growth stages. However, the number of total proteins and free amino acids were increased in the susceptible cultivars in their life cycle (Singh, 2000). Gupta et al. (1997) identified a positive role of chlorophyll in A. candida resistance in B. juncea. A higher concentration of auxins (indole-3-acetonitrile [IAN], indole-3-acetic acid [IAA]) is produced in A. candida infected plants which lead to hyperplasia and hypertrophy of leaf, stem, and floral parts (Kiermayer, 1958). The abundance of nineteen proteins was found variable between the susceptible and resistant varieties of B. juncea after the pathogen invasion and out of these nineteen proteins, five were present in the resistant variety (Kaur et al., 2011a).

Cheung et al. (1998) identified Restriction Fragment Length Polymorphism (RFLP) markers linked to the white rust resistant gene (Acr) in B. juncea. The genotype non-specific intron polymorphic (IP) markers At5g41560 and At2g36360 derived from A. thaliana were successfully validated to have a close link with white rust resistant loci AcB1-A4.1 and AcB1-A5.1 of B. juncea, respectively (Singh et al., 2015). The mapping (RAC1, RAC2, and RAC3) and cloning of white rust-resistant genes (RAC1) were reported from A. thaliana (Accession: Ksk-1 and Ksk-2) for resistance against A. candida. The RAC genes belong to the Drosophila toll/interleukin-1 receptor (TIR) nucleotide-binding site leucine-rich repeat (NB-LRR) class of plant resistant gene (Borhan et al., 2001). Another white rust resistant gene, WRR4, was cloned from A. thaliana (Accession: Col) (Borhan et al., 2008) which encodes for the same TIR-NB-LRR protein and was found to be resistant against three races of A. thaliana (race 2,4,7, and 9). The expression of WRR4 in susceptible lines of B. juncea and B. napus provided complete resistance against white rust pathogen belonging to the races 2 and 7, respectively (Borhan et al., 2010).

A large number of resistant genes were identified in different Brassica species such as in B. juncea (Acr – Cheung et al., 1998; AC-21 – Prabhu et al., 1998; AC-2 – Varshney et al., 2004; ACB1-A4.1 and ACB1-a5.1 – Massand et al., 2010), B. rapa (ACA1 - Kole et al., 1996), B. napus (ACA1 – Ferreira et al., 1994; AC 2V1 – Somers et al., 2002), and A. thaliana (RAC-1, RAC-2, RAC-3, and RAC-4 – Borhan et al., 2001, 2008) conferring resistance against one or more races of A. candida. The Raphanus sativus cv. caudatus possess a dominant resistant gene for A. candida race 1 designated as AC-1 (Humaydan and Williams, 1976). However, some other Brassica species demonstrated monogenic control of the white rust pathogen race 2 such as B. nigra, B. rapa, B. carinata, and B. juncea (Delwiche and Williams, 1974; Ebrahimi et al., 1976; Thukral and Singh, 1986; Tiwari et al., 1988). The resistance to A. candida race 2 (Ac2V) can be explained in A. thaliana accessions by at least one of four genes (WRR4A, WRR4B, WRR8, and WRR9) encoding nucleotide-binding, leucine-rich repeat (NLR) immune receptors. However, the WRR12 gene identified in A. thaliana confers resistance to A. candida race 9 that infects B. oleracea. Thus, the effector-triggered immunity conferred by the distinct NLR-encoding genes in multiple A. thaliana accessions provides species-wide resistance to different races of A. candida (Volkan et al., 2019). The B. juncea—Donskaja-IV from the east European gene pool line was mapped for conferring resistance locus (AcB1-A5.1) against white rust and was found to be completely resistant to six different Indian isolates. The locus was identified to possess a single CC-NB-LRR protein-coding R gene (BjuWRR1) which provided resistance to genetically transformed susceptible Indian mustard variety Varuna from all the isolates (Arora et al., 2019). The F1DH mapping population of B. juncea var. Tumida (resistant) × B. juncea var. Varuna (susceptible) was identified with a new white rust resistance-conferring locus on LG A6 which was most likely to BjuA046215 candidate gene, a CC-NBS-LRR type R gene, and closely related to BjuWRR1 (Bhayana et al., 2020).



Downy Mildew

The disease is incited by a biotrophic fungal pathogen Hyaloperonospora parasitica (Pers.) Constant. Syn. H. brassicae which causes heavy yield loss to cruciferous crops and is distributed worldwide. In India, the disease is responsible for upto 66% yield loss in B. juncea making up a yearly loss of about 683.1 million INR, depending on the disease severity (Meena et al., 2014). The pathogen can infect all aerial parts (leaf, stem, and flowers) of the plant. However, plant resistance depends on the plant age and environmental variations (Coelho et al., 2009). Mohammed et al. (2018) screened about 154 members of the Brassicaceae family comprising Brassica napus, B. carinata, B. juncea, R. sativus, Rapistrum rugosum, B. incana, Crambe abyssinica, B. fruticulosa, Hirschfeldia incana, B. insularis, B. oleracea, and Sinapis arvensis for resistance against seven isolates of H. parasitica. They found most of the resistant lines from R. sativus, B. carinata, and B. juncea genotypes. However, they did not conduct any molecular study to identify a downy mildew resistant gene. The downy mildew resistant and white rust susceptible B. juncea genotype were inoculated with A. candida followed by H. parasitica that lead to asymptomatic systemic colonization of downy mildew pathogen and a more severe infection of white rust about four days earlier (Kaur et al., 2011b). The field resistance of B. oleracea var. tronchuda can not be predicted through cotyledon resistance as both are governed by different genetic systems (Monteiro et al., 2005). Nashaat and Awasthi (1995) screened 31 B. juncea accessions against four isolates of H. parasitica at the cotyledon stage and almost all expressed high-level resistance against the pathogen. These accessions were grouped into five categories showing differential disease responses.

The homozygous resistant and susceptible varieties (USVL012 and USVL047, respectively) of B. oleracea were used for the development of the self and backcross population. The F2 population showed segregation for resistant character and backcross population developed with resistant plant remained resistant and with susceptible plant remained susceptible. Thus, they concluded that the resistant character must be governed by two complementary dominant genes (Wang et al., 2001). In similar studies on 200 Raphanus sativus accessions, it was confirmed that the resistance was governed by a single dominant gene (Coelho and Monteiro, 2018). Dang et al. (2000) used 36 genotypes of different varieties of Brassicaceae for resistance screening against leaf pathogens during three consecutive years and found Brassica alba (S. alba) highly resistant to downy mildew disease in all 3 years. The F2 population developed from the resistant and susceptible genotypes of broccoli (B. oleracea L. Italica Group) and cauliflower (B. oleracea L. var. botrytis) showed segregation in a 3:1 (resistant:susceptible) ratio which indicated that the resistance is governed by a single dominant gene and also confirmed by test-cross (Farnham et al., 2002; Vicente et al., 2012; Verma and Singh, 2018). It was also evident from different studies that the resistance against downy mildew pathogen in B. napus and B. juncea was also governed by a single dominant gene (Nashaat et al., 1997, 2004).

