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BrRLP48, Encoding a Receptor-Like Protein, Involved in Downy Mildew Resistance in Brassica rapa
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Downy mildew, caused by Hyaloperonospora parasitica, is a major disease of Brassica rapa that causes large economic losses in many B. rapa-growing regions of the world. The genotype used in this study was based on a double haploid population derived from a cross between the Chinese cabbage line BY and a European turnip line MM, susceptible and resistant to downy mildew, respectively. We initially located a locus Br-DM04 for downy mildew resistance in a region about 2.7 Mb on chromosome A04, which accounts for 22.3% of the phenotypic variation. Using a large F2 mapping population (1156 individuals) we further mapped Br-DM04 within a 160 kb region, containing 17 genes encoding proteins. Based on sequence annotations for these genes, four candidate genes related to disease resistance, BrLRR1, BrLRR2, BrRLP47, and BrRLP48 were identified. Overexpression of both BrRLP47 and BrRLP48 using a transient expression system significantly enhanced the downy mildew resistance of the susceptible line BY. But only the leaves infiltrated with RNAi construct of BrRLP48 could significantly reduce the disease resistance in resistant line MM. Furthermore, promoter sequence analysis showed that one salicylic acid (SA) and two jasmonic acid-responsive transcript elements were found in BrRLP48 from the resistant line, but not in the susceptible one. Real-time PCR analysis showed that the expression level of BrRLP48 was significantly induced by inoculation with downy mildew or SA treatment in the resistant line MM. Based on these findings, we concluded that BrRLP48 was involved in disease resistant response and the disease-inducible expression of BrRLP48 contributed to the downy mildew resistance. These findings led to a new understanding of the mechanisms of resistance and lay the foundation for marker-assisted selection to improve downy mildew resistance in Brassica rapa.
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INTRODUCTION

Brassica rapa, a species in the Cruciferae family, has great economic value. Some vegetable forms of B. rapa mainly include Chinese cabbage, pak choi, and turnip. In particular, Chinese cabbage (B. rapa L. ssp. pekinensis) is one of the most important vegetable crops in China with the highest growth area and yield among cultivated vegetables (Liu X.M. et al., 2010). However, Chinese cabbage is susceptible to downy mildew disease caused by the oomycetes Hyaloperonospora parasitica var brassicae which tends to propagate under warm and high humidity conditions in spring and autumn, which results in up to 90% yield loss (Göker et al., 2009; Yu et al., 2009). Seedlings are most susceptible. However, the plants can be damaged during the whole growth period. Frequent fungicide application is essential to control the infection, but this severely endangers food safety and sustainable agriculture development. Therefore, the identification of resistant germplasm resources and the breeding of disease-resistant varieties of B. rapa are indispensable to reduce the yield loss caused by Brassica downy mildew.

Quantitative trait loci (QTL) mapping combined with marker-associated breeding has been one of the most effective methods to find disease resistance genes and create disease-resistant varieties. Genetic analysis of downy mildew resistance in Chinese cabbage firstly initiated several decades before showed that the resistance was determined by a single dominant gene (Niu et al., 1983). Yu et al. (2009) demonstrated that the downy mildew resistance is a trait with high heritability in seedling stage of Chinese cabbage and controlled by a major dominant gene as well as some minor modifying genes. A major QTL, effective at every developmental stage, was detected on linkage group A08 by both interval and MQM mapping methods (Yu et al., 2009, 2016). A single dominant locus designated BrRHP1 was located in a 10.5-CM region on A01 Chromosome at the heading stage of Chinese cabbage (Kim et al., 2011). In addition, two minor QTLs, located on linkage groups A06 and A04 were effective at the rosette and heading stages (Yu et al., 2016). The resistance of different natural variations was probably conferred mainly by different genes involving in resistant response. The genetic resistance to downy mildew of plants in different growth stages was also somewhat different (Yu et al., 2016). Based on next-generation sequencing technology, specific-locus amplified fragment sequencing (SLAF-seq) was developed for mapping traits of interest, with the advantages of being a technique of high-throughput, high accuracy, low cost, and short time (Wang et al., 2012; Chen et al., 2013; Sun et al., 2013; Zhang et al., 2013). An improved SLAF-seq strategy was utilized to construct a high-density bin-map, providing abundant developed single-nucleotide polymorphisms (SNPs) markers which could be used to locate QTLs for resistance to downy mildew (Yu et al., 2016). Genome wide re-sequencing was used to obtain the sequences of different individuals based on reference genomic sequences. On account of the sequence variance analysis of different individuals, plenty of high density and high quality SNPs and InDel (insertion/deletion) markers were found which would be efficient tools to assist in QTL fine mapping.

Plants possess an innate immune system, which includes signal recognition and resistance responses, to defend pathogens. This occurs under strong evolutionary pressures coming from significant constraints on the plant’s fitness caused by pathogens. Immune receptors mediate recognition of molecules derived from pathogens or from the damages caused by them (Cook et al., 2015). Nucleotide-binding, leucine-rich repeat (NB-LRR) proteins, highly similar to NOD-like receptors (NLRs) in animals, were identified as the first major group of plant immune receptors, encoded by classical plant disease resistance (R) genes (Bent et al., 1994; Grant et al., 1995; Salmeron et al., 1996; Parker et al., 1997; Botella et al., 1998; Warren et al., 1998). In subsequent research, the R genes that were cloned not only encoded NB-LRR proteins, but also encoded receptor-like proteins (RLPs), consisting of an extracellular LRR and transmembrane (TM) domain, as well as receptor-like kinases (RLKs), including an extracellular LRR, TM domain, and a cytoplasmic kinase domain (Verica and He, 2002). Several RLP genes functioning in disease resistance were first identified in tomato, such as Cf-2, Cf-4, Cf-5, and Cf-9 (Jones et al., 1994; Dixon et al., 1996; Joosten et al., 1997; Thomas et al., 1997; Dixon et al., 1998; Takken et al., 1999; Panter et al., 2002). In the last few decades, an increasing number of RLPs was cloned as immune receptors in plant disease resistance. For example, RPP27 for Arabidopsis downy mildew resistance, Ve1 and LeEix1 in tomato, and LepR3 involved in blackleg resistance in Brassica napus (Bar et al., 2010; de Jonge et al., 2012; Larkan et al., 2013). In particular, extracellular LRR domains in RLPs may play a key role in pathogen recognition. For instance, Cf-4 has two less LRR domains than Cf-9, which leads to differences in resistance responses (van der Hoorn et al., 2001). The first 30 LRRs of Ve1 were required for Ve1-mediated Verticillium resistance in tomato, deletion of LRRs resulted in loss of functionality (Fradin et al., 2014). In addition, the absence of cytoplasmic kinase domains in RLPs compared with RLKs has enabled RLPs to interact with other RLKs to activate cytoplasmic signaling pathways responsive to pathogen invasion. Solanum lycopersicum LRR RLK (SOBIR1) and BRI1-associated receptor kinase 1 (BAK1) were shown to form a complex with Cf-type proteins (Cf-2, Cf-4, Cf-9) and LeEix1 to mediate a disease resistance response (Bar et al., 2010; Liebrand et al., 2013; Zhang et al., 2013; Liebrand et al., 2014).

