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Editorial on the Research Topic 


Investigating the elements of plant defense mechanisms within plant immune responses against pathogens


Plants are incredible organisms that support life on Earth and serve as a basic food source for the world’s population. Unlike other organisms, plants are immobile, and their growth is closely tied to their particular environment. Their immobility forces them to constantly encounter abiotic (Bashir et al., 2021) and various biotic stressors, such as herbivores, plant viruses, and pathogenic bacteria and fungi, throughout their lifespan (Ali et al.; Jan et al.; Escalante et al.; Brelanga et al.; Rymaszewski et al.; He et al.; Aci et al.; Badami et al.; Chai et al.). Due to their exposure to these biotic factors, plants have coevolved with herbivores and pathogens, developing preformed natural barriers and inducible defense mechanisms (Jones and Dangl, 2006; Underwood, 2012; Kozieł et al., 2021). Natural, or constitutive, defenses in plants are physical barriers, such as waxy epidermal cuticles or cell walls that prevent the penetration of pathogens (Maillot et al.; Escalante et al.) or deter herbivores from feeding on generative or vegetative plant organs. Inducible defense responses, on the other hand, are activated when plants detect potential pathogens, and the speed, strength, and effectiveness of this response determine the susceptibility or resistance of a plant host (Maillot et al.; He et al.; Li et al.). This inducible response is often referred to as “basal resistance” or “innate immunity” and depends on several factors, including specific receptors (Rymaszewski et al.) that recognize pathogens or pathogen-associated elements, resistance genes (R genes) (He et al.; Li et al.; Rai et al.), and their products, such as NB-LRRs (Anbu et al.; Jiang et al.). These responses involve ROS generation and macromolecules like salicylic acid and glutathione (Kozieł et al.), which are crucial for initiating and directing the signal transduction about the presence of a pathogen. Additionally, the response to biotic stress is often linked to the production of specific proteins, such as mitogen-activated protein kinases, or elicitors from the plant host and the pathogen alike (Chai et al.; Brelanga et al.; Jing et al.; Zhang et al.). Disease-causing plant pathogens, including viruses, bacteria, and fungi, actively modulate different elements of plant defense mechanisms. As a result, plants and pathogens are engaged in a sophisticated molecular “arms race” that has become increasingly complex due to global climate change. These conditions have created a constant need to investigate resistance mechanisms, and their components, and to explore new methods to enhance resistance (Rai et al.; Li et al.) including external treatments with compounds like β-aminobutyric acid and γ-aminobutyric acid (Badmi et al.; Jan et al.).

Mailliot et al. investigated the transcriptome analysis of Phytophthora capsici infection in susceptible and partially resistant peppers. The authors identified genes that redirected resources to lipid biosynthesis, allowing partially resistant plants to subsist. Ectopic expression of the RxLR effector genes CUST_2407 and CUST_16519 in pepper lines with varying resistance levels revealed host-isolate interactions that triggered either local necrotic lesions (hypersensitive response) or leaf abscission (extreme resistance), preventing pathogen spread.

Chai et al. and Badmi et al. described new factors in host reactions to infections induced by Botrytis elliptica and Botrytis cinerea, respectively. Using transcriptomic and metabolomic analyses of B. elliptica-resistant Lilium oriental hybrid “Sorbonne”, Chai et al. identified 115 differentially accumulated metabolites (DAMs) at different stages of infection. The authors confirmed that the phenylpropanoid and flavonoid pathways play a central role in plant defense. They also concluded, using transcriptome analysis and a weighted gene co-expression network analysis (WGCNA), that jasmonic acid (JA), salicylic acid (SA), brassinolide (BR), and calcium ions (Ca2+) are crucial for the response of “Sorbonne” to B. elliptica infection. Badmi et al. explored the effect of β-aminobutyric acid (BABA) treatment on Fragaria vesca, revealing that BABA induces systemic susceptibility in F. vesca. Their transcriptome analysis suggested that genes related to “response to biological stimulus”, “photosynthesis”, and “chlorophyll biosynthesis and metabolism” were involved in this induced susceptibility of BABA-treated plants. Jan et al. investigated the use of γ-aminobutyric acid (GABA) and found that GABA treatment activated antioxidant enzymes, reduced reactive oxygen species and malondialdehyde levels, and decreased the rate of damage caused by Sogatella furcifera. Interestingly, GABA-treated plants infested with S. furcifera also exhibited increased phenylalanine ammonia-lyase and pathogenesis-related (PR) gene expression levels, and GABA-induced abscisic acid (ABA) accumulation, stomatal closure, and reduced water conductance in leaf vessels during stress caused by Sogatella furcifera. Furthermore, GABA induced the expression of JA biosynthesis genes (LOX, AOS, AOC, and OPR) and melatonin biosynthesis-related genes (TDC, T5H, ASMT, and SNAT).

The data presented by Zhang et al. showed the direct role of the LysM protein BdLM1 of Botryosphaeria dothidea in full virulence and the inhibition of plant immunity by binding chitin and protecting hyphae from hydrolysis. Jing et al. postulated that plasma membrane (PM) dynamics play a role in defense against pathogens and explained the signaling pathway of plant elicitor peptides (Peps) and their effect on PM protein internalization. The authors demonstrated that Pep1 stimulates the endocytosis of PM-localized proteins through clathrin-mediated endocytosis (CME). CLC2 and CLC3, two light chains of clathrin, are vital for Pep1-induced PIN2-GFP and BRI1-GFP. The internalized PIN2 and BRI1 are subsequently transported to the vacuole via the trans-Golgi network/early endosome (TGN/EE) and pre-vacuolar compartment (PVC) pathways. Moreover, Jing et al. showed that salicylic acid (SA) negatively regulates the effect of Pep1 on PM endocytosis. Furthermore, Rymaszewski et al. revealed that HopQ1, a type three effector from Pseudomonas syringae, upon phosphorylation, co-opts plant 14-3-3 proteins to control its stability and subcellular localization, affecting the nuclear import rate of the Pseudomonas syringae effector in Nicotiana benthamiana cells. On the other hand, the analyses of Jiang et al. on Pseudomonas syringae pv. actinidiae (PSA) focused on the role of overexpression of miRNA482 family, miRNA-215-3p, and miRNA-29-3p in increasing kiwifruit’s sensitivity to PSA via regulation of NBS-LRR target genes.

He et al. analyzed the further role of the R executor genes, Xa7, Xa10, Xa23, and Xa27 in infection caused by Xanthomonas oryzae pv. Oryzae (Xoo). The authors confirmed that transcription activator-like effector (TALE) AvrXa7 in Xoo strains could bind directly to the effector-binding element (EBE) in the promoter of the Xa7 gene. Moreover, the executor R genes (Xa7, Xa10, Xa23, and Xa27) driven by the promoter of the Xa7 gene trigger the hypersensitive response (HR) in tobacco leaves. Berlanga et al. confirmed the extensive role of mitogen-activated protein kinase phosphatase 1 in controlling broad-spectrum antibacterial and antifungal resistance in Arabidopsis thaliana through diverse mechanisms of immune activation. Meanwhile, the analyses of comparative transcriptome profiling and co-expression network analysis performed by Aci et al. revealed the key genes associated with pear petal defense responses against Monilinia laxa infection in Sissy (relatively tolerant cultivar) and Kristalli (highly susceptible cultivar). Li et al. characterized the interaction between eggplant and Verticillium dahliae, in particular the highly resistant cultivar LC-2 with higher levels of polyphenol oxidase, superoxide dismutase, peroxidase, phenylalanine ammonia lyase, β-1,3 glucanase, or chitinase. Meanwhile, RNA sequencing performed by Li et al. revealed differentially expressed genes (DEGs), a significant portion of which were implicated in disease resistance and growth. These processes encompassed defense responses, cell wall biogenesis, developmental processes, and the biosynthesis of spermidine, cinnamic acid, or cutin. Rai et al. characterized susceptible and resistant cultivars of Brassica juncea against Albugo candida with special effort on antioxidant enzymes and non-enzymatic ROS scavenging compounds. The authors emphasis PR2 as the best possible gene for defense against A. candida followed by PR1, while PR3 and PR12 showed a positive correlation with the disease resistance, which may be due to the jasmonate pathway acting as a complement to the salicylic acid pathway. On the other hand, Li et al. elucidated the pathogenesis of powdery mildew in various susceptible varieties of Ribes nigrum L, through the observation of postinfection physiological changes, and molecular mechanisms related to powdery mildew. Moreover, the authors demonstrated that flavanone 3-hydroxylase (F3H) and dihydroflavonol reductase (DFR) positively regulate powdery mildew resistance, while anthocyanin reductase (ANR) and polygalacturonase (PG) play a role as negatively regulated factors.

Taken together, these studies provide new and interesting insights into plant-microbe interactions and their implications for understanding how pathogens change adaptive mechanisms to infection or how plants develop diverse resistance. Therefore, there is a strong need for further research in this area which will provide scientific support to improve disease prevention and control in plants.
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Botrytis elliptica, the causal agent of gray mold disease, poses a major threat to commercial Lilium production, limiting its ornamental value and yield. The molecular and metabolic regulation mechanisms of Lilium's defense response to B. elliptica infection have not been completely elucidated. Here, we performed transcriptomic and metabolomic analyses of B. elliptica resistant Lilium oriental hybrid “Sorbonne” to understand the molecular basis of gray mold disease resistance in gray mold disease. A total of 115 differentially accumulated metabolites (DAMs) were detected by comparing the different temporal stages of pathogen infection. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showed the differentially expressed genes (DEGs) and DAMs were enriched in the phenylpropanoid and flavonoid pathways at all stages of infection, demonstrating the prominence of these pathways in the defense response of “Sorbonne” to B. elliptica. Network analysis revealed high interconnectivity of the induced defense response. Furthermore, time-course analysis of the transcriptome and a weighted gene coexpression network analysis (WGCNA) led to the identification of a number of hub genes at different stages, revealing that jasmonic acid (JA), salicylic acid (SA), brassinolide (BR), and calcium ions (Ca2+) play a crucial role in the response of “Sorbonne” to fungal infection. Our work provides a comprehensive perspective on the defense response of Lilium to B. elliptica infection, along with a potential transcriptional regulatory network underlying the defense response, thereby offering gene candidates for resistance breeding and metabolic engineering of Lilium.

Keywords: Lilium, Botrytis elliptica, gray mold, phenylpropanoid pathway, flavonoid pathway, transcriptome, metabolic profiling


INTRODUCTION

Lilium is one of the most economically important genera of ornamental monocots, whose species are used worldwide as cut flowers, garden plants, and potted plants. However, both the ornamental value and yield of commercial Lilium are often restricted by gray mold (Cui et al., 2018b). Lilium is highly susceptible to gray mold disease, and its effect is compounded by high humidity and low temperature (Hsieh et al., 2001). Gray mold disease, also known as leaf blight disease, is caused by the necrotrophic pathogens Botrytis cinerea and Botrytis elliptica. Among these, B. cinerea has been widely studied as a model necrotrophic fungus, as it has a broad host range and can infect more than 200 plant species (Hsiang and Chastagner, 1991; Gonzalez et al., 2017), whereas B. elliptica has a narrow host range and especially infects Lilium (Huang et al., 2001; Van Baarlen et al., 2004). At the early stages of gray mold infection, hygrophanous lesions appear on Lilium leaves in the form of oval or circular spots that change in color from yellowish brown to reddish brown over time. Then, the disease spreads rapidly throughout the whole plant, and its control becomes difficult (Ma et al., 2018). Development of disease resistant Lilium cultivars is currently the most economical and effective way to prevent gray mold disease incidence and spread. Thus, understanding the defense mechanism of Lilium against B. elliptica will help accelerate the process of breeding gray mold resistance traits in Lilium (Peng et al., 2017; Liu et al., 2020).

To defend against pathogen attack, plants have evolved two layers of immunity: pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) and effector-triggered immunity (ETI) (Liu et al., 2020). pathogen-associated molecular patterns trigger PTI and confer basic resistance to the attacked plant, while resistance (R) genes, whose encoded products can specifically recognize the cognate effector or pathogen avirulence proteins, function to regulate ETI (Zhao et al., 2021). Both PTI and ETI induce the production of defense related secondary metabolites, pathogen-related transcription factors (TFs), and pathogenesis-related (PR) proteins and activate hormone signal transduction as well as calcium (Ca2+) signaling (Liu et al., 2020). Phenolic metabolites, being important components of the plant immune system, play crucial roles in how plants respond to various pathogenic infections. Phenylpropanoids are precursors of a wide range of phenolic compounds, such as flavonoids, isoflavonoids, and cumarins (Shetty et al., 2011). Increased accumulation of phenylalanine in plants via its exogenous treatment significantly reduces their susceptibility to pathogens (Martinez et al., 2017; Doppler et al., 2019; Kumar et al., 2020). Flavonoids another important type of phenolic metabolite, have been reported to engage in antibacterial activity and can inactivate cell envelope transport proteins and disrupt microbial membranes and the respiratory chain (Long et al., 2019). Some flavonoid metabolites have been to promote phytohormone signaling and strengthen host resistance to necrotrophic B. cinerea in Arabidopsis thaliana (Hong et al., 2015). Numerous defense-related genes, such as those encoding TFs and PR proteins, control these various immune responses (Kumar et al., 2016; Sun et al., 2020).

The interaction between lilies and gray mold has been investigated at the molecular level in a few studies. Cui et al. (2018b) identified 23 LrWRKY genes from the resistant species Lilium regale, and showed that the overexpression of LrWRKY4 and LrWRKY12 enhanced B. cinerea resistance in transgenic Arabidopsis. Several resistance genes and pathogen-related microRNAs (miRNAs) were identified in B. elliptica-infected L. regale through RNA-seq and miRNA-seq (Gao et al., 2017; Cui et al., 2018a). More recently, Fu et al. (2020) performed comparative RNA-seq analysis of the expression profiles of the monolignol pathway genes from L. regale after its inoculation with B. cinerea, and were the first to report CCoAOMT as a potential molecular target in Lilium. Nevertheless, the molecular and metabolic regulatory mechanisms underlying the defense response of Lilium to B. elliptica remain largely unknown. Next-generation sequencing (NGS) has accelerated the pace of genetic studies by facilitating de novo genome assemblies from sequence reads obtained using the Illumina technology (Unamba et al., 2015; Mazumdar and Chattopadhyay, 2016; Almeida et al., 2018). Considering the large size and highly heterozygous nature of the Lilium genome, NGS is the most suitable approach for conducting molecular research on Lilium in the absence of a reference genome sequence. Additionally, untargeted metabolomic analysis is a newly developed method used for qualitative and quantitative analyses of various metabolites in plants (Abu-Nada et al., 2007; Parker et al., 2009; Lloyd et al., 2011). Combing transcriptome and metabolome investigations thus offers a feasible way to reliably reveal the various signals conveyed by Lilium after its infection with B. elliptica.

Here, we performed transcriptomic and metabolomic analyses of the Lilium oriental hybrid cultivar “Sorbonne”, which is known for its high volume of sales and strong resistance to gray mold (Zhang et al., 2015; Gao et al., 2018). The objectives of this study were to identify the major metabolic pathways that operate in Lilium after inoculation with B. elliptica, and to define a plausible transcriptional regulatory mechanism responsible for that response. The results of this study provide key insights into the transcriptional and metabolic mechanisms underlying the defense response of Lilium to B. elliptica infection.



MATERIALS AND METHODS


Plant Cultivation and Pathogen Inoculation

The high resistant Lilium oriental hybrid cultivar “Sorbonne” (Gao et al., 2018), was used in this study. Bulbs were stored in a refrigerator (4°C) for 28 days, and then placed at the bottom of 15-cm deep pots filled with turf: vermiculite: perlite substrate (1:1:1, v/v/v). The pots containing the bulbs were placed in a greenhouse for 45 days at 25°C under 12-h light/12-h dark photoperiod, with photosynthetic photon flux density of 240 μmol·m.2·s-1 (Jang et al., 2018).

Botrytis elliptica strain 36423, isolated from symptomatic Lilium plants, was purchased from the Agricultural Cultural Collection of China (http://www.accc.org.cn/). The mycelium was cultured on potato dextrose agar (PDA, pH 5.8; Coolaber, China) medium in Petri dishes (9 cm diameter) at 25°C in the dark for 1 week.

Fully expanded, but not senescent, leaves were collected from Lilium plants at the flower bud stage, and inoculated with B. elliptica, according to the “detached leaves inoculation methods” of Gao et al. (2018). Before inoculation, all utensils and water were autoclaved at 121°C for 20 min, and the detached leaves were wiped clean using cotton soaked with sterile water. To inoculate the detached leaves, B. elliptica mycelium discs (5-mm diameter) were collected from the PDA plates using a sterilizing puncher, and then used to inoculate the abaxial surface of the detached lily leaves in vitro. Each leaf was inoculated with six mycelium discs (inoculated treatment), while those uninoculated with B. elliptica served as the control treatment. The inoculated and uninoculated leaves were placed in Petri dishes (15 cm diameter) lined with moist filter paper. The filter paper and cotton surrounding the leaf petiole were soaked with sterile water to maintain humidity within a range of 90–100%.

The detached leaves were sampled and photographed at 6, 8, 12, 24, 36, 48, and 72 h post inoculation (hpi). The area of each lesion was measured with the ImageJ software (https://imagej.nih.gov/ij/). Superoxide dismutase (SOD) activity was assayed by monitoring the photoreduction of nitro blue tetrazolium (NBT), as describe previously (Li, 2000). Based on the results of the SOD activity assay and the phenotype of disease lesions, leaves in the control, and inoculated treated treatments were sampled at 6, 24, and 48 hpi (hereafter referred to as control_6 h, control_24 h, and control_48 h, and inoculated_6 h, inoculated_24 h, and inoculated_48 h, respectively) for transcriptome and metabolome sequencing. Three biological replicates were performed for each treatment, with each replicate containing three technical repeats.



Metabolomics

The leaf samples were freeze-dried under vacuum using the Scientz-100F lyophilizer (Scientz, China), and then crushed at 30 Hz for 1.5 min using a grinder (MM 400; Retsch, Germany) to obtain a fine powder. Then, 100 mg of each powdered sample was extracted in 0.6 ml of 70% methanol. The samples were stored at 4°C overnight, during which time they were vortexed six times to hasten the extraction. Then, each sample was centrifuged at 10 000 × g for 10 min. The supernatant was filtered through a microporous membrane (pore size: 0.22 μm), and stored in sample bottles for ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) analysis.