Coelho et al. (1998) identified the dominant and monogenic (Pp523) inheritance of plant resistance expressed at the adult stage in broccoli located on another genetic map of RAPD and AFLP markers assigned to chromosome C8 of B. oleracea (Carlier et al., 2011), with the syntenic region at the top arm of A. thaliana’s chromosome 1 (Farinhó et al., 2007). Similarly, Singh et al. (2012) mapped a single dominant R gene, Ppa3 in B. oleracea through molecular markers. The map-based cloning of resistant genes to H. parasitica from A. thaliana was done to encode for TIR- and CC-NBS-LRR categories viz. as RPP5 (Parker et al., 1997), RPP8 (McDowell et al., 1998), RPP1 (Botella et al., 1998), RPP13 (Bittner-Eddy et al., 2000), RPP4 (Van Der Biezen et al., 2002), and RPP2A/RPP2B (Sinapidou et al., 2004). The white rust-resistant genes RAC1 and RAC3 were found closely associated with downy mildew resistant genes RPP9 and RPP8 in A. thaliana, respectively (Borhan et al., 2001). A major gene RPP31 for the adult stage resistance against downy mildew pathogen was genetically mapped in A. thaliana on chromosome 5 (McDowell et al., 2005). The mutation on the RPP-non-specific locus called EDS1 that is required for the proper functioning of RPP genes revealed enhanced susceptibility in A. thaliana (Parker et al., 1996). A large number of R genes have been mapped or cloned in A. thaliana and the orthologous genes can be searched in other Brassicaceae members through genome sequence comparisons (Yu et al., 2014) and pan-genome analysis (Golicz et al., 2016). The cDNA clones (Bcchi and BcAF) were isolated and characterized for their role in plant defense mechanisms from B. rapa ssp. chinensis L. cv. Suzhouquing against downy mildew pathogen. These clones were translated into protein products and found to be homologous to plant chitinases and defensins. The study reveals their involvement in plant resistance upon infection by a fungal pathogen (Chen et al., 2008). Yu et al. (2011) identified two SSRs (kbrb006c05-2 and kbrb058m10-1) and one Sequence Characterized Amplified Region-SCAR (SCK14-825) marker closely linked to downy mildew resistant QTL (BrDW) on chromosome A8 and used them for MAS in Brassica rapa ssp. pekinensis. A further extension to this map, a total of four major QTLs (sBrDM8, yBrDM8, rBrDM8, and hBrDM8) identical to BraDM were mapped to A08 through three SNP markers (A08-709, A08-028, and A08-018) for resistance at the seedling, young plant, rosette, and heading stages (Yu et al., 2016). Lucas et al. (1988) have identified a single dominant gene conferred resistance for downy mildew pathogen in B. napus. However, the genetic background and environment could influence the phenotypic expression of resistance. The DMR6 gene is responsible for susceptibility in A. thaliana plants on infection by downy mildew pathogen. However, the mutants for this gene have lost the susceptibility for H. parasitica. The susceptibility of DMR6 mutant A. thaliana can be restored by two closely related gene DLO1 and DLO2 (Zeilmaker et al., 2015).



Powdery Mildew

The powdery mildew of Brassicaceae is caused by biotrophic fungal pathogen Erysiphe cruciferarum Opiz ex L. Junell. The pathogen was reported from several parts of the world including Australia, China, Europe, the Former Soviet Union, India, Japan, Korea, South Africa (Kaur et al., 2008; Farr and Rossman, 2013; Kim et al., 2013) in dry-warm weather conditions with low relative humidity favoring the pathogen growth. Besides B. juncea, the powdery mildew pathogen can also infect wild members of Brassicaceae such as Camelina sativa and Sinapis arvensis (Vellios et al., 2017). The pathogen can infect all above-ground plant parts which get covered with dense cottony growth leading to premature leaf fall. The pathogen produces dark-colored cleistothecia on the plant surface, spreading secondary infection, i.e., polycyclic disease. The powdery mildew pathogen can cause upto 17% yield losses in India at harvest (Dange et al., 2002). Tonguc and Griffiths (2004) developed interspecific hybrids and backcross progeny from B. carinata and B. oleracea cultivars through embryo rescue to transfer resistance against powdery mildew pathogen. The interspecific hybrids tested with powdery mildew under greenhouse conditions were found to be completely resistant. However, only 38% of the first backcross progeny showed a resistant response against the disease. Frye and Innes (1998) have identified an Arabidopsis mutant that displays enhanced disease resistance for powdery mildew caused by Erysiphe cichoracearum. The edr1 mutant does not constitutively express the pathogenesis-related genes PR-1, BGL2, or PR-5. The edr1 mutation is recessive and maps to chromosome 1 between molecular markers ATEAT1 and NCC1. It was speculated that the edr1 mutation derepresses multiple defense responses, making them more easily induced by virulent pathogens. However, Vogel and Somerville (2000) identified 20 recessive mutants of A. thaliana that inhibit the normal growth of powdery mildew pathogen (E. cichoracearum). They concluded that resistance for powdery mildew is not simply due to constitutive activation of the salicylic acid or ethylene and jasmonic acid-dependent defense pathways, but because the mutants did not constitutively accumulate elevated levels of PR1 or PDF1.2 mRNA.

Li et al. (2016) studied multiple evolutionary events involved in maintaining homologous resistance genes in B. napus conferring broad-spectrum resistance for powdery mildew pathogen. One and three genes homologous to RPW8 were present in B. rapa and B. oleracea, respectively. There should be seven homologs of RPW8 in B. napus. They found that the copy of B. oleracea resistant genes was highly conserved, while the B. rapa homolog was variable in the B. napus genome possibly due to gene loss, point mutation, insertion, deletion, and intragenic recombination. Nanjundan et al. (2020) evaluated 1020 B. juncea accessions against E. cruciferarum under natural hot spot conditions. They have identified only one accession (RDV29) consistently resistant for 5 years. This line was used for hybridization with a highly susceptible line (RSEJ775) to obtain filial and backcross populations. The study revealed that resistance was governed by two different semi-dominant genes. Adam and Somerville (1996) used six A. thaliana accessions to identify resistant loci for powdery mildew pathogen (E. cichoracearum). Their study revealed that out of six, five accessions conferred resistance through a single locus and all were independent and the another one accession have resistance from two unlinked loci. Xiao et al. (1997) identified two independent segregating dominant loci (RPW6 and RPW7) on chromosome 5 and 3 in A. thaliana for resistance to powder mildew. The majority of R genes characterized in A. thaliana for powdery mildew disease belong to the nucleotide-binding site and C-terminal leucine-rich-repeats (NB-LRRs) and a less prevalent N-terminal transmembrane domain and a coiled-coil motif superfamily. These genes were identified as NDR1, EDS1, PAD4, NPR1, EDS5, RAR1, SGT1b, RPW8, PBS3, COI1, EIN2, and EDR1 (Xiao et al., 2005). However, the transgenic form of Nicotiana tabacum and N. benthamiana developed with RPW8.1 and RPW8.2 genes confers higher resistance against E. orontii, O. lycopersici, and E. cichoracearum but failed to provide resistance to Lycopersicum esculentum. Thus, these genes could be used to develop transgenics in other families to provide resistance against powdery mildew disease (Xiao et al., 2003). Alkooranee et al. (2015) investigated the mechanism of systemic resistance induced by T. harzianum (TH12) or its cell-free culture filtrate in B. napus and R. alboglabra to powdery mildew pathogen. The results of the study revealed that the pathogen failed to develop colonies on R. alboglabra leaves even after 10 days of inoculation while B. napus leaves have fungal colonies after 6 days of inoculation. The expression of PR-1 and PR-2 levels increased in E. cruciferarum infected leaves but decreased in the TH12 treated leaves. However, the expression of PR-3 and PDF1.2 is decreased in E. cruciferarum infected plants whereas it was increased when treated with TH12 suggesting that TH12 can be used for improving resistance to powdery mildew in hosts.



Blackleg

The blackleg, also known as phoma stem canker, is one of the most devastating diseases of Brassicaceae family that limits oilseed production worldwide such as in Australia, Canada, and Europe (Zhang and Fernando, 2018). The disease is causing by two coexisting fungal pathogens Leptosphaeria maculans (Desm.) Ces et de Not. [anamorph: Phoma lingam (Tode: Fr.) Desm.] and L. biglobosa sp. nov., Shoemaker & Brun which belongs order Ascomycota (Shoemaker and Brun, 2001). However, the former pathogen causes severe damage to crops than the latter (Petrie, 1978; Rouxel and Balesdent, 2005; Vincenot et al., 2008; Dilmaghani et al., 2009). The strains of L. maculans have been categorized into two groups according to pathogenesis, i.e., the strains that causes stem cankers on canola named aggressive, virulent, or “A” group and that do not cause cankers on canola named non-aggressive, avirulent, or “B” group (Howlett et al., 2001). The ascospores are the primary source of disease formed in pseudothecia, produced on host plant residues of the former crop season, and survive up to 5 years on residues (Petrie, 1986, 1995; West et al., 2001; Aubertot et al., 2006). The successful infection leads to the formation of small light green to pale color lesions without margins in the case of L. maculans and L. biglobosa formed dark brown or gray lesions with distinct dark margin. The asexual fruiting bodies (pycnidia) of the pathogen are formed as small dark spots on leaves and stem which contains pycnidiospores that transmitted through water splashes (Kaczmarek and Jêdryczka, 2011). The pathogens causes severe damage to host plants by girdling and lodging stems (Khangura and Barbetti, 2001). However, the pathogens can infect other parts of host plants such as roots and siliquae.

