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Cauliflower (Brassica oleracea var. botrytis L.) is one of the important, nutritious and healthy vegetable crops grown and consumed worldwide. But its production is constrained by several destructive fungal diseases and most importantly, downy mildew leading to severe yield and quality losses. For sustainable cauliflower production, developing resistant varieties/hybrids with durable resistance against broad-spectrum of pathogens is the best strategy for a long term and reliable solution. Identification of novel resistant resources, knowledge of the genetics of resistance, mapping and cloning of resistance QTLs and identification of candidate genes would facilitate molecular breeding for disease resistance in cauliflower. Advent of next-generation sequencing technologies (NGS) and publishing of draft genome sequence of cauliflower has opened the flood gate for new possibilities to develop enormous amount of genomic resources leading to mapping and cloning of resistance QTLs. In cauliflower, several molecular breeding approaches such as QTL mapping, marker-assisted backcrossing, gene pyramiding have been carried out to develop new resistant cultivars. Marker-assisted selection (MAS) would be beneficial in improving the precision in the selection of improved cultivars against multiple pathogens. This comprehensive review emphasizes the fascinating recent advances made in the application of molecular breeding approach for resistance against an important pathogen; Downy Mildew (Hyaloperonospora parasitica) affecting cauliflower and Brassica oleracea crops and highlights the QTLs identified imparting resistance against this pathogen. We have also emphasized the critical research areas as future perspectives to bridge the gap between availability of genomic resources and its utility in identifying resistance genes/QTLs to breed downy mildew resistant cultivars. Additionally, we have also discussed the challenges and the way forward to realize the full potential of molecular breeding for downy mildew resistance by integrating marker technology with conventional breeding in the post-genomics era. All this information will undoubtedly provide new insights to the researchers in formulating future breeding strategies in cauliflower to develop durable resistant cultivars against the major pathogens in general and downy mildew in particular.
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INTRODUCTION

Cauliflower (Brassica oleracea var. botrytis L.) is one of the most important vegetables of Brassica oleracea grown and consumed worldwide. Cauliflower belongs to the family Brassicaceae and is one of the three diploid species of Brassica in the triangle of U (Nagaharu, 1935). It contains ‘CC’ genome and has nine pairs of chromosomes (2n = 2x = 18). Brassica oleracea and its C-genome wild relatives were diversified in the northeast Mediterranean region (Arias et al., 2014), brought to the east Mediterranean region and eventually spread throughout Europe and became fully domesticated. World’s total production of cauliflower and broccoli was 2.65 million tones with a yield of 186,937 hg/ha and the total harvested area was 1.4 million hectares in 2018 (FAOSTAT, 2018). Due to its nutrient rich quality and medicinal value, production of cauliflower is increasing in each passing year throughout the world. But its production is severely constrained by biotic stresses and is prone to attack by a range of fungal, bacterial and viral diseases causing considerable damages at different phenological stages of the crop. Among several pathogens, downy mildew is one of the most harmful and devastating disease posing a serious threat to cauliflower productivity since many years. The disease attack reduces the quantity and quality of the produce imposing a great limitation in realizing the yield potential of the crop. So, an effective strategy is required for better management of downy mildew disease in cauliflower. Cultural, chemical and biological control of down mildew may not be very effective, economical and durable. ‘Host-plant resistance’ is widely recognized as the least expensive, easiest, safest and the most effective method of disease control (Agrios, 2005). Breeding for disease resistance helps to assemble desirable combinations of resistance genes in the new or existing varieties. But conventional plant breeding takes considerable time (5–10 years) to develop resistant varieties making the process expensive, time intensive and requires artificial screening facilities to grow the pathogens. In this scenario, molecular markers offer an opportunity to overcome the problems associated with the conventional breeding methodologies by reducing the reliance on laborious large-scale screening procedures. Molecular marker technology is integrated into the existing plant breeding programs (called molecular breeding) allowing the researchers to access, transfer and combine disease resistance genes faster and precisely which was otherwise not possible previously. Molecular breeding approach helps in early generation detection of resistance alleles at any prevailing environment well before the trait is expressed phenotypically imparting high confidence in selection. The selected genotypes can be used for hybridization in the same season speeding up the varietal development for disease resistance by a factor of 2–3 times. If disease resistance is governed by recessive genes, MAS allows the breeders to identify heterozygous plants carrying a recessive resistance allele which is difficult to detect phenotypically. MAS offers potential savings when there is a need to select for multiple resistance genes simultaneously whereas in conventional methods, it is often necessary to conduct separate trials to screen for each disease. Since years, classical breeders have developed many disease resistant varieties; however, the time-consuming process of making crosses, backcrosses and the selection of the desired resistant phenotypes makes it difficult to react adequately to the evolution of new virulent pathogens making these varieties ineffective to the new virulent strains. As cauliflower is attacked by a wide range of diseases, demand for developing multiple disease-resistant varieties is growing. The evolution of new virulent races of pathogens requires a persistent and continuous effort in disease management. Molecular breeding offers rapid and targeted selection in enhancing varietal development for disease resistance. So, the focus has shifted towards molecular breeding which could facilitates the combination of multiple resistant genes in the elite parental background of cauliflower.

Identification of markers in close proximity with the desired trait can be accomplished through bi-parental QTL mapping using pedigree-based populations or by association mapping approach using natural population (Figure 1). In bi-parental population, QTL mapping is restricted to loci segregating between the two parents (Buckler and Thornsberry, 2002) where as in association mapping, the marker–trait association is established as a result of non-random segregation between the alleles. Another approach, nested association mapping population (NAM) holds the promise of combining the advantages of two methods (bi-parental linkage mapping and association mapping) in identifying quantitative loci (Yu and Buckler, 2006). Recently, a multi-parent advanced generation intercross (MAGIC) population strategy has gained momentum as it helps in interrogating multiple alleles with better mapping resolution (Cavanagh et al., 2008). Another strategy; ‘QTL-seq’ rapidly identifies the QTLs compared to conventional QTL analysis as this approach uses next-generation sequencing technologies to carry out whole genome resequencing of two DNA bulks of progeny (20–50 individuals) from a segregating population showing contrasting phenotypes (Takagi et al., 2013; Figure 1).
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FIGURE 1. Schematic diagram representing different approaches to develop improved lines for disease resistance.


In this review, we are going to summarize the latest advancements and progresses made in cauliflower and Brassica oleracea crops against downy mildew disease by molecular breeding approach. We will also discuss the challenges, future strategy and the way forward to breed resistant cultivars supported by genomic approaches that can be implemented in the future for developing downy mildew resistant cultivars. The information and knowledge gained from the previous research will undoubtedly provide a comprehensive set of information for geneticists and plant breeders to better understand and chalk out the strategies to develop varieties with durable resistance against downy mildew.