To analyze the extracts, UPLC (Shim-pack UFLC SHIMADZU CBM30A; https://www.shimadzu.com.cn/) and MS/MS (Applied Biosystems 4500 QTRAP; http://www.appliedbiosystems.com.cn/) were performed using a C18 chromatographic column (Waters ACQUITY UPLC HSS T3 C18; 1.8 μm, 2.1 × 100 mm) with solvent A (0.04% acetic acid in ultrapure water) and solvent B (0.04% acetic acid in acetonitrile) as the mobile phase. A 4-μl aliquot of each sample was injected into the column, and eluted using the following gradient program: 0 min with 95% A and 5% B; 0–10 min with 95–5% A and 5–95% B; 10–11 min with 5% A and 95% B; 11–11.1 min with 5–95% A and 95–5% B; and 11.1–14 min, 95% A and 5% B. The flow rate and column temperature were maintained at 0.35 mL/min and 40°C, respectively. The mass spectrometer parameters were set as follows: temperature of electrospray ionization: 550°C; voltage: 5.5 kV; curtain gas: 30 psi; collision-activated dissociation: high. Each ion pair was scanned and detected based on optimized declustering potential and collision energy in the triple quadrupole system.

Qualitative and quantitative analyses of the metabolites were performed using the multiple reaction monitoring (MRM), KEGG compound database, and MetWare database. Metabolites were identified based on their molecular weight, Mass Spectrometry (MS2) fragments, MS2 fragments isotope distribution, and retention time (RT). Through the MetWare self-developed intelligent secondary spectrum matching method, the secondary spectrum and RT of the metabolites in the project samples are intelligently matched one by one with the MetWare database. The MS tolerance and MS2 tolerance are set to 2 and 5 ppm, respectively. The peak area integral of all the mass spectrum peaks was derived after obtaining the metabolic substance spectrum analysis data of different samples, followed by an integral correction performed for the mass spectrum peak of the same metabolite occurring in different samples (Fraga et al., 2010). Quality control (QC) samples, i.e., samples prepared from a mixture of sample extracts, were used to analyze the reproducibility of the instrument under the same treatment method.

The “MetaboAnalystR 1.0.1” package in the R computing platform v 3.5.0 (R Core Team, 2018, Austria) was used to statistically analyze the metabolomics data and to generate plots. Orthogonal partial least squares discriminant analysis (OPLS-DA) was conducted using MetaboAnalystR to identify differentially accumulated metabolites (DAMs), with Variable Importance in Projection (VIP) score ≥ 1 and absolute Log2fold change (FC) ≥ 1. Pathways with significantly regulated metabolites mapped to it were then subjected to metabolite set enrichment analysis; their respective statistical significance was determined using the hypergeometric test and its p-value.



Transcriptomics

A total of 18 cDNA libraries were sequenced using the NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB; USA). Clean reads obtained from each cDNA library were assembled de novo into unigenes using the Trinity (2.6.6.) platform (Haas et al., 2013). Functional annotations of the unigenes were determined using NCBI non-redundant (NR) protein, UniProt, KEGG, Gene Ontology (GO), and Clusters of Orthologous Groups of proteins (COG) databases (Kanehisa et al., 2008). Transcription factors and gene coding sequence (CDS) were used ITAK web online (http://itak.feilab.net/cgi-bin/itak/index.cgi) and TransDecoder (5.3.0, https://github.com/TransDecoder) software, respectively. Differentially expressed genes (DEGs) were analyzed using the DESeq2 (v1.22.2) software package in R, and subjected to the Benjamini–Hochberg method for multiple hypothesis testing (i.e., |log2FC| ≥ 1, FDR [false discovery rate] <0.05) (Love et al., 2014, Varet et al., 2016). Heat maps were constructed using the R package “pheatmap” (v1.0.12) and TBtools software v0.66836 (Chen et al., 2020). Venn diagrams were generated using Venn v1.6. Weighted gene coexpression network analysis (WGCNA) was performed using the R package “WGCNA” (Zhang and Horvath, 2005), and visualized using Cytoscape v1.7.251 (https://cytoscape.org/index.html).



Quantitative Real-Time PCR (qRT-PCR)

To validate the RNA-seq data, the expression of 10 defense-related DEGs, including four DEGs involved in plant–pathogen interactions (Cui et al., 2018a) and six DEGs involved in the phenylpropanoid and flavonoid biosynthesis pathways, was analyzed by qRT-PCR. The qRT-PCR was performed using the SsoFast EvaGreen Supermix (Bio-Red, USA) on the CFX96 Real-Time PCR Detection System (Bio-Rad, USA) under the following conditions: 95°C for 30 s, followed by 39 cycles of 95°C for 5 s and 57°C for 5 s, melt curve 65–95°C, increment 0.5°C for 5s. The specificity of the primers was verified based on the unimodality of the melt curve. Actin (ACT) and elongation factor 1 (EF1) served as reference genes (Cui et al., 2018a). Three biological replicates were performed for each treatment, with each replicate containing three technical repeats. Data were analyzed using the 2−ΔΔCt method (Livak and Schmittgen, 2001). Primers used for qRT-PCR are listed in Supplementary Table 1.




RESULTS


B. elliptica-Induced Lesions and Altered SOD Activity in Lilium Hybrid “Sorbonne”

Water-soaked lesions of the same diameter (0.5 cm) as the plug used for inoculation were observed at 12 hpi (Figure 1A). Over time, the lesions first became rotten and brown (36 hpi) and then turned necrotic (48–72 hpi). The area of lesions expanded with time after inoculation (Figure 1B). Changes in SOD activity were also observed in inoculated leaves (Figure 1C). Significant differences were detected in SOD activity between the control_6 h and inoculated_6 h samples. Superoxide dismutase activity declined before 8 hpi but then increased over time. The sampling time points for metabolomics and transcriptomics were determined based on both the disease symptoms and SOD activity. Given that transcriptional changes usually precede the associated physiological and phenotypic changes, here we considered 6 hpi as the early stage of infection. As the regular ellipse-shaped lesions formed, the 24- and 48-hpi time points were considered as the middle and late stages stage of infection, respectively, for sampling.
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FIGURE 1. Evaluation of the response of Lilium oriental high resistant hybrid “Sorbonne” to Botrytis elliptica inoculation. (A) Progression over time (0–72 hpi) of symptoms on B. elliptica inoculated Sorbonne leaves. Each leaf is representative of nine repetitions. (B) Change in lesion area over time. Data represent mean ± standard error (SE) of triplicate assays. (C) Changes in super oxide dismutase (SOD) activity over time. Data represent mean ± SE of triplicate assays. The line charts were generated based on IBM SPSS Statistics 20. The “*” represents the significant differences in the SOD activity.




Global Metabolomic Changes

To determine the metabolic changes induced by B. elliptica infection, we performed non-targeted metabolome analysis using control_6 h, control_24 h, control_48 h, inoculated_6 h, inoculated_24 h, and inoculated_48 h samples. A total of 524 metabolites common to all samples were identified based on their chromatographic and mass spectrometric parameters (Supplementary Table 2). Orthogonal partial least squares discriminant analysis and principal components analysis (PCA) uncovered differences in the metabolites of all samples (Supplementary Figures 1, 2). High correlation was observed among the QC samples (Supplementary Figure 3). Pearson correlation coefficients were consistently high (r > 0.819) across all three biological replicates (Supplementary Figure 4). Heat map, based on the hierarchical clustering analysis of metabolite levels, revealed significant differences in metabolites levels between inoculated and control treatments, and these differences became more pronounced over time (Supplementary Figure 5).

The DAMs were similarly identified by comparing the different temporal stages of pathogen infection, with cutoff values of log2 FC ≥ 1 and VIP score ≥ 1. Venn diagram shows the overlap of DAMs among the three stages of infection (Supplementary Figure 6; Supplementary Table 3). A total of 115 DAMs were detected, of which 8, 12, and 62 DAMs were expressed only at the 6-, 24- hpi, and 48-hpi time points. Only eight DAMs, including benzyl salicylate, eriodictyol, tryptamine, esculetin, butin, caffeic acid, dihydrokaempferol, and N'-feruloyl putrescine, were common to all three infection stages (Supplementary Figure 7). Among these eight DAMs, five were involved in phenolic acid metabolism and are known as important secondary metabolites for pathogen resistance (Supplementary Figure 7). Moreover, the accumulation of 15 metabolites was up-regulated and that of 6 metabolites was down-regulated in inoculated_6 h compared with control_6 h (Supplementary Figure 8). Similarly, 39 and 4 metabolites were up-regulated and down-regulated, respectively, in inoculated_24 h compared with control_24 h, and 85 and 5 metabolites were up-regulated and down-regulated, respectively, in inoculated_48 h compared with control_48 h (Supplementary Figure 8). Furthermore, according to KEGG enrichment analysis, the DAMs were enriched in phenylpropanoid biosynthesis, flavonoid biosynthesis, metabolic pathway, and biosynthesis of secondary metabolites at all three infection stages. Phenylpropanoid biosynthesis was significantly enriched at 6 hpi (Supplementary Figure 9A); tryptophan and indole alkaloid biosynthesis were significantly enriched at 24 hpi (Supplementary Figure 9B); and isoflavonoid biosynthesis, fructose and mannose metabolism, and galactose metabolism were significantly enriched at 48 hpi (Supplementary Figure 9C).



Global Transcriptomic Changes

Samples were used for non-targeted metabolome analysis were subjected to RNA-seq to profile the genome-wide changes in gene expression upon the inoculation of leaves with B. elliptica. After removing low-quality reads, 435.16 Gb clean reads were obtained, with an average GC content of 49.87% (Supplementary Table 4). A total of 430,835 transcripts were obtained, averaging 701 bp in length, with N50 and N90 values of 1,213 and 266 bp, respectively (Supplementary Table 5). Using KEGG, NR, Swiss-Prot, GO, and Trembl databases, a total of 283,213 unigenes, with an average length of 534 bp, were functionally annotated (Supplementary Tables 5, 6). In the NCBI NR database, Asparagus officinalis (8.94%), Elaeis guineensis (8.72%), Phoenix dactylifera (7.39%), Vitis vinifera (3.63%), and Cajanus cajan (3.45%) gave the top BLASTx hits (Supplementary Figure 10). Hierarchal clustering analysis was performed to examine the significant changes in unigene expression. The results showed a stage-specific transcriptome profile after inoculation with B. elliptica (Supplementary Figure 11). To validate the RNA-seq data, the expression profiles of 10 defense-related DEGs were evaluated in inoculated and control leaves at 6, 12, 24, 36, and 48 hpi by qRT-PCR (Supplementary Figure 12). All RNA-seq data can be downloaded from NCBI (BioProjects: PRJNA742853).



Time-Course RNA-Seq Analysis

The DEGs were identified by comparing the RNA-seq data of inoculated leaf samples (inoculated_6 h, inoculated_24 h, and inoculated_48 h) with those of control leaf samples (control_6 h, control_24 h, and control_48 h) using cutoff values of log2(FC) ≥ 1 and Padj ≤ 0.05. All DEGs identified at the three temporal stages were analyzed using the K-means clustering algorithm. The DEGs could be grouped into six clusters and classified into four types (Figure 2A): up-regulated (clusters I, II); down-regulated (clusters IV, V); first up-regulated, then down-regulated (clusters VI); and first down-regulated, then up-regulated (cluster III) (Figure 2A). Gene ontology enrichment analysis showed that one cytomembrane-related term, two chloroplast-related terms, two cytoderm-related terms, three signal transduction receptor-related terms, and six photosynthesis-related terms were enriched among the down-regulated genes (Figure 2B). This suggests that certain biological processes, such as photosynthesis, chlorophyll synthesis, cell wall biogenesis, anchored component of membrane, and signal transduction, might be inhibited by the destruction of leaf tissue by the necrotrophic pathogen. The up-regulated gene clusters were found to be related to chitinase, oxidoreductase activity, cell recognition, secondary metabolites, and the phenylpropanoid biosynthetic process, pointing to their potential positive role in the production of resistant metabolites and proteins in B. elliptica-inoculated leaves. The results of KEGG enrichment analysis were consistent with those of GO enrichment analysis: Clusters I and II were mainly enriched in the phenylpropanoid biosynthesis, flavonoid biosynthesis, plant hormone signal transduction, and plant–pathogen interaction pathways; clusters IV and V were mainly enriched in the pathways of photosynthesis and starch and sucrose metabolism (Figure 2C). Taken together, the up-regulated clusters resolved by the K-means clustering algorithm potentially play a pivotal part in the resistance to B. elliptica, while the down-regulated clusters related to photosynthesis, cell wall biosynthesis, and other metabolic pathways seem to be negatively affected by B. elliptica.
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FIGURE 2. Transcript abundance of all unigenes identified in “Sorbonne”. (A) K-means clustering analysis of differentially expressed genes (DEGs), according to their expression profiles. (B) Comparison of the gene ontology (GO) enrichment of all unigene clusters. The sizes of dots are proportional to the number of genes per GO term. Only the GO terms with more than 10 DEGs were identified; accordingly, the GO enrichment of cluster VI was eliminated. (C) Enrichment of KEGG annotations of DEGs in Lilium “Sorbonne” with B. elliptica infection. Only the representative and significant pathways among the five clusters are shown in the figure. The size of the circle indicates the quantity, and its color corresponds to the q-value.


A Venn diagram was used to demonstrate the DEGs identified at all three stages. Overall, 5,295 DEGs were detected, of which 125, 434, and 3,089 were uniquely expressed at 6, 24, and 48 hpi, respectively, and 72 DEGs were common to all three stages (Supplementary Figure 13; Supplementary Table 7). Kyoto Encyclopedia of Genes and Genomes enrichment analysis was performed to further characterize these DEGs. At 6 hpi, 401 DEGs (86 up-regulated, 315 down-regulated) were significantly enriched in “biosynthesis of secondary metabolites”, “biosynthesis of amino acid”, and “carbon metabolism” pathways (Supplementary Figures 14, 15A). At 24 hpi, 1,887 DEGs (309 up-regulated, 1,578 down-regulated) were significantly enriched in six pathways: “biosynthesis of secondary metabolites”, “plant hormone signal transduction”, “phenylpropanoid biosynthesis”, “flavonoid biosynthesis”, “isoquinoline alkaloid biosynthesis”, and “MAPK signal pathway” (Supplementary Figures 14, 15B). At 48 hpi, 4,726 DEGs (2,772 up-regulated, 1,954 down-regulated) were significantly enriched in five pathways: “biosynthesis of secondary metabolites”, “plant hormone signal transduction”, “plant–pathogen interaction”, “flavonoid biosynthesis”, and “carbon metabolism” (Supplementary Figures 14, 15C). Taken together, these results indicate that “biosynthesis of secondary metabolites”, “flavonoid biosynthesis”, “phenylpropanoid biosynthesis”, “plant hormone transduction signal”, “plant-pathogen interaction”, and “MAPK signal pathway” were the chief pathways underpinning the responses of “Sorbonne” to B. elliptica infection at the transcript level.



Role of Phenylpropanoid and Flavonoid Biosynthesis Pathways in the Lilium Defense Response

The phenylpropanoid and flavonoid biosynthesis pathways could be integrated into a transcriptional cascade and metabolic network, which together play a critical role in how the Lilium hybrid “Sorbonne” responds to B. elliptica infection. All the DEGs and DAMs participating in the phenylpropanoid and flavonoid biosynthesis pathways that exhibited up- or down-regulated trends in the different infection stages were selected and mapped to this network (Figure 3; Supplementary Figure 16).
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FIGURE 3. Summary of metabolite changes in Lilium “Sorbonne” caused by B. elliptica infection. The metabolites not detected are indicated by a gray-filled grid. Dotted lines indicated some metabolites, and enzymes are not shown. Metabolites with statistically significant (P ≤ 0.05) changes are shown in the heat map, in which blue and red colors indicate low and high accumulation, respectively. Data on the number of metabolites in the heat map were log-transformed. The six boxes represent control (uninoculated) and inoculated samples at different stages of infection (i.e., different time points post-inoculation): control_6 h, inoculated_6 h, control_24 h, inoculated_24 h, control_48 h, and inoculated_48 h (left to right). Different background colors represent different metabolic pathways: purple, alkaloid pathway; brown, phenylpropanoid pathway; yellow green, benzenoid pathway; blue, flavonoid pathway; green, lignin pathway. Gene names, annotations, and RNA-seq data are summarized in Supplementary Figure 15. PAL, phenylalanine ammonia-lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, p-coumaroylCoA ligase; HCT, hydroxycinnamoyl transferase; CSE, caffeoylshikimate esterase; C3′H, coumaroylquinate 3′-monooxygenase; COMT, caffeic acid O-methyltransferase; CCoAOMT, caffeoyl coenzyme A 3-O-methyltransferase; CCR, cinnamoyl-CoA:NADPH oxidoreductase; CAD, cinnamyl alcohol dehydrogenase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, naringenin 3-dioxygenase; F3′H, flavonoid 3′-monooxygenase; FLS, flavonol synthase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase.


Phenylalanine is the first metabolite in the phenylpropanoid pathway. Although our non-targeted metabolome analysis indicated a significant difference in its accumulation between the inoculated and control treatments at 48 hpi, we identified significant expression of phenylalanine ammonia-lyase (PAL), a structural gene that catalyzes phenylalanine, clustering at 24 hpi. The expression of PAL (DN129152_c1_g2) in the inoculated treatment was 3.5- and 6.5-fold higher at 24 and 48 hpi, respectively, compared with the control (Supplementary Figure 16; Supplementary Table 2), implying that PAL participates in the defense response. Moreover, the levels of phenylalanine derivatives, such as phenethylamine and 4-hydroxybenzoic acid, were significantly higher in the inoculated leaves at 24 and 48 hpi compared with the control, indicating that the phenylpropanoid pathway was activated by the infection. Besides, the same expression pattern was exhibited by the structural gene (DN134629_c3_g2) that catalyzes 4-hydroxybenzoic acid. The accumulated level of caffeic acid, a precursor of the lignin pathway, was 1.6-, 3.8-, and 11-fold higher in inoculated leaves at 6, 24, and 48 hpi, respectively, compared with the control (Supplementary Table 2). The level of esculetin, a downstream metabolite of caffeic acid, increased rapidly in leaves after inoculation (Supplementary Table 2). Among the downstream metabolites of caffeic acid, ferulic acid and coniferyl alcohol, which act as precursors of guaiacyl, were down-regulated at 6 hpi but up-regulated at 24 hpi and 48 hpi. Sinapinaldehyde and sinapic acid, precursors of syringyl lignin, were up-regulated in all three stages. The accumulation of syringaresinol-hex and syringaresinol, downstream metabolites of S-lignin, increased significantly in leaves post inoculation (Supplementary Table 2).