The commercial varieties of B. napus introgressed by resistant genes for blackleg from B. rapa subsp. sylvestris lost their ability within three years possibly due to the rapid increase in the frequency of L. maculans isolates (Sprague et al., 2006b). Sjodin and Glimelius (1988) screened 96 accessions of the Brassicaceae family at cotyledon, seedling, and adult plant stages against seventeen isolates of L. maculans to find out the resistant source for blackleg disease. Out of all tested accessions, only five accessions of B. juncea, two of B. nigra, and two of B. carinata were found resistant to the disease and all contain B genome (Barret et al., 1998). In another study, Dixelius and Wahlberg (1999) analyzed asymmetric progeny of B. napus with three B genome donors (B. nigra, B. juncea, and B. carinata) for the presence of resistance to blackleg disease. They have identified a total of four co-segregating RFLP markers for cotyledon and adult-leaf resistance which was associated with six loci present on linkage groups 2, 5, and 8. A triplicate region in the B- genome had preserved the resistant loci in all three species. Fredua-Agyeman et al. (2014) provided evidence for the B3 chromosome of the B genome to carry resistant genes and confirmed that the entire chromosome was associated with blackleg resistance. Thus, B. napus suffer more severely from the blackleg disease than B. juncea (Marcroft et al., 2002). However, a large number of attempts were made to transfer blackleg resistance into B. napus from members of the Brassicaceae family (Chèvre et al., 2003; Winter et al., 2003; Gaebelein et al., 2019) and stabilized (Chevre et al., 1997; Barret et al., 1998; Chèvre et al., 2008). The B. nigra monosomic lines for chromosome 4 in B. napus have the same level of resistance as in B. nigra (Chevre et al., 1996). The resistance to blackleg disease is governed by a polygenic system and present in a clustered manner. However, the resistance provided by the B genome remains constant throughout the life cycle of the host plant (Rimmer and Van-den Berg, 1992; Chèvre et al., 2003). The F2 and backcross population of two different cultivars of B. juncea (resistant- AC Vulcan and susceptible- UM3132) was segregated for blackleg resistance which suggested that the resistance was controlled by two independent dominant and recessive genes positioned on linkage group J13 and J18, respectively (Christianson et al., 2006). The NILs developed from the asymmetric somatic hybrids of B. napus with B. juncea and B. nigra showed that one single dominant allele and two independent loci govern adult plant stage resistance to blackleg in B. napus–B. juncea and B. napus–B. nigra lines, respectively (Dixelius, 1999). The B- genome introgression lines of B. napus confirmed the inheritance of recessive resistant gene, rjlm2 from B. juncea for the blackleg disease at the cotyledon stage (Saal et al., 2004).

In contrast to A- or B- genome crops where a large number of resistant genes have been identified, few resistant genes were also identified on C- genome crops (Hossain et al., 2020). During a study, Rlm1, Rlm2, Rlm3, Rlm4, Rlm9, RlmS, LepR1, and LepR2 genes were reported to present in Canadian canola varieties (Zhang et al., 2016) and also a large number of avirulence (Avr) genes (∼14) in corresponding L. maculans pathogen and cloned few of them (Liban et al., 2016). The mapping and cloning of an avirulence gene, AvrLmJ1, from L. maculans confers avirulence to B. juncea cultivars (Van-de Wouw et al., 2014). To date, at least sixteen resistant genes for blackleg were mapped in B. napus and allied Brassica species. Out of these resistant genes, many were present in an association of others or clustered together (Delourme et al., 2004). The inheritance of resistance against blackleg in B. juncea was breached in the recent past by newly evolving strains of L. maculans in Australia (Elliott et al., 2015) but the breakdown of Rlm3 resistance was not reported until recently in Canadian canola varieties (Zhang and Fernando, 2018). However, some other reports indicated that Rlm1, Rlm3, Rlm6, Rlm7, LepR1, and LepR3 lost their effectiveness in the field against the blackleg pathogen (Rouxel et al., 2003; Sprague et al., 2006a,b; Brun et al., 2010; Winter and Koopmann, 2016; Zhang et al., 2016; Van-de Wouw et al., 2017). In a study, the blackleg resistant gene Rlm2 was located on chromosome A10 of the B. napus cv. Glacier with the help of tightly linked microsatellites (sR1448, sN8502, sN1982, and sN8474). The gene was localized to a 5.8 cM interval corresponding to approximately 873 kb of the B. napus chromosome A10 (Larkan et al., 2014).

The Rlm4 quantitative trait locus was characterized for harboring 18 candidate resistant genes (BLR1–BLR18) for blackleg in B. napus through NGS (Tollenaere et al., 2012). The LmR1 locus controls seedling resistance for blackleg in B. napus cv. Shiralee was positioned on linkage group N7, find out after fine mapping of 2500 backcross lines. A total of three microsatellites were found associated with resistance and co-segregated with this gene. However, an additional seedling resistance gene, ClmR1, was identified in the same region of LmR1 (Mayerhofer et al., 2005). Yu et al. (2005) have identified and mapped two resistant alleles, LepR1 and LepR2, for blackleg resistance in B. napus lines introgressed from B. rapa subsp. sylvestris that were located on linkage group N2 and N10, respectively. In addition to both these, they have mapped a third resistant gene LepR3 by microsatellite markers on linkage group N10 at below the LepR2 gene in B. napus “Surpass 400” (Yu et al., 2008). Raman et al. (2018) assessed quantitative resistance (QR) for blackleg in DH lines of Darmor-bzh/Yudal (DYDH) population in three successive years and identified a total of 27 significant QTLs on 12 different chromosomes. Out of which, seven were repeatedly present on chromosomes A02, A07, A09, A10, C01, and C09 in all experiments. They have identified eight stable QTLs for blackleg in three diverse growing conditions of Australia, France, and the United Kingdom. In another study, genome-wide association analysis found extensive variations in resistance to blackleg at the adult plant stage in B. napus. A total of 59 statistically significant SNPs were identified on seventeen chromosomes of B. napus genome that were responsible for variations to blackleg resistance (Raman et al., 2020). Huang et al. (2019) identified a total of five QTLs on linkage groups A02, A03, A10, C01, and C09 for resistance to L. maculans growth on oilseed rape DY (“Darmor-bzh” × “Yudal”). Mapping population contributed about 35 percent phenotypic variations.



BOTTLENECKS IN IDENTIFICATION OF RESISTANCE SOURCES


Genome Complexity in B. juncea

The diploid ancestral species (B. rapa and B. nigra) of B. juncea have evolved from a common ancestor followed by ancient genome triplication along with structural and numerical changes about 7.9–14.6 million years ago (Lysak et al., 2005). B. juncea developed through the spontaneous hybridization of these two ancestral Brassica species by combining the genome to give rise to an allotetraploid species. This event was followed by a natural chromosome doubling. It is suggested that B. rapa was a cytoplasmic donor in B. juncea development process (Banga et al., 1983; Warwick and Black, 1991; Pradhan et al., 1992; Prakash et al., 2009). The crop was diversified into vegetable and oil-producing subvarieties and cultivation was started about 6000–7000 years ago in China (Yang et al., 2018) and 2300 BC in India (Prakash and Hinata, 1980). However, it was assumed that B. juncea formed about 0.039–0.055 million years ago (mya) while B. napus formed about 0.038–0.051 mya, slightly after the formation of B. juncea. B. juncea was estimated by flow cytometry to possess a 922 Mb genome size. The B. juncea genome has 316.1 Mb of repetitive sequence, out of which 131.2 Mb are from B. rapa and 216.5 Mb from B. nigra genomes. During the speciation process, it was estimated that a total of 562 and 545 genes from B. rapa and B. nigra subgenomes of B. juncea were lost, respectively, as compared to their common ancestral genomes. This number is higher than the gene loss estimated in B. napus subgenomes (BnaA and BnaC) as compared to their common ancestral genomes. However, the number of genes lost in B. juncea and B. napus was consistent since their formation. The A subgenome of B. juncea and B. napus had divergent origins. It was discovered that A subgenome of B. juncea might be derived from Asian B. rapa ssp. tricolaris, while the subgenome A of B. napus might be derived from European B. rapa ssp. rapa. Thus, both A subgenomes of allotetraploids had independent geographical origins. It was also discovered that the chromosomal regions of B. juncea had gone through various rearrangements and formed the current species contributing to gene duplications and losses. The polyploidy nature of B. juncea played an essential role in genome speciation and plasticity (Yang et al., 2016). The A subgenome of B. juncea remained intact while the B subgenome has changed considerably. However, the B subgenome in B. carinata is unchanged during evaluation (Prakash et al., 2009). B. rapa possesses a rich genetic diversity with various desirable agronomic traits, i.e., rapid growth and tolerance to nutrient-deficient soil and low temperatures (Franks, 2011; Waalen et al., 2011; Ahmed et al., 2012).