DOWNY MILDEW


Pathogen and Symptoms

Downy mildew is one of the most destructive and commonly occurring diseases of cauliflower caused by Hyaloperonospora parasitica Constant (Pers.:Fr) Fr. (formerly Peronospora parasitica), an obligate parasite. It is a soil-borne disease and can infect at any growth stage of the crop starting from cotyledon to curd stage (Crute and Gordon, 1987). Downy mildew is prevalent in many cruciferous crop growing countries (Farinhó et al., 2007; Carlier et al., 2012) and causes 50–60% loss in seed production of cole crops (Saha et al., 2020). The characteristics symptoms of downy mildew appear as angular translucid spots in the intervenial spaces of the leaves showing purplish brown on underside and the upper surface looks tan to yellow color (Figure 2). Under favorable conditions, approximately 75–90% of seedling mortality has been reported (Gaikwad et al., 2004). The disease is severe in rainy and cool climates and damages the curds (Bains et al., 1981). The affected curds look brownish at the top, turn dark brown to black later. Cauliflower curd becomes discolored and deformed due to whitish mycelial growth (Dickson and Petzoldt, 1993). In B. oleracea, downy mildew infection at the cotyledon stage could cause stunting or death of the seedling (Silue et al., 1996) and also affects the adult plants by reducing yield and head quality (Niu et al., 1983). Various downy mildew symptoms at the seedlings stage, mature leaves during curding stage, whole plant during bolting stage and in the stalk of the curd of cauliflower are depicted in Figures 2A–D, respectively. Due to its systemic nature of infection, several cultural and chemical methods are found to be ineffective to control downy mildew. Using of fungicides also failed to control downy mildew (Vicente et al., 2012) and has led to the evolution of more virulent pathogens (Brophy and Laing, 1992; Singh et al., 2013). Therefore, development of cultivars with inherent resistance to downy mildew could be the viable option for sustainable production of cauliflower.
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FIGURE 2. Symptoms of downy mildew infection in cauliflower [(A) seedling stage, (B) mature leaves during curding stage, (C) whole plant during bolting stage, (D) stalk of the curd].




Resistance Sources and Genetics of Resistance

Identification of new resistance sources and knowledge of genetics of resistance are prerequisite to develop downy mildew resistant varieties. Two types of resistance; seedling and adult-plant resistance are expressed by downy mildew resistance loci in B. oleracea. Several resistance sources were identified in cauliflower and different varieties of B. oleracea at the cotyledon and adult-plant stage (Natti et al., 1967; Kontaxis et al., 1979; Singh et al., 1987; Monteirio and Williams, 1989; Thomas and Jourdain, 1990, 1992; Mahajan et al., 1991; Chatterjee, 1993; Sharma et al., 1995; Silue et al., 1995; Jensen et al., 1999a; Pandey et al., 2001; Coelho and Monteiro, 2003b; Carlsson et al., 2004; Branca et al., 2005; Vicente et al., 2012; Singh et al., 2013). Identification of new resistance source should be a continuous process as pathogens evolve and varieties carrying single resistance genes failed to provide resistance against the virulent pathogens. The resistance sources could be used to identify QTLs/genes linked to downy mildew resistance through linkage analysis in cauliflower. Recently, Mohammed et al. (2018) screened some 154 genotypes of Brassicaceae family consisting of a wide range of Brassica species including B. oleracea against a mixture of seven isolates of Hyaloperonospora brassicae and identified many highly resistant genotypes. This study highlighted the ready availability of high levels of pathotype-independent resistance across diverse species of Brassicaceae against downy mildew paving the way to utilize these resistance sources in vegetable Brassicaceae breeding programs where downy mildew is prevalent.

Genetics of resistance to downy mildew was found to be complicated and different mode of inheritance was reported in cauliflower for both seedling and adult-plant resistance. The genetics of seedling resistance varies with resistance source in cauliflower, e.g., single dominant gene (Jensen et al., 1999a), single gene with recessive effect (Hoser-Krauze et al., 1984) and multiple (additive) genes (Hoser-Krauze et al., 1995; Jensen et al., 1999b). Types of genetic control for seedling resistance also varies in other B. oleracea varieties; e.g., single dominant gene in B. oleracea and broccoli (Natti et al., 1967; Farnham et al., 2002; Vicente et al., 2012), recessive gene(s) in kale, savoy cabbage and brussels sprouts (Carlsson et al., 2004), two dominant independent genes in cabbage (Caravalho and Monteiro, 1996), multiple (additive) genes in broccoli (Jensen et al., 1999b), two duplicate dominant genes in B. oleracea var. tronchuda (Monteirio et al., 2005) and three to four dominant complementary genes in broccoli (Hoser-Krauze et al., 1995). Resistance at adult-plant stage in cauliflower is governed by single dominant gene (Mahajan et al., 1995; Verma and Singh, 2018; Saha et al., 2020) and recessive epistatic gene (Mahajan et al., 1995). In other varieties of B. oleracea also, the genetic control of adult-plant resistance was found to be controlled by a single dominant gene in broccoli (Natti and Atkin, 1960; Barnes, 1968; Coelho and Monteiro, 2003b), cabbage (Barnes, 1968) and in B. oleracea var. tronchuda (Monteirio et al., 2005).

So, basically the inheritance of resistance to downy mildew at cotyledon and adult-plant stage was found to be under the control of different genetic systems. The resistance loci expressed in the cotyledon stage doesn’t always translate into adult-plant resistance in B. oleracea (Dickson and Petzoldt, 1993; Coelho et al., 1998; Coelho and Monteiro, 2003a) as the outcome of resistance could be different in different growth stages. Few accessions of B. oleracea were resistant at the cotyledon stage but found as susceptible at adult-plant stage or vice versa (Coelho and Monteiro, 2003a,b). Monteirio et al. (2005) didn’t find any correlation and rejected the hypothesis of ‘the genes conferring cotyledon resistance also confer adult-plant resistance’ while determining the mode of inheritance of cotyledon and adult-plant resistance in B. oleracea var. tronchuda. The authors reported that cotyledon resistance was controlled by two duplicate dominant genes while adult-plant resistance was governed by a single dominant gene. This makes it difficult to predict the field resistance from cotyledon resistance. Similarly, Coelho and Monteiro (2003a) also observed very poor correlation between the cotyledon and adult-plant resistance in B. oleracea and predicted four possible combinations of resistance/susceptibility at cotyledon and adult-plant stages. This could be possible as the two types of resistances are controlled by independent loci. Field adult-plant resistance has high horticultural value compared with the cotyledon resistance (Monteirio et al., 2005). Likewise, the inheritance of downy mildew resistance at four developmental stages was demonstrated to vary slightly during plant development in Chinese cabbage (Zhang et al., 2012). From breeding perspective, seedling resistance being a reliable indicator of adult-plant resistance is more desirable. Genotypes showing resistance at cotyledon stage and not showing resistance at adult-plant stage in the field possess challenge for resistance breeding as adult-plant resistance is logistically more demanding. So, the breeders prefer genotypes having resistance at both the stages of development against downy mildew as this saves considerable amount of time. But in few instances, resistance at the cotyledon stage has been found to be associated with the resistance expressed at the adult stage (Jensen et al., 1999a; Wang et al., 2000). Wang et al. (2000) opined that the selection of resistant broccoli plants at cotyledon stage will also identify plants with high levels of resistance at subsequent developmental stages. Similarly, in B. napus, the screening of the cotyledons at the seedling stage provided an accurate estimation of expression of field susceptibilities/resistance for downy mildew (Ge et al., 2008).