The accumulation of naringenin chalcone, naringenin, and dihydrokaempferol, which represent metabolites in the flavonoid biosynthesis pathway, increased significantly at different stages of infection. Additionally, the expression of chalcone synthase (CHS), a structural gene that promotes the synthesis of the three abovementioned metabolites, was induced at all three stages (Supplementary Figure 16; Supplementary Table 2). Among all the DAMs detected in the flavonoid biosynthesis pathway, the greatest difference in accumulation occurred in eriodictyol, which was undetectable in all the control treatments and was 5- and 37-fold higher at 24 and 48 hpi, respectively, than at 6 hpi in the inoculated treatments (Supplementary Table 2). The accumulation level of kaempferol in the inoculated treatment was 190- and 14-fold higher than that in the control treatment at 6 and 24 hpi, respectively, but its level was similar between the inoculated and control treatments at 48 hpi (Supplementary Table 2). The expression of UDP-glycosyltransferase (DN130728_c1_g2) in the inoculated treatment increased significantly at 6 hpi, which could potentially explain the accumulation of kaempferol derivatives at 24 and 48 hpi. The accumulation of four downstream metabolites of kaempferol, namely kaempferol 3-O-β-d-glucopyranoside, kaempferol 3-O-β-glucosyl(1 → 2)(6′-O-acetyl)-β-D-galactoside, kaempferol 7-O-rhamnoside, and kaempferol 3-O-β-(2″-O-acetyl-β-D-glucuronide), was significantly increased in the inoculated treatment at 48 hpi compared with the corresponding control (Figure 3). In addition, the accumulation of the derivatives of luteolin (6-hydroxyluteolin 5-glucoside) and hesperetin (hesperetin 5-O-glucoside) in the inoculated treatment increased significantly at 24 and 48 hpi. The level of diosmetin, a downstream product of luteolin, was five-fold higher in the inoculated treatment than in the control treatment.



Potential Transcriptional Regulatory Mechanisms

To investigate the gene regulatory network of Lilium Sorbonne after its inoculation with B. elliptica, we performed WGCNA of all DEGs identified from the RNA-seq analysis of the 18 cDNA libraries. After preprocessing the RNA-seq data, 14 gene co-expression modules, each comprising 80–2,659 genes, were discovered (Figure 4A). Module-trait and sample relationship analyses showed the eigengenes of these modules were correlated with the different infection stages. Unlike most modules in which the trend of genes was that of almost no difference between the inoculated and control treatments, a few modules did differ significantly during the defense response (Figure 4B). Next, we identified key genes (i.e., hub genes) that played crucial roles during the infection, based on the WGCNA for these notable modules. The levels of gene expression in the black, dark-green, and green modules showed peak up-regulation at 6, 24, and 48 hpi, respectively, which correspond to the early, middle, and late stages of infection, respectively (Figure 5). Gene expression in the dark-gray module was higher in the inoculated treatment than in the control treatment at all-time points, indicating that genes in this module play a prominent role in the defense response against B. elliptica (Figure 6).
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FIGURE 4. Results of weighted gene coexpression network analysis (WGCNA) of “Sorbonne” transcripts. (A) Dendrogram of genes, based on co-expression network analysis. The gene dendrogram was obtained by hierarchical clustering analysis, with the module color indicated by the color of the row underneath. A total of 14 distinct modules were identified. (B) Association between modules and plant defense traits. The color of each module is the same as that in (A). Each row in the table corresponds to a module, and each column corresponds to a sample. Values in each cell indicate the number of corresponding correlations and their P-values.
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FIGURE 5. “Sorbonne” DEGs identified at different stages of B. elliptica infection. (A–C) Co-expression network of the black module (A), dark-green module (B), and green module (C). Heat maps and bar graphs show the co-expressed genes in each module (left). Red rectangles on the heat map denote high expression levels; green rectangles denote low expression levels. The network of top hub genes is indicated by red squares in the network (middle). Heat maps (right) show the expression patterns of hub genes.
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FIGURE 6. “Sorbonne” DEGs common to all three stages of B. elliptica infection. (A) Heat maps and bar graphs show the co-expressed genes in each module. Red rectangles denote high expression levels; green rectangles denote low expression levels. (B) Network of hub genes is indicated by larger font size in the network. Small dots around the hub genes represent other co-expressed genes, and their relationships are connected by lines. Red squares represent the phenylpropanoid and flavonoid pathways; green triangles represent plant–pathogen interactions; orange arrows represent transcription factors (TFs); blue hexagons represent pathogenesis-related (PR) proteins. (C) Heat maps showing the expression patterns of hub genes.


In the black module (Figure 5A), seven hub genes related to plant defense were identified, such as two LURP homologs (DN126030_c0_g1, DN126030_c0_g2), one MYB30 homolog (DN134583_c1_g1), and one AS1 homolog (DN125418_c0_g1). Among these, DOF5.5 (DN129414_c0_g2) showed a regulatory relationship with the three defense response-related hub genes. In addition, one WRKY70 gene (DN139965_C0_G2) showed significant difference in expression between inoculated and control treatments at 6 hpi. Additionally, an ERF homolog (DN131819_c0_g10) and a HCT homolog (DN141355_c0_g2) were up-regulated at the early stage of infection. In the dark-green module (Figure 5B), we identified three hub genes related to plant–pathogen interactions: a PBL19 homolog (DN136771_c2_g1), a CRK2 homolog (DN142167_c0_g1), and a WAK5 homolog (DN136340_c0_g1). Notably, PBL19 showed a strong regulatory relationship with other two hub genes, CRK2 and WAK5. A CKX9 homolog (DN129547_c0_g1), a I2′H homolog (DN140336_c1_g1), and a CAD homolog (DN127300_c1_g1) were significantly up-regulated in the dark-green module. At the late stage of the infection (Figure 5C), 11 hub genes were identified, including a WRKY22 homolog (DN139438_c8_g1), a WRKY30 homolog (DN126506_c0_g1), three JAZ homologs (DN139462_c0_g2, DN143599_c2_g1, DN138678_c2_g5,), a DELLA homolog (DN126417_c0_g11), a MAPK17/18 homolog (DN137625_c0_g), and a CML27 homolog (DN125403_c0_g1). Furthermore, both an RPS2 homolog (DN131875_c0_g1) and an RPM1 homolog (DN143855_c2_g1) displayed strong regulatory relationships with other genes in the green module. Genes in the dark-gray module (2,659, i.e., more than half of all identified DEGs) were up-regulated at all three infection stages (Figure 6A). Analysis of DEGs revealed 41 hub genes, which included a MYB61 homolog (DN137495_c4_g1), a WRKY33 homolog (DN123783_c0_g1), MYC2 homolog (DN143930_c9_g2), and a BRI1 homolog (DN141312_c0_g1), among others (Figures 6B,C). A number of hub genes were structural genes involved in the phenylpropanoid and flavonoid biosynthesis pathways (e.g., two PAL homologs [DN129152_c1_g2, DN143696_c1_g2], an HCT homolog [DN139546_c0_g1], two CHS homologs [DN143809_c2_g2, DN122144_c0_g1], an F3′H homolog [DN130296_c0_g1], and a FLS homolog [DN128107_c0_g1], and plant–pathogen interactions (e.g., three FLS2 homologs [DN135524_c1_g1, DN135020_c4_g1, DN143767_c1_g3] and an RIN4 homolog [DN137830_c2_g1], in addition to several PR genes. Lastly, a gene called Pti5 (DN139615_c5_g1), which encoded an AP2-EREBP family TF, also exerted a great influence on plant–pathogen interactions.




DISCUSSION


The Central Role of Phenylpropanoid and Flavonoid Biosynthesis Pathways in the Defense Response of Lilium

Phenolic compounds, such as metabolites of the phenylpropanoid and flavonoid pathways, act as fungitoxic and antimicrobial defense compounds in host–pathogen interactions (Martinez et al., 2017; Xu et al., 2018, 2019). Caffeic acid is a key metabolite in the phenylpropanoid pathway. In our study, significantly more caffeic acid accumulated over time in the inoculated treatment than in the control treatment. Consistent with this result, the structural genes involved in the synthesis of caffeic acid (HCT and CSE) were significantly up-regulated in the inoculated treatment (Figure 3; Supplementary Figures 12, 16). In apple, caffeic acid has been shown to effectively promote lignin accumulation and inhibit gray mold infection (Zhang et al., 2020). Although the accumulation of lignin was not detected in our study, we detected significant accumulation of the precursors precursor of G-lignin (coniferyl alcohol) and S-lignin (sinapic acid and sinapinaldehyde) (Figure 3). The structural genes for the synthesis of lignin, COMT, CCR, and CAD, were also significantly up-regulated in the inoculated treatment (Supplementary Figure 16). Additionally, two transcripts, DN141508_c1_g3 and DN141508_c1_g4, encoding the CCoAOMT enzyme, were significantly up-regulated at all stages of infection (Supplementary Table 7). CCoAOMT is reportedly a lignin synthase that can enhance the resistance of Lilium to B. cinerea infection (Fu et al., 2020). Our results showed that caffeic acid may enhance the disease resistance of Lilium by modulating the lignin biosynthetic pathway.

In our network, the flavonoid pathway begins with naringenin chalcone to produce naringenin, which is then converted into apigenin, dihydrokaempferol, and eriodictyol (Figure 3). Subsequently, apigenin and dihydrokaempferol are converted into luteolin and kaempferol, respectively (Figure 3). The entire pathway was specifically activated in Lilium after infection with B. elliptica, as evident from the up-regulation of several structural genes, including CHS, CHI, F3′H, and FLS (Supplementary Figures 12, 16). Eriodictyol was recently identified as a novel antibacterial compound; however, its role in plant–pathogen interactions has not yet been determined (Ho et al., 2018). In the current study, eriodictyol accumulation showed significant differences between the inoculated and control treatments at all stages of infection. Interestingly, evidence shows that eriodictyol synthase F3′H (DN130296_c0_g1) enhances host plant resistance against invading pathogens (Mizuno et al., 2014; Hutabarat et al., 2016). Further analysis of eriodictyol may thus open new opportunities for the cultivation of resistant Lilium. Despite no significant difference in the accumulation of kaempferol at the late stage of infection, the expression of its biosynthetic gene FLS (DN128107_c0_g1) and conjugated compounds, which can be stored in vacuoles for long periods, increased with time post-inoculation. FLS and F3′H are responsible for the synthesis of kaempferol and quercetin, and were recently shown to be critical for disease resistance in plants (Zhang et al., 2016). Together, these findings suggest the possibility that kaempferol and eriodictyol are the main metabolites of the flavonoid pathway that shape the response of Lilium to B. elliptica infection, and their levels are affected by a series of enzymes such as CHS, F3H, and FLS.

Analysis of the time-course RNA-seq data and WGCNA results also support the central role of phenylpropanoid and flavonoid biosynthesis pathways in the defense response of Lilium. At the early stage of infection, the MYB30 gene was significantly up-regulated in inoculated leaves (Figure 5A). The MYB TFs have been shown to confer resistance to rice plants by regulating the phenylpropanoid pathway (He et al., 2020). Consistently, the accumulation of phenylpropanoid pathway-related metabolites and the expression of MYB30 significantly increased at the early stage of pathogen infection. At the middle stage, CAD and I2′H, which represent structural genes in the lignin and flavonoid pathways, respectively, were significantly up-regulated in the dark-green module (Figure 5B). At all three stages, MYB61 was highly up-regulated, which affected the expression of structural genes involved in the phenylpropanoid and flavonoid pathways, such as PAL, CSE, CHS, CHI, and POD (Figure 6). This finding is consistent with the significant accumulation of caffeic acid, dihydrokaempferol, and kaempferol in the inoculated treatments at the three stage of infection.



Role of Hormone Signaling Pathways in B. elliptica–“Sorbonne” Interaction

Analysis of the transcriptome time series and WGCNA results let us further elucidate important signaling pathways underlying the defense responses at transcriptional level. In B. elliptica-inoculated leaves with no lesions, the defense regulator gene DOF5.5 was significantly up-regulated, indicating its involvement in the plant response to infection, similar to that of MYB30 and AS1 (Figure 5A). The DOF TFs function as upstream regulators of the salicylic acid (SA) signaling pathway, and enhance the resistance to pathogens in plants (Kang et al., 2003, 2016; Yu et al., 2019). In Arabidopsis, changes in MYB30 expression levels modulated the SA content and SA-associated gene expression levels (Raffaele et al., 2006). Interestingly, the WGCNA results showed \ a regulatory relationship between DOF5.5 and AS1. The AS1 gene acts a positive regulator of SA-independent extracellular defenses but a negative regulator of the defense response by selectively binding to the promoters of genes controlled by the immune activator, jasmonic acid (JA) (Nurmberg et al., 2007). Additionally, WRKY70 differed significantly between the inoculated and control treatments at the early stage of infection. The AtWRKY70 is an important node of convergence for the SA- and JA-mediated defense signaling pathways (Li et al., 2017).

With the expansion of necrotic lesions on B. elliptica-inoculated “Sorbonne” leaves (middle stage of infection), genes including PBL19, CRK2, and WAK5, which are all members of the Interleukin-1 Receptor-Associated Kinase (IRAK) gene family, were instrumental in the defense against B. elliptica (Figure 5B). The IRAK family proteins are conserved upstream signaling molecules that can regulate various stress adaptation programs in plants (Srideepthi et al., 2020). Our results demonstrated a strong correlation between the expression of PBL19 and CKX9. OsPBL1 exhibits 67% amino acid sequence identity to a positive regulator of ETI, and the expression of OsPBL1 in transgenic Arabidopsis increased after an exogenous treatment of cytokinin and SA (Lee and Kim, 2015). CKX5, the only known gene involved in cytokinin catabolism, was recently proven to respond to B. cinerea infection in various ways that are differently modulated by JA and ethylene biosynthesis pathways in Arabidopsis (Li et al., 2021).

At the late stage of B. elliptica infection (green module), necrotic lesions on leaves expanded, and JAZ, WRKY30, and WRKY22 genes played central roles in plant defense (Figure 5C). The JAZ genes encode transcriptional repressors of JA-responsive genes and major components of the JA receptor complex (Thatcher et al., 2016). WRKY30 and WRKY22 are known to enhance disease resistance in plants via the SA and JA defense systems (Peng et al., 2012; Han et al., 2013; Jiang et al., 2015; Kloth et al., 2016).

Furthermore, several differentially expressed TF-encoding genes were identified in the dark-gray module, indicating that these TFs may be significantly involved in the defense response at all three stages (Figure 6). The results revealed a major TF involved in SA and JA signaling, WRKY33 (Figure 5C). WRKY33 showed a strong regulatory relationship with MYC2 and NPR1, and was highly expressed in the inoculated leaves. AtWRKY33 plays a major role in the crosstalk between JA and SA signaling pathways and metabolic responses in response to B. cinerea infection (Birkenbihl et al., 2012; Liu et al., 2017). MYC2 positively regulates JA-mediated flavonoid biosynthesis, while NPR1 modulates SA and JA antagonism in plants (Dombrecht et al., 2007; Knoth et al., 2009). In addition, the FLS2, BAK1, BRI1, and MYB61 genes were significantly up-regulated across all infection stages in our results. FLS2 is a phylogenetically related cell surface pattern recognition receptor and a coreceptor for BAK1. BAK1 is a coreceptor for the brassinolide (BR) receptor BRI1 (Tian et al., 2014), which is responsible for initiating the events of BR signal transduction. While the BR signaling pathway contributes to the growth–defense tradeoff by suppressing the expression of defensin and glucosinolate biosynthesis genes (Liu et al., 2018; Liao et al., 2020). MYB61 was also positively regulated by BRI1 in our results, but whether MYB61 is involved in BR signaling remains unknown.

Taken together, our analysis indicates that SA and JA signaling pathways play pivotal roles in B. elliptica– Sorbonne” interaction. This supports the proposal that a large number of transcripts related to B. elliptica resistance in L. regale were involved in the JA and phenylpropanoid pathways (Cui et al., 2018a). Moreover, as reported in the interactions between other hosts and Botrytis spp. (e.g., Arabidopsis–B. cinerea and Arabidopsis–Alternaria brassicicola), the SA and JA signaling pathways play a crucial role in the response of “Sorbonne” to fungal infection (Zheng et al., 2006; Ederli et al., 2015, 2021; Liao et al., 2020). Besides, the BR-related genes were significantly up-regulated during across all infection stages in our results. The crosstalk between BR and JA signaling affects the growth-defense tradeoff in Arabidopsis–B. cinerea interaction (Liu et al., 2018; Liao et al., 2020), while exogenous BR before the inoculation of B. cinerea enhances the defense response in rose petals (Liu et al., 2018). The role of BR pathway in Lilium defense response to the gray mold remains to be further elucidated.



Other Signal Transduction Pathways That Contribute to the Lilium Defense Response Against B. elliptica

In addition to phenolics and hormone signaling pathways, our results showed that other signal transduction pathways play a prominent role in the defense response. At the early stage of stage, LURP was significantly up-regulated in the plant response to infection, and regulated the transcript levels of POD and HSP70 (Figure 5A). POD and HSP70 are important for plant resistance (Baig, 2018). AtLURP1 shows an unusually pronounced transcriptional up-regulation in response to infection (Knoth and Eulgem, 2008). Together, these data suggest that LURP plays a pivotal role in the response of “Sorbonne” to B. elliptica infection at the early stage.

At the middle stage, the PBL19, CRK2, and WAK5 genes were instrumental in the defense response of “Sorbonne” against B. elliptica (Figure 5B). The pbl13-2 knockout mutant shows higher level of reactive oxygen species (ROS) and greater flagellin-induced activation of mitogen-activated protein kinases (MAPKs) than the wild type (Lin et al., 2015). Moreover, overexpression of CRKs enhances PTI in transgenic Arabidopsis (Yeh et al., 2015). Wall-associated kinases (WAKs) localize to the cell wall and participate in pathogen recognition and signal transduction in plants (Kurt et al., 2020). Collectively, the transduction of various signals contributed to the defense response of Lilium against B. elliptica at the middle stage of infection.

At the late stage of infection, CML27, DELLA, and JAZ played central roles in plant defense. CML27 encodes a Ca2+-binding protein involved in the Ca2+ signaling pathway. Ca2+ regulates diverse cellular processes and functions as a secondary messenger, enabling plants to sense and quickly respond to extracellular stimuli (Edel et al., 2017). AtRPS2 and AtRPM1 activate Ca2+-dependent protein kinases (CPKs) for mediating bifurcate immune responses (Gao et al., 2013). In our results, RPS2 and RPM1 were significantly up-regulated among the hub genes, indicating the important role of the Ca2+ signaling pathway in the defense response of “Sorbonne”.