The cultivated B. juncea varieties have very lower genetic diversity due to the unidirectional selection force for yield characteristics. This is also evident from recently developed genome assemblies of B. Juncea var. tumida (Yang et al., 2016), BjVaruna (Paritosh et al., 2020), and it’s parent species B. rapa (Wang et al., 2011; Cai et al., 2017), and B. nigra (Yang et al., 2016). However, the complete genome sequences were not developed during the assembling process which leads to deletion (∼10–20%) of sequences containing potential R genes. Contrastingly, the artificial B. juncea was synthesized by combining the Asian oil crop B. rapa (ArAr) and the Bc subgenome from the African oil crop B. carinata (BcBcCcCc) and synthesized allohexaploid (ArArBcBcCcCc), crossed with traditional B. juncea to generate pentaploid F1 hybrids (ArAjBcBjCc), with subsequent self-pollination to obtain newly synthesized B. juncea (Ar/jAr/jBc/jBc/j). The genetically stable new type of B. juncea population was obtained at the F6 generation retaining good fertility and rich genetic diversity while being distinct from the traditional B. juncea. This newly developed B. juncea had more than half a modified genome due to exotic introgressions and novel variations in gene copies, numbers, and sequences (Wei et al., 2016). This innovatively developed B. juncea can be utilized for the identification of novel R genes and the improvement of genetic base.

The R genes controlling vertical resistance and function of the host against a specific race or strain of the pathogen can be altered easily for resistance-breeding, compared to polygenic host resistance which involves the collective action of more than one gene. However, the identification of R genes in B. juncea is challenging due to complex genomic structures. The B. juncea genome was identified to contain a total of 289 NBS-LRR type resistance genes, more than its diploid progenitors (B. rapa and B. nigra). A total of 4 and 7 QTLs for the white rust and blackleg resistance in B. juncea respectively, were identified. The white rust resistant locus AcB1-A04.1 was present on the linkage group A04 and B01, while another locus AcB1-A05.1 was present on the same linkage group on an overlapping position at A05 with a similar copy at B06. Similarly, blackleg-resistant quantitative loci-PhR2 were identified on the linkage groups A03 and B03, and another QTL, RLM6, identified on three linkage groups (A07, A09, B01). However, PhR2 and LMJR1 resistant loci for blackleg were present on linkage group B03. This study concluded that the B. juncea genome has duplicated sequences (Inturrisi, 2018). The different resistant genes or QTLs were clustered together in the B. juncea genome. The clustering effect of resistant gene/QTL for white rust and blackleg diseases directs to the complexity of the B. juncea genome. The gene clustering is commonly found in plant genomes to adopt a quick response against pathogens through recombination incidents (Hulbert et al., 2001; Meyers et al., 2003). The information regarding resistant QTLs/genes for major diseases is useful to develop durable resistant cultivars effective against a wide range of pathogen strains or races. The overlapping, clustering, or allele copies of R genes can cause problems in the identification of candidate resistant genes as many such regions may not be a part of sequenced reference genome assemblies. The dependency on a single reference genome assembly to identify resistant genes can obstruct efforts in the identification and use of such R genes. All possible future endeavors should add innovative technologies for the sequencing of target chromosomes or regions.



Genetic Variations in Pathogens

The genome complexity of B. juncea in terms of resistant genes and resistance levels is also variable in different hosts for the major disease-causing pathogens, as discussed before. It has been noticed frequently that variable disease symptoms were produced when infected by different isolates/strains obtained from a different source or geographical region of the same source. These variable symptoms could be due to genetic variations within the host genotypes and/or within the pathogen. The leaf blight or black spot pathogen of B. juncea has very high genetic diversity all over the world. A. brassicae has three races viz. RM-1, RM-2, and V-3 in India which are virulent on the rapeseed-mustard group of crops (Saharan and Kadian, 1983). However, in different investigations on the diversity of A. brassicae, Awasthi and Kolte (1989), Kolte et al. (1991), Kumar et al. (2003), and Sangwan and Mehta (2007) identified various races from Indian regions. In recent studies on the identification of genetic variability of A. brassicae in 32 isolates collected from Himachal Pradesh (India), a total of seven pathogenic races were identified designated as Abr1 to Abr7 (Kumar et al., 2014). The races/pathotypes identified by various studies presented a highly virulent to non-virulent response on screening with different Brassica crops. Sharma and Tewari (1998) collected isolates of A. brassicae from different geographical regions of the world (India, Canada, France, Costa-Rica, England, and Poland) and analyzed them with RAPD and RFLP markers. Having tested a total of 20 decamer primers of arbitrary nucleotide sequences for PCR amplification of A. brassicae genomic DNA, only five primers with amplified genomic DNA from 20 isolates of A. brassicae were selected and classified into four groups. However, the variations between isolates collected from intra-geographical regions were very less apparent. Kaur et al. (2007) evaluated 322 isolations of A. brassicae collected from a wide geographic area of north-west India. Out of these, 114 were identified as pathogenic and all were categorized under seven broad groups based on morphological characters showing a wide range of diversity. Goyal et al. (2013) characterized 13 isolates of A. brassicae collected from different parts of India through 100 RAPD decamer primers and found genetic variability among the isolates at the genomic level, but not in the highly conserved regions of the genome of A. brassicae. Aneja et al. (2014) studied genetic diversity through RAPD markers in 32 isolates of A. brassicae collected from eight north Indian states and found a total of 57–78% genetic diversity within all isolates with no correlation established. They determined the genetic relationship among 32 A. brassicae isolates by UPGMA revealing the clustering into four major classes that were further subdivided into nine subgroups. Rajarammohan et al. (2019a) identified 460 A. brassicae specific genes which included many secreted proteins and effectors. They also identified gene clusters responsible for the production of pathogenicity specific Destruxin-B (a cyclic depsipeptide). However, in the recent past, a chromosome level about a complete genome assembly of A. brassicae was developed that could be useful to uncover the B. juncea–A. brassicae pathosystem related genes (Rajarammohan et al., 2019b).

The races of white rust (A. candida) isolated from four Brassicaceae members behaved as four independent races in Saskatchewan (Canada). These races were evaluated for their virulence in various Brassica members collected from different parts of the world. The results showed that certain crop species were susceptible to specific race but not to all races. However, some accessions of Brassica show resistance to some of these races, but not all (Petrie, 1988). Jouet et al. (2019) analyzed 85 isolates of A. candida for genetic diversity collected from many European countries infecting various Brassicaceae hosts.



Impact of Environmental Conditions on Disease Development

Environmental factors play a key role in pathogen inoculum distribution, host–pathogen interaction, disease development, and its severity. These factors included soil pH, moisture, and temperature, available soil nutrients, environmental temperature, relative humidity (RH), and inoculums dispersal conditions. All these environmental factors directly influence the host-resistance status by affecting pathogen growth and reproduction potential. The sclerotia developed by S. sclerotiorum at the end of each successful disease cycle can be germinated between 10 and 15°C temperatures, however above this temperature the germination is affected severely (Jones and Gray, 1973). The carpogenic germination of sclerotia was affected by variable soil moistures and relative humidity (Hao et al., 2003; Matheron and Porchas, 2005). The development of the stem rot lesion is favored by moist conditions and a temperature range of 20–25°C. However, the lesion growth will interrupt under dry and warm conditions but may resume when favorable conditions appeared again (Canola Council of Canada, 2020). The sporulation in A. brassicae on naturally infected leaves of oilseed rape needs a relative humidity of 91.5% or above with temperature ranging between 18 and 24°C. However, the sporulation is inhibited just above the 24°C temperatures (Jones and Phelps, 1989). For successful infection, a minimum wetness period of 4 h is required by A. brassicae at 18°C and disease severity increases with increasing wetness period up to 12 h. The disease severity also increases with increasing inoculum concentration from 80 to 660 spores ml–1 with increasing leaf age from 4 days (Hong and Fitt, 1995). The severity of white rust on B. juncea leaves was favored by >40% afternoon (minimum) RH, >97 mornings (maximum) RH with 16–24°C daily temperatures. However, the staghead formation was influenced positively between temperature ranges of 20–29°C and >97% morning RH (Chattopadhyay et al., 2011). In contrast, the powdery mildew pathogen of B. juncea needs warmer (24–30°C) environmental conditions and low relative humidity (∼65 RH) for successful disease establishment and conidial dispersion (Desai et al., 2004).