Often genetic resistance causes reduction in other components of fitness due to the pleiotropic effect causing genetic fitness cost to Hyaloperonospora resistance. This is indicated by a negative correlation between growth/fitness in a disease-free environment and resistance measured under pathogen attack as was observed in B. rapa, where 6% slower growth was reported in Hyaloperonospora-resistant genotypes than Hyaloperonospora-susceptible genotypes in pathogen-free environments (Mitchell-Olds and Bradley, 1996). The authors observed that the resistance genes can have pleiotropic effects on other aspects of plant performance (Simms, 1992).



Molecular Basis of Downy Mildew Resistance

Among all the Brassica species, in Arabidopsis, several downy mildew resistance genes have been characterized. In Arabidopsis, 20 wild-type specificities of resistance to H. parasitica (RPP) genes have been identified which are distributed in five chromosomes (Holub, 1997). The RPP genes are NB-LRR type and encode receptor-like proteins containing a conserved nucleotide-binding motif and a leucine-rich repeat domain (Parker et al., 1997; Botella et al., 1998; McDowell et al., 1998; Bittner-Eddy et al., 2000). These RPP genes are the molecular components of the host that are required for genotype-specific recognition of the pathogen during the interaction between Arabidopsis and H. parasitica.

The RPP genes include single locus downy mildew resistance gene RPP13 and a complex locus RPP1. The simple locus RPP8/HRT1 is also another example in which different functional alleles were found conferring resistance to widely divergent pathogens (McDowell et al., 1998; Cooley et al., 2000). The resistance gene RPP5 was characterized and found to be inherited as a single locus by Parker et al. (1993). Positional cloning of the RPP5 locus (Parker et al., 1997) was the first step in understanding the recognition specificity of plant-pathogen interactions at the molecular level. Downy mildew resistance genes vary in the process of conferring defense via different regulatory proteins (Aarts et al., 1998; Eulgem et al., 2004). For e.g., a single downy mildew resistance gene RPP7 could confer accumulative; both salicylic acid dependent and independent defense responses (McDowell et al., 2000; Tor et al., 2002; Eulgem et al., 2007). ‘Gene-for-gene’ hypothesis was established in the At-HpA pathosystem. This became evident when an outcross of HpA enables five independent At-recognized effectors (ATR1, ATR4, ATR5, ATR8, and ATR13) corresponding to different cloned downy mildew resistance genes (Gunn et al., 2002).

Mutational approach was adopted to identify the genes that are necessary for downy mildew resistance mediated by RPP genes. In Arabidopsis, several wild-type genes were identified by mutational analysis which is required for R gene-mediated resistance (Glazebrook et al., 1997). An RPP-non-specific locus called EDS1 (for enhanced disease susceptibility) was revealed by mutational approach and was found to be a necessary component of the resistance response for several RPP genes which function in the upstream from the convergence of disease resistance pathways in Arabidopsis (Parker et al., 1996). Aarts et al. (1998) revealed a strong requirement of EDS1 by several R gene loci (RPP2, RPP4, RPP5, RPP21, and RPS4) conferring resistance to H. parasitica in Arabidopsis and the mutation in EDS1 abolished resistance conferred by several RPP loci (Parker et al., 1996). However, another RPP locus, RPP8 doesn’t exhibit any strong requirement for EDS1 for isolate-specific resistance to H. parasitica.



Cloning of Major Downy Mildew Resistance Genes

Isolation and cloning of resistance gene, called map-based or positional cloning is an important strategy for the isolation of ‘R’ gene which started in early 1990 (Parker et al., 1993). Majority of ‘R’ genes are present in larger or smaller clusters instead of randomly distributed in the chromosomes. These are called major recognition gene complexes (MRC) loci. About 19 downy mildew resistance RPP genes are grouped in to three MRCs and four others are scattered on chromosomes 1 and 2 of Arabidopsis thaliana. Though so many RPP genes have been postulated, a few have been cloned. RPP5 was the first downy mildew resistance gene to be cloned on chromosome 4 of Arabidopsis thaliana (Parker et al., 1997) which encoded TIR-NBS-LRR receptor-like proteins. This was followed by the cloning of RPP1 and RPP8 genes (Botella et al., 1998; McDowell et al., 1998). The multicopy locus RPP1 found to contain several downy mildew resistance genes of TIR-NBS-LRR subclass type which differ in specificity (Botella et al., 1998). RPP8 locus could be studied for how recombination slippage and domain shuffling had led to new recognition specificities (McDowell et al., 1998; Cooley et al., 2000). RPP13 gene was cloned (Bittner-Eddy et al., 1999) and it turned out that RPP13 and RPP11 were allelic and mapped to the same locus on chromosome 3 of Arabidopsis thaliana (Joos et al., 1996). But both the genes recognized different pathogen avirulence determinants (Bittner-Eddy et al., 2000). Several other downy mildew resistance genes namely, RPP2A/RPP2B (Sinapidou et al., 2004), RPP4 (Van der Biezen et al., 2002) were also cloned. Additionally, another adult-plant resistance gene, RPP31 was mapped on chromosome 5 in Arabidopsis thaliana (McDowell et al., 2005). But till date, limited attempts were made in cauliflower and B. oleracea to isolate and clone the downy mildew resistance genes.



Advances in Molecular Breeding Research for Downy Mildew Resistance

The resistance to downy mildew is most likely to be QTL-specific and the QTLs are primarily associated with the developmental stages of the plant. So, for downy mildew resistance breeding, identification of QTLs at both the developmental stages will be much useful. Though in the recent years, advances were made in genetic studies for downy mildew resistance, only few major ‘R’ genes and QTLs have been identified in cauliflower and B. oleracea (Table 1 and Figure 3A).


TABLE 1. List of genes/QTLs associated with Downy mildew resistance in Brassica oleracea L.
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FIGURE 3. Chromosomal locations of downy mildew resistance loci mapped on (A) B. oleracea and (B) B. rapa.