In all three stages (Figure 6), MYB61 was highly expressed, implying that it is central to the defense response. B. elliptica infects Lilium via the stomata, and MYB61 regulates stomatal aperture (Hsieh et al., 2001; Gao et al., 2018; Romero-Romero et al., 2018), which may explain its role in the defense response. In the current study, the expression levels of PR10 and PR4 were strongly correlated with that of Pti5 (Figure 6). Overexpression of the tomato TF genes, Pti4/5/6, in Arabidopsis showed that Pti4/5/6 activate the expression of a wide array of PR genes in vivo, resulting in enhanced defense against certain fungal pathogens (Gu et al., 2002; Gonzalez-Lamothe et al., 2008). The expression levels of RIN4, RPM1, RPS2, NPR1, and TGA were significantly up-regulated at all infection stages. In Arabidopsis, the phosphorylation and cleavage of RIN4 activates RPM1 and RPS2, which encode R proteins involved in ETI (Li et al., 2019; Ray et al., 2019; Yang et al., 2021; Zhao et al., 2021). NPR1-mediated DNA binding of TGA2 is critical for the activation of defense related genes. Both NPR1 and TGA1 act as master redox-sensitive transcriptional regulators of PR genes in plants (Fu and Dong, 2013). Altogether, our results suggest the transduction of diverse signals jointly shape the defense response of Lilium hybrid “Sorbonne” to B. elliptica.




CONCLUSION

In this study, we used a non-targeted metabolomic analysis complemented by NGS to understand the defense response of Lilium hybrid “Sorbonne” to B. elliptica infection. Multivariate data analysis demonstrated that the phenylpropanoid and flavonoid pathways play a central role in the plant defense response. Network analysis revealed high interconnectivity among factors involved in the induced defense response. Furthermore, we performed WGCNA to investigate the DEGs, and identified a number of hub genes at different stages of infection, indicating that JA, SA, BR, and Ca2+ also play important roles in the defense response. Thus, our study provides a comprehensive understanding of the defense response of “Sorbonne” to B. elliptica infection. Further investigation is needed to elucidate the regulatory mechanisms underlying the defense response of Lilium.
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Partial resistance in plants generally exerts a low selective pressure on pathogens, and thus ensuring their durability in agrosystems. However, little is known about the effect of partial resistance on the molecular mechanisms of pathogenicity, a knowledge that could advance plant breeding for sustainable plant health. Here we investigate the gene expression of Phytophthora capsici during infection of pepper (Capsicum annuum L.), where only partial genetic resistance is reported, using Illumina RNA-seq. Comparison of transcriptomes of P. capsici infecting susceptible and partially resistant peppers identified a small number of genes that redirected its own resources into lipid biosynthesis to subsist on partially resistant plants. The adapted and non-adapted isolates of P. capsici differed in expression of genes involved in nucleic acid synthesis and transporters. Transient ectopic expression of the RxLR effector genes CUST_2407 and CUST_16519 in pepper lines differing in resistance levels revealed specific host-isolate interactions that either triggered local necrotic lesions (hypersensitive response or HR) or elicited leave abscission (extreme resistance or ER), preventing the spread of the pathogen to healthy tissue. Although these effectors did not unequivocally explain the quantitative host resistance, our findings highlight the importance of plant genes limiting nutrient resources to select pepper cultivars with sustainable resistance to P. capsici.
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1 Introduction

Plants are surrounded by countless potentially pathogenic microorganisms and yet plant disease is a rare occurrence in nature, as plants have evolved different mechanisms to prevent infection by microorganisms. Pre-formed physical and chemical barriers established by the plant impede pathogen penetration (Dixon, 2001; Hématy et al., 2009; Malinovsky et al., 2014). Pathogens that are able to bypass these barriers are confronted with a complex plant immune system triggered when the plant perceives either self-damaged plant molecules (DAMPs, Damage-Associated Molecular Patterns) or pathogen-derived molecules, such as PAMPs (Pathogen-Associated Molecular Patterns) and secreted effectors. According to the intensity of the plant response, the resistance is either qualitative when the disease progression is stopped, or quantitative when the pathogen development is reduced. Deployment of qualitative resistance at a broad scale in agrosystems applies a strong pressure on pathogens and frequently results in selection of a virulent strain that breaks down the plant’s resistance (McDonald and Linde, 2002). By contrast, quantitative resistance is generally broad spectrum and exerts a lower selective pressure, limiting the selection of virulent variants. Indeed, this type of resistance is usually more durable than major genes in agrosystems (Palloix et al., 2009; Cowger and Brown, 2019), even if adaptation of a few pathogen populations to quantitative resistance have already been reported (Delmotte et al., 2014). Understanding the molecular dialogs between plants and pathogens should enable plant breeding to achieve sustainable disease control aimed at reducing pesticides in agriculture.

In the past decades, plant-pathogen interaction studies have brought to light pathogenicity genes and qualitative resistance genes involved in gene-for-gene recognition and molecular mechanisms responsible for breakdown of resistance (Kushalappa et al., 2016). Direct or indirect molecular recognition between a plant resistance protein and a pathogen effector (avirulence factor) from a specific race or isolate triggers the resistance response. Evolved effectors (virulent factors) from adapted pathogens frequently overcome simple inherited host resistance. Gene expression studies have shed light on the transcriptomic changes occurring during compatible plant-pathogen interactions and showed that biotrophs exploit host pathways to extract nutrients from living plant cells, while necrotrophs produce toxins and cell-wall degrading enzymes (CWDE) to kill and feed on dead plant cells (Laluk and Mengiste, 2010). However molecular mechanisms during incompatible plant-pathogen interactions, particularly in the case of quantitative resistance, are much less understood.

Phytophthora capsici is a hemi-biotrophic oomycete plant pathogen that transitions from an early biotrophic phase to a necrotrophic phase (Fawke et al., 2015). Some Phytophthora effectors are secreted into the host extracellular space and interfere with apoplastic plant proteins; CWDEs breach the host cell wall, and protease inhibitors and secreted proteases counter host defenses (Kamoun, 2006; Schornack et al., 2009). Other effectors, namely members of the RxLR and Crinkler (CRN) families, are translocated into the plant cytoplasm through the oomycete haustorium membrane (Wang et al., 2017). Some apoplastic and cytoplasmic effectors have been shown to suppress plant immunity. Secreted RxLR effectors are major virulence determinants of oomycetes and avirulence forms are recognized by plant resistance proteins, resulting in the complete host immunity. Several studies reported the temporal expression of Phytophthora effectors during the pathogen development or host plant colonization. P. capsici genes, including RxLRs, CRNs, elicitins, transglutaminase elicitors, NLPs (Nep1-like proteins), CBELs (Cellulose Binding, Elicitor, and Lectin-like) and enzyme inhibitors, are differentially expressed in mycelium, zoospores and germinating cysts (Chen et al., 2013). P. capsici effector genes are differentially transcribed between the biotrophic and necrotrophic phases in tomato (Jupe et al., 2013). P. infestans genes involved in nutrient transport, conversion of energy and proteasome activities are particularly active at the mycelium stage, while pathogenicity genes are up-regulated in zoospores and germinated cysts (Ah-Fong et al., 2017). Expression of P. infestans transporters greatly fluctuates during the biotrophic phase in potato compared to mycelium grown on an artificial medium (Abrahamian et al., 2016). Similarly, P. infestans genes show temporal transcriptional regulation when infecting susceptible tomato (Zuluaga et al., 2016b). While progress has been made on how the pathogen perturbs plant processes during a compatible interaction, our goal is to better understand the effects of quantitative resistance on pathogen’s gene expression, especially the effector repertoire, and how the gene expression of the pathogen is modulated according to its adaptation to the host plant.

P. capsici is known to cause root, crown and fruit rot, and foliar blight in many crops including Solanaceae and Cucurbitaceae. In the present study, we report on the in planta transcriptome of two P. capsici isolates, one adapted to pepper (Capsicum annuum L.) and one non-adapted. We analyze how the host plant impacts on the regulation of P. capsici genes at early stages of the interaction, by comparing the P. capsici transcriptomes in a susceptible and a partially resistant pepper host. Comparison of in planta transcriptomes from the two P. capsici isolates infecting pepper allows us to identify molecular functions responsible for the P. capsici adaptation to a specific host plant. Our results shed light on how oomycetes interact with various host plants and thus help the identification of targets for plant protection.



2 Materials and methods


2.1 Pepper host lines, Phytophthora capsici isolates, inoculation process, RNA samples

Two lines of pepper (C. annuum L.) with differing resistance levels to P. capsici were used: Yolo Wonder (YW, PM0031), susceptible (S), and Criollo de Morelos 334 (CM334, PM0702), partially resistant (R) (Thabuis et al., 2003; Bonnet et al., 2007). Two weeks after sowing, plantlets were transplanted and grown in the greenhouse for four additional weeks. Two isolates which differed in their level of aggressiveness on pepper were used: isolate Pc107 (called A for adapted) was collected from peppers in the South of France (from INRAE GAFL), and isolate Pc273 (N for non-adapted) was collected from pumpkins in the USA (code LT263 from University of Tennessee).

Prior to inoculation, the apex of 6-week-old pepper plants was removed with a razor blade. Inoculations were performed, as described in Lefebvre and Palloix (1996), by putting on the wounded stem a 4-mm diameter plug of mycelium, previously grown on a V8 media for 7 days at 22°C. To promote infection, an aluminum square of 4 cm2 capped the mycelium plug for three days. Inoculated plants were transferred to a growth chamber at 24°C/22°C temperature on a 12h/12h light/dark cycle. The experiment was triplicated, each triplicate being inoculated with an independent inoculum, to produce three biological replicates. Disease progression was observed on a set of four or six plants per host-isolate interaction at the same conditions as described above. Lengths of stem necrosis were measured at 24- and 72-hours post-inoculation (hpi).

At 24 hpi, twelve total RNA samples were extracted from inoculated plants for the four host-isolate interactions: R_A, S_A, R_N and S_N (Figure 1A). Each sample consisted of six pooled stem fragments. The stem fragments are the 5-mm region immediately under the visible stem necrosis. Samples were flash-frozen in liquid-nitrogen and stored at -80°C until RNA extraction. They were ground in liquid nitrogen with a cold mortar and pestle. Total RNA was extracted using QIAGEN Rneasy Plant Mini Kit. RNA-seq libraries were constructed at IPS2 POPS platform (France) by TruSeq_Stranded_mRNA_SamplePrep_Guide_15031047_D protocol (Illumina®, California, USA). Sequencing was conducted on an Illumina Hiseq2000 hosted by Genoscope (Evry, France). The RNA-seq samples have been sequenced in paired-end (PE) with a sizing of 260 bp and a read length of 100 bases, lane repartition and barcoding giving approximately 35 million of PE reads per sample (Supplementary Table S1).




Figure 1 | Experimental design of the four host-isolate interactions and disease symptom progression. (A) Scheme of the four host-isolate interactions and the seven contrasts considered in DiCoExpress for detecting differentially expressed genes of Phytophthora capsici. Three biological replicates were produced per host-isolate interaction. A, adapted isolate; N, non-adapted isolate; V8, mock inoculation; R, resistant host; S, susceptible host. (B) Disease symptom progression over 72 hpi on resistant and susceptible peppers inoculated with an adapted and a non-adapted isolates of P. capsici. Each dot shows the mean of 16 plants for S and of 24 plants for R. Error bars show the standard deviation. ANOVA test, at 24 hpi p-value=2.28 10-14 (R²=0.58), at 72 hpi p-value=4.18 10-39 (R²=0.91).





2.2 RNA-seq data trimming and mapping

To facilitate comparisons, raw sequences of the twelve libraries followed the same steps from trimming to count. A preprocessing of quality control was applied, including trimming library adapters and removing PE reads with bad quality (Phred Quality Score < 20, read length < 30 bases). Ribosomal RNA sequences were discarded with the sortMeRNA tool (Kopylova et al., 2012). By using the software STAR (version 2.7.3) with the mode parameters ‘keep the best results’ and ‘adapt intron length from min 5 bp to max 60,000 bp’ (Dobin et al., 2013), the retained PE reads were mapped simultaneously to the genomic scaffolds of the pepper genome of CM334 with annotation Annuum.v.1.6 [35,884 genes, http://peppergenome.snu.ac.kr/, Kim et al., 2017] and to the Phyca11 version of P. capsici genome (http://genome.jgi.doe.gov/Phyca11/Phyca11.home.html, Lamour et al., 2012). As further data analyses were restricted to the pathogen gene expression, we built a custom annotation file for the P. capsici transcriptome by adding 79 re-annotated CRNs from Stam et al. (2013) and 471 re-annotated RxLRs from Jupe et al. (2013) to the 19,805 transcript models of the P. capsici genome, leading to 20,052 non redundant P. capsici predicted genes. The abundance of each P. capsici gene was calculated with STAR by counting only PE reads that map unambiguously to a single gene, removing multi-hits. Counts were converted into Count Per Million values (CPMik = 106 * [number of reads for the gene i in the sample k/total number of reads for all genes in the sample k]).



2.3 Identification of differentially expressed genes and co-expressed genes

The full RNA-seq analysis from quality controls to co−expression analysis and differential analysis based on contrasts inside generalized linear models was performed with DiCoExpress, a script-based tool implemented with R language (Lambert et al., 2020). To keep genes with enough mapped PE reads, genes with at least one read in at least two replicates of each host-isolate interaction were filtered. For each selected gene, we applied the Trimmed Mean of M-values (TMM) normalization (Robinson et al., 2010) in order to normalize their number of PE reads counted in the twelve samples. We considered the TMM normalization of counts for each sample suitable for further analysis since the boxplots of normalized counts are similar across the twelve samples (Supplementary Figures S1A, B). The principal component analysis of normalized read counts distinguishes samples according to the isolates in both hosts as well as it clusters samples from the same host-isolate interaction, the two first axes explaining 47.6% of the total variation (Supplementary Figures S1C, D). The distributions of the number of genes according to their gene expression levels within each library were mostly Gaussian-shaped (Supplementary Figure S2), even if the R_A libraries, whose numbers of P. capsici PE reads were the smallest, showed left-censored distributions. The expression levels of a gene were homogeneous between replicates of a same host-isolate interaction (Supplementary Figure S3). The low number of P. capsici PE reads in the samples, compensated by the small variability between replicates, thus only marginally affects the subset of selected genes allowing gene-by-gene comparison to identify the effect of the host plant and of the isolate on the gene expression of P. capsici.

To identify among the selected P. capsici genes those exhibiting a differential expression (DEG) according to modalities of the biological factors, the TMM-normalized CPM values of each selected gene were compared using the GLM-Poisson (generalized linear models) implemented in the R-package edgeR (McCarthy et al., 2012), by constructing a model including the host (H), the isolate (I), their pairwise interaction (H*I), and the replicate factor (R) which represents the intra-condition heterogeneity: Log2(TMM-CPM value) = H + I + H*I + R. The interaction term H*I in the model may reveal meaningful specific interactions between the host and the isolate. DiCoExpress automatically generates a list of contrasts based on the model and provides the DEGs of P. capsici when comparing the two host plants (R and S) and the two isolates (A and N) (Figure 1A). A gene was considered differentially expressed (DEG) when its Benjamini-Hochberg-corrected (BH-corrected) p-value (False Discovery Rate or FDR) was less than 0.01.

To identify groups of co-expressed genes (CEGs), DiCoExpress uses a Gaussian mixture model based on the normalized expression profiles after an arcsine transformation implemented in the coseq R-package and clusters genes according to their expression profile in all samples.



2.4 Gene ontology enrichment analysis

To evaluate the coherence of the results with the biological knowledge, we used the gene ontology (GO) annotation derived from the Phyca11 version of P. capsici genome. Of the 20,052 P. capsici genes, 9,017 genes (45% of the 20,052 P. capsici genes) are annotated, including 471 genes annotated as RxLR and 79 as CRN; 8,467 (42%) are assigned to GO terms. A comparable proportion of the 7,240 selected expressed genes and of the 709 DEGs had GO terms: 4288 (59%) and 443 (62%), respectively. The proportion of CRN and RxLR genes is similar in the set of selected genes (10 and 60, respectively) and in the DEG list (2 and 12, respectively) (Supplementary Table S2). The GO enrichment analysis was performed with DiCoExpress (Lambert et al., 2020) in considering only genes assigned to GO terms. GO terms were tested for enrichment or depletion in the lists of DEGSs and CEGs compared to the 7,240 selected P. capsici genes, using hypergeometric tests with a p-value threshold of 0.01 implemented in DiCoExpress.



2.5 Data accessibility

All steps of the experiment, from growth conditions to bioinformatic analyses, were managed in CATdb database (Gagnot et al., 2008), with the project identifier NGS2013_07_ Pcapsici. This project was submitted from CATdb into the international NCBI repository GEO (Edgar et al., 2002) and SRA under the project identifier GSE206447, which is publicly accessible at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE206447.



2.6 Reverse transcription quantitative PCR of RxLR effector genes

To confirm changes of the expression pattern observed with RNA-seq analysis, six P. capsici genes encoding an RxLR effector were amplified by RT-qPCR. Three P. capsici reference genes (Ubc, Ppi2, RL13) were used as constitutive internal controls (Yan and Liou, 2006). Primer pairs were designed with primer3 version 0.4.0 using default parameters (http://primer3.ut.ee/) (Supplementary Table S3). Amplification efficiency of each primer pair was calculated based on the slope of the standard curve, using the equation: E (%) = 100.(-1+10(-1/slope)). Specificity of primer pairs was validated by BLASTN against P. capsici and pepper genomes with parameters adapted for short input sequences, and by analysis of dissociation curves using P. capsici and pepper genomic DNA as template. RT-qPCR analyses were first performed on RNA samples collected at 24 and 72 hpi, the 24-hpi samples were the same as those used for RNA-seq analysis. Second, other RNA samples were produced independently with the same method and experimental design from a set of six resistant lines and five susceptible lines sampled at 24 hpi. Three independent biological replicates were produced for each host-isolate interaction. Total RNA was extracted using QIAGEN Rneasy Plant Mini Kit, and treated with Qiagen RNase-Free DNase, following manufacturer instructions. Absence of contaminating DNA was checked by performing a qPCR reaction using the primers of the control pepper gene 'elongation factor 1-alpha EF1' on RNA samples. Quantification and quality assessment of RNA samples were done with Nanodrop and agarose electrophoresis gel. One µg of RNA was reverse-transcribed to cDNA using the SuperScript III Reverse Transcriptase enzyme kit (Thermo Fisher Scientific) and oligo (dT)18 at 50µM. RT-qPCRs were carried out with the Brillant III ultra-fast SYBR QPCR MM kit (Agilent Technologies) using 1 μL of diluted cDNA (1:10) and primers at 0.2mM each in a reaction volume of 10 μL using the CFX96 Biorad cycler. Each reaction was heated to 95°C for 5 min, followed by 40 cycles of 95°C for 10 s and 64°C for 20 s, and then by a ramp of 0.5°C each 5 s until reaching 95°C. Absence of contamination was checked using two non-template controls per plate. The RT-qPCR amplifications were repeated three times (technical replicates). Quantification of the relative gene expression was performed using the ΔΔCt method (Livak and Schmittgen, 2001).