Phytohormones play pivotal roles in the defense regulation network, by which plants can translate the pathogen-induced early signaling events into activation of effective defense responses (Pieterse et al., 2009). Among these, jasmonic acid (JA) and salicylic acid (SA) are considered to be the major defense-related phytohormones, in addition to other phytohormones such as ethylene (ET), abscisic acid (ABA), auxin, gibberellins (GAs), cytokinins (CK), and brassinosteroids (BRs) (Shigenaga and Argueso, 2016). Previous studies showed that there is a severe alteration in the level of resistance to specific types of pathogens, depending on the phytohormone involved. SA has been shown to regulate the defense responses triggered by biotrophic pathogens (Thomma et al., 2001). After pathogen infection, increased SA levels both in local and distal parts of plants activates defense responses through nonexpressor of pathogenesis-related genes 1 (NPR1), a component downstream of SA. NPR1 translocates to the nucleus to interact with TGA-type transcription factors (TGA2, TGA5, and TGA6) to initiate the expression of SA-dependent genes including PR genes (Kinkema et al., 2000; Zhang et al., 2003; Dong, 2004). Previous studies have demonstrated that WRKY transcription factors and NPR1 exhibit a synergistic effect on the regulation of the expression of PR genes (Mou et al., 2003; Xie et al., 2010).

In contrast, JA biosynthesis and signaling are required for resistance to necrotrophic pathogens (Glazebrook, 2005). In JA-mediated signaling, coronatine-insensitive 1 (COI1) was proven to be responsible for signal perception and releasing a group of MYC transcription factors to initiate transcriptional reprogramming, by mediating 26S proteasome-dependent degradation of the JAZ (JA ZIM-domain) family of proteins, which act as transcriptional repressors (Wasternack and Hause, 2013). In both SA and JA signal transduction, the transcriptions of genes involved in defense response were significantly reprogrammed. But the transcription of R genes regulated by hormones involved in resistance responses has been not reported.

In this study, we identified candidate downy mildew resistance genes encoding LRR-containing proteins in Br-DM04, within a 160-kb region. Using a transient expression system, overexpression of BrRLP48 could enhance resistance to downy mildew in a susceptible line. Otherwise, the leaves infiltrated with RNAi construct of BrRLP48 could reduce the disease resistance of resistant parent MM. Subsequently, through sequence and expression analysis after downy mildew infection, we found that BrRLP48 was significantly induced in resistant line probably due to the presence of the putative SA and JA responsive elements in the promoter. Finally, the content of SA in the resistant line MM was dramatically elevated after inoculation, with only the expression of BrRLP48 significantly induced under SA treatment, correlating with an increased expression following pathogen invasion. These results demonstrated the involvement of R genes in Brassica downy mildew resistance and shed light on the molecular mechanism for marker-assisted breeding of disease-resistant varieties in B. rapa.

MATERIALS AND METHODS

Plant Materials

A mapping population was derived from a cross between BY and MM. BY is a Chinese cabbage in-bred line (B. rapa ssp. pekinensis) that was self-fertilized for eight generations. MM is a European turnip line (Manchester Market; B. rapa L. ssp. rapifera) that was self-fertilized for six generations. The resulting F1 plants were subjected to self-pollination and microspore culture to produce an F2 segregating population and a double haploid (DH) population with 80 DH lines. The method of embryogenesis and doubling by isolated microspore culture in Chinese cabbage was described in Wang et al. (2010).

Downy Mildew Inoculation and Evaluation of Resistance and Susceptible Phenotypes in the Mapping Populations

The seeds of the F2 and DH mapping population were germinated on wet filter paper at 25°C for 24–48 h. The seedlings were then transferred into soil and were grown at 25°C with 16 h light followed by 20°C in an 8 h dark cycle. For the DH population, three inoculation replicates were conducted, with 10 plants per replicate (n = 30). Two week-old seedlings were used for downy mildew inoculation. The pathogen isolate used in this study and the method of inoculum maintained are described in Yu et al. (2009). As described previously (Yu et al., 2009), about 2 × 105 spores μL-1 of conidial suspension of the P. parasitica isolate were sprayed on the abaxial side of leaves. After inoculation, the seedlings needed dark conditions and high humidity (nearly 100%) during the first 24 h and high humidity with 16 h light/8 h dark for subsequent 3–4 days for pathogen invasion. Inoculated plants were grown under 100% humidity and dark conditions at 20°C for 24 h. After 1 week high humidity treatment, phenotypic data were collected. For the F2 population, the susceptible phenotype was evaluated according to the rating system described by Yu et al. (2009). Plants in classes 0, 1, and 3 with no sporulation observed were considered resistant (R), and those in classes 5, 7, and 9 with obvious sporulation were classified as susceptible (S). For the DH population, the disease indices (DIs) for each line were calculated as described in Yu et al. (2009). For further molecular marker analysis, young leaves were collected and DNA was subsequently extracted as described by Murray and Thompson (1980), with minor modifications.