In cauliflower, a single dominant R gene, Ppa3 was mapped for adult-plant resistance against downy mildew (Singh et al., 2012). Two RAPD (OPC141186 and OPE141881) and one ISSR (ISSR-231103) marker were found in linkage with the resistance gene, Ppa3 by bulk-segregant analysis. But the markers identified were located far apart (22.3, 10.6, and 26.4 cM) from the Ppa3 gene raising the doubt about its utility in marker-assisted selection for downy mildew resistance. Singh et al. (2015) again reported the same RAPD (OPC141186 and OPE141881) and ISSR (ISSR231103) markers to be linked to downy mildew resistance in cauliflower. Very recently, Saha et al. (2020) identified a new monogenic dominant downy mildew resistance gene Ppa207 on chromosome 2 of cauliflower. The new resistance gene was mapped at 4.8 cM interval on linkage group 2 (C02) of cauliflower and was flanked by two SSR markers, BoGMS0486 and BoGMS0900 at a distance of 3.6 and 1.2 cM, respectively, from Ppa207. The 4.8 cM marker interval corresponds to a physical distance of 20.3 Mb and the two markers BoGMS0486 and BoGMS0900 were located at 2.9 and 23.2 Mb positions, respectively, on chromosome C02. The identification of this new gene and the linked markers will be very useful in molecular breeding research to develop downy mildew resistant varieties. In other B. oleracea crops, few QTLs and linked markers were also reported for downy mildew resistance. In broccoli, the disease resistance genes have been tagged by different authors previously (Agnola et al., 2000; Farinho et al., 2000). One locus conferring resistance at cotyledon-stage in broccoli was mapped and two SCAR markers derived from two RAPD fragments (UBC359620 and OPM16750) were found linked in coupling to the resistance locus at 6.7 and 3.3 cM from the resistance locus (Giovannelli et al., 2002) and this finding has led to the identification of some putative resistance gene homologues by Gao et al. (2003). This mapped locus conferring downy mildew resistance in broccoli was located in close linkage to the glucosinolate pathway gene BoGsl-elong on a high-density map of B. oleracea (Gao et al., 2007). A dominant and monogenically inherited resistance locus was identified in broccoli responsible for adult-plant resistance (Coelho and Monteiro, 2003b) which was later named as Pp523. Bulk-segregant analysis mapped this resistance locus Pp523 to linkage group 3 (LG3) in broccoli and two markers (OPK17_980 and ATCTA_133/134) were found linked in coupling to the resistance gene and located at a distance of 3.1 and 3.6 cM, respectively, at each side of the resistance gene (Farinhó et al., 2004). This resistance locus located in LG3 was later assigned to the chromosome C8 of B. oleracea by Carlier et al. (2012) and in addition to the previously mapped markers, two additional SSR markers; CB10139 and CB10028 were found flanking the locus at a distance of 2.4 and 6.8 cM, respectively. So, enrichment of the chromosome C8 can be used as a tool for the map-based cloning of Pp523. SCAR and CAPS markers flanking this resistance locus, Pp523 were identified by Farinhó et al. (2007). Due to the widespread colinearity and presence of conserved genomic sequences between B. oleracea and Arabidopsis thaliana (Lan et al., 2000; Babula et al., 2003), markers surrounding the Pp523 locus were searched against the Arabidopsis genome and were found in synteny with the top arm end of chromosome 1 of Arabidopsis thaliana (Farinhó et al., 2007). This information may help in the construction of a fine-scale map of the corresponding genomic region in B. oleracea. When the genome of B. oleracea was not sequenced, physical mapping of the gene of interest was being carried out via construction of a contig of large insert DNA clones, usually BACs. The conserved synteny between B. oleracea and Arabidopsis thaliana was exploited to carry out the physical mapping of the resistance locus Pp523 via construction of BAC libraries as physical identification of the genomic region is prerequisite to map-based cloning (Carlier et al., 2011). After screening of the BAC libraries, the selected BAC clones were mapped to three different genomic regions of B. oleracea. 83 BAC clones were accurately mapped within a 4.6 cM region surrounding the downy mildew resistance locus Pp523, but a subset of 33 BAC clones were mapped to aprrox. 60 cM away from the resistance gene on chromosome C8 and a subset of 63 BAC clones were mapped to chromosome C5 reflecting triplication of the Brassica genomes since their divergence from a common ancestor.

Though in Arabidopsis thaliana, map-based or positional cloning strategy was used to isolate several downy mildew resistance genes (discussed earlier), enough attention was not paid to isolate the downy mildew ‘R’ genes in B. oleracea. As there is a prevalence of conserved genomic regions between B. oleracea and Arabidopsis thaliana, comparative genome analysis (Yu et al., 2014) and pan-genome analysis (Golicz et al., 2016) may lead to the identification of orthologous genes in Brassica species which may be useful for breeding of downy mildew resistance.

In B. rapa, a closely related species of B. oleracea, several major downy mildew resistance QTLs and candidate genes are reported (Yu et al., 2009, 2011, 2016; Kim et al., 2011; Li et al., 2011; Zhi et al., 2016; Zhang B. et al., 2018) for downy mildew disease (Table 2 and Figure 3B). Four major QTLs (sBrDM8, yBrDM8, rBrDM8, and hBrDM8) for downy mildew resistance at the seedling, young plant, rosette, and heading stages were mapped on A08 chromosome of Chinese cabbage (Yu et al., 2016) which were identical to another major QTL, BraDM, identified previously at the seedling stage by Yu et al. (2009). Also, two minor QTLs, rBrDM6 (A06) and hBrDM4 (A04), were found active at the rosette and heading stages. Interestingly, the outcome of this research indicated that the major QTLs on A08 provide effective downy mildew resistance at every developmental stage and also confirmed that the genetic resistance to downy mildew in seedlings and adult plant is somewhat different. Additionally, a serine/threonine kinase family gene was identified as the possible candidate gene (Bra016457) and importantly, the diagnostic SNP markers (A08-709, A08-028, and A08-018) identification was found to be effective when used in MAS to breed for downy mildew resistance in B. rapa. A downy mildew resistance QTL, Br-DM04 was mapped in a region of 2.7 Mb on chromosome A04 of B. rapa and was fine mapped to a 160-kb region, between the SNP markers A04_5235282 and A04_5398232 containing 17 genes encoding proteins (Zhang B. et al., 2018). Based on sequence annotations for these genes, four candidate genes, BrLRR1, BrLRR2, BrRLP47, and BrRLP48 related to disease resistance were identified. RT-PCR analysis showed the up-regulated expression of BrRLP48 in response to downy mildew inoculation or salicylic acid (SA) treatment in the resistant line MM. These findings led the authors to conclude that the disease-inducible expression of the resistance gene, BrRLP48, contributed to downy mildew resistance.


TABLE 2. List of genes/QTLs associated with Downy mildew resistance in related Brassica species.

[image: Table 2]Also, in radish, an edible root vegetable of the family Brassicaceae, a single dominant locus; RsDmR was identified and mapped at the seedling stage (Xu et al., 2014). One SRAP marker Em9/ga24370 was the most tightly linked one with a distance of 2.3 cM to RsDmR. In cucurbits especially cucumber, several downy mildew resistance genes have been mapped. In one of the important studies, Berg et al. (2020) analyzed one QTL, DM4.1 on chromosome 4 for downy mildew resistance in cucumber which consisted of three subQTLs (DM4.1.1, DM4.1.2, and DM4.1.3). Transcriptome analysis revealed that many defense pathway genes were differentially expressed in NIL DM4.1.1/.2. Fine mapping revealed the RLK gene CsLRK10L2 as a likely candidate for subQTL DM4.1.2 causing a loss-of-function mutation in the susceptible parent HS279. Two major QTLs and two QTL hotspots were identified for downy mildew resistance in cucumber using an F2 population (Innark et al., 2020). In another study, QTL mapping in a RIL population of cucumber identified 11 QTLs for downy mildew resistance accounting for more than 73.5% of total phenotypic variance (Wang et al., 2018). Among 11 QTLs, dm5.1, dm5.2, and dm5.3 were the major-effect contributing QTLs, whereas dm1.1, dm2.1, and dm6.2 conferred susceptibility. Additionally, three powdery mildew resistance QTLs, pm2.1, pm5.1, and pm6.1 were found co-localized with downy mildew resistance QTLs, dm2.1, dm5.2, and dm6.1, respectively. Through BSA-seq approach, Win et al. (2017) mapped five QTLs (dm2.2, dm4.1, dm5.1, dm5.2, and dm6.1) in cucumber and dm2.2 showed the largest effect on downy mildew resistance. Yoshioka et al. (2014) revealed that high resistance of a cucumber progeny line CS-PMR1 was associated with many QTLs with relatively small effects, whereas the moderate resistance of Santou, an old Japanese cultivar was associated with one major QTL. The authors opined that the identified QTLs may assist in the selection to breed new cultivars efficiently carrying adequate levels of downy mildew resistance. Zhang et al. (2013) observed the quantitative resistance to downy mildew in cucumber inbred line, K8 and detected five resistance QTLs (dm1.1, dm5.1, dm5.2, dm5.3, and dm6) on chromosome 1, 6 and 5. Interestingly, six and four nucleotide binding site (NBS)-type resistance gene analogs (RGAs) were predicted in the region of dm5.2 and dm5.3, respectively.