2.7 In planta expression of Phytophthora capsici RxLR effector genes

We functionally analyzed the effect of ectopic expression of CUST_2407 and CUST_16519 in pepper leaves of resistant and susceptible hosts to P. capsici by agro-infection using the PVX-Agrobacterium-based transient transformation system (Du et al., 2014).

To evaluate the capacity of in planta multiplication and migration of the PVX (used as the T-DNA of the constructs), we assessed the susceptibility of pepper lines to PVX inoculation. The construct pGR106-empty containing PVX was mechanically inoculated on the two cotyledons of six plants from each pepper lines one month after sowing. Two weeks after inoculation, 500 mg from uninoculated apical leaves of each inoculated plant was sampled. Samples were separately ground in a phosphate buffer (0.03M Na2HPO4, 0.2% sodium diethyldithiocarbamate, 4 mL buffer/g of leaves). A double antibody sandwich–enzyme-linked immunosorbent assay (DAS-ELISA) was performed on two batches of three plants per line and absorbance readings of each batch was measured at 405 nm. The virus concentration of each batch was calculated relative to common non-inoculated controls added to the ELISA plate. Finally, a mean relative virus concentration was obtained for each line. All accessions were considered susceptible to PVX as their mean relative virus concentration was greater than three times the mean of non-inoculated controls on the same plate.

As we identified SNPs between isolates A and N for the two RxLR genes, we produced for each gene two constructs (called CUST_2407_A, CUST_2407_N, CUST_16519_A and CUST_16519_N) corresponding to alleles from A and N. Genes without the peptide signal were cloned using primers described in Supplementary Table S3 and the Gateway technology (Invitrogen, San Diego, CA, USA). Amplicons were transferred into the pDONR_207 by BP-reaction (with gentamycin 25µg/mL) then transferred into the Gateway PVX expression vector pGR106 by LR reaction (kanamycin 50µg/mL). Isolated plasmids for each construct were then introduced by electroporation into Agrobacterium tumefasciens (renamed Rhizobium radiobacter) strain GV3101 (gentamicin 25µg/mL, rifampicin 50µg/mL, kanamycin 50µg/mL, tetracycline 5µg/mL). We used two control constructs: the pGR106::GFP including the GFP gene was used as a negative control that do not produce HR and to ensure the efficiency of transformation by checking the fluorescence of GFP under blue light in the agro-infected leaves (data not shown), and the pGR106::16240 including the Phytophthora infestans gene PITG_16240 (Haas et al., 2009) was used as a positive control as it was demonstrated to trigger HR in pepper (unpublished data).

Each Agrobacterium strain was plated on LBA medium (Lysogeny Broth Agar) and grown for 48 hours at 28°C. Bacterial cultures were scraped and resuspended in 10mM MgCl2, 150µM Acetosyringone, 10mM 2-(N-morpholino)-ethane sulfonic acid, adjusted to an OD at 600nm of 4. This bacteria solution was used for agro-infection according to the method described by Du et al. (2014).

We experimentally assessed the response of pepper lines to transient in planta expression of the four RxLR constructs in two experiments. Eight week-old seed-grown plants of eleven lines of C. annuum with differing levels of resistance to P. capsici were grown in greenhouse. For all lines and for each construct to be agro-infected, experiment Exp-1 consisted of piercing four leaves on the same plant six times with a wooden toothpick dipped in the bacteria solution, providing 24 points of infection per host-construct interaction. Experiment Exp-6 consisted of agro-infecting the six constructs separately on the same leaf, by pricking three to four leaves per plant and six plants per line, yielding 18 or 19 infection points per host-construct interaction. We followed the progress of each infection point for 22 days after agro-infection in order to follow the appearance of dark local necrotic lesions at the edge of the infection point or any changes of the leaf. For each interaction between a pepper line and a construct, we reported the percentage of local necrotic lesions in experiment Exp-1 and Exp-6, giving a quantitative assessment of the elicitation of the hypersensitive response (HR).

According to the pepper line and the experiment, we observed from 6 to 88% local necrotic lesions with the positive control construct in the eleven pepper lines. The 461 agro-infections made with the negative control construct did not form local necrotic lesions. Negative control Nicotiana benthamiana plants did not show local necrotic lesions around the agro-infection points for all six constructs, ruling out their toxicity and indicating that observed HR are specific to the interaction with pepper. Morover, they showed, with the pGR106::GFP construct, fluorescence under blue light in the apical leaves (Exp-1), showing the efficiency of PVX multiplication and migration in the plant (data not shown). The host R (CM334) reacted strangely to agro-infection, particularly in Exp-6: agro-infected leaves started to turn yellow from 10 days after agro-infection, then began falling 17 days after agro-infection. Results of Exp-1 and Exp-6 are consistent. Transient expression of only one construct per leaf (Exp-1) generally gave higher percentages of local necrotic lesions than agro-infection with all six constructs per leaf (Exp-6), possibly caused by cross-response to several constructs.




3 Results


3.1 The disease progression differs between the four host-isolate interactions

Two lines of pepper (C. annuum), one susceptible (S) and one partially resistant (R), were inoculated with two isolates of P. capsici, one adapted (A) and one non-adapted (N) to pepper (Figure 1A). Disease symptom progression observed in these four host-isolate interactions diverged slightly in the first 24 hours after inoculation (hpi) (0.3 to 2.6 mm of mean stem necrosis length), then increasingly over time (3.5 to 19.5 mm at 72 hpi, Figure 1B). The interaction R_N between the resistant host and the non-adapted isolate showed the smallest mean necrosis length, while the interaction S_A between the susceptible host and the adapted isolate showed the largest. We focused the rest of our analysis on the 24 hpi time point in order to compare gene regulation at an early stage of interaction and at a similar stage of P. capsici development to conduct an RNA-seq analysis with sufficient reads to analyze.



3.2 The dataset enables the comparison of transcriptional expression of 7,240 genes of Phytophthora capsici

After stringent quality assessment and trimming of the twelve libraries corresponding to three biological replicates for each of the four host-isolate interactions, we mapped ~29 to ~41 million paired-end (PE) reads (per library) to the P. capsici and C. annuum reference genomes, and ~23 to ~32 million PE reads to the gene annotations of both genomes. To focus on gene expression of the pathogen, we considered, for each of the twelve libraries, the 2.6 104 to 1.8 106 PE reads mapped to the 20,052 predicted genes of P. capsici, corresponding to 0.11 to 6.97% of the total reads (Supplementary Table S1). As expected, libraries from the S_A interaction showed the highest number and percentage of P. capsici reads compared to the three other host-isolate interactions (p<0.05, Tukey tests with a Bonferroni correction). The host drastically impacted on the percentage of P. capsici reads, the resistant host causing on average a lower percentage than the susceptible one (0.44% of total PE reads from libraries R vs. 3.42% from libraries S, p<0.05, Tukey test). Furthermore, the adapted isolate displayed a higher percentage of expression than the non-adapted (3.43% of total reads from libraries A vs. 0.88% from libraries N, p<0.05, Tukey test). Interestingly, libraries from isolate N did not show a significant difference of read numbers between the hosts (0.63% for R_N and 1.11% for S_N, p>0.05, t-test), while libraries from isolate A showed the extreme values of read number (0.28% for R_A and 5.62% for S_A, p<0.05, t-test). Nearly 80% of the PE reads that mapped to the P. capsici genome were unambiguously associated with single copy genes from the 20,052 P. capsici annotated genes. A total of 13,540 genes (68%) were expressed with at least one read in at least one sample. The twelve samples had each between 6,170 and 11,434 expressed genes with at least one read. To compare the gene expression level between the four host-isolate interactions, we considered the 7,240 P. capsici genes with at least one read in two replicates of each of the four host-isolate interactions (36% of the annotated P. capsici genes). These 7,240 genes contained 60 RxLR and 10 CRN genes.



3.3 A total of 709 genes of Phytophthora capsici are differentially expressed between the four host-isolate interactions

Out of the 7,240 analyzed genes, we highlighted a total of 709 P. capsici genes (9.8%) differentially expressed (DEGs) in at least one pairwise comparison (Cf. the seven contrasts in Figure 1A; Supplementary Table S4). A total of 355 of the 709 genes (50%) were differentially expressed in two or more pairwise comparisons. Globally, we observed a balance number of up- and down-regulated genes for each contrast (Figure 2A; Supplementary Table S5). However, isolates recovered from the resistant host expressed significantly fewer genes compared to the susceptible host, and genes of isolate A in interaction with pepper expressed significantly fewer genes compared to isolate N.




Figure 2 | Number of differentially expressed Phytophthora capsici genes (DEGs). (A) Barplot of number of up- and down-regulated DEGs for the seven contrasts. Venn diagram illustrating the DEG repartition depending on (B) the isolate-related contrasts, (C) the host-related contrasts, and (D) the host-isolate interaction-related contrasts. Venn diagram indicates numbers of DEGs that are common to several contrasts and numbers that are unique to a single contrast. Numbers of genes that are not differentially expressed in the considered contrasts are indicated at the right bottom of each Venn diagram. The CRNs and RxLRs (CUST) are positioned on each Venn diagram in their respective areas.



Comparison of the two isolates revealed the greatest number of DEGs (681 DEGs in the isolate-related contrasts, 9.4% of the 7,240 analyzed genes; Figures 2A, B). We identified 565 DEGs between isolates A and N irrespective of the infected host (7,8% in [A-N]). The number of DEGs between A and N was higher when they infected host S than when they infected host R (321 DEGs, 4.4% of the 7,240 genes, in [S_A-S_N]; 168 DEGs, 2.3%, in [R_A-R_N]).

Comparison of the two hosts highlighted only 80 P. capsici DEGs (1.1% of the 7,240 genes in the host-related contrasts, Figures 2A, C), with 57 host-related DEGs irrespective of the isolate, 53 DEGs specific to isolate A, and only four DEGs specific to isolate N (0.8% in [R-S]; 0.7% in [R_A-S_A], 0.06% in [R_N-S_N]). Noteworthy, only ten genes responded differentially to the host treatment in the two isolates (0.1% in [R_A-R_N]-[S_A-S_N]); those ten genes were also differentially expressed in other comparisons (Figures 2B, C). The characterisation of the four host-isolate interactions themselves identified 450 P. capsici DEGs (6.2% in the interaction-related contrast, Figure 2D).

Among the whole set of 709 DEGs, fourteen genes are annotated as CRN or RxLR (Supplementary Table S2). Notably, we identified up to eleven RxLR and two CRN DEGs related to the isolate-contrasts while we found a single RxLR DEG, named CUST_2407, related to the host-contrasts (Figures 2B, C). The interaction-related contrasts revealed that nine RxLRs and two CRNs were differentially expressed (Figure 2D).



3.4 Host-related and isolate-related DEGs belong to different metabolic pathways

The GO enrichment analysis of the set of 2,139 GO terms assigned to the P. capsici genome yielded a total of 122 significantly enriched or depleted GO terms within the whole list of 709 DEGs compared to the 7,240 studied genes, with 3 to 50 GO terms according to the considered contrast. Seven, 25 and 90 out of the 122 GO terms were related to cellular components, to biological processes, and to molecular functions, respectively (Supplementary Tables S4, S6).


3.4.1 Host-related DEGs clearly oppose S_A from the three other host-isolate interactions

The 80 host-related DEGs corresponded to 60 enriched GO terms. DEGs in contrast [R-S] showed significant enrichment in 44 GO terms. Thirty-two were assigned to the parental catalytic activity and mostly included enzymes of class 1 catalyzing redox reactions and of class 3 hydrolyzing various glycosyl bonds. Other GO terms were related to carbohydrate metabolic process, cell proliferation, and transporter activities that enable movement of solutes through the cell membrane. Moreover, two GO terms were related to binding to iron-containing molecules. Contrast [R_A-S_A] revealed eleven specific enriched GO terms, in addition to 34 enriched GO terms shared with the contrast [R-S]. Notably, specific [R_A-S_A]-related DEGs involved transferases (class 2) and isomerases (class 5). Contrast [R_N-S_N] revealed a single additional specific enriched GO term related to the molecular function palmitoyl-(protein) hydrolase activity.

The hierarchical clustering of the 50 most impacted genes by the host highlighted two major groups of genes with opposing expression patterns in isolate A, whereas their patterns were less clearly differentiated in isolate N (Figure 3A). In addition, the S_A interaction had a very specific pattern compared to the other three interactions, which highlighted the specific metabolic performance of the adapted isolate in the susceptible host and the fact that interactions where the pathogen develops poorly had similar gene expressions. Among the 50 most impacted genes, isolate A over-expressed in host S a set of 29 genes, including the RxLR gene CUST_2407. In contrast, isolate A under-expressed 21 genes in S.




Figure 3 | Heat map of the hierarchical clustering of the 50-top host-related (A) and isolate-related (B) DEGs. Clustering made on behavior patterns of the twelve samples are presented for each studied contrast, except for [R_ N- S_N] that counts only four DEGs. The top DEGs have been ranked on their p-values. Red represents high relative expression and blue represents low relative expression. RxLRs (CUST) are positioned on each heat map.





3.4.2 Isolate-related DEGs show GO terms depleted in synthesis of nucleic acids and enriched in oxidation of fatty acids

The 681 isolate-related DEGs corresponded to 13 depleted and 57 enriched GO terms. Those GO terms were rather specific to the isolate-related contrasts since only eight of the 57 enriched isolate-related GO terms were common with the 60 enriched host-related GO terms.

The [A-N] contrast showed significant depletion in ten GO terms of which nine were related to synthesis of nucleic acids. Five of them were also depleted in the [S_A-S_N] comparison. Interestingly, contrasting [R_A-R_N] revealed three specifically depleted GO terms related to protein binding and to protein serine-threonine kinase activity.

The [A-N] contrast showed significant enrichment in 40 GO terms. They were related to the ammonium assimilation process involved in the formation of glutamate (glutamic acid), oxidation of the fatty acids, hydrolase activities contained in lysosomes, oxidoreduction reactions, and the ribonucleotide biosynthesis and translation. Intriguingly, contrasting [R_A-R_N] revealed eleven specifically enriched GO terms majorly related to carbohydrate metabolic process, oxidoreductase or hydrolase activities, and the peroxisome.

The hierarchical clustering of the 50 most impacted DEGs for contrast [A-N] revealed two groups of genes with contrasted expression patterns among the twelve samples (Figure 3B). Those 50-top isolate-related DEGs that clearly opposed A and N, showed similar patterns in hosts R and S. One group of 35 DEGs, including the RxLR gene CUST_14997, were under-expressed by isolate A and over-expressed by isolate N. The other group of fifteen DEGs, including three RxLR genes (CUST_20468, CUST_16519, CUST_883), showed a clear opposite behavior.




3.5 Phytophthora capsici DEGs split in two clusters of co-expressed genes with an opposite pattern between isolates

The co-expression analysis of the twelve biological samples based on the average expression profile of the 450 DEGs belonging to the interaction-related contrasts revealed two clusters of co-expressed genes (CEGs) (Supplementary Table S7; Figure 4). Cluster 1, containing 81 genes including one CRN and five RxLRs, grouped together DEGs strongly expressed by isolate A compared to isolate N. It is enriched for 30 GO terms of which five GO terms were related to transferases recruited for the formation of ornithine. Nine GO terms were related to hydrolases, implied in replication and repair of nucleic acids and in cell cycle regulation, and eight GO terms belonged to ligase activities that catalyze the formation of fatty acids. Cluster 2, composed of 105 genes with one CRN and two RxLRs, showed the opposite pattern, strongly expressed by isolate N compared to isolate A. It was depleted for one molecular function GO term related to nucleic acid binding. Twenty GO terms were enriched: six were related to the digestion of non-functional molecules by hydrolases occurring in the lysosome, five included transferase-related functions from which some could be involved in sphingolipid metabolic process and in methanogenesis, and three GO terms were involved in redox reactions (Supplementary Table S8).




Figure 4 | Co-expression clusters for the Phytophthora capsici DEGs issued from the interaction-related contrasts. For each cluster, are indicated (A) the average expression profiles of the four host-isolate interactions, and (B) the size of co-expression clusters with the list of included CRN and RxLR (CUST) genes within the cluster. Data results from the analysis of the 450 differentially expressed genes (DEGs) from the union of the four interaction-related contrasts.





3.6 Isolate A under-expresses RxLR CUST_2407 specifically in host R, while isolates A and N over-express RxLRs CUST_16519 and CUST_14997, respectively, irrespective of the host

By RT-qPCR, we validated the expression variation of six RxLR effector genes, three DEGs and three non-DEGs according to RNA-seq analysis, in hosts R and S and in a set of eleven hosts differing for resistance to P. capsici (Figure 5). The three DEGs chosen were the most contrasted RxLRs between host-isolate interactions. CUST_2407, the single RxLR DEG in contrast [R-S], was more expressed in S (FDR=9.56 10-8). CUST_16519 and CUST_14997, the two most RxLR DEGs in contrast [A-N], were more expressed in A (FDR=4.58 10-57) and in N (FDR=1.20 10-13), respectively. At 24 hpi, RT-qPCR profiles in the four host-isolate interactions corroborated the RNA-seq expression profile, confirming the accuracy of RNA-seq data analysis. CUST_2407 exhibited contrasting expressions in isolate A between hosts R and S, CUST_14997 and CUST_16519 exhibited contrasting expressions between isolates A and N, while CUST_5407, CUST_15481 and CUST_17572 (for which RNA-seq expression level did not vary) did not show significant differential RT-qPCR expression (Figures 5A, B). Comparison of RT-qPCR at 24 and 72 hpi highlighted the time-course of gene expression along the P. capsici-pepper interactions. Isolate A under-expressed CUST_2407 in R compared to S at 24 hpi as well as 72 hpi, while isolate N did not differentially express it when infecting R and S and did not increase compared to 24 hpi. Isolate N over-expressed CUST_14997 at the two time-points in both hosts and slightly increased its expression along the time course. Isolate A over-expressed CUST_16519 in both hosts and increased its expression along the time-course (Figure 5B).