Re-emergence of Virulent Pathogen Races and Host–Pathogen Interactions

The hybridization between two races/isolates of the pathogen is recognized as a major force in the evolution of new races or adaptation of exiting plant pathogenic race (Brasier, 2000, 2001). The global agriculture commodity trade moves pathogens and hosts around the world and has played a key role in the emergence of new races or diseases (Brown and Hovmoller, 2002). The hybrid race or pathogen can be formed by sexual hybridization between parental species or fusion between hyphae or vegetative cells. The fusion of vegetative cells can be followed by parasexual reproduction where mitotic crossing over generates recombinant cells or new races (Schardl and Craven, 2003). The cultivation of resistant varieties containing the R gene for vertical resistance against a particular pathogen race or isolate exerts selection pressure on the pathogen that is better adapted to breach the host defense system. The resistant crops cultivated continuously in a particular field should be avoided due to the direct exposure to virulent strains of pathogens that can overcome the host resistance. Thus, the vertical host resistance may effectively work against a particular pathogen race for a short period and lose its effectiveness after 3–5 crop seasons. A new race of A. candida was identified on Lepidium latifolium (pepperweed) in California which was unable to infect fifteen host differentials of the Brassicaceae family. Thus, the host range information of any particular pathogen is important to identify new races (Koike et al., 2011).

The host resistance mechanism is dependent on a particular host pathosystem as a single major gene or a group of genes involved in the defense mechanism. In the B. juncea–S. sclerotiorum pathosystem, a highly resistant response was recorded for stem rot in cotyledon and stem assays. The expression of differential resistance response in introgression lines showed quantitative trait inheritance governed by more than one gene which works cumulatively against S. sclerotiorum. In this pathosystem, the resistance at seedling or adult plant stage and in cotyledon, leaf, or stem were expressed independently. The resistance shown by a particular resistant host is also dependent on the pathogen aggressiveness or virulence. A. thaliana–A. brassicae pathosystem has a quantitative inheritance for resistance by major independent loci. There were common and population-specific QTLs and also a chance of different genes governing resistance to the pathogen. Out of these, one QTL expressed about 50% variation in disease resistance with the genes present within probably contributing to resistance even in heterogeneous conditions (Rajarammohan et al., 2017). In contrast, the genetic mechanism of host resistance in B. juncea is different for the white rust pathogen. The host resistance was reported to be governed by a single locus on LG A4, LG A5, and LG A6 in Heera, Donskaja-IV, and Tumida lines of B. juncea, respectively. However, the resistant genes conferring resistance in these loci were found closely related to R gene BjWRR1 (Bhayana et al., 2020). It will be beneficial for molecular studies to identify the hosts conferring resistance against a broadspectrum of pathogens i.e. hosts showing resistance to all races or isolates of the pathogen.

The use of different disease scoring parameters has also created troubles in the identification of true resistant lines resulting in misidentification of R genes. Atleast threescoring systems are used in Alternaria blight disease screening (Conn et al., 1990; Vishwanath et al., 1999; Meena et al., 2016; Ayuke et al., 2017). Similarly in S. sclerotiorum-B. juncea pathosystems, there are two scoring systems to identify resistant crop plants, and different plant parts and host-age used in the evaluation of resistance (Kumari and Singh, 2019; Gupta et al., 2020). Thus, it is necessary to develop a robust screening method for each pathosystem to identify the same or different races/pathotypes, as well as host resistance status.



STRATEGIES FOR BRASSICA IMPROVEMENT


Identification and Introgression of Novel R Genes

The Brassica coenospecies or wild members of the Brassicaceae family have a high degree of resistance against S. sclerotiorum such as B. fruticulosa, S. alba, B. incana, C. sativa, D. tenuisiliqua, E. abyssinicum, and E. cardminoides. These species were used to introgress resistance into B. juncea and B. napus through somatic hybrid production through PEG mediated protoplast fusion, followed by backcrossing with the cultivated parent. The introgression lines possessing segmental or chromosomal introgression demonstrated promising resistance against stem rot disease (Figure 2A). However, the screening experiments should be performed with virulent races/isolates and introgression lines through robust screening assays to identify true resistant breeding lines. Next-generation sequencing will help in developing a near-complete genome assembly of these lines serving as a good source in the identification of R genes through comparative genome analysis. This approach will help broaden the genetic base by introgression of novel R genes into Brassica lines.


[image: image]

FIGURE 2. (A) The development of resistant segmental introgression lines from susceptible cultivars through PEG mediated protoplast fusion and subsequent backcrossing; (B) The gene pyramiding approach by wide hybridization and selection.


In recent years, a large number of candidate R genes have been identified for various diseases of the mustard plant (Table 1). The information regarding these gene sequences will enhance the cloning capacity and also be transferred into cultivated species to develop resistant transgenic plants. However, there has been very little progress in the cloning of R genes. The use of completely characterized antifungal genes to develop transgenic Brassica lines will be beneficial to confer resistance against a range of pathogens. The hevein producing gene was used to develop transgenic Brassica which displayed enhanced resistance against leaf blight pathogen (Kanrar et al., 2002). There are some more examples for use of antifungal genes to develop transgenic Brassica for improving resistance such as barley antifungal genes class II chitinase (AAA56786) and type I ribosome-inactivating protein (RIP; AAA32951), and tomato glucanase. All these provide higher resistance to Brassica lines against A. brassicae (Mondal et al., 2003, 2007). The B. juncea transgenic lines developed with antimicrobial gene msrA1 have shown upto 85 and 71.5% disease reduction caused by A. brassicae and S. sclerotiorum, respectively (Rustagi et al., 2014). Moreover, BjNPR1 transgenic lines of B. juncea showed improved resistance to A. brassicae and E. cruciferarum as there was an impediment in symptom development and reduced disease severity than non-transgenic plants (Ali et al., 2017). The chickpea lectin transgenic of B. juncea conferred resistance against A. brassicae showing upto 60% disease reduction with additional resistance against salinity and drought stresses (Kumar et al., 2015). The transfer of resistant genes from non-host plants conferring resistance to biotic diseases into the high-yielding susceptible host is a promising strategy toward the development of resistant Brassica varieties. The use of non-host genes into host plants has opened a new way of crop improvement and protect susceptible lines that lack resistance sources.



Resistance Breeding and Development of Pre-breeding Resistant Lines

Incessant efforts are being put in to introgress resistance into cultivated B. juncea lines by breeding with resistant allied wild genera or species. B. incana was identified to possess a high degree resistance against stem rot disease which can be transferred into cultivated susceptible B. oleracea var. alboglabra. The candidate R genes for SSR were identified on the C09 chromosome for leaf and stem rot which belongs to CC-NBS-LRR class (Mei et al., 2013). The B. napus lines evaluated for SSR resistance showed many putative QTLs on C02, C04, C06, C08, C09, A02, A03, and A08 chromosomes (Wu et al., 2013, 2016, 2019; Gyawali et al., 2016). The SSR resistant loci working cumulatively, thus pyramiding of resistant loci, could efficiently protect against a wide range of S. sclerotiorum races/isolates (Figure 2B). The B. juncea introgression lines carrying chromosomal segments of wild B. fruticulosa showed a resistant response against SSR and marker-trait association (Rana et al., 2017).

The related wild species of B. juncea was reported to possess genes conferring resistance against Alternaria blight disease that can be used for resistance breeding programs (Fatima et al., 2019). The advanced biotechnological approaches such as tissue culture and genome transformation have also been used for developing resistant Brassica lines. An in vitro ovary and ovule culture was attempted to transfer resistance against A. brassicae from S. alba to B. napus (Chevre et al., 1994) and E. cardaminoides to B. oleracea var. alboglabra (Mohanty et al., 2009). Agnihotri et al. (1991) obtained interspecific hybrids of B. campestris (B. rapa) and B. spinescens through ovary, ovule, and embryo rescue conferring resistance for Alternaria blight. Moreover, the somatic hybridization (protoplast fusion) technique has been used for transferring resistance from S. alba to B. napus (Primard et al., 1988; Wang et al., 2005), B. juncea (Gaikwad et al., 1996; Kumari et al., 2018, 2020c; Kumari and Bhat, 2019), B. oleracea (Hansen and Earle, 1997), B. carinata to B. juncea (Sharma and Singh, 1992), B. nigra to B. oleracea (Jourdan and Salazar, 1993), and B. spinescens to B. juncea (Kirti et al., 1991). There were some attempts made to introduce somaclonal variations to incorporate disease tolerance for Alternaria blight through mutagenesis (Verma and Rai, 1980; Agnihotri et al., 2009). The introgression lines developed for Alternaria blight resistance were used in the resistant breeding programs.