Molecular Marker Analysis

Genomic DNA of the parental lines was re-sequenced by BioMarker Co. (Beijing) and the results were compared to the reference sequence of Chiifu-401-42 (v 1.5). Sequence differences between the parental line in the target QTL region were used to develop SNP markers, designed and synthesized in Britain by the Laboratory of the Government Chemist (LGC) Co., Ltd., for genotyping using the Kompetitive Allele-Specific PCR (KASP) method, as described by Saxena et al. (2014). For each SNP, two allele-specific forward primers and one common reverse primer were designed and tested by LGC. The PCR reactions of 20 μL contained 2 μL PCR buffer, 0.8 μL dNTPs (2.5 mM each), 1.0 μL oligonucleotide primers each (10 μM), 0.2 μL Taq DNA polymerase (2.5 U/μL), 2 μL DNA template (50 ng/μL), and 13 μL ddH2O. The amplifications were performed in a PTC-200 Thermal-cycler (Bio-Rad Laboratories, Hercules, CA, United States) using the following program: 95°C for 5 min followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 5 min. Fluorescent detection of the reaction products was performed using an Omega Fluorostar scanner (BMG LABTECH GmbH, Offenburg, Germany), and the data were analyzed using KlusterCaller 1.1 software (KBioscience). A total of 14 SNP markers were screened to combine with the phenotypes of F2 population and locate the Br-DM04 to a 160-kb region.

Linkage Map Construction and QTL Analysis

The linkage map was constructed with JoinMap 4.0 software (Van Ooijen, 2006). The details of linkage map construction were identical to Su et al. (2018). The Kosambi mapping function was used to calculate genetic linkage distances (Kosambi, 1944). Logarithm of odds difference (LOD) thresholds for determining significant QTLs were estimated from 1000 permutation tests (P < 0.05; Churchill and Doerge, 1994). The genome-wide threshold for downy mildew resistance was 3.0, and interval mapping was used to identify putative QTLs (Lander and Botstein, 1989; Young, 1996). Subsequently, molecular markers coinciding with, or closely flanking, the maximum QTL LOD were used as co-factors in multiple QTL analysis. All calculations employed MapQTL 3.0 software (Van Ooijen et al., 2002). In order to provide visual images of marker loci genomic positions, integrated markers and QTL were plotted using Mapchart 2.2 (Voorrips, 2002).

Gene Cloning and DNA Sequence Analysis

The primers used for amplification of genomic DNA sequences of BrRLP47, BrRLP48, BrLRR1, and BrLRR2 were designed using reference sequences identified from the Brassica database1. The PCR products were then cloned into the pCR8/GM/TOPOTM entry vector (Invitrogen, United States) and sequenced. Sequence similarities were calculated using DNAMAN version 6. The coding sequences of BrRLP47, BrRLP48, BrLRR1, and BrLRR2 were cut by using Hind III and Kpn I restriction sites at 5′- and 3′-terminals, respectively (BGI, Beijing, China). Subsequently, they were cloned into the pSuper1300 vector fused with a GFP tag at the C-terminus (Gong et al., 2002). All the primers used are listed in Supplementary Table S4.

The pYBA1311 vector was used for the RNA interference (RNAi) analysis (Yan et al., 2012). In BrRLP47 CDS, a highly specific fragment containing 169 bp was amplified with two pairs of adaptors (Kpn I/Xho I and Cla I/BamH I). To generate hairpin RNA, the fragment was inserted into Kpn I/Xho I sites and Cla I/BamH I sites of pYBA1311 to form a pair of reverse complement sequences along the transcript direction. A 153 bp fragment in the CDS sequence of BrRLP48 was constructed into pYBA1311 vector in the same way. Then these recombinant plasmids were used to transform into Agrobacterium tumefaciens strain GV3101 for further agroinfiltration. The primer sequences used were listed in Supplementary Table S4.

RNA Extraction and Real-Time PCR Analysis

Total RNA was isolated from leaves with the plant RNeasy kit (TIANGEN, Beijing, China). RNA was reverse transcribed into cDNA using a PrimeScriptTM RT Reagent Kit (TaKaRa, Osaka, Japan). Real-time PCR reactions were performed using the SYBR Green I Master Mix (Roche, Basel, Switzerland) and were quantified with the Light Cycler 480 II (Roche, Basel, Switzerland). Reaction conditions were as follows: an initial denaturation at 95°C for 3 min, followed by 40 cycles of 95°C for 15 s (denaturation), 60°C for 30 s (annealing), and 72°C for 45 s (extension). PCR amplification was followed by heating for 1 min at 60–95°C for melting curve analysis. Each sample reaction was performed with three replicates using 5 μL of Master Mix, 0.25 μM of each primer, 1 μL of diluted cDNA, and DNase-free water to a final volume of 10 μL. The PCR products were sequenced to confirm the gene-specific amplifications.

Expression Analysis of Candidate-Resistant Genes After Inoculation

Two-week old seedlings of disease resistant and susceptible parents MM and BY were used for downy mildew inoculation. Thirty plants of MM and BY were used (n = 30). Under the same high humidity condition, the leaves with inoculated and non-inoculated leaves were sampled at 0, 2, 6, 12, 24, and 48 h after inoculation. Ten to fifteen leaves were mixed to one sample. Then RNA of these samples was extracted for qRT-PCR analysis. Three technical replicates were performed. The primers of BrRLP47, BrRLP48, BrLRR1, and BrLRR2 for qRT-PCR analysis were designed by Primer Premier 5 (Lalitha, 2000) and listed in Supplementary Table S4.