Figure 5 | Gene expression level of RxLR genes CUST_2407, CUST_14997 and CUST_16519 in different host-isolate interactions. Barplot of (A) the TMM-normalized gene expression measured by RNA-seq in hosts R and S at 24 hpi. Barplot of gene expression measured by RT-qPCR relative to the expression of the housekeeping gene Ubc (B) in hosts R and S at 24 and 72 hpi, and (C) in six resistant lines [R1 (PM0217/PI201234), R2 (PM0659/Perennial), R3 (PM0702/CM334, R), R4 (PM1407/Phyo 636), R5 (PM1409/Vania), R6 (PM1686/Breeding Line B2)] and five susceptible lines [S1 (PM0031/Yolo Wonder, S), S2 (PM0076/Doux Long des Landes), S3 (PM0807/H3), S4 (PM0867/(Meskix872)AP1-B1), S5 (PM0972/Quadrato d’Asti rouge)] of pepper at 24 hpi. The same profiles of expression measured by RT-qPCR was observed with the reference genes Ppi2 and RL13.



Considering our analysis conducted on the set of six resistant lines and five susceptible lines to P. capsici, we found that the expression profiles of CUST_14997 and CUST_16519 were similar to profiles observed in the R_A, R_N, S_A and S_N interactions. In contrast, the profile of CUST_2407, that was poorly expressed at 24 hpi, did not fully corroborate the previously observed differential expression between hosts R and S (Figure 5C). This small discrepancy between both independent RT-qPCR experiments may be due to a difference of kinetics, of time points of sampling, and of plant physiological status between the both experiments, since both experiments were performed at different periods of the year. The independent experiment done on the set of eleven lines suggested isolate A generally under-expressed CUST_2407 and CUST_14997, while it generally over-expressed CUST_16519 compared to N. The strong expression of CUST_16519 by A may aid the progression of P. capsici in planta, while its weak expression by N may slow it down. On the contrary, the weak expression of CUST_2407 and CUST_14997 by A may be due to their recognition by the host plant preventing the progression of isolate A. The three effectors CUST_2407, CUST_14997 and CUST_16519 appear thus to be involved in the adaptation of P. capsici to infect pepper.



3.7 Transient expression of RxLRs CUST_2407 and CUST_16519 triggers HR at low frequency in susceptible host

We first developed an efficient method for transient expression of RxLRs in pepper (Figure 6), and then investigated by transient in planta expression how effector CUST_2407, the only RxLR DEG between hosts, and effector CUST_16519, the most strongly RxLR DEG between isolates, interact with resistant and susceptible pepper lines. We observed that transient expression of the CUST_2407 constructs derived from isolates A and N in host S (Yolo Wonder) triggered local necrotic lesions at a low frequency: 33% and 13%, respectively (in Exp-1). Conversely, in host R (CM334), we did not record any lesions but agro-infected leaves turned yellow and several of them detached. Further, CUST_16519_N (cloned from isolate N) induced some necrotic lesions in host S whilst CUST_16519_A did not produce a visual response in host S. In host R, no lesions were observed with either construct but leaves detached (Supplementary Table S9; Figure 7).




Figure 6 | Up-side of host S leaves agro-infected by the RxLR constructs and the control constructs in Exp-1 and Exp-6 experiments. In Exp-1, four leaves of each pepper accession were agro-infected at six points per leaf with a single construction. In Exp-6, 18 or 19 leaves of each accession were agro-infected with four RxLR constructs and two controls separately on each leaf. Exp-6 thus consisted to agro-infect each RxLR construct with the positive and negative controls on the same leaf. Constructs pGR106::GFP and pGR106::16240 were used as negative and positive controls, respectively. The 460 agro-infected points performed on the eleven pepper accessions with the negative control produced no hypersensitive response (HR). The 464 agro-infected points performed on the eleven pepper accessions with the positive control yielded an average of 36,4% HR. The four other four constructs corresponded to the RxLR genes CUST_2407 and CUST_16519 isolated from isolates A and N. The host accession is Yolo Wonder (PM0031), susceptible to Phytophthora capsici. Red arrows indicate the dark local necrosis observed around the agro-infection point, scored as a HR. (A, B) illustrate the quantitative efficiency of transient in planta expression of CUST_2407_A and pGR106::16240, respectively, justifying the need for multiple agro-infection points per construct. (C) illustrates the consistency between Exp-1 and Exp-6 experiments, as shown here for the RxLR CUST_2407_A and the control pGR106::GFP, and as reported in Supplementary Table S9. Photographs were taken at 20 days after agro-infection.






Figure 7 | Symptoms of transient in planta expression of RxLR genes CUST_2407 and CUST_16519 from isolates A and N in leaves of pepper hosts R and S after PVX agro-infection. Dark local necrosis around the agro-infection points was scored as a hypersensitive response (HR). With constructs CUST_2407 and CUST_16519 from isolates A and N, host R showed yellowing followed by abscission of agro-infected leaves, which were assumed to correspond to extreme resistance (ER). In parentheses are indicated the percentages of 24 agro-infected points which showed a HR. The constructs pGR106::16240 and pGR106::GFP were used as positive and negative controls, respectively. Leaves of Nicotiana benthamiana (N.b.) do not show dark local necrosis with the six agro-infected constructs. Photographs were taken at 15 to 20 days after infection.



The transient expression results thus confirmed the above DEG analysis. Hosts R and S differentially responded to the in planta expression of CUST_2407 (indistinctly from A and N), that triggers a few HR local necrotic lesions in S and leaf abscission in R. Only host S produced an HR in response to the in planta expression of the CUST_16519_N construct.



3.8 RxLRs CUST_2407 and CUST_16519 highlight specific recognitions in susceptible and resistant pepper germplasm

In addition to hosts S (Yolo Wonder) and R (CM334), constructs CUST_2407 induced local necrotic lesions in nine other germplasm accessions, with coherent results between the two experiments (Supplementary Table S9). Notably, CUST_16519_A and CUST_16519_N triggered high percentages of HRs in the lines PM1686 (resistant to P. capsici) and PM0972 (susceptible to P. capsici) (Supplementary Figure S4). For the two RxLR effectors, we did not reveal any association within the eleven lines tested between the resistance level to P. capsici and the percentage of HRs, irrespective of the constructs.



4 Discussion

The outcome of this transcriptomic analysis of P. capsici during its interaction with pepper provides valuable insights into (i) how the host plant impacts the expression of pathogen genes at the very beginning of infection, and (ii) how the adaptation of a pathogen to a host depends on its gene expression. For addressing these two crucial questions, we measured the gene expression of two isolates of P. capsici (A and N) differing in their level of virulence (synonym here of aggressiveness) on two pepper lines (R and S) which differ for their spectrum of immunity to P. capsici. Comparing the four host-isolate interactions revealed 702 P. capsici DEGs (Figure 2). We observed the greatest number of DEGs by contrasting isolates. Host-related and isolate-related DEGs primarily belong to different GO terms suggesting differentiation in the metabolic pathways of the pathogen that has been impacted by the host and those that are mobilized for the pathogen adaptation (Figure 8).




Figure 8 | Simplified model of major molecular mechanisms in pepper – Phytophthora capsici interaction based on analysis of RNA-seq data at 24 hpi. The S_A interaction between the susceptible host and the adapted isolate leads to a compatible interaction that allows P. capsici to thrive by feeding on plant nutrients and absorbing energy produced by the degradation of plant cell walls, through exchanges that would occur in the haustorium. When the host is partially resistant or the isolate is non-adapted, this leads to a partially incompatible interaction, such as interactions R_A, S_N or R_N. In the R_A interaction, P. capsici recycles its own resources through lipid metabolism and detoxifies phytoalexins to strive for its survival. In the S_N interaction, P. capsici also detoxifies phytoalexins and activates protein metabolism for maintenance of its own cells. R_N is not represented here since our study revealed only four genes that are differentially expressed with S_N. This tentative model simply presents the hypotheses resulting from our study and is destined to be completed or modified to tend towards the complexity of the natural system, thanks to future analyses carried out by the whole scientific community.




4.1 The adapted Phytophthora capsici isolate mobilizes its transporters to feed on the susceptible host

Contrasting the adapted (A) and the non-adapted (N) isolates revealed 681 DEGs including eleven RxLR and two CRN effectors. The major difference between isolates A and N resides in their perception of the plant species. Isolate N exhibits minimal growth on pepper regardless of the level of resistance, and its gene expression remains limited being unable to metabolize pepper or so as not to exhaust its resources. The total number of Illumina RNA-seq reads in N was equivalent in both hosts. However, the number of isolate-related DEGs is twice as high when isolates infect the susceptible host (S) compared to when they infect the resistant host (R), suggesting that on host S the two isolates behave almost like different microorganisms, while host R reduces isolate A’s metabolism to the status of isolate N.

Interestingly in both hosts, isolate A in comparison to N reduces expression of its genes involved in synthesis of nucleic acids and increases expression of genes coding transporters, suggesting a key role of these two pathways in the adaptation of a P. capsici to infect pepper. In host S, the isolates notably differed in their expression of genes associated with transport of nutrients and inorganic substances, detoxification process and protein metabolism (Figure 8). The higher expression of transporters of nutrients and inorganic substances by isolate A might support its growth, as proposed by Abrahamian et al. (2016) in the compatible interaction between P. infestans and its tomato and potato hosts. In contrast, isolate N over-expressed genes encoding for ATP-binding cassette (ABC) transporters and genes related to protein metabolism, particularly genes coding putative serine proteases without signal peptide and putative ubiquitin ligases (Supplementary Table S6). ABC transporters, known to be involved in detoxification processes and required for organ growth, nutrition requisition, and development, may protect P. capsici against natural toxic compounds produced by the susceptible host. Moreover, the gene family of ABC transporters have significantly expanded in the most aggressive isolates of P. capsici, supporting that ABC transporters play also a role of virulence-associated effectors during P. capsici evolution such as RxLR and CRN effectors (Lee et al., 2021). Zuluaga et al., (2016b) also reported high levels of transcript accumulation of P. infestans ABC transporters during its biotrophic phase with a susceptible tomato cultivar. Non-secreted serine proteases are involved in a variety of intracellular processes including signal peptide processing and vacuole maintenance (Muszewska et al., 2017). Those genes involved in protein turnover may support the development of isolate N in host S. Ubiquitin ligases are involved in the degradation of proteins via the proteasome, and those of N might disturb immunity in host S. This is reminiscent of bacterial type III effectors exhibiting E3 ubiquitin ligase activity in planta, manipulating host cell processes and inducing plant cell death (Magori and Citovsky, 2011; Singer et al., 2013; Maculins et al., 2016).

The insignificant number of host-related DEGs for isolate N could be equated with the fact that N is poorly adapted to use pepper as a food source, as if it survives on a minimum medium. Isolate N was indeed originally isolated from a pumpkin. This observation raises the question of whether there may be special forms (or formae speciales) in P. capsici, which reflect the ability of the isolates to infect a specific plant species as reported in several fungi. Such diversification could, for example, be driven by epigenetic changes or sexual recombination events followed by host-selection for the most adapted variants. Specialization of a pathogen to a host depends on its ability to suppress host defense and to mobilize nutrients to feed on the host. Isolate A probably manipulates the cell machinery of pepper at an early stage of the infection while isolate N is unable to access the nutrients. The isolate-related DEGs are thus candidate genes for adaptation of P. capsici to the pepper host, such as suggested when comparing the gene transcriptional changes between Zymoseptoria tritici during its interaction with compatible hosts of the species Triticum and a Brachipodium nonhost (Kellner et al., 2014).



4.2 Phytophthora capsici recycles its own resources to survive on the partially resistant host

The number of P. capsici DEGs when comparing the hosts is much lower than when comparing the isolates as we found only 80 host-related DEGs. Host-related differential expressions are mostly observed with the adapted isolate (Figure 8). Moreover, we observed globally more down-regulated genes when isolates infect host R than when they infect host S.

In host S, isolate A majorly over-expressed genes encoding transporters of nutrients and inorganic substances, and genes related to carbohydrate metabolism, particularly encoding 'hydrolase activity acting on glycosyl bonds'. Again, transporters of nutrients and inorganic substances might facilitate development of isolate A by feeding nutrients from host S. Hydrolysis of glycosidic bonds is crucial for energy uptake, cell wall expansion and degradation, and turnover of signaling molecules. The corresponding enzymes may degrade the plant cell wall and supply energy to help P. capsici thrive in pepper, as is frequently observed in compatible interaction with necrotrophic pathogens (Sprockett et al., 2011).

Conversely in host R, isolate A over-expressed genes related to lipid metabolism and genes encoding ABC transporters. Strong expression of genes encoding ‘phospholipase D alpha’, secreted at the outside layer of the host cell plasma membrane and involved in the synthesis of phosphatidic acid (PA) mediates signal transduction in many cellular processes (Meijer et al., 2011). This suggests that in order to subsist on host R, isolate A might induce a redistribution of the metabolic processes associated with energy production from glycolysis to lipid metabolism in response to the inhibition of cell wall biosynthesis. This pathway is frequently mobilized in organisms that are in a state of starvation to compensate for the absence of foods, such as P. capsici which adapts to peppers treated with fungicides (Pang et al., 2016). P. infestans phospholipases are also implicated in pathogenicity (Meijer et al., 2011) and are associated with the transition from biotrophy to necrotrophy in the compatible interaction between tomato and P. infestans (Zuluaga et al., 2016a). Additionally, ABC transporters may be required for virulence by detoxifying phytoalexins produced by host R during its infection by isolate A (Loisel et al., 2016).



4.3 RxLR CUST_2407 triggers host resistance in CM334 and RxLR CUST_16519 helps Phytophthora capsici adapt to pepper hosts

RxLR effectors were described to manipulate host cell function, either to facilitate infection (RxLR is thus a virulence factor) or to trigger defense responses (as an avirulence factor) (Vleeshouwers et al., 2011). P. capsici effectors were determined among DEGs. In total, our RNA-seq analysis highlighted fourteen putative secreted effectors corresponding to DEGs between the four host-isolate interactions: twelve were classified as RxLR effectors and two as CRN effectors (Supplementary Table S2; S7). Globally, RxLRs are more frequently over-expressed by isolate A than by isolate N, while isolate N over-expressed a few RxLRs only when it infects host S. Given that RxLRs modulate the host physiology to allow the pathogen to infect it, the low expression of RxLRs by N might explain its difficulty to colonize pepper hosts.

Our study identified a single RxLR gene whose expression varies depending on the host plant: RxLR CUST_2407 was under-expressed when the adapted isolate A infects the resistant host R and over-expressed when it infects the susceptible host S. Similar, expression-based adaptation to resistance has been described for the P. infestans RxLR effector Avr-vnt1 where the gene is only fully expressed in plants containing the cognate resistance gene, Rpi-vnt1, after the biotrophic phase and expression is weak or absent in the early stages of the infection (Stefańczyk et al., 2017). The mechanism of effector-triggered immunity (ETI) thus partly supports the expression pattern of RxLR CUST_2407. Once the pathogen introduces this effector into the resistant plant cells, a plant resistance protein would recognize it. This recognition would then trigger the plant immunity reinforced by the activation of defenses, reducing the pathogen development, and consequently, reducing the CUST_2407 expression level in R compared to S. The transient in planta expression of CUST_2407_A (cloned from isolate A) yielded the yellowing of infected leaves of host R (CM334). This process consequently causes the abscission of the leaf (removing the infected tissues). We also observed leaf abscission in CM334 whereas there was no abscission but spread of a large necrosis in Yolo Wonder when infiltrated with a solution of P. capsici zoospores (data not shown). In Arabidopsis, a protein belonging to the family of transcription cofactors NPR1 (nonexpressor of pathogenesis-related genes 1) was shown to be responsible for the cell differentiation in the abscission zone and to be a positive regulator of systemic acquired resistance in plants as a receptor of salicylic acid and inducing defense genes (Olsson and Butenko, 2018). In the pathosystem Arabidopsis-Pseudomonas syringae, the leaf abscission was described as a defense mechanism triggered by effectors (Patharkar et al., 2017). Absence of local necrotic lesions in CM334 might be due to an early and rapid elicitation of extreme resistance (ER) response that arrests the hyphal growth and that prevents the appearance of local necrotic lesions, as suggested for the model Nicotiana benthamiana-PVX (Bendahmane et al., 1999). Transient in planta expression of pathogen proteins generally enhances the plant response compared to a natural infection. In contrast, the transient in planta expression of CUST_2407_A in the susceptible host Yolo Wonder produced few cases of local necrotic lesions, suggesting its insufficient recognition by this plant accession and therefore allowing the development of the pathogen. Finally, we hypothesize that CUST_2407 may play the role of an avirulence gene in CM334. The local necrotic lesions triggered by the P. capsici effector CUST_2407 on susceptible plants may reflect the establishment of a weakly active, but ineffective, defense mechanism, unable to halt the infection of Yolo Wonder by P. capsici.

The RxLR CUST_16519 elicited different responses according to the isolate. Isolate A over-expressed it at 24 hpi irrespective of the host, and its expression increased at 72 hpi. In contrast, isolate N drastically under-expressed CUST_16519 in tested hosts throughout the time-course. The strong expression of CUST_16519 by A would inactivate the plant defense and promote the progression of P. capsici in planta, while its weak expression by N would allow the defense mechanisms to slow it down. The few local necrotic lesions triggered by CUST_16519_N in the susceptible host Yolo Wonder indicates its weak effector-plant receptor recognition. Again, this specific interaction between CUST_16519_N and Yolo Wonder is not sufficiently effective to prevent infection, and CM334 escapes infection through the senescing of leaves. Finally, we hypothesize that CUST_16519_A may play the role of a virulence gene in Yolo Wonder.

In addition, we identified two other specific host-construct interactions. RxLR CUST_16519_A induced a high percentage of local necrotic lesions (of the same order as the positive control) in the resistant line PM1686, and RxLR CUST_16519_N induced a high percentage of local necrotic lesions in the susceptible line PM0972. These contrasting responses suggest that CUST_16519 is not a major determinant of the general response of pepper to P. capsici infection. This first analysis of in planta interactions between RxLRs and the pepper gene pool deserves to be extended to the wide diversity of Capsicum spp. maintained in genebanks (Tripodi et al., 2021) and to a large repertoire of RxLRs. A high degree of genetic diversity in P. capsici populations, evidence of population outcrossing and sufficient migration, has been described in several geographic regions, such as the Central States of Mexico (Castro-Rocha et al., 2016). The recent genome resequencing of Mexican isolates from different host species revealed more than 2,100 unique host-specific RxLRs and CRNs that could determine the adaptation capacity of P. capsici (Reyes-Tena et al., 2019).