The B. juncea genome confers a good resistance source to white rust disease caused by A. candida. The marker-trait association was established in RAPD markers and white rust resistance that can be used for marker-assisted resistant breeding programs (Prabhu et al., 1998). The potential resistance genes against white rust come from the B genome of B. nigra and B. juncea (Delwiche and Williams, 1974; Massand et al., 2010). Moreover, some other lines of B. rapa, B. napus, B. carinata, and A. thaliana also possess genetic resistance to the white rust pathogen. However, the monogenic resistance was found effective against a particular race of A. candida. Thus, the resistant lines can be selected for resistant breeding programs according to the pathogenic race that is prevalent in a particular region or for resistant gene pyramiding program to develop lines governing resistance for more than one pathogenic race. In the breeding programs, the selection of parents who carry the R genes is important since their function may be masked in the newly evolved genome of offsprings due to an epistatic interaction (Werner et al., 2007). However, this problem can be managed successfully through the genome editing technique, the CRISPR-Cas (Pickar-Oliver and Gersbach, 2019). To select parent genotypes for resistant breeding, the field analysis of pathogen isolates for their virulent/avirulent genes should be considered. To select parent genotypes for resistant breeding, the field analysis of pathogen isolates for its virulence/avirulence genes should be considered that are adapted for host and identify the genetic variations in the pathogen races that can overcome the host resistance. Furthermore, the consideration of the host R gene is also important as pathogen pressure can affect the performance of R genes (Neik et al., 2017). B. napus cv. Surpass 400 was released in the year 2000 as the most resistant cultivar to L. maculans carrying a single dominant resistant gene from B. rapa subsp. sylvestris. However, in 2001 during an experiment, the cv. Surpass 400 and the susceptible cv. Westar were inoculated with pycnidiospore suspension of 18 isolates of L. maculans. The inoculated cotyledons of cv. Surpass 400 showed characteristic disease symptoms while susceptible cv. Westar was collapsed. The calculation of disease severity revealed that a total of 54% of cv. Surpass 400 and 100% plants of cv. Westar were susceptible to the disease. This study confirmed the ability of L. maculans isolates to overcome the resistance governed by a single dominant gene present in cv. Surpass 400. The information regarding the co-evolution of resistant genes and pathotypes is also important before the selection of a resistant host to develop durable resistant lines (McDonald and Linde, 2002).



Co-inoculation to Improve the Resistance of Susceptible Brassica Lines

In the L. maculans–B. napus pathosystem, the B. napus cv. Madrigal seedlings were pre-treated with ascospores of L. biglobosa, foliar sprays of ASM, or MSB and showed improved resistance against L. maculans (Liu et al., 2007). Pseudomonas syringae pv. tomato, the causal pathogen of bacterial speck disease in tomato and Arabidopsis induces resistance on pre-inoculation in Chinese cabbage to Erwinia carotovora subsp. carotovora that causes soft rot disease. It was found that Pst activates both salicylate-dependent and salicylate-independent defense responses in Chinese cabbage (Park et al., 2005). The pre-inoculation of the virulent strain of H. parasitica enhanced resistance against A. candida in white rust susceptible B. juncea host (Singh et al., 2002). The susceptible B. juncea cv. PR-15 showed resistance against virulent isolates A and C of A. brassicae when pre-treated with avirulent isolate D of A. brassicae. However, A. alternata failed to induce resistance for A. brassicae isolates A and C, rather it induced susceptibility to them (Vishwanath et al., 1999). The pre-inoculation of B. oleracea var. italica (Accession: Milady) seedlings with avirulent isolates of P. parasitica induced systemic resistance against virulent isolates and reduced disease incidence upto 70% (Monot et al., 2002). In contrast, it was recorded that the successful infection by a pathogen of a susceptible host could enhance the susceptibility of the host to secondary infection even for avirulent pathogens. The host defense system was suppressed by oomycete pathogen A. candida in A. thaliana and B. juncea. A pre-infection of B. juncea by A. candida can suppress immunity in cotyledons to downy mildew pathogen (H. parasitica), however, B. juncea still possesses resistance to mildew pathogen. The pre-infection with A. candida can successfully suppress a broadspectrum resistance conferred by RPW8 to the two morphotypes of Erysiphe spp. (a powdery mildew pathogen) in A. thaliana (Cooper et al., 2008). In the H. parasitica–B. juncea pathosystems, the pre-inoculation of A. candida to B. juncea followed by inoculation of avirulent H. parasitica increased susceptibility for white rust pathogen. However, the host plant that was resistant to downy mildew was also found to be infected systemically by H. parasitica. This work suggested that the host resistance could be determined by pathogen strain, infection sequence, or virulence status of the pathogenic strain (Kaur et al., 2011b). However, the molecular basis of enhanced resistance or susceptibility performance of host plants is still unknown when co-infected by pathogens.



Defense-Related Secondary Metabolites and Proteins

The plants have developed some alternative defense systems, such as secondary metabolites (Glucosinolate-myrosinase, phytoalexins, and phytoanticipins) and defense-related proteins (chitinases, glucanases, thionins, chitin-binding lectins, ribosome-inactivating proteins) to protect them from pathogens or stressful conditions other than occupying resistant genes (Terras et al., 1993; Kumar, 2017). The production of a large number of secondary metabolites from primary metabolites is induced when plants face biotic or abiotic stresses and they get accumulated in plant cells (Rejeb et al., 2014; Caretto et al., 2015; Narayani and Srivastava, 2018). These secondary metabolites usually belong to one of the three large chemical groups terpenoids, phenolics, and alkaloids. The gossypol, a member of the terpenoid class is produced by Gossypium hirsutum and has strong antibacterial and antifungal properties. Additionally, saponins (glycosylated triterpenoids) that are present in the cell membranes have detergent-like properties and disintegrate cell membranes of fungal pathogens. However, some fungal pathogens have saponin-degrading capacity causing diseases like Botrytis cinerea, Fusarium oxysporum, and Septoria lycopersici. The phytoalexins (camalexin, brassinin, and rapalexin A) have antibacterial and antifungal properties that are produced on the pathogenic attack. These are toxic molecules that disturb the metabolism or cellular structure of pathogens but are often toxic to a specific pathogen (Freeman and Beattie, 2008). The glucosinolates are sulfur-containing secondary metabolites synthesized by members of the Brassicaceae family. These glucosinolates are hydrolyzed by myrosinase enzyme secreted as a consequence of cell wall lysis (Osbourn, 1996). The reaction by-products are predominantly isothiocyanates (ITCs) having biocidal distinctiveness against a wide range of insects, nematodes, fungal pathogens, bacteria, and weeds (Brown and Morra, 1997; Bednarek, 2012).

The defensins are small cysteine-rich proteins that show broad-spectrum anti-microbial activity and were first isolated from the endosperm of Hordeum vulgare and Triticum aestivum. They are predominantly characterized in the seeds but can be present in all types of plant tissues (leaves, pods, tubers, fruit, roots, bark, and flowers). The specific mechanisms employed by defensins to inhibit fungal growth are still being characterized, but they appear to act upon molecular targets in the plasma membrane of pathogens. The chitinases and glucanases are enzymes that catalyze the degradation of chitin and glucans, respectively, polymers with a backbone similar to cellulose that is present in the cell walls of true fungi. The in vitro analysis has confirmed the anti-fungal activities of these enzymes, and transgenic plants expressing a high concentration of these enzymes exhibit increased resistance to a wide range of pathogens (Freeman and Beattie, 2008). Another class of cysteine-rich anti-fungal proteins is 2S albumin, AFP1, and AFP2 commonly present in members of the Brassicaceae family displaying broad antifungal properties (Terras et al., 1993). The receptor-like protein (RLP) encoded by a Ve1 gene from tomato has fungicidal properties and is transformed successfully into A. thaliana. However, very little is known about the RLP signaling in pathogen resistance (Fradin et al., 2011). Thionins are cysteine-rich proteins of low molecular weight (5 kDa) with anti-fungal activities and mainly accumulated in seeds but may be present in stems, roots, or leaves (Bohlmann, 1994; Bohlmann et al., 1998). These are toxic to a broad range of fungal pathogens, presumably attacking the cell membrane to increase their permeability and consequently leading to cell death (Cammue et al., 1992; Terras et al., 1995; Epple et al., 1997; Holtorf et al., 1998; Chan et al., 2005). The transgenics overexpressing thionin genes showed enhanced resistance against phytopathogens (Kanzaki et al., 2002; Khan et al., 2006; Almasia et al., 2008; Hao et al., 2016). A large number of thionin producing genes have been identified in members of the Brassicaceae family such as Arabidopsis, Eutrema, and Raphanus (Hoshikawa et al., 2012). The Kelch domain protein of Trichoderma harzianum T34 encoded by the Thkel1 gene was found to confer salt tolerance and also improve resistance against phytopathogens by induction of Jasmonic acid-mediated systemic resistance and myrosinase activity when overexpressed in transformed B. napus (Poveda et al., 2019). It was shown that a pair of A. thaliana TIR-NLR proteins, RRS1 and RPS4, function together in disease resistance against different phytopathogen isolates. These dual R proteins also confer resistance to Ralstonia solanacearum wilt in transgenic Brassica crops (Narusaka et al., 2014). The in vitro bioassays demonstrated that ARACIN1 and ARACIN2 peptides have antifungal properties against necrotrophic fungi such as B. cinerea, A. brassicicola, Fusarium graminearum, and S. sclerotiorum, and yeast (Saccharomyces cerevisiae). Moreover, the transgenic A. thaliana plants expressing ARACIN1 were well protected from infections of B. cinerea and A. brassicicola (Neukermans et al., 2015).