Agroinfiltration

Agrobacterium tumefaciens strain GV3101 was used for transient expression studies. The cotyledons of 7-day old seedlings were used in the Agroinfiltration experiment. Methodology was employed following Liu L.J. et al. (2010) with minor modifications. The Agrobactierium strains including gene-silencing supressor p19 were grown at 28°C to an OD600 of approximately 2.5. Then the bacteria pellets were resuspended in 10 mM MgCl2. The p19 and each strain were mixed with to final OD600 of 0.1 and 0.2. Final concentration of 10 mM Acetosyringone and 200 μM 2-(N-morpholine)-ethanesulfonic acid (MES, pH 5.6) were added to the mixture, which was kept at room temperature for at least 3 h without shaking before infiltration. Cotyledon injection was performed by depressing a 2-mL syringe to the back of leaf till the mixture was infiltrated to the whole leaf. Cotyledons without injection and with empty vector infiltrated were conducted as the controls. Overexpression vector with GFP tag was infiltrated into the cotyledons of susceptible parent BY and RNAi vector was injected into the cotyledons of resistant parent MM. Three days after infiltration, GFP fluorescence was observed under the confocal microscope (Zeiss LSM700, Japan) and 5–10 injected cotyledons were mixed to each sample for qRT-PCR analysis. The RNA samples in three biological replicates were employed for qRT-PCR analysis. Subsequently, downy mildew was inoculated into these 3-day infiltrated cotyledons. Keeping high humidity for 5–7 days after inoculation, the disease-resistant phenotype of the infiltrated cotyledons was investigated. The infected cotyledon, of which more than a half leaf area with observed sporulation, was considered to be the susceptible cotyledon. The expression levels of injected genes and the percents of susceptible cotyledons were derived from four independent experiments.

SA and JA Treatments

Eighteen-day-old BY and MM seedlings with two or three fully expanded leaves were subjected to SA and JA treatments. SA at 1.5 mM (Sigma-Aldrich, Lot V900072) and 1 mM Me-JA (Sigma-Aldrich, Lot 392707) dissolved in water were sprayed on the abaxial side of the leaves. Seedlings sprayed with water were designated as the controls. The leaves were sampled at 0, 2, 4, 6, 8, 12, 24, 48, 72, 96, and 120 h for detection of gene expression. Five to eight leaves were pooled in each sample. Three parallel experiments were performed as the biological replicates in further qRT-PCR analysis. The ratio of gene expression under phytohormone treatment to that under water treatment was considered to be the gene induction level by the phytohormone.

Phytohormone Measurement

The leaves of 20-day old BY and MM seedlings were placed under high humidity and dark condition for 6 h and then downy mildew inoculation was performed. The samples were collected at 0, 4, and 12 h after downy mildew inoculation (the inoculation method was described in the section “Downy mildew inoculation and evaluation of resistance and susceptible phenotypes in the mapping populations”). For each sample for SA and JA measurements, approximately 50 mg of leaf tissue from 5 to 10 seedlings was needed. Three biological repetitions were made at each time point, consisting each one on a mix of five seedlings. After freezing in liquid nitrogen, the samples were stored at -80°C until further analysis. Each sample was ground to a fine powder in liquid nitrogen. The 50 mg powder was extracted in 15 mL cold 100% methanol followed by sonication in ultrasonic water bath (MRC, Holon, Israel) for 30 min at frequency 40 kHz (25°C). Then the mixture was centrifuged at 18,000 × g for 10 min at 25°C. The supernatant was filtered through 0.2-μm membrane and dried under vacuum condition. The residue was dissolved in 400 μL of H2O/methanol (1:1, v/v). Samples were centrifuged (10 min at 18,000 × g), and 10 μL of the aqueous phase was retained for analysis. The external standard method was used for quantification, in which internal standard SA (CAS: 69-72-7) and JA (CAS: 3572-66-5) were diluted in methanol to the concentrations of 1, 2, 5, 10, 20, 50, and 100 ng/mL to draw standard curve. The contents of free SA and JA were measured using a Shimadzu UHPLC system (Kyoto, Japan) equipped a LC-30AD solvent delivery system, a SIL-30AC autosampler, a CTO-30A column oven, a DGU-20A3 degasser, and a CBM-20A controller (Fan-Xing Biological Technology- Beijing Co., Ltd.).

RESULTS

Genetic Mapping of Bra-DM

To locate the major QTL for downy mildew resistance, we used the DH mapping population derived from a cross between the Chinese cabbage line BY (B. rapa ssp. pekinensis), and a European turnip line MM (B. rapa L. ssp. rapifera). A sequence-based bin map was constructed using an improved specific length amplified fragment sequencing (SLAF-seq) strategy (Su et al., 2018). The final bin map included 974 bins on the 10 linkage groups and was 1033.24 cM in length with an average distance of 1.06 cM between adjacent markers. After pathogen invasion, the leaves in resistant lines activated the hypersensitive response (HR)-based resistance to downy mildew causing the observed host necrosis but no sporulation. The sporulation could be observed on susceptible leaves. The disease susceptible parent of DH mapping population, BY is highly susceptible to downy mildew with a DI of 79.0. The resistant parent used in this work, MM, exhibited the prominent resistance to downy mildew (DI = 12.4) and the genetic basis of its resistance was worth for further investigation. The downy mildew-resistant phenotypic distribution of 77 DH individuals was showed in Supplementary Figure 1. The nearly complete resistance (DI = 7.0) of F1 progeny suggested that the disease-resistant phenotype was controlled by dominant-resistant gene in the population. Eventually, a resistant QTL, Br-DM04 was roughly mapped to a long arm of chromosome A04 in a 2.75-cM region (from 74.58 to 77.33 cM) between SNP markers A04_4285711 and A04_7136911, with maximum LOD value 4.2, which explained up to 22.3% of the phenotypic variance (Figure 1A and Supplementary Figure 2).
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FIGURE 1. Fine mapping of the downy mildew resistant QTL Bra-DM04. (A) Major QTL likelihood maps by multiple QTL model (MQM). The LOD-score threshold of 3.1 is indicated by the dashed line. The highest LOD score of 4.2 was located in a 2.75 cM on A04 Chromosome between SNP marker A04_4285711 and A04_7136413. Below the likelihood map was the schematic diagram of Chromosome A04, on which a 2.9-Mb region corresponding to the 2.75 cM region in likelihood map was filled with black. (B) F2 population was applied to fine mapping of Bra-DM04, narrowing down the area to 160 kb. The SNP markers used for mapping are labeled on a schematic diagram of the chromosome. The representative genotypes of recombinants were below the chromosome. The numbers of recombinants of the same genotype and the total number of population are written on the left of the recombinants’ names. Phenotypes are on the right. “R” and “S” refer to resistant and susceptible, respectively. Black and white rectangles represent resistant and susceptible genotypes, respectively. Gray segments indicate regions that were not tested with markers. (C) The gray triangles denote the genes in Bra-DM04. This region contains 16 candidate genes, among which four predicted resistance genes are indicated.