Mechanism of Downy Mildew Resistance

The plants have evolved different mechanisms to counteract the pathogen attack and different defense-related gene families such as nucleotide-binding site (NBS), receptor-like kinase (RLK) protein, receptor-like protein (RLP), mitogen-activated protein kinase (MAPK) and phytohormones such as salicylic acid (SA), jasmonic acid (JA), ethylene (ET), abscisic acid (ABA) are involved in the innate immunity system (Boller and Felix, 2009; de Jonge et al., 2012; Yang et al., 2013; Liu W. et al., 2014; Jiang et al., 2018). Though some downy mildew resistance loci have been identified, the molecular mechanism of downy mildew resistance remains poorly understood in B. oleracea though few reports are available in B. rapa (Yu et al., 2016; Zhang et al., 2018). In Arabidopsis, attempts were made to understand the mechanism of downy mildew resistance. Powdery Mildew Resistant 4 (PMR4) and Rab GTPase homolog 4c (RabA4c) were involved in the callose deposition in Arabidopsis leading to downy mildew resistance, and also some genes of SA and JA signaling pathways such as PRs, NPRs, and WRKYs were reported to play roles in downy mildew resistance (Caillaud et al., 2013; Coker et al., 2015). Again, the expression patterns of the major genes of SA and JA signaling pathway confirmed SA as the major plant hormone involved in downy mildew resistance in B. rapa (Gao et al., 2014; Chen et al., 2015). A comparative transcriptome analysis of downy mildew infected Chinese cabbage lines identified differentially expressed candidate genes involved in the plant-pathogen interaction pathway (Zheng H. et al., 2020) and the proteins encoded by these genes were reported to play an important role in the pattern-triggered immunity (PTI) and effector triggered immunity (ETI) processes of some model plants such as Arabidopsis, rice, tobacco, and tomato. The authors demonstrated the involvement of proteins processing in endoplasmic reticulum and circadian rhythm pathways in the resistance mechanisms against downy mildew. Furthermore, the down-regulation of photosynthetic genes was reported during H. brassicae infection which was in line with the results of Xiao et al. (2016) who reported the down-regulation of energy metabolism genes, particularly those involved in the photosynthetic carbon cycle (PCC), providing protection to Chinese cabbage against H. parasitica. So, this indicated that energy metabolism is playing a role in the resistance against downy mildew during pathogen invasion in Brassica crops.

Whole genome-wide gene expression profiles may help gain insight in to the resistance mechanism against downy mildew. Li et al. (2018) studied the genome-wide gene expression profiles in Chinese cabbage and listed the immunity-related genes. To further improve the understanding of the resistance mechanism against downy mildew at the transcriptional level, the role of long non-coding RNAs were explored in B. rapa. Long non-coding RNAs (lncRNAs) are types of ncRNAs with a length of more than 200 nucleotides (Cabili et al., 2011). Some defense related lnc RNAs have been identified which are found to be regulating the expression of many resistance genes in several crop such as powdery mildew in melon (Gao et al., 2020), turnip crinkle virus infection in Arabidopsis (Gao et al., 2016), Phytophthora infestans in tomato (Cui et al., 2017, 2019; Hou et al., 2020) and Verticillium dahliae and Botrytis cinerea in cotton (Zhang L. et al., 2018). For the first time, Zhang et al. (2021) carried out the high-throughput RNA sequencing and analyzed the disease responding mRNAs and long non-coding RNAs in two resistant (T12–19 and 12–85) and one susceptible line (91–112). Different expression pattern and the proposed functions of the differentially expressed non-coding RNAs among the resistant and susceptible lines indicated that each has a distinct disease response mechanism. More cis and trans-functional long non-coding RNAs were found in the resistant lines than the susceptible line which regulates the genes involved in disease defense response. A candidate related long non-coding RNA, STRG.19915 was identified which is a long non-coding natural antisense transcript of a MAPK gene, BrMAPK15. MSTRG.19915-silenced seedlings showed enhanced resistance to downy mildew which could be attributed to the up-regulated expression of BrMAPK15. This important research laid the foundation for future studies to decipher the mechanism of downy mildew resistance in Brassica crops.



Multi-Loci Molecular Polymerization Breeding

Polymerization breeding is a technique used in plant breeding in which favorable genes from different lines are integrated into a cultivated variety through genetic engineering, hybridization, backcrossing, and multiple cross (Yadav et al., 1990; Servin et al., 2004). Mostly, the crop-breeding strategies for resistance to biotic and abiotic stresses are based on deploying only single resistance gene into the plants which is not durable and short-lived (McDonald and Linde, 2002; Steiner et al., 2019). Therefore, combining multiple R genes from different sources into a single plant by gene pyramiding would increase the durability of disease resistance and will help in building an ideal genotype. Furthermore, combining genes with different but complementary resistance spectra could provide gene pyramids against a broad-spectrum of pathogenic races (Sanchez-Martin and Keller, 2019). Combining resistance genes based on marker-assisted selection could accelerate gene pyramiding by identifying and selecting plants with desirable allele at a very early stage and was found to be proficient and economical and is a simple technique to build multiple stress tolerance in crops (Chukwu et al., 2019; Angeles-Shim et al., 2020).