Characterization of Pathotypes and Pathogen Effectors/Elicitors

The identification of pathogen race or strain is important for the successful management of disease outbreaks in a particular region/country as some resistant genes were identified to work against a particular race or strain. This goal can be achieved by the characterization of pathotypes through genetic markers such as race/strain/isolate specific molecular markers, proteins, and genes. The strains of A. alternata can be identified by the comparative analysis of ITS, GAPDH, and RPB2 genetic markers (Zheng et al., 2017). Rajarammohan et al. (2019a) have identified a total of 460 genes specific to A. brassicae which were absent in all other Alternaria species. These genes have included 35 secreted protein-coding genes and out which 11 were predicted to be effectors. A large number of these proteins were uncharacterized proteins with no known function. These A. brassicae specific genes and effectors could be a potential source for categorization and identification of A. brassicae races.

The advanced sequencing technology provides near-complete genome assemblies that serve better in gene predictions and will also provide improved results for structures and functions of effector proteins. The characterization of effector genes/proteins can be a potential identification source for pathotypes (Gibriel et al., 2016). However, the effector candidates characterized functionally to date were below 300 amino acids with ∼4 cysteine residues (Stergiopoulos and de Wit, 2009). These characteristics can not be used as identification criteria because well-characterized effectors lack these properties (Lo Presti et al., 2015; Sperschneider et al., 2015). Therefore, the universal characters of effector candidates such as their secretion and differential expression in crops should be considered (Sperschneider et al., 2015). The effector candidates identified by comparative genome-based studies can be used in R gene identification (Vleeshouwers et al., 2008). The monitoring of the effector candidate diversity of pathotypes and deployment of plants carrying related R gene would contribute to disease management (Gibriel et al., 2016).

Sclerotinia sclerotiorum carried SCFE1 elicitor which evokes MTI responses and is sensed by RLP30, which confirms the association of MTI in resistance to S. sclerotiorum (Zhang et al., 2013). Some other elicitors, such as HRE (A heat-released elicitor) (Bertinetti and Ugalde, 1996), SsCut (cutinase) (Zhang et al., 2014), and SsSm1 (a Cerato-platanin family protein) (Pan et al., 2018), have also been identified from S. sclerotiorum. On being challenged by Sclerotinia, these elicitors can activate the plant immune system against the invading pathogen (Wang et al., 2019). A large number of chemical elicitors such as salicylic acid, benzothiadiazole (Thakur et al., 2014), Chitosan, b-aminobutyric acid, 2, 6-dichloro-isonicotinic acid (Mamgain et al., 2019), methyl jasmonate, glucose (Augustine and Bisht, 2015), arachidonic acid (Neerja and Sohal, 2012) were applied in the management of the Alternaria blight disease. Thus, the molecular studies should focus on the characterization of pathogen-specific genes and effectors which contribute to virulence and susceptibility of the host, further influencing the improvement in our understanding of the R gene-mediated resistance.



CONCLUSION

The identification and introgression of resistant gene sources into B. juncea against major fungal pathogens is a difficult procedure owing to the close association of R genes with other agronomic traits, variations in host resistance-response against pathogenic races, the polygenic inheritance of resistance, and gene interactions. Also, the identification of R genes is cumbersome because of factors like genetic variations in host subpopulations and pathotypes, the emergence of new pathotypes, genomic tools used, environmental factors, resistance evaluation techniques, scoring criteria, etc. However, continuous efforts are being made to identify R genes or quantitative trait loci for major fungal diseases of Brassica crops. A stable and long-lasting resistance source is a prerequisite for resistance breeding programs. The cloning of previously characterized R genes in Brassica will help in the identification of plant defense mechanisms that support the search of novel R gene sources. The studies on host–pathogen interactions are important to have an insight into the pathogenesis and response of the host against pathogen infection. The genome assembly database played a vital role in identifying novel R genes as the advanced sequencing technologies provide near-complete genome assemblies of diploids or polyploids. This may allow us to identify race-specific or non-specific R genes.

There is a need for universally accepted robust screening and scoring methods for each host-pathogen systems so that true R gene sources could be identified. To increase host resistance for wider pathogen races, gene pyramiding provides durable resistance and sustainable establishment of crop plants in disease-prone areas. Improving knowledge about elicitors and effectors is also important to develop successful disease management strategies. The development of novel pre-breeding material from close or distant resistant wild relatives and marker-assisted selection approach may help to efficiently facilitate Brassica-improvement programs. This review presents a comprehensive analysis of the R gene sources and their utilization in B. juncea for improvement through advanced molecular techniques.
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o [wo dominant genes at cotyledonary and one at adult plant stage were identified in B. oleracea mapping population (Monteiro et al., 2005).
e B. oleracea possessed R gene (Pp523) on chromosome C8 (Carlier et al., 201 1) with the syntenic region at the top arm of A. thaliana
chromosome 1 (Farinho et al., 2007).
e A single dominant gene BrRHP1 on chromosome 1 of B. rapa was identified (Kim et al., 2011).

o A total of two SSRs (kbrb006c05-2 and kbrb058m10-1) and one SCAR (SCK14-825) markers were found closely linked to downy mildew
resistant QTL BrDW on chromosome A8 in Brassica rapa ssp. pekinensis (Yu et al., 2011).

e A single dominant R gene, Ppa3 was identified in B. oleracea (Singh et al., 2012).
o A total of four major QTLs (sBrDM8, yBrDMS8, rBrDM8, and hBrDM8) were mapped to A08 through three SNP markers (A08-709, A08-028,
and A08-018) for resistance at the seedling, young plant, rosette and heading stages in B. rapa (Yu et al., 2016).

o Atotal of six A. thaliana accessions were identified to confer resistance through single/double locus (RPW1, RPW2, RPW3, RPW4, RPW5)
functioning independently (Adam and Somerville, 1996).

e Two independent segregating dominant loci (RPW6 and RPW7) on chromosome 5 and 3 in A. thaliana were identified (Xiao et al., 1997).

e The transgenic of N. tabacum developed with RPW8.1 and RPW8.2 genes confers higher resistance (Xiao et al., 2003).

e The R genes characterized in A. thaliana were NDR1, EDS1, PAD4, NPR1, EDS5, RAR1, SGT1b, RPW8, PBS3, COI1, EIN2, and EDR1 (Xiao
et al., 2005).

e A total of one and three genes homologous to R gene (RPW8) were present in B. rapa and B. oleracea, respectively (Li et al., 2016).

e Atotal 17 QTLs on 13 linkage groups were identified in mapping population of B. napus DH lines derived from Darmor-bzh(R) x Yudal(S)
(Huang et al., 2016).

e B. napus DH lines from cultivar "Cresar”(R) x “Wester”(S) has LmR1 resistant gene and LepR4 recessive gene on A- genome (Yu et al., 2013).
e Resistant gene RIm1 was mapped on chromosome A7 in B. napus DH lines from “Maxol” x “’Columbus” (Raman et al., 2012a).