To fine map Br-DM04, an F2 population with a total of 1156 individuals derived from the cross between BY and MM was employed to analyze disease-resistant phenotypes (Supplementary Figure 3). The rating system of susceptible phenotype was used in disease resistant investigation. F2 individuals in classes 0, 1, and 3 with no sporulation observed were considered resistant (R), and those in classes 5, 7, and 9 with obvious sporulation were classified as susceptible (S). We acquired 48,334 SNP markers on Chromosome A04 based on resequencing results and 5,339 SNP markers in initially located regions were employed to make the markers more dense. Fourteen of 6,169 SNPs which showed polymorphisms were selected for Kompetitive Allele-Specific PCR (KASP) assay development and used to screen the F2 population to identify recombinants (Figure 1B and Supplementary Table S1). Finally, the Brassica downy mildew resistant QTL, Br-DM04, was located in a 160-kb region, between the SNP markers A04_5235282 and A04_5398232 (Figure 1B). Specially, the SNP marker within the gene Bra032747, A04_5326733, co-segregated with downy mildew resistance. In addition, we sequenced the five markers closely linked to Br-DM04 and found that the order of the markers was consistent with the order of their homologs in Chiifu-401 of B. rapa (Wang et al., 2011).

Identification and Coding Sequences Analysis of Candidate Disease Resistance Genes

To identify the candidate resistance genes in Br-DM04, a comparative gene annotation in Arabidopsis thaliana was investigated. There are 17 genes located in Br-DM04, in which 16 have functional annotations referring to their Arabidopsis homologs (Figure 1C and Table 1). Among these genes, we first focused on the R genes. Therefore, according to the annotations in Table 1, there are only four gene candidates: Bra032747, Bra032746, Bra032741, and Bra032740, probably functioned in disease resistance. Bra032747 and Bra03276 encode RLPs containing seven and nine LRRs, respectively. Thus, Bra032747 and Bra03276 were renamed as BrRLP48 and BrRLP47, according to their homologous genes, AtRLP48 and AtRLP47, in Arabidopsis (Table 1). Bra032740 and Bra032741, whose homologous genes in Arabidopsis were assigned as the disease resistance gene family, belong to the LRR gene family and encode proteins containing six LRR motifs, but lack a TM domain, compared with RLPs. Bra032740 and Bra032741 were named as BrLRR1 and BrLRR2. The genes encoding RLP and LRR families of proteins are known as two types of resistance genes (R genes) involved in plant disease resistance (Jones et al., 1994; Song et al., 1995; Dixon et al., 1996, 1998; Joosten et al., 1997; Thomas et al., 1997; Takken et al., 1999; Panter et al., 2002). Therefore, BrRLP48, BrRLP47, BrLRR1, and BrLRR2 were identified as candidate genes for downy mildew resistance.

TABLE 1. Sixteen annotated genes in the 160 kb region of Bra-DM04.
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To characterize the disease resistance function of the candidate genes, sequence analysis of the coding region in disease-resistant and susceptible parents, MM and BY, respectively, was initially performed. We designed the primers according to the reference sequence of B. rapa (Chiifu-401-42 v1.5). The genomic sequences of BrRLP47 and BrRLP48 are approximately 2.5 kb based on the reference sequence, and BrLRR1 and BrLRR2 are 4.2 and 3 kb, respectively. Fractional amplification by PCR was employed to obtain the complete sequences of BrLRR1 and BrLRR2 due to their sequence complexity and excessive length. The sequences of BrRLP47, BrRLP48, BrLRR1, and BrLRR2 in the susceptible parent BY are completely consistent with reference sequences (Supplementary Figure 4). The genomic sequence of BrLRR1 in the resistant line MM had only two single nucleotide variations (Supplementary Figure 4). There is a 56 bp insertion, a 24 bp deletion, and a 89 bp deletion in the BrLRR2, BrRLP47, and BrRLP48 sequences, respectively, except for single nucleotide variations (Supplementary Figures 4, 5A). However, the predicted protein domains showed no distinction in four candidate genes between resistant (MM) and susceptible parents (BY) (Supplementary Figure 5B).