Marker-assisted gene pyramiding of resistance QTLs have been successfully applied in several crops consequently producing a number of varieties and lines with improved resistances against biotic stresses, such as late blight, bacterial blight, gall midge, mosaic viruses, powdery mildew and many abiotic stresses, such as salinity, drought, heat, and cold with a higher yield and desired nutritional quality (reviewed by Dormatey et al., 2020). Especially, the multi-loci polymerization resistance breeding is a success story in rice where plant scientists successfully utilized this technique to accomplish durable resistance against various diseases such as gall midge (Das and Rao, 2015), blast (Jamaloddin et al., 2020), brown planthopper (Liu et al., 2016), bacterial blight (Singh et al., 2001; Joseph et al., 2004; Jamaloddin et al., 2020; Ramalingam et al., 2020), sheath blight (Ramalingam et al., 2020), blast and bacterial blight (Narayanan et al., 2002), bacterial, sheath blight and stem borer (Datta et al., 2002) etc. Wu et al. (2019) identified 37 SNP polymerization regions for 36 agronomic traits in 287 pepper accessions which could be the focus of molecular marker development to improve the efficiency of multi-trait pyramid breeding. Though, the multi-loci gene pyramiding has been fully utilized in several crops, the technique has not been fully utilized in B. oleracea for biotic stress resistance. But in B. rapa and B. napus, several authors have attempted to pyramid multiple resistance loci for clubroot (Matsumoto et al., 2012; Shah et al., 2019) and nematode resistance (Zhong et al., 2019) by polymerization of several identified resistance loci/genes by marker-assisted selection. Shah et al. (2019) pyramided two clubroot resistance genes (CRb and PbBa8.1) through marker-assisted selection and developed homozygous lines which showed strong resistance against a number of P. brassicae field isolates compared with the heterozygous pyramided and single resistant homozygous lines of B. napus. But no polymerization breeding strategy has been adopted for resistance against downy mildew resistance. As discussed, several downy mildew resistance QTLs specific to seedling and adult plant stage have already been identified by different researchers in B. oleracea which could be pyramided to confer durable resistance. The pyramiding of seedling and adult-plant resistance QTLs will provide durable resistance since the QTLs will act against downy mildew at different developmental stages of the plant as was done for leaf rust resistance in wheat (Samsampour et al., 2010) wherein both seedling resistance gene Lr25 and adult-plant resistance gene Lr48 were pyramided together through marker-assisted selection. Similarly, in apple, pyramiding of three resistance QTLs to scab resulted in durable resistance which acted at different stages of fungal infection cycle (Laloi et al., 2017). Marker-assisted gene pyramiding by combining two or more downy mildew resistance genes was performed in several crops such as in grape vine (Schwander et al., 2012; Nascimento-Gavioli et al., 2017; Saifert et al., 2018) and sunflower (Qi et al., 2017; Qi and Ma, 2019). Pyramiding of QTLs with different specificities/broad-spectrum QTLs, and QTLs associated with different resistance mechanism are expected to increase the durability by showing stable levels of resistance in multiple environments. Breeders also have to reflect the number of resistance loci to be pyramided based on the degree of resistance contributed by different loci. As in B. oleracea and B. rapa, most of the QTLs reported for downy mildew resistance are of major effects, combining these QTLs in the background of susceptible elite variety is expected to increase the durability which could be accomplished via a breeding strategy through the polymerization of multiple loci by marker-assisted gene pyramiding.



Gene-Editing in Resistance Breeding

Susceptibility of crops to a multitude of pathogens and pests including viruses, bacteria, oomycetes, fungi, insects, nematodes, etc., poses a major challenge to the plant researchers to enhance the resistance and improve the productivity as well. Several innovative gene-editing techniques such as engineered endonucleases/meganucleases (EMNs), zinc-finger nucleases (ZFNs), TAL effector nucleases (TALENs), and CRISPR-associated protein 9 (CRISPR/Cas9) have emerged as important tools to engineer disease resistant crops (Borrelli et al., 2018; Langner et al., 2018; Dong and Ronald, 2019; Mushtaq et al., 2019). But the main concern for deploying any gene-editing approach for broad-spectrum and durable resistance are; (i) the fundamental knowledge about which gene(s) to modify and (ii) which type of modification to perform in these genes (Miladinovic et al., 2021). Though targeting a single resistance gene for inactivation is technically less challenging (Borrelli et al., 2018), durable resistance could be achieved by targeting several resistance genes, multiple metabolic and immune pathways induced downstream of NLRs whose resistance are more difficult to break down (Miladinovic et al., 2021). The steadily growing knowledge about the molecular mechanism of plant-pathogen interactions may facilitate the deployment of gene-editing technologies to manipulate the disease resistance genes. Among all the gene-editing techniques, the application of CRISPR/Cas9 technology for disease resistance is the most sought approach to improve crop resistance to pathogens (Borrelli et al., 2018). Now that draft genome sequences of most of the crops are available, gene-editing could be applied to all the target genes to mutate it to get the desired phenotype even in a complex genome like allotetraploid B. napus (Braatz et al., 2017). CRISPR/Cas9 is a highly promising system for gene-editing and gained popularity due to its precise specificity, multigene-editing, minimal off-target effects, higher efficiency and simplicity (Kumar and Jain, 2015). CRISPR/Cas9 has been proved as a fascinating tool in plant breeding technique and has revolutionized the development of various disease resistance cultivars against a broad-spectrum of pathogens by precise modification of the genes that confer susceptibility to a given pathogen. Importantly, the mutation generated from CRISPR/Cas9 system is stable and heritable which could be segregated from Cas9/sgRNA helping in the development of transgene-free progeny in only one generation (Zhang and Zhou, 2014; Zhang et al., 2014). After this significant breakthrough of the 20th century, the technique has been used for alteration of plant immunity at several stages of different crops. Additionally, many administrative agencies including the USDA (United States) and the Canadian Food Inspection Agency (Canada) don’t consider the genome-edited crops as GMOs, thus providing a greater opportunity for them to enter the market in much lower regulatory costs (Callaway, 2018; Schmidt et al., 2020).

Recent advances have been made in the area of CRISPR technique in different crops to generate varieties that are resistant against several pathogens. For example, the technique has been used successfully for powdery mildew resistance in wheat (Wang et al., 2014) and tomato (Nekrasov et al., 2017), against bacterial blight in rice (Oliva et al., 2019), geminivirus infection in Arabidopsis and N. benthamiana (Ji et al., 2015), for citrus canker resistance in citrus (Peng et al., 2017), Phytophthora infestans resistance in potato (Andersson et al., 2017), and Verticillium dahliae resistance in upland cotton (Zhang Z. et al., 2018) etc. The readers are referred to the excellent reviews written by several authors mentioning about the application of CRISPR technology to improve resistance to biotic stresses in different crops (Borrelli et al., 2018; Langner et al., 2018; Yin and Qiu, 2019; Ahmar et al., 2020; Schenke and Cai, 2020).

In recent years, the application of different gene-editing techniques in several horticultural crops has substantially increased to enhance crop production and quality (Xu et al., 2019). Among the horticultural crops, most of the gene-editing studies (72%) have been conducted in vegetables (Xu et al., 2019) and among the vegetables, tomato has gained more attention for gene-editing studies (Wang et al., 2019; Salava et al., 2021) which have been performed most frequently up to 42% (Xu et al., 2019). Recently, the mutation of a single gene, DMR6 (downy mildew resistance 6) in Arabidopsis generated plants with increased salicylic acid levels and showed resistance to the bacterium Pseudomonas syringae and oomycete Phytophthora capsici (Zeilmaker et al., 2015). Interestingly, the tomato ortholog of SlDMR6-1 was targeted using CRISPR/Cas9 system and the mutants showed resistance to Pseudomonas syringae pv. tomato, Phytophthora capsica and Xanthomonas spp. without any significant detrimental effects on tomato growth and development (de Toledo Thomazella et al., 2016). Knocking out of DMR6 was found to be a promising strategy in conferring broad-spectrum resistance to plants.