Our experiments provide a quantitative assessment of the elicitation of the hypersensitive response. However, transient gene expression is reputed to be challenging in pepper, which raise non-specific defense responses to inoculation with A. tumefaciens (Lee et al., 2004). This is why we preferred to use PVX-mediated agro-infection that limits the number of bacteria in contact with plant providing more reproducible results (data not shown). Agro-infection consists of delivering the PVX genome including targeted RxLR effectors via Agrobacterium into plants. Then, Agrobacteria translocate the T-DNA into plant cells around the wound, and the PVX further spreads into adjacent cells and expresses the RxLR gene. We demonstrated that the tested pepper lines were all susceptible to PVX, even if we observed variability in response to PVX infection that may modify the efficiency of agro-infection. To assess host response to an RxLR construct, we also favored agro-infections with only one construct per leaf to avoid the risk of cross-reactions that can occur when different constructs are agro-infected on the same leaf. Nevertheless, the observed percentages of local necrotic lesions with the positive control pGR106::16240 testified to a response variability between the host lines, which can still hamper the interpretation of the results.




5 Conclusion

To conclude, we demonstrate that the host plant has a significant impact on the gene expression of an adapted pathogen during its early stage of infection. Mainly, the development of the pathogen on the host and its gene expression depend on its ability to mobilize food that, in turn, modifies the gene-regulatory program of the pathogen. Taking together, our results suggest that P. capsici may be subjected to nutrient limitation impeding its development, either for the two isolates on the resistant host, or for the non-adapted isolate on pepper in general.

We also showed that different survival strategies exist between an adapted isolate and a non-adapted isolate of the same pathogen species to develop on the plant. The gene expression of the non-adapted isolate is invariable on the potential host (irrespective of the R or S configuration), while the adapted isolate feeds on the susceptible host or develops starvation-survival responses in the resistant host (Figure 8).

Moreover, our results suggest two RxLR effectors, CUST_2407 and CUST_16519, are differentially expressed according to host or isolate, respectively, and appear to play a minor role in triggering the quantitative resistance of pepper to P. capsici. Their weak effect on inducing a host defense may result from a limited affinity between the pathogen effectors and the corresponding plant receptors, that could explain the partial resistance. This result limits their use in an effectoromic screen of pepper germplasm to identify new durable resistance sources.

However, our results suggest different ways to promote plant health. Genes responsible for synthesis of plant nutrients mobilized by pathogens during in planta biotrophic growth stage may become targets for plant defense improvement. Breeders could select genes that reduce carbohydrate compounds in plants, as long as there is no negative effect on the plant development, and that induce production of antifungal phytoalexins not recognized by detoxifying transporters such as ABC transporters of P. capsici. Candidate proteins for the adaptive response of P. capsici to different host species may assist development of novel fungicides. Chemists could use this approach to identify drug molecules that cannot be excluded by the pathogen’s ABC transporters.
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Supplementary Figure 1 | Data quality control of the twelve sample libraries. Boxplot of the library sizes for each sample (A) before and (B) after the TMM-normalization, respectively. First and second axes of the Principal Component Analysis (PCA) (C) on the raw and (D) normalized counts. A, adapted isolate (Pc107); N, non-adapted isolate (Pc273); R, resistant host (CM334); S, susceptible host (Yolo Wonder). R1, R2 and R3 are samples from the three independent replicates. On PCAs, the three dots of a same color correspond to three independent replicates for a specific host-isolate interaction.

Supplementary Figure 2 | Gene distribution by sample according to their expression level. The level of expression for a gene is expressed by the log-transformation of its TMM-normalized count per million values (TMM-CPM). The three biological replicates (Rep) are represented in column. The four host-isolate interactions are represented in line. A, adapted isolate (Pc107); N, non-adapted isolate (Pc273); R, resistant host (CM334); S, susceptible host (Yolo Wonder).

Supplementary Figure 3 | Projection of the mean gene expression of a host-isolate-interaction (y-axis) on the gene expression of a single replicate from the same host-isolate interaction (x-axis). The level of gene expression is expressed by the log-transformation of its TMM-normalized count per million values (TMM-CPM). The projections of the three biological replicates (Rep) are represented in column. The four host-isolate interactions are represented in line. A, adapted isolate (Pc107); N, non-adapted isolate (Pc273); R, resistant host (CM334); S, susceptible host (Yolo Wonder).

Supplementary Figure 4 | Symptoms of transient in planta expression of RxLR genes CUST_2407 and CUST_16519 from isolates A and N in leaves of seven resistant and four susceptible pepper lines after PVX agro-infection. Red arrows indicate the dark local necrosis observed around the agro-infection point, scored as a hypersensitive response (HR). For each host-RxLR combination, HR on the right side of the photograph means that a HR was observed around at least one infection point, in either the Exp-1 or the Exp-6 experiment. A dot means that no HR was observed. With constructs CUST_2407 and CUST_16519 from isolates A and N, host CM334 (R in the manuscript) showed yellowing followed by abscission of agro-infected leaves, which were assumed to correspond to extreme resistance (ER). The constructs pGR106::16240 and pGR106::GFP were used as positive and negative controls, respectively. Leaves of Nicotiana benthamiana did not show dark local necrosis with the six agro-infected constructs. Photographs were taken at 15 to 20 days after infection. They are missing for some host-construct combinations.

Supplementary Table 1 | Total number of reads from the twelve RNA-seq libraries and mapping results to Phytophthora capsici reference genome.

Supplementary Table 2 | Number of genes, with a GO-term attributed, or with a CRN or a RxLR annotation, in the whole genome of Phytophthora capsici, in the set of selected expressed genes and in the list of DEGs.

Supplementary Table 3 | Primers of genes from Phytophthora capsici and Capsicum annuum used for RT-qPCR experiments and for Gateway cloning. Note: Gene accession numbers for P. capsici can be retrieved on https://mycocosm.jgi.doe.gov/Phyca11/Phyca11.home.html. CUST_2407, CUST_14997 and CUST_16519 are differentially expressed in RNA-seq. CUST_5402, CUST_15481 and CUST_17572 are not. Amplification efficiency of primer pairs was calculated based on the slope of the standard curve, using the equation: E (%) = (-1+10^(-1/slope))x100.

Supplementary Table 4 | Pairwise comparison of Phytophthora capsici gene expression level between the fourhost-isolate interactions for the 7,240 selected genes according to the seven contrasts studied and their corresponding GO terms.

Supplementary Table 5 | Number of up- and down-regulated Phytophthora capsici DEGs for each studied contrast (with FDR<0,01).

SupplementaryTable 6 | Enriched and depleted GO-terms according to the seven considered contrasts, within the whole list of 709 DEGs.

Supplementary Table 7 | Assignment of the 450 interaction-related DEGs to Cluster 1 and Cluster 2 of co-expressed Phytophthora capsici DEGs, and their corresponding GO terms. Note: (a) Genes assigned to cluster 0 do not belong to any cluster of co-expressed genes.

Supplementary Table 8 | Enriched and depleted GO terms in Cluster1 and Cluster 2 of co-expressed Phytophthora capsici DEGs.

Supplementary Table 9 | Number of points developing a hypersensitive response (HR) after PVX agro-infection with constructs CUST_2407 and CUST_16519 from isolates A and N, in leaves of seven resistant and four susceptible lines of pepper. Note: The table shows, for each host-construct combination, the number of PVX agro-infection points (obs columns), the number of infection points developing dark local necrosis (scored as a hypersensitive response or HR) (HR columns), and the percentage of infection points developing an HR (%_HR columns).The results of the EXP-1 and EXP-6 experiments are reported separately for ease of comparison. R and S (in the R.vs.S column) indicate pepper lines susceptible and lines partially resistant to Phytophthora capsici, respectively. The PVX column reports for each pepper line the mean relative concentration of PVX obtained in a PVX susceptibility assay; all lines were susceptible to PVX because their mean relative virus concentration was greater than three times the mean of non-inoculated controls (data not shown). The grey columns on the right add up for each pepper line the results for the sixagro-infected constructs. The grey lines sum the results of the resistant lines (Total_R), the susceptible lines (Total_S), the susceptible and resistant linesper experiment (Total S+R) and the both experiments (Total S + R Exp-1 + Exp-6). With constructs CUST_2407 and CUST_16519 from isolates A and N, host CM334 (R in the manuscript) showed yellowing followed by abscission of agro-infected leaves, which were assumed to correspond to an extreme resistance (ER). The pGR106::16240 and pGR106::GFP were used as positive and negative controls, respectively. Leaves of Nicotiona benthamiana did not show dark local necrosis to the six agro-infected constructs.
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A, adapted isolate (Pc107); N, non-adapted isolate (Pc273); R, resistant host (CM334); S, susceptible host (Yolo Wonder); V8, mock inoculation with medium V8; [R-S], contrast of the two hosts on the P. capsici gene expression level irrespective of the isolate; [R_A-S_A], contrast of the two hosts on the isolate A gene expression level; [R_N-S_N], contrast of the two hosts on the isolate N gene expression level; [A-N], contrast of the two isolates on the P. capsici gene expression level irrespective of the host; [R_A-R_N], contrast of the two isolates on the P. capsici gene expression level in host R; [S_A-S_N], contrast of the two isolates on the P. capsici gene expression level in host S; [R_A-R_N]-[S_A-S_N], contrast of the two hosts crossed to the two isolates on the P. capsici gene expression level.
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Grey mold caused by the necrotrophic fungal pathogen Botrytis cinerea can affect leaves, flowers, and berries of strawberry, causing severe pre- and postharvest damage. The defense elicitor β-aminobutyric acid (BABA) is reported to induce resistance against B. cinerea and many other pathogens in several crop plants. Surprisingly, BABA soil drench of woodland strawberry (Fragaria vesca) plants two days before B. cinerea inoculation caused increased infection in leaf tissues, suggesting that BABA induce systemic susceptibility in F. vesca. To understand the molecular mechanisms involved in B. cinerea susceptibility in leaves of F. vesca plants soil drenched with BABA, we used RNA sequencing to characterize the transcriptional reprogramming 24 h post-inoculation. The number of differentially expressed genes (DEGs) in infected vs. uninfected leaf tissue in BABA-treated plants was 5205 (2237 upregulated and 2968 downregulated). Upregulated genes were involved in pathogen recognition, defense response signaling, and biosynthesis of secondary metabolites (terpenoid and phenylpropanoid pathways), while downregulated genes were involved in photosynthesis and response to auxin. In control plants not treated with BABA, we found a total of 5300 DEGs (2461 upregulated and 2839 downregulated) after infection. Most of these corresponded to those in infected leaves of BABA-treated plants but a small subset of DEGs, including genes involved in ‘response to biologic stimulus‘, ‘photosynthesis‘ and ‘chlorophyll biosynthesis and metabolism’, differed significantly between treatments and could play a role in the induced susceptibility of BABA-treated plants.
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Introduction

Cultivated strawberry (Fragaria × ananassa) is a commercially important soft fruit crop producing berries rich in beneficial vitamins, antioxidants, and nutrients. However, this crop is exposed to malignant viruses, nematodes, fungi and bacteria that can cause severe yield losses (Garrido et al., 2011). The ascomycete fungus Botrytis cinerea is a broad-spectrum necrotrophic pathogen causing severe damage in more than 1000 plant species, including >200 crop species (Williamson et al., 2007; Fillinger and Elad, 2016). Botrytis cinerea can cause grey mold by infecting the berries, flowers and leaves of strawberry and is one of the most economically important pathogens in this crop. Strawberry susceptibility towards B. cinerea varies with tissue type, ripening stage of berries, and leaf age (Meng et al., 2019; Petrasch et al., 2019).

Plants have a standing defense consisting of constitutive physical and chemical barriers such as cell walls, a waxy cuticle, trichomes, and phytoanticipins (Piasecka et al., 2015). Plants also possess inducible defenses that are activated in response to attack or damage. In the first line of inducible defense, pattern-triggered immunity (PTI) is activated when pattern recognition receptors (PRRs) on the plant cell membrane recognize and bind to specific microbe-, pathogen- or damage-associated molecular patterns (MAMPs, PAMPs, and DAMPs, respectively). Pathogens that successfully evade PTI by secreting pathogen effectors can in turn be recognized by intracellular nucleotide-binding leucine-rich-repeat (NB-LRR) proteins, encoded by R-genes. R-proteins/NB-LRR-proteins activate the second line of inducible defense, known as effector-triggered immunity (ETI).

Activation of PTI and ETI may result in local defense response at the site of pathogen attack, as well as systemic defense responses in more distal tissues. Local defense responses are associated with mitogen-activated protein kinase (MPK) signaling, release of reactive oxygen species, expression of PR-proteins, cell-wall modification, phytohormone synthesis and signaling, and accumulation of secondary metabolites with antimicrobial activity such as phytoalexins (Zeilinger et al., 2016; AbuQamar et al., 2017; Wan et al., 2021). Localized infection or perception of MAMPs/PAMPs/DAMPs may also sensitize both local and more distant tissues for enhanced defense following a subsequent challenge in a process known as defense priming (Amil-Ruiz et al., 2011; Conrath et al., 2015; Reimer-Michalski and Conrath, 2016).

Defense priming is established through a signaling cascade where elicitors, consisting of natural or synthetic substances, are recognized by PRRs that in turn activate the innate immune system. Synthetic elicitors may be analogues of defense or signaling molecules, like acibenzolar-S-methyl (BTH/Bion), β-aminobutyric acid (BABA), and methyl jasmonate (MeJA), or natural compounds of biological origin, such as chitosan, laminarin, and substances produced by beneficial bacteria (Wiesel et al., 2014; Bektas and Eulgem, 2015; Tripathi et al., 2019). Chitosan and MeJA have been shown to increase post-harvest resistance to B. cinerea infection in berries when strawberry plants were sprayed before harvesting (Saavedra et al., 2017).

The non-proteinogenic amino acid BABA is an extensively studied defense elicitor. It has been reported to protect some 40 plant species against >80 pests and pathogens (Cohen, 2002; Cohen et al., 2016; Wilkinson et al., 2018) by activating both salicylic acid (SA)-dependent and SA-independent defenses (Ton and Jakab, 2005). BABA can be synthesized chemically for use in crop protection, but is also produced in low concentrations by stressed plants (Thevenet et al., 2017). Studies have shown that BABA induces local and systemic resistance against B. cinerea infection in several plant species, including grape, cucumber, Arabidopsis, grapefruit, tomato and strawberry (Cohen et al., 2016; Martínez-Aguilar et al., 2016; Wilkinson et al., 2018). In strawberry, most studies so far have focused on local effects of BABA in berries. Immersing detached berries in a BABA solution provided dose-dependent protection against B. cinerea infection. High BABA concentrations induced direct defense responses whereas low concentrations induced defense priming, with full activation of plant defenses only occurring upon subsequent B. cinerea infection (Wang et al., 2016). Large-scale transcriptional profiling of strawberry berries infected with B. cinerea has previously identified differential expression of genes involved in pathogen recognition, synthesis of secondary metabolites, signaling transduction, defense responses, and cell transport (Xiong et al., 2018; Haile et al., 2019).

With the aim to identify local and systemic resistance effects of BABA we compared responses to B. cinerea infection in F. vesca leaves on plants sprayed directly with BABA, plants subjected to soil drench with BABA, and untreated control plants. We did a global transcriptomic analysis of leaf tissue using RNA-seq to understand (1) the molecular underpinning of responses to B. cinerea infection in untreated plants and (2) systemic effects of BABA soil drench on B. cinerea-mediated transcription. Our results reveal strawberry-specific and application method-specific responses to BABA that may be important for the practical use of defense elicitors in future crop protection schemes.



Results


Botrytis cinerea infection of leaves and effect of BABA treatment on susceptibility

To establish a working quantification method for B. cinerea infection and verify pathogenicity, F. vesca leaves were drop-inoculated with a spore suspension of B. cinerea isolate Bc101 and incubated under high humidity to promote fungal infection. We detected clear symptoms of infection, in the form of necrotic lesions on leaves, 4-5 days after infection (Supplementary Figure S1). As expected, qPCR quantification of B. cinerea relative to F. vesca using genome-specific primers for B. cinerea (Bc3F and Bc3R) and F. vesca (EF1αF and EF1αR) detected high levels of B. cinerea in infected leaves and negligible levels in mock-infected control leaves, indicating fungal disease progression in the necrotic lesions (Supplementary Figure S1B).

We then sprayed leaves of F. vesca plants with a B. cinerea spore suspension (106 spores mL-1) until run-off. As for the drop inoculation, necrotic lesions began to appear 4-5 days after spraying. Surprisingly, in F. vesca Hawaii-4 plants that had been treated with BABA as a soil drench two days before infection qPCR-quantification showed that B. cinerea levels in the leaves were about twice as high as in untreated control plants (p = 0.061; Figure 1A). The increased susceptibility to B. cinerea after soil drench with BABA corresponded with increased browning and development of larger necrotic lesions (which increased over time) compared to non-treated controls (Figure 1C). BABA soil-drench also induced susceptibility to B. cinerea infection in F. vesca ‘Alexandria’ plants in a dose-dependent manner, with >10-fold increase relative to untreated control in plants treated with 0.6 mM BABA (p = 0.039; Figure 1B). The negative effect of BABA on resistance to B. cinerea was further confirmed in F. ananassa, where plants treated with BABA soil drench suffered larger lesions than untreated controls following B. cinerea infection (p = 0.042; Supplementary Figure S2). Taken together our observations suggest a systemic negative effect on resistance in leaves when BABA was applied to roots as soil drench.




Figure 1 | Effects of BABA on Fragaria vesca resistance to Botrytis cinerea infection of leaves. (A) B. cinerea infection 5 days post-inoculation in leaves of F. vesca plants after soil-drenching (left) with 0.2 mM β-aminobutyric acid (BABA) or foliar spraying with 0.3 mM BABA (right), or (B) soil-drenching with 0 mM, 0.05 mM, 0.15 mM, 0.3 mM or 0.6 mM BABA two days before inoculation. Levels of B. cinerea infection was measured as the ratio between B. cinerea and F. vesca DNA using qPCR with genome-specific primers for B. cinerea (Bc3F and Bc3R) and F. vesca (EF1αF and EF1αR). Levels of B. cinerea in untreated control plants are set to 1. ‘n’ = number of biological replicates (i.e. individual plants), and error bars show standard error ( ± 1 SE). P-values report comparisons between control plants and plants subjected BABA using Student’s t-test. ‘ns’ = not statistically significant. (C) Representative pictures of disease progression in F. vesca plants 4 days and 7 days after inoculation, n = 5. Treatment combinations: B. cinerea-infected (NBI; No-BABA and Infected), mock-infected (NBNI; No-BABA and Non-Infected), BABA-treated and B. cinerea-infected (BI; BABA and Infected), and BABA-treated and mock-infected (BNI; BABA and Non-Infected).