Overexpression and Knockdown of Candidate Genes in Transient Expression System

To identify which candidate gene confers resistance to downy mildew, we developed an Agrobacterium-mediated transient expression system in cotyledons of B. rapa for functional analysis, instead of using time-consuming transgenic methods. The disease resistant functions of these four candidate genes from resistant parent MM (BrLRR1-R, BrLRR2-R, BrRLP47-R, and BrRLP48-R) were firstly detected. The sequences of BrLRR1-R, BrLRR2-R, BrRLP47-R, and BrRLP48-R were cloned into the vector pSuper1300 containing a C-terminal GFP tag. The Agrobacterium carrying these vectors were injected into the cotyledons of 7-day-old seedlings of the susceptible parent BY, with the empty vector as a negative control. Three days after infiltration, GFP fluorescence was detected in infiltrated cotyledons. Using confocal microscopy with the same parameters, similar fluorescence intensity was observed, indicating similar protein expression levels between four candidate genes and GFP in the empty vector (Figure 2A). In the meantime, the expression levels of these genes were enhanced approximately 23.7–27.5-fold, compared with controls before infiltration (Figure 2B). Subsequently, downy mildew was inoculated into 3-day infiltrated cotyledons. The susceptible cotyledons could easily have sporulation observed rarely with the host necrosis being seen. Therefore, for the phenotype investigation, a cotyledon, more than half infiltrated area had sporulation observed, was defined as a susceptible cotyledon. Cotyledons of seedlings with different growth conditions could directly influence the disease resistant phenotype. Thus, we calculated the percentage of susceptible cotyledons to reflect the disease-susceptible phenotype. With similar expression levels, the disease resistance of cotyledons transiently expressing BrRLP47 and BrRLP48 was significantly elevated compared to control; there were only 35.5 ± 8.1 and 15.8 ± 5.6% susceptible cotyledons compared with 87.4 ± 10.7% in control (Figure 2C). However, the susceptibility of BY did not change with the transient expression of BrLRR1 and BrLRR2, with the percentage of susceptible cotyledons being 85.3 ± 12.1 and 90.2 ± 8.8%, respectively (Figure 2). Furthermore, we overexpressed the alleles of BrRLP47 and BrRLP48 (up to 25.1 and 27.9-fold) from susceptible parent BY (BrRLP47-S and BrRLP48-S), and we found they could also increase the disease resistance of BY (with the percentage of susceptible cotyledons being 33.1 ± 6.2 and 25.3 ± 3.4%, respectively) (Supplementary Figure 6). As a result, BrRLP47 and BrRLP48, either from MM or BY, could enhance the resistance to downy mildew in the susceptible variety BY.
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FIGURE 2. Functional analysis of resistance candidate genes in a transient expression system mediated by agroinfiltration. (A) The disease resistance phenotypes and protein expression assay of cotyledons injected with BrLRR1-GFP, BrLRR2-GFP, BrRLP47-GFP, BrRLP48-GFP, and GFP alone were observed 3 days after agroinfiltration. The images in red squares are magnified in the pictures in the second column from the left. (B) Gene expression analysis after agroinfiltration. Five to ten leaves were pooled in a single sample in each replicate. Expression of each gene before injection was defined as 1.0. Values represent means ±SD (n = 3) from three biological replicates. (C) The percentage of susceptible injected cotyledons after inoculation. Values represent means ± SD from four independent experiments. Each experiment tested at least 50 cotyledons.



To further investigate the resistant functions of BrRLP47 and BrRLP48, we constructed the RNAi vectors with a 169 and 153-bp fragment from BrRLP47 and BrRLP48, respectively, and agro-infiltrated the cotyledons of resistant parent MM. The agroinfiltrated cotyledons of BrRLP47 and BrRLP48 showed varying degrees of expression inhibition compared to the non-injection control before or after inoculation (Figure 3A). We phenotypically characterized the RNAi cotyledons 4 days after downy mildew inoculation. The results showed that the cotyledons infiltrated with RNAi construct of BrRLP48 were more susceptible than control plant, with a relatively large percentage of susceptible cotyledons (23.3 ± 4.1%) (Figures 3B,C). Above all, the phenotypes of overexpression and knockdown lines of BrRLP48 suggested that BrRLP48 probably functioned in the downy mildew resistant response.
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FIGURE 3. Functional analysis of resistance candidate genes in their knock-down lines through agroinfiltration-mediated transient expression system. (A) Gene expression analysis in the cotyledons infiltrated with RNAi construct of BrRLP47 and BrRLP48 after injection. The cotyledons before injection, without injection (no injection), and infiltrated with Agrobacterium carrying empty vector pYBA1311 (vector) were conducted as controls. Three days after agroinfiltration without inoculation, the gene expressions were detected in “non-inoculation” group. The gene expressions in infiltrated cotyledons at 6 h after inoculation were tested in “Inoculation” group. Five to ten leaves were pooled in a single sample in each replicate. Expression of each gene in the cotyledons before injection was defined as 1.0. Values represent means ± SD (n = 3) from three biological replicates. (B) The disease susceptible phenotypes of cotyledons injected with BrRLP47-RNAi, BrRLP48-RNAi, RNAi-empty vector (vector), and cotyledons without injection were observed 3 days after agroinfiltration. The images in red squares are magnified in the pictures in the second column from the left. (C) The percentage of susceptible injected cotyledons after inoculation. Values represent means ±SD from three independent experiments. Each experiment tested at least 50 cotyledons.



The Expression of Candidate Genes Following Downy Mildew Inoculation

The above results suggested that regulation of transcript levels of BrRLP47 and BrRLP48 may make plants exhibit different degrees of resistance to downy mildew. Therefore, we intended to investigate the expression levels of candidate genes under disease conditions and compared the promoter sequences of candidate genes between BY and MM. We collected the leaves of MM and BY after downy mildew infection for gene expression analysis through RT-PCR. Avoiding the high humidity condition, which was the pathogen invasion needed, to influence the gene expression, we sampled “0 h” samples under high humidity. Samples were taken from inoculated and non-inoculated leaves at 0, 2, 6, 12, 24, and 48 h after inoculation. The ratio of gene expression for inoculated to non-inoculated samples could reflect the induced expression level of genes following downy mildew inoculation. RT-PCR results showed that the expression of BrLRR1 and BrLRR2 was induced about twofold 6 h after inoculation and the induced patterns in MM were consistent with those in BY (Figure 4A). BrRLP47 shared a similar gene expression pattern in MM and BY, elevated about 2.5- and 1.5-fold, respectively, at 2 h after inoculation (Figure 4A). The expression of BrRLP48 was significantly stimulated 35-fold and 28-fold at 2 and 6 h, respectively, after inoculation in the resistant parent MM, but only 1.03-fold at 6 h in BY (Figure 4A). Thus, downy mildew invasion could significantly induce the expression of BrRLP48 in the disease-resistant parent MM, which possibly conferred MM its disease resistance to downy mildew.
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FIGURE 4. Expression analysis of resistance candidate genes after inoculation and promoter analysis of BrRLP48 between BY and MM. (A) Expression analysis of BrLRR1, BrLRR2, BrRLP47, and BrRLP48 after inoculation. Thirty seedlings of BY and MM were used. Ten to fifteen leaves were mixed in a sample. Expression of each gene at 0 h after inoculation was defined as 1.0. Values represent means ±SD (n = 3) from three technical replicates. (B) Predicted regulatory elements in the promoter of BrRLP48 in MM. The sequences of MM in red rectangles are indicated above. “-R” and “-S” denote MM and BY, respectively.