The first gene-editing in a horticultural crop was reported in B. oleracea which was achieved via a TALEN (Sun et al., 2013). After this first report, in the following years, significant progress has been made in Brassica crops, especially in B. napus (Chang et al., 2021) targeting several genes such as yield related genes (Braatz et al., 2017; Yang et al., 2017; Zhai et al., 2019), quality related genes (Okuzaki et al., 2018; Zhang et al., 2019), genes related to plant architecture (Zheng M. et al., 2020), seed coat color related genes (Zhai et al., 2020) and disease resistance genes (Sun et al., 2018). But the function of the genes targeted by gene-editing in Brassica crops have mostly focused on the genes affecting development, metabolism and not much attention has been paid to target biotic stress-response genes except a few. In Arabidopsis, AtWRKY11 and AtWRKY70 genes were involved in JA and SA induced resistance to pathogens whereas in B. napus, BnaWRKKY11 and BnaWRKKY70 genes were found to be differentially expressed after inoculated with Sclerotinia sclerotiorum. Two Cas9/sgRNA constructs targeting both the genes generated mutants and it was found that the BnaWRKKY11 mutant showed no significant difference to Sclerotinia resistance compared to the wildtype whereas BnWRKY70 mutants demonstrated better resistance (Sun et al., 2018). The results indicated that BnWRKY70 could act as a regulating factor in negatively controlling the Sclerotinia resistance. In B. oleracea, RNA-guided Cas9 system was used to generate targeted and heritable mutations showing enough potential for rapid characterization of gene function (Lawrenson et al., 2015). CRISPR/Cas9 was used to target BoPDS gene in cabbage and 37.5% of the transgenic cabbage shoots carried BoPDS gene mutations as a result of nucleotide deletions at the expected position demonstrating CRISPR/Cas9 system as a powerful tool for cabbage variety improvement (Ma et al., 2019). Very recently, Cao et al. (2021) edited the BoCER1 gene related to glossy phenotype in cabbage by CRISPR/Cas9 and three plants with edited genomes exhibited reduced wax content compared with the wildtype. Except these few, there are no reports on gene-editing thus far in B. oleracea varieties especially targeting biotic stress-response genes in spite of having high frequency of regeneration. Nevertheless, gene-editing by CRISPR/Cas9 is going to address the challenges arising due to the evolving nature of pathogens. So, in near future, we can expect that targeted gene-editing through CRISPR-Cas9 will become increasingly indispensable to develop plant varieties that are resilient to a wide range of biotic stresses.



CHALLENGES

Although it is easier to deploy race-specific ‘R’ genes compared to polygenic resistance in resistance breeding, identification of ‘R’ genes remains a challenge due to the genome complexity of Brassica species. The triplication of the Brassica genome (Cavell et al., 1998; Lagercrantz, 1998; Lan et al., 2000; O’Neill and Bancroft, 2000; Parkin et al., 2005) revealed the complexity of Brassica genome organization. Triplication of Brassica genome has led to the clustering and duplication of ‘R’ genes making its identification a challenging task as these genes tend to collapse in genome sequence assemblies. The ‘R’ gene clustering against downy mildew disease in B. oleracea (Carlier et al., 2011) is the consequence of Brassica genome complexity. In B. oleracea, a single dominant resistance gene locus, Pp523 conferring resistance to downy mildew was mapped to two regions of chromosome C8 and C5 reflecting the triplication of chromosome regions (Carlier et al., 2011). Apart from downy mildew, the evidence of complexity of Brassica genome organization has been confirmed in the case of other resistance genes such as clubroot resistance. In B. napus, same genomic region was acting both as a race-specific major gene and as a QTL region with quantitative resistance against different pathotypes of clubroot disease (Manzanares-Dauleux et al., 2000; Rocherieux et al., 2004). The genome complexity of Brassica genome is one of major bottleneck in ‘R’ gene identification. So it is not reliable to depend on the single reference genome for resistance gene identification, instead need to explore the pan-genomes to identify the novel ‘R’ genes.

In addition to genome complexity, B. oleracea lacks sufficient resistance sources for downy mildew and the resistance level vary with different varieties of B. oleracea. Moreover, in B. oleracea, especially cauliflower has a narrow genetic diversity (Tonguç and Griffiths, 2004; Zhao et al., 2015; Zhu et al., 2018); necessitating greater exploration of the related wild species to introgress novel resistance genes. Instead of breeding materials and cultivars, diverse genetic resources should be used in the genetic mapping studies to broaden the genetic base for resistance breeding.

The presence of high genetic variation in different isolates/pathotypes of downy mildew (Choi et al., 2003) in Brassica poses substantial problem in identifying resistance against the pathotypes showing different pathogenecity. This leads to the difficulties in identifying broad-spectrum resistance QTLs against downy mildew. Both the host-specificity and non-host specificity exhibited by different genotypes of the same host causing varied resistance ranging from intermediate to complete resistance could be the strategy to control the diverse pathotypes. The detailed study of the genetic basis of several resistance levels present in the pathosystem and host-pathogen interaction would also throw some limelight in this direction. Often, cultivating one kind of genotypes containing a particular resistance gene may impact the stability of ‘R’ genes due to the selection pressure on a particular pathogen. So, the breeders should avoid growing a single type of cultivar containing a single dominant resistance gene for years together.

Inappropriate pathotype/race classification of pathogen isolates also promotes improper ‘R’ gene identification while classifying qualitative or quantitative resistance. Though the pathotype classification had been carried out in downy mildew (Natti, 1958), the application of host differentials became obscured as different host differentials are not available across countries leading to its limited use and is confined to a particular locality. Moreover, as a consequence of pathogen evolutionary process, pathogens evolve and over time, the breakdown of resistance occurs. So, new set of host differentials need to be updated and validated for proper classification of future pathotypes which should be a continuous process. Efforts were made for an additional host differential for downy mildew in B. oleracea (Coelho et al., 2012) using the European isolates. A world database for each pathogen need to be created through international collaboration like the initiative was taken to resolve the blackleg nomenclature issue (Plissonneau et al., 2017) at the Brassica 2016 conference. Application of different scoring methods may also complicate the process of proper identification of R genes. In downy mildew, at least three different scoring systems have been applied by several researchers (Dickson and Petzoldt, 1993; Wang et al., 2000). Additionally, a robust race/pathotype differentiation system should be in place to separate different and similar races/pathotypes. Though for downy mildew, there is a lack of proper race differentiation system, Goodwin et al. (1990) had applied a pathogen isolate differentiation system to H. parasitica isolates to confirm host differentials which would be highly beneficial for race differentiation.



FUTURE PERSPECTIVE AND STRATEGIES

For a successful molecular breeding program, diverse resistance sources should be available for the introgression of resistance genes. So, the wild relatives of cultivated B. oleracea need to be tapped for better resistance against downy mildew. The screening of related Brassica species and land races should be performed extensively to identify novel and superior resistance alleles. Introgression of R genes can be accomplished by wide-hybridization between divergent groups in the Brassicaceae via interspecific or intergeneric hybridization.

To predict the durability of resistance genes, we must understand the evolutionary dynamics between the host and the pathogen (McDonald and Linde, 2002) as pathogen isolates do overcome host resistance. Additionally, we need to study about the pathogen avirulence genes to determine the gene mutation it causes in the pathotypes resulting in the fitness loss (Vera Cruz et al., 2000) in the host. To confer durable resistance, the decision about the deployment of race-specific and/or race-non-specific resistance genes should be taken timely in order to maximize the effectiveness of resistance. Another important aspect of successful resistance against pathogen is to understand the mechanism of pathogen attack at different developmental stages (seedling vs. adult) of the host, the infection and colonization process and the host-pathogen interaction which may open up new possibilities for better understanding of the mechanism of downy mildew infection in Brassica species.