e Amajor QTL, Rim4 was mapped on chromosome A7 in B. napus population derived from "Skiptone” x "Ag-spectrum” (Raman et al., 2012b).
e B. napus cv. Surpass400 was mapped for a single dominant allele LepR3 on same linkage group and below LepR2 of A- genome (Yu et al.,
2008).

e The resistant genes LepR1 and LepR2 were introgressed from B. rapa subsp. sylvestris to DH population of B. napus (DHP95 and DHP96)
(Yu et al., 2005).

e B. juncea (Bj168) was used to introgress RIm6 resistant gene in B. napus lines (Chevre et al., 1997).

o Two resistant genes (LMJR1-Resistant and LMJR2-Recessive) for blackleg was mapped in B. juncea cv. AC Vulcan (Christianson et al., 2006)
e A recessive resistant gene rjim2 was introgressed from B. juncea cv. Stoke to B. napus (Saal and Struss, 2005).

e A dominant resistant gene PhR2 was transferred from B. juncea cv. Stoke to B. napus (Plieske and Struss, 2001).

e LMBR1, a dominant resistant gene was introgressed in B. napus from B. juncea cv. GrGC No.4 (Dixelius, 1999).
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QTLs/R genes mapped

« Three QTLs were found associated with leaf resistance at the seediing and another 3 were identified at mature plant stage in B. napus lines. Out
of them two major QTLs (GSAM1 and qLRS1) were present on LG 16 and 17, respectively (Zhao and Meng, 2003,

 Atotal of nine QTLs for SSR resistance were identiied at chromosome A2, A3, A5, G2, G4, G6, and C9 in two segregating DH populations
derived from B. napus (Zhao et al., 2006).

« Total 21 QTLs were found associated with A3, Ad, C1, G2, and 7 in DH population derived from 8. napus DHB21 (R) x DHBao604 (8) cross
(¥in etal, 2010)

Out of 13 QTLs for stem and leaf resistance, one major QTL was found on COB chromosomes associated with candidate resistant gene
BnaC.IGMTS.a for SSR (W et al., 2013)

« The biparental population erived from resistant wild B. oleracea (B. incana) with susceptible B. oleracea var. alboglabra exhibited a total of 12
and 6 QTLs for leaves and stem resistance, respectively. The candidate R genes were identified at on G09 (Mei et al., 2013).

« Atotal of six and five QTLs were identified for SSR resistance in DH population of European winter x Chinese semi-winter rapeseed in field and
controlled conditions, respectively while 17 QLS for flowering time were associated with SSR QTLs on LG A02 and GO (Wei et al., 2014)
 Atotal of 35 QTLs, including 8 leaf resistances and 27 stem resistances were identiied on chromosome A9 and C8 in B. napus (Li et al., 2015).
» Chromosome C04, G0, and C08 were harbored putative QTLs for SSR resistance in B. napus (W et al., 2016)

« Three QiTLs of SSR resistance were identified on A0, C06, and C09 chromosomes in B. napus (Gyawali et &, 2016).

« Introgressions in B-genome from B. fruticulosa to B. juncea identified a total of 10 marker trait associations for SSR resistance (Rana et al., 2017).
 Six marker loci have been identified for SSR resistance in A and B genomes (A03, AB, and BO3 chromosomes) from B. juncea-Erucastrum
‘cardaminoid introgression lines (Rana et al., 2019).

« B. napus chromosomes AO2, A03, CO2, and C0B were found to have QTLs for SSR resistance in association with QLS of flowering time (Wu
etal., 2019).

 The biparental population derived from B napus var. Zhongshuang 9 and B. incana was used to identify three resistant QTLS for SSR present on
©01, G09-1, and G09-2 chromosomes (Ve et al., 2020)

» Atotal of three major QTLs were identified through transcriptome sequencing for harboring 36 putative candidate genes for SSR resistance in
8. napus (Qasim et al., 2020),

» The transgenic B. juncea cv. RLM-198 for hevein (a chitin binding lectin protein) was evaluated resistant against A. brassicae (Kanrar et al., 2002).
 The transgenic B. juncea for tomato glucanase conferred higher resistance against A. brassicae (Mondal et al., 2007).

« The transgenic 8. juncea plants with barley antifungal genes class Il chitinase (AAA56786) and type | ribosome-inactivating protein (RIP;
AAA32951) was reported resistant against A. brassicae (Chhikara et al., 2012).

« PMAMP1, a cysteine-rich antimicrobial peptide from Pinus monticola provides resistance to B. napus against multiple fungal plant pathogens
including A. brassicae, L. maculans, and S. sclerotiorum (Verma et al., 2012).

«PR-1, PR-2, PR-3, NPR-1, and PDF1.2 were reported for resistance in the seediings of B. juncea and S. alba (Nayanakantha et al., 2016).
 Atotal six QTLs were identified in A. thaliana governing resistance against A. brassicae. The RtAbeCvG2-1 and RtAbeCZ5-1 QTLs consisted of
55 and 27 probable candidate genes with known functions in disease resistance pathways, respectively. The other genes present in this region
were BIR1, MYC3, ERFs, BRG, RBOHD, and NPRS including 14 defensin and defensin-like genes known for antimicrobial/antitungal activties
(Rajarammonan et al., 2017)

« The Raphanus sativus ov. caudatus carried a dominant resistant gene for A. candida race 1 designated as AC-1 (Humaydan and Wiliams, 1976).
« The white rust resistant gene (Acr) linked RFLP markers were identified in 8. juncea (Cheung et al., 1998).

» The mapping (RAG1, RAG2, and RACS) and cloning of white rust resistant genes (RAG1) were reported from A. thaliana (Accession: Ksk-1 and
Ksk-2) (Borhan et al,, 2001).

« The white rust resistant gene, WRR4 was cloned from A. thafiana (Accession: Col) for three races of A. thafiana (race 2, 4, 7, and 9) (Borhan
etal., 2008).

 Alarge number of resistant genes were identiied in different Brassica species such as in B. juncea (Acr, Cheung et ., 1998; AC-21, Prabhu
etal, 1998; AC-2, Varshney et al., 2004; ACB1-Ad.1 and ACB1-a5.1, Massand et al., 2010), B. rapa (ACAT, Kole et al., 1996), and 8. napus
(ACA1, Ferreira et al., 1994; AG 2V1, Somers et al., 2002) conferring resistance against one or more races of A. candid.

 The IP markers At541560 and At2g36360 derived from A. thaliana were successfully validated to have a close link with white rust resistant loci
AcB1-A4.1 and AcB1-AG. 1 of B. juncea, respectively (Singh et al., 2015),

« The A. thaliana possesses WRRA4A, WRR4B, WRRB, WRR9, and WRR12 genes for resistance (Cevik et al., 2019).

» The B. juncea—Donskaja-IV mapped for conferring resistance locus (ACB1-AS. 1) that possess R gene (BIUWRR1) (Arora et al., 2019)

» The mapping population of B juncea var. Tumida (resistant) x B. juncea var. Varuna (susceptible) was identified with a new white rust
resistance-conferring locus on AG (BjuA046215) (Bhayana et al., 2020).

« Assingle dominant gene conferred resistance was identified in B. napus (Lucas et al., 1988).

« Asingle dominant gene against race-2 was identified in broccoli (8. oleracea) (Dickson and Petzoldt, 1993).

« Partally dominant gene was identified in resistant accessions RES-02 and RES-26 of B. napus (Nashazt et al., 1997).

« Adominant and single R gene (Pp523) was identified in broccoli expressed at the adult plant stage (Coelho et al., 1998).

» The DH population of broccoli (8. oleracea) was identified for partial resistance at cotyledon stage (Jensen et al., 1999).

« B. oleracea (DH broccoli) was identified for two unlinked dominant genes at seeding stage (Wang et al., 2001).

A, thallana was identiied with downy mildew resistant genes RPP and RPP8 (Borhan et al., 2001).

 Arecessive resistant gene was identifid in B oleracea at cotyledon stage (Carlsson et al., 2004).

« A thaliana was encodes for TIR- and CC-NBS-LRR categories R genes such as RPPS (Parker et al, 1997), RPP8 (VcDowel et al., 1998), RPP1
(Botella et al., 1998), RPP13 (Bittner-Eddly et al., 2000), RPP4 (Van Der Biezen et al., 2002), and RPP2A/RPP2B (Sinapidou et ., 2004).

o Amaior gene (RPP31) for adult stage resistance was genetically mapped in A. thaliana on chromosome 5 (McDowell et al., 2005).
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