To further explore the reason why expression of BrRLP48 was significantly increased in the resistant line MM after downy mildew inoculation, we first attempted to obtain the promoter sequences of BrRLP48 in both resistant and susceptible parents. Based on reference sequences, we found that there were only 1,882 bp upstream of the ATG start codon in BrRLP48, including a 6 bp 5′-UTR region, the rest of which was considered as the promoter sequence. We designed the primers for ∼800–1,000 bp PCR products with pairwise overlap, according to the reference promoter sequence for amplification in both MM and BY. Finally, three fragments with pairwise overlap of 200–300 bp were obtained, which together assembled to 2,127 and 1,461 bp in MM and BY, respectively (Supplementary Figure 7). The 1,461 bp sequence in BY was completely consistent with the reference sequence (Supplementary Figure 7). Approximately 1,000 bp sequence upstream of the ATG start codon in MM was consistent with the reference sequence, containing several single nucleotide variations as well as multiple nucleotide insertions and deletions. But there were significant differences, including a 280 bp deletion and an 800 bp insertion in the rest of the promoter sequence (Supplementary Figure 7). The promoter sequences of BrRLP48 in MM and BY, assigned as the resistant (R) and susceptible (S) promoters, respectively, were used for prediction of transcript elements using PlantCARE (a database of plant promoters and their cis-acting regulatory elements) (Higo et al., 1998). The transcript elements in R promoter sequences that did not exist in S promoters were those that were mostly involved in hormone responsiveness, including the auxin-responsive element TGA box, TCA element involved in SA responsiveness as well as TGACG and CGTCA motifs involved in MeJA (methyl-jasmonate) responsiveness (Figure 4B). SA and JA are the plant hormones that participate in disease resistance. Thus, the expression of BrRLP48 could be regulated by the hormones involved in disease resistance after inoculation, possibly due to the hormone-responsive elements existing in R promoter sequences.

The Concentration of SA and JA After Downy Mildew Inoculation

To clarify which hormone-responsive element in the promoter of BrRLP48 in MM responds to downy mildew, we first conducted experiments to identify the hormone involved in this process. The concentrations of SA and JA in resistant (MM) and susceptible (BY) parents during downy mildew infection were tested. The inoculated leaves were subjected to hormone detection analysis. The results showed that the concentrations of SA rose gradually at 4 and 12 h after inoculation in both BY and MM, while those of free JA declined (Figure 5 and Supplementary Table S2). Before inoculation, free SA was at similar concentrations in BY and MM, at 29.9 ± 1.2 and 34.3 ± 0.4 ng mL-1, respectively. Notably, the concentration of SA increased rapidly to 64.2 ± 0.1 and 101.3 ± 2.0 ng mL-1 at 4 and 12 h, respectively, after inoculation in MM; in contrast, the concentration peak in BY was 41.4 ± 1.5 ng mL-1 at 12 h after inoculation (Figure 5A and Supplementary Table S2). Thus, the free SA but not JA could significantly accumulate after inoculation in disease-resistant parent MM, indicating SA probably involved in downy mildew resistant response.
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FIGURE 5. The concentrations of SA and JA after downy mildew inoculation. The concentrations of SA (A) and JA (B) in inoculated leaves were measured at 0, 4, and 12 h after downy mildew inoculation. The 50 mg leaves from 5 to 10 20-day old seedlings were collected in each sample. Values represent means ± SD (n = 3) from three biological replicates. Statistical significance between 0 and 4 or 12 h after inoculation in BY or MM was by a t-test: ∗∗P < 0.01.



The Expression of Candidate Genes Under SA and JA Treatment

To confirm whether BrRLP48 was induced by SA resulting from the SA-responsive element in MM, the expression analysis of four candidate resistance genes was performed after SA and JA treatment. SA (1.5 mM) and Me-JA (1 mM) were sprayed on the abaxial side of leaves of 14-day-old seedlings, with water used as a negative control. Sample collections were performed at 10 time points after spraying, including 2, 4, 6, 8, 12, 24, 48, 72, 96, and 120 h. The expressions of BrLRR1, BrLRR2, BrRLP47, and BrRLP48 in these samples were detected by qRT-PCR. The ratio of relative expression values under SA/JA treatments to those under water controls at each time point was considered to be the induced expression level after treatments. The results showed that the expression exhibited a similar wave pattern along these time points, expect BrRLP48 in MM after SA treatment (Figure 6 and Supplementary Table S3). The expression ratios of BrRLP48 in MM at 2, 4, and 12 h after SA treatment were 17.6, 16.5, and 61.8 respectively, which were dramatically induced compared with other genes that showed expression ratios of approximately 0–4 (Figure 6 and Supplementary Table S3). Therefore, these results suggested that BrRLP48 was indeed induced by SA in MM and also confirmed the presence of SA-responsive elements in the promoter of BrRLP48 in MM.
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FIGURE 6. Expression analysis of candidate genes under SA and JA treatments. The numbers in Y-axis denote the ratios of expression levels under SA and JA treatments compared to the controls. Five to eight leaves were pooled in a single sample in each replicate. Expression of each gene at 0 h after SA or JA treatment in BY or MM was defined as 1.0. Values represent means ±SD (n = 3) from three biological replicates.