The ‘R’ genes of plant species mostly contain NBS-LRR domains but apart from classical NBS-LRR types of ‘R’ genes, few other genes encoding receptor like proteins (RLP) responsible for blackleg resistance (LepR3/Rlm2) were reported in B. napus (Larkan et al., 2015) which recognizes the effectors outside the host cell cytoplasm. This new defense of resistance triggered by apoplastic fungal pathogens was proposed as “effector-triggered defense” (ETD) (Stotz et al., 2014). So, the future studies of resistance genes in Brassica species should focus on RLPs and RLKs type resistance genes which may help in the cloning of new ‘R’ genes. In addition to the HR related genes, several other regulatory genes such as transcription factors WRKY (Zhou et al., 1997) and calmodulin-binding transcription activator (CAMTA) (Rahman et al., 2016) were reported to be involved in defense related mechanism in the pathosystems of Brassica (Zhou et al., 1997). The WRKY transcription factor gene BoWRKY6 was found to be responsible for enhancing resistance against downy mildew in transgenic broccoli plants (Jiang et al., 2016). Besides the WRKY gene, a pathogenecity-related defensin gene BoDFN encoding defense-related cysteine-rich protein was over expressed in H. parasitica infected leaves of Brassica oleracea var. italia improving resistance against downy mildew (Jiang et al., 2012). Fine mapping of the clubroot resistance gene CRb and identification of candidate genes revealed the involvement of Rho-binding proteins for clubroot resistance in B. rapa (Kato et al., 2013). Likewise, another regulator protein ZmWAK was identified conferring resistance to head smut disease in maize (Zuo et al., 2015). All these defense-related regulatory genes need to be characterized in Brassica species to decipher their possible role in downy mildew resistance.

The advent of next-generation sequencing technologies has led to the whole genome sequencing of rich genetic resources from different crop species and their wild relatives (reviewed by Bevan et al., 2017). The sequencing of several Brassica genomes may allow the understanding of the genetic relationship between various ‘R’ genes discovered between and within different species of Brassicaceae family. Till date, the draft genome sequences of almost all the species of Brassica; B. rapa (Wang et al., 2011), B. oleracea (Liu S. et al., 2014; Parkin et al., 2014; Belser et al., 2018), B. nigra (Yang et al., 2016), B. napus (Chalhoub et al., 2014), B. juncea (Yang et al., 2016) have been published. Importantly, the recent publishing of high-quality draft genome of cauliflower (Sun et al., 2019) could serve as a valuable reference to molecular breeding for downy mildew resistance in cauliflower. Additionally, for better access, search, visualization, annotation, structure, and to understand the evolution of the Brassica genome, Belser et al. (2018) developed a freely available web-based database1, which includes high-quality genome sequences of B. oleracea and B. napus. The user-friendly database will serve the research community to study the molecular function of genes, evolution of Brassica genomes as well as promote molecular breeding research for disease resistance in B. oleracea.

As discussed earlier, the triplication of ancestral genomes of Brassica has complicated the gene rearrangements leading to the clustering and duplication of ‘R’ genes. So, the reliance on a single reference genome of Brassica species may jeopardize ‘R’ gene identification and characterization which may occur as a result of structural variation. Therefore, the variable genes present in other cultivars of the same species need to be searched along with the reference genome for resistance gene identification. Recently, advances were made in pan-genome sequencing representing the diversity of more than one cultivar of the same species. The pan-genome analysis of B. oleracea where genomes of nine diverse lines were assembled and compared for structural variation, 81.3% of genes found were core genes and 18.7% were variable genes (Golicz et al., 2016). Importantly, functional analysis of the variable genes suggested the role of the genes and gene families in disease resistance and defense response. The pan-genome approach involving whole-genome gene expression and methylation studies has been used to uncover the structure, function and evolutionary origin of ‘R’ genes (Golicz et al., 2016). So, whole-genome resequencing and pan-genomics studies look promising and could be utilized for identification, characterization and cloning of candidate ‘R’ genes governing downy mildew resistance in Brassica species.

Comparative mapping may be used as a tool to study the similarities and differences of resistance genes among closely or distantly related species of Brassica to analyze the extent of conservation of ‘synteny’ between genetic maps. All Brassica species are closely related to Arabidopsis thaliana and structural similarities are found between B. oleracea and Arabidopsis thaliana genomes. Based on gene homology, the synteny between Arabidopsis thaliana and B. oleracea genomes has been analyzed (Kowalski et al., 1994; Bohuon et al., 1998; Babula et al., 2003; Lukens et al., 2003; Kaczmarek et al., 2009). Widespread colinearity and conserved genomic sequences between B. oleracea and Arabidopsis thaliana (Lan et al., 2000; Babula et al., 2003) may assist in the QTL localization in different mapping populations of B. oleracea.

Though several QTLs for downy mildew resistance have been identified, most of the causal ‘R’ genes remain unknown till date. The cloning of ‘R’ genes in Brassica species may tell us more about the defense mechanism of the plants against the pathogens. Recent advancements in genomics have enabled the researchers to use a pan-transcriptome approach which could reveal the presence and absence of expressed genes in the Brassica ‘A’ and ‘C’ genomes (He et al., 2015). A new tool, ‘MutRenSeq’ technology has been used to carry out rapid and precise cloning of ‘R’ genes (Bent, 2016). MutRenSeq technology has been used in cloning the stem rust resistance genes (Sr22 and Sr45) of bread wheat (Steuernagel et al., 2016) and late blight resistance genes (Rpi) of potato (Witek et al., 2016). In a complex genome like Brassica, methodologies like pan-genome, pan-transcriptome and MutRenSeq technology will lead to the exploitation of novel ‘R’ genes against several important pathogens including downy mildew.

Very recently, genomic selection has been utilized as a powerful approach for crop improvement by identifying minor loci influencing a trait of interest. Genomic selection increases the rate of genetic gain by using the whole genome data to predict the breeding values of the offspring. For durable resistance, the focus of the breeders has now shifted more towards minor quantitative genes rather than single major genes. Different genomic selection models have been successfully captured and genetic variance for disease resistance has been predicted. The recent works demonstrating the application of genomic selection in disease resistance breeding has been reviewed by Poland and Rutkoski (2016) and Bekele et al. (2019). The best studied pathosystem for application of genomic selection models are against different rust pathogens in wheat such as stem rust (Rutkoski et al., 2011, 2014, 2015; Ornella et al., 2012) and yellow/stripe rust (Ornella et al., 2012). In this context, a powerful approach like genomic selection can be implemented in Brassica species for disease resistance especially for quantitative resistance.

Functional genomics and metabolomics studies in both the resistant and susceptible cultivars of cauliflower will divulge the key information on host-pathogen interaction. Mining of allelic diversity by EcoTilling or sequence-based allele mining will lead to haplotype identification, diversity analysis of haplotyes, similarity analysis and marker development to differentiate the alleles. Allele mining of genes from wild relatives and land races of cauliflower may detect superior and novel alleles for downy mildew resistance.



CONCLUSION

In cauliflower, with the current advances made in the identification of QTLs for downy mildew resistance, there is a long way to go in mapping and cloning of QTLs and its deployment in developing resistant cultivars. With the rapid progress of next-generation sequencing technologies and after publishing of the draft genome sequence of cauliflower and related Brassica species, new knowledge of resistance genes/QTLs against important pathogens are becoming available. Furthermore, in near future, several advancements in genomics tools can be expected which will provide new exciting avenues of research in cauliflower and also assist in further improvement of downy mildew resistance. These advancements will bring us closer in developing disease resistant cauliflower and we hope that the limitations can be addressed in the years to come.
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