DISCUSSION

In this study, we identified a new QTL Br-DM04 on Chromosome A04 for downy mildew resistance in DH and F2 populations derived from the cross between the Chinese cabbage line BY (B. rapa ssp. pekinensis) and a European turnip line MM (B. rapa L. ssp. rapifera). The QTLs, on Chromosome A01 and A08, for downy mildew in Brassica rapa reported previously were identified from different resistant sources (Yu et al., 2009, 2016; Kim et al., 2011). The minor QTL hBrDM4 identified from resistant line T12-19, between Marker399582 and Marker 417609 (speculated physical position is between A04.2001507 and A04.3056256) on Chromosome A04, were active at the heading stage (Yu et al., 2016). The resistant QTL Br-DM04 in this work was identified from a European turnip line MM. Although hBrDM4 and Br-DM04 (between A04.4285711 and A04.7136911) were both on A04, the physical locations of them implied that they are two independent QTLs. In this study, a new putative resistance gene (R gene), BrRLP48, encoding a RLP family protein was considered to confer the disease-susceptible line BY resistance toward downy mildew, in a transient expression system using Agrobacterium infiltration. BrRLP47, the expression of which was increased to about 27-fold following Agroinfiltration, could also confer resistance in BY toward downy mildew. However, the expression of BrRLP47 was upregulated only 2.5 times at 2 h, with slight downregulation at other time points after disease infection in the resistant line MM. Therefore, BrRLP47 could not be the crucial gene conferring resistance in MM on account of not reaching functional expression levels in vivo after pathogen invasion.

Agroinfiltration-mediated transient expression in Nicotiana benthamiana has been commonly applied to gene overexpression and silence, protein subcellular location, protein modification, interaction, and so on with its advantages of high throughput, time-saving, and high level protein production (van der Hoorn et al., 2000; Goodin et al., 2002; Koscianska et al., 2005; Liu L.J. et al., 2010). Whereas for most proteins of other plants N. benthamiana is a heterologous system, and there are no mutated N. benthamiana for gene functional analysis. In additional, the transient transformed exogenous DNA was not able to be inherited through its receptor plants, and the results were not conclusive. The transient expression in B. rapa improved in this work would make up the disadvantage of heterologous system, but other disadvantages still remained. Eventually, the stable genetic transformation lines should be constructed to support these preliminary findings.

Previous research demonstrated that the number of LRRs in an R gene for example, from the RLP and RLK families, determined the disease resistance capacity (van der Hoorn et al., 2001). QTL-Br-DM04, containing 17 annotated genes, was identified as a major resistant QTL with maximum LOD value 4.2, which explained up to 22.3% of the phenotypic variance. Therefore, among these genes, we chose four putative R genes belonging to RLP and LRR containing protein family as the candidate resistant genes. The functions of other 13 genes in Br-DM04 whether or not involved in disease resistance should be further explored. Through sequence analysis, although amino acid substitutions and deletions were found in the sequence of BrRLP47 and BrRLP48 in MM compared with which in BY, the functions in disease resistance were not changed (Supplementary Figure 6). Nevertheless, the expression of BrRLP48 was rapidly induced to high levels until 6 HAI (hours after inoculation) after which there was a slight decline at 12–24 HAI. In analogy to MM, the expression of BrRLP48 in BY was not upregulated, but instead exhibited a mild reduction. We inferred that the elevated expression of BrRLP48 probably contributed to the resistance to Brassica downy mildew in MM.

The functions of SA and JA as primary signals in regulating the plant’s immune response have been well described (Pieterse et al., 2009). In particular, SA is known to regulate the defense responses triggered by biotrophic pathogens which downy mildew belongs to, whereas JAs commonly control the defenses caused by pathogens with a necrotrophic lifestyle (Glazebrook, 2005). In this research, the content of SA significantly increased after pathogen invasion, whereas the content of JA decreased slightly. Even the seedlings with an overdose of SA, but not JA, could acquire resistance to downy mildew (Supplementary Figure 8). It has been directly proven that SA is involved in resistance to Brassica downy mildew, and the expression of the marker genes in SA signaling pathway was upregulated after inoculation (Gao et al., 2014). In the light of previous studies, we preferred to speculate here that BrRLP48, a putative R gene in downy mildew resistance, could trigger the resistant response resulting in the increment of SA after pathogen invasion. Furthermore, the upregulated expression of BrRLP48 in response to disease could be the result of a positive feedback regulation through SA signaling. Moreover, the JA and SA responsive elements that co-exist in the promoter of BrRLP48 would bring about the hormonal pathway crosstalk to fine-tune pathogen defense.

As one of the few identified putative R genes in Brassica downy mildew resistance, the disease-resistant function of BrRLP48 should be further investigated and confirmed. Firstly, the resistance gene function of BrRLP48 should be evaluated in vivo by its overexpression in transgenic disease susceptible plants. Likewise, the loss-of-function mutants of BrRLP48 in disease resistant lines should be constructed using Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) technology, or identified the mutants of it from the EMS mutagenesis population. To confirm the important role of SA responsive element in defense response, BrRLP48 derived by its promoter in resistant line BY with or without the SA responsive element should be transformed into the BY and the disease-resistant phenotype should be investigated. Further exploration of BrRLP48 would assist in confirming its resistant function and understanding the possible mechanisms by which a brand new R gene in the RLP family of proteins mediates Brassica downy mildew resistance.

CONCLUSION

Collectively, this study identified a QTL, Bra-DM04, conferring resistance to downy mildew on B. rapa Chromosome A04. A new R gene BrRLP48 in Bra-DM04, encoding a RLP, was involved in response to Brassica downy mildew resistance and its disease responsive expression probably owing to the putative SA-responsive element in its promoter in the resistant parent only. BrRLP48 is the most promising candidate R gene involving in downy mildew resistance in the European turnip line MM. The results uncover the involvement of R genes in Brassica downy mildew resistance and pave the way to further investigate the molecular mechanisms of disease resistance.
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