In contrast, foliar application of BABA two days before infection had a positive, but non-significant, effect on resistance to B. cinerea infection relative to control plants that had not been treated with BABA (Figure 1A, right), suggesting that locally BABA had a neutral or weakly positive effect on resistance. Botrytis cinerea grew normally on potato dextrose agar amended with high concentrations of BABA, suggesting that the local effect observed in planta was not due to direct negative effects of BABA on B. cinerea growth and survival, but rather was due to induced defense responses (Supplementary Figure S3). As defense elicitors may repress plant growth, we investigated potential growth effects on uninfected F. vesca plants treated with BABA. Soil drench with BABA significantly inhibited plant growth (Supplementary Figure S4A), whereas foliar application did not have any significant effect (Supplementary Figure S4B).



Transcriptional analysis of Fragaria vesca leaves infected with Botrytis cinerea

RNA-seq was performed to contrast the molecular mechanisms involved in defense against B. cinerea in untreated plants and plants treated with 0.2 mM BABA soil-drench two days before infection. We analyzed young leaf samples (n = 5) from plants that had been subjected to four different treatments: B. cinerea-infected only (No BABA and Infected; NBI), mock-infected only (No BABA and Non-Infected; NBNI), BABA-treated and B. cinerea-infected (BABA and Infected; BI), and BABA-treated and mock-infected (BABA and Non-Infected; BNI). Leaf samples were collected 24 hours after infection (i.e., before any visual symptoms appeared for the infected plants). Illumina sequencing generated an average of 26,176,008 reads per plant (median: 25,291,981) with mapping efficiencies ranging from 75 to 97% (median: 83%). The data were submitted to NCBI’s Sequence Read Archive (SRA) as BioProject PRJNA818508. Reads could be mapped to a total of 28,588 annotated genes in the F. vesca genome, and DEGs were identified by pairwise comparisons of gene expression for the different treatments using the R package EdgeR with false discovery rate < 0.05 and absolute log2-fold change values > 1.

Among the differentially expressed genes (DEGs) in non-BABA treated plants infected with B. cinerea, 2461 were upregulated and 2839 were downregulated after infection (comparison of NBI vs. NBNI). In plants treated with BABA before infection, we identified a total of 5518 DEGs after infection (2483 upregulated and 3035 downregulated in BI vs. NBNI and 2237 upregulated and 2968 downregulated in BI vs. BNI). A small but significant subset of DEGs were identified for the direct BI vs. NBI comparison (9 downregulated and 3 upregulated) and for the BNI vs. NBNI comparison (7 downregulated and 4 upregulated) (Supplementary Table S1, S2).

qRT-PCR quantification of gene expression of selected DEGs between NBI and NBNI plants showed similar regulation as the RNA-seq data (Figure 2 and Table 1).




Figure 2 | Validation of expression levels by qRT-PCR of selected genes in leaves of Fragaria vesca infected with Botrytis cinerea. White bars; mock-infected plants, grey bars; plants infected with B cinerea. The housekeeping gene EF1α was used as an endogenous control gene and expression values were calculated using the ΔCt method. n = 5 plants per treatment. Error bars show standard error ( ± 1 SE). Student’s t-test: *p < 0.05, **p < 0.01.




Table 1 | Differentially expressed genes selected for qRT-PCR expression analysis from Fragaria vesca leaves infected with Botrytis cinerea.



Principal component analysis (PCA) was performed to visualize the variability between and within experimental treatments (Figure 3A). The first principal component separated infected (BI and NBI) and non-infected (BNI and NBNI) samples, irrespective of BABA-treatment. The fact that the two infected and non-infected treatments grouped together suggests that BABA had little global effect on gene expression. A similar pattern was shown in the cluster dendrogram (Figure 3B), where transcriptomes from infected and uninfected samples clustered together, while BABA-treated samples did not cluster.




Figure 3 | Co-expressed and unique Fragaria vesca transcripts after β-aminobutyric acid (BABA) treatment and Botrytis cinerea infection. (A) Principal component analysis (PCA) analyses of samples based on RNA-Seq data (confidence ellipses with 95% confidence interval). (B) Euclidean distances between samples. Analyses were performed using the R package pcaExplorer (version 2.22.0). (C, D) Venn diagrams of co-expressed and uniquely expressed genes (Log2 > 1) after pairwise comparison of different treatments: (C) downregulated and (D) upregulated differentially expressed genes. Treatment combinations: B. cinerea-infected (NBI; No-BABA and Infected), mock-infected (NBNI; No-BABA and Non-Infected), BABA-treated and B. cinerea-infected (BI; BABA and Infected), and BABA-treated and mock-infected (BNI; BABA and Non-Infected).



For a more detailed analysis at the single gene level, we made a Venn diagram to display DEGs from the pairwise treatment comparisons (Supplementary Table S2) that were significantly up- or downregulated after BABA treatment and infection (BI) relative to non-infected controls (BNI and/or NBNI). A total of 229 (104 + 75 + 50) genes were upregulated (Figure 3C), and 445 (116 + 188 + 141) were downregulated (Figure 3D and Supplementary Table S3).



GO enrichment and MAPMAN analysis of DEGs after Botrytis cinerea infection and BABA treatment

We identified the biological processes, cellular components, and molecular functions that were most strongly affected by B. cinerea infection in leaf tissue of plants that had not been treated with BABA. We did this by computing the enrichment of GO (Gene Ontology) terms of DEGs in infected and mock-infected plants (NBI vs. NBNI). Among upregulated genes (absolute log2-fold change values > 1) in the ‘biological process’ category we identified 124 significantly enriched GO categories (P-value < 0.05). The most enriched GO terms with the lowest P-values were ‘response to biological stimulus’, ‘ribosome biogenesis’ and ‘defense response’. (Supplementary Table 4 and Figure 4A). Among the most enriched GO terms for downregulated genes (Figure 4B) in the ‘biological process’ category were ‘photosynthesis’, ‘photosynthesis, light harvesting’ and ‘response to auxin’. For molecular function, the most enriched GO terms for upregulated DEGs included ‘oxidoreductase activity’ and ‘terpene synthase activity’, while ‘hydrolase’ and ‘glycogen (starch) synthase activity’ were significantly downregulated DEGs. For cellular components, ‘extracellular matrix’ and ‘ribosome’ were among the most enriched upregulated categories, while ‘thylakoid’, ‘extracellular region’ and ‘photosystem’ were among the most enriched downregulated DEGs.




Figure 4 | GO enrichment analysis for functional annotation of differentially expressed genes (DEGs). Pathway-enrichment bubble plots of upregulated (A) and downregulated (B) DEGs in Fragaria vesca Hawaii-4 leaves that were not treated with β-aminobutyric acid (BABA) and then infected with Botrytis cinerea. BP; biological process, MF; molecular function, CC; cellular compartment. Comparison of enriched GO-terms in the biological process category for NBI vs. NBNI (triangles) and BI vs. NBNI (circles) for upregulated (C) and downregulated (D) DEGs. Treatment combinations: B. cinerea-infected (NBI; No-BABA and Infected), mock-infected (NBNI; No-BABA and Non-Infected), BABA-treated and B. cinerea infected (BI; BABA and Infected), and BABA-treated and mock-infected (BNI; BABA and Non-Infected). X-axis shows log2-fold enrichment values. Plotted terms are selected based on log2 > 1 enrichment and P < 0.005. A comprehensive list of enriched terms can be found in Supplementary Table S4).



To identify any differences in GO-enrichment for BABA-treated plants compared to non-treated plants, we ranked enriched GO terms for biological process for the NBI vs. NBNI and BI vs. NBNI comparisons of up- and downregulated genes (Supplementary Table 5) according to log2-values (odds ratio) in the same enrichment bubble plot (Figures 4C, D). Most GO terms showed similar enrichment in infected plants (both BI and NBI) relative to non-infected plants not treated with BABA (NBNI). This was true for both up- and downregulated DEGs. However, a few terms showed different enrichment: for BI relative to NBI, terms like ‘defense response’, and ‘response to biologic stimulus’ were enriched in upregulated DEGs, while for NBI ‘purine ribonucleotide biosynthetic process’ and ‘ribosome biogenesis’ were enriched. For downregulated DEGs ‘chlorophyll biosynthetic and metabolic process’ was most enriched for BI, while ‘xyloglucan metabolic process’ was most enriched for NBI (Figures 4C, D). For the direct BI vs. NBI comparison, there was a significant enrichment of genes involved in photosynthesis, suggesting that BABA strenghtened the B. cinerea -mediated downregulation of this biological process.

We then did a Mapman analysis for a more detailed functional categorization of DEGs and visualization of associated metabolic pathways. This analysis confirmed the downregulation of photosynthesis-related genes (Supplementary Figure S7), carbohydrate metabolism, and cell wall-related genes in infected vs. uninfected plants not treated with BABA (NBI vs. NBNI), while genes involved in secondary metabolism, like phenolics and phenylpropanoid pathway, flavonoids and terpenoids, were upregulated (Figure 5A and Supplementary Figures S5, S6). Visualization of DEGs involved in the biotic stress pathway showed that many bins involved in defense signaling were differently regulated, and that genes involved in auxin signaling were downregulated while JA-signaling were upregulated (Figure 5C). Genes involved in defense, like R-proteins and PR-proteins and WRKY transcription factors, and secondary metabolites were generally upregulated, while genes involved in proteolysis and cell wall organization were downregulated. Like the GO enrichment analysis, the Mapman and KEGG analysis (Supplementary Figure S9) showed that the same pathways were induced in all infected plants, irrespective of BABA treatment, although individual bins within each pathway were differently expressed (Figures 5B, D and Supplementary Figures S5–S7).




Figure 5 | Visualization of enriched metabolic pathways in Fragaria vesca leaves after β-aminobutyric acid (BABA) treatment and Botrytis cinerea infection. Differentially expressed genes (DEGs) were displayed onto metabolic pathways using the MAPMAN software (A, B: central metabolism pathways; C, D: biotic stress pathways). (A, C) DEGs in Botrytis cinerea-infected vs. mock-infected plants [No-BABA and infected (NBI) vs. No-BABA and non-infected (NBNI)]. (B, D) DEGs in BABA-treated and Botrytis cinerea-infected plants vs. mock-infected plants (BABA and infected (BI) vs. NBNI). Blue cells: upregulation compared to NBNI; red cells: downregulation compared to NBNI.






Discussion

Susceptibility of F. vesca to B. cinerea infection depends on genotype, ontogenic stage, tissue type, fruit ripening stage, and leaf age. Analogous to white berries and open flowers (Haile et al., 2019), leaves have a relatively slow disease progression with symptoms appearing 4-5 days after B. cinerea infection. In this study we characterized systemic effects of the well-characterized defense elicitor BABA applied as soil drench, by analyzing B. cinerea infection and molecular response in leaves of F. vesca plants. Surprisingly, we found that BABA induced increased susceptibility to this pathogen.


BABA induces systemic susceptibility in strawberry

When applied as a soil drench BABA has previously been reported to induce systemic resistance against B. cinerea in distal organs like leaves and fruits in tomato (Luna et al., 2016; Wilkinson et al., 2018), and against bacteria in leaves of Arabidopsis and common bean (Po-Wen et al., 2013; Martínez-Aguilar et al., 2016). However, one previous report has shown that BABA seed treatment increased susceptibility to B. cinerea in leaves of tomato (Worrall et al., 2012). Still, it was a surprise to us that BABA soil drench induced systemic susceptibility in F. vesca leaves. As reported for several other crops, we observed that F. vesca plants soil drenched with BABA showed significantly reduced plant growth compared to control plants. When applied as a foliar spray BABA did not induce susceptibility but rather moderate (but non-significant) local resistance in F. vesca leaves, and plant growth was not affected. Because the BABA concentrations used in our foliar applications had no direct antifungal effect (Supplementary Figure S3), the reduced colonization by B. cinerea in these experiments was probably due to locally induced defense responses. Although most previous studies have shown a positive effect of BABA on plant resistance, the systemic susceptibility versus local resistance effect we observed is in line with some previous studies showing that the effect of BABA may depend on the application method, the developmental stage of the plant, and on plant genotype (Sharma et al., 2010; Alexandersson et al., 2016; Wilkinson et al., 2018; Yassin et al., 2021).



No large transcriptional differences between untreated and BABA-treated plants after infection

RNA-Seq showed that B. cinerea induced similar transcriptional reprogramming in leaves of untreated F. vesca plants (NBI vs. BNI) and BABA-treated plants (BI vs. NBNI). The GO enrichment analysis of all DEGs showed that all the major pathways were similarly enriched between BABA-treated and untreated plants (Figure 4) after infection, although a low number of genes involved in ‘response to biologic stimulus’ were significantly upregulated in BABA-treated plants, while genes involved in ‘cell wall polysaccharide metabolic process’, ‘hemicellulose metabolic process’ and ‘xyloglucan metabolic process’ were significantly downregulated in untreated plants. Genes involved in photosynthesis and primary carbohydrate metabolism were downregulated in F. vesca leaves upon B. cinerea infection. Similar responses to B. cinerea infection are seen in Arabidopsis, grape berries, lettuce, and cucumber (Windram et al., 2012; De Cremer et al., 2013; Agudelo- Romero et al., 2015; Kong et al., 2015). Thus, it appears that plants infected by B. cinerea shut down carbohydrate metabolism, possibly to reduce the availability of easily metabolized carbohydrates to the pathogen (Göhre et al., 2012). For downregulated genes, BABA-treated plants showed enrichment for GO-terms like ‘chlorophyll biosynthetic’ and ‘chlorophyll metabolic’ process compared to non-treated plants, and for the direct comparison of DEGs between BI and NBI the term ‘photosynthesis’ was highly enriched, suggesting photosynthesis is more downregulated in BABA-treated plants. Photosynthesis play an important role in resistance to disease and can be another explanation for the increased susceptibility we observed. For example, genes related to photosynthesis were maintained at a relatively stable level in leaves of a resistant rice cultivar compared to leaves of a susceptible cultivar in the early stage of Rhizoctonia solani infection (Zhang et al., 2017). Interestingly, a recent study concluded that in addition to leaf age and low hydrogen peroxide levels, high chlorophyll and carotenoids levels were the best indicators for leaf resistance to B. cinerea in strawberry leaves (Meng et al., 2019). The Mapman analysis confirmed the GO enrichment data, showing that major metabolic pathways were similarly induced following infection in both BABA-treated and untreated plants, although some bins within each pathway were differently expressed between treatments. BABA has been shown to induce expression of genes involved in phenylpropanoid and salicylic acid (SA) biosynthesis associated with reduced decay incidence when applied locally (Li et al., 2021). However, except for the reduced expression of genes involved in photosynthesis the induced susceptibility observed in our study does not seem to be explained by induction or repression of major metabolic pathways, but rather by differential expression of individual genes that might induce susceptibility. For example, our Venn-analysis identified 229 upregulated and 445 downregulated genes that were unique for BABA-treated and infected plants (BI) vs. mock-infected plants with or without BABA treatment (NBNI and BNI). Some of the downregulated genes encoded proteins involved in isoprenoid metabolic and catabolic processes that could partly explain the increased susceptibility compared to untreated plants, as isoprenoids are secondary metabolites with a role in defense.

Also, individual genes that might induce susceptibility were differently expressed: our BABA-treated plants showed induction of WRKY40-like transcription factors that are similar to the Arabidopsis WRKY40 gene which results in increased susceptibility to B. cinerea when overexpressed with WRKY18 and WRKY60 (Xu et al., 2006).



Major defense pathways are induced by Botrytis cinerea infection in leaves

In contrast to the unexpected systemic susceptibility induced by BABA soil drench, B. cinerea induced well-known transcriptional defense responses in leaves of both BABA-treated and untreated plants. These responses included changes in genes involved in pathogen recognition, cell-wall modification, defense signaling, biosynthesis and metabolism of jasmonic acid (JA), ethylene (ET) and auxin, and secondary metabolite pathways (Figures 4, 5 and Supplementary Table 4). The JA- and ET-pathway genes are known to be involved in positive regulation of defense against B. cinerea and were also induced in infected leaves in our study. In contrast, auxin-responsive genes were downregulated, as was also seen in resistant white berries (Haile et al., 2019).

Pattern recognition receptors (PRR) are receptor-like kinases (RLKs) that are localized in the plasma membrane and involved in the first line of defense against pathogens. We found that several of the RLK-subclasses previously reported to be involved in pathogen perception also were induced in F. vesca leaves upon B. cinerea infection. Wall-associated receptor kinases (WAKs) are involved in pathogen recognition, cell wall integrity, and defense against plant diseases (Kohorn, 2015; Bacete et al., 2017). For example, silencing of WAK4 in Rosa chinensis reduces pathogen resistance to B. cinerea (Liu et al., 2021). In F. vesca leaves, we found that 11 out of 40 wall-associated kinase/wall-associated kinase-like (WAK/WAKL) transcripts were upregulated upon B. cinerea infection, suggesting they have a role in defense. WAKs have also been shown to be upregulated by B. cinerea in berries (Haile et al., 2019), but these are not identical to the WAKs we detected in leaves, suggesting tissue-specific regulation of WAKs in F. vesca. Leucine-rich repeats (LRR)-RLKs have been shown to perceive DAMPs that are released after cell wall damage and are thus thought to be involved in cell wall-mediated immune responses. We found induction of 18 probable LRR receptor-like serine/threonine-protein kinases and 11 L-type lectin-domain-containing receptor kinases (LecRKs) in F. vesca leaves. Like in berries, several of the MAPK-kinases (20 out of 61) involved in intracellular immune signaling following pathogen infection were induced.



Transcription factors induced by Botrytis cinerea in leaves

Transcription factors (TFs) play an important role in defense against pathogens by regulating expression of genes involved in stress responses, such as cell wall modulation, pathogen perception and response, hormone pathways, and production of secondary metabolites. The most highly upregulated TF-classes in F. vesca leaves were the ethylene-responsive (ERFs), WRKY-class, bHLH, and MYB TFs (Figures 5C, D and Supplementary Table 2). In Arabidopsis, negative regulation of ABA signaling by WRKY33 and positive regulation of the jasmonate-mediated signaling pathway are critical for defense against B. cinerea (Liu et al., 2015; Chen et al., 2021). In our study, WRKY75 was significantly upregulated in leaves infected with B. cinerea and may thus play a similar role in F. vesca as in Arabidopsis. However, the WRKYs we identified in F. vesca leaves were not identical to those previously identified in white berries (Haile et al., 2019), again suggesting tissue-specific responses to infection in F. vesca.



Cell wall modification by Botrytis cinerea

Regulation of cell wall assembly and disassembly is important for resistance against B. cinerea in tomato and strawberry berries (Cantu et al., 2007; Haile et al., 2019). Many genes involved in cell wall metabolism were differently expressed in F. vesca leaves upon B. cinerea infection, suggesting that infection induces structural rearrangements of the cell wall. For example, five probable xyloglucan endotransglucosylases (XTHs), which are involved in cell wall modulation and repair, were induced in response to infection, while seven were downregulated. Several studies have demonstrated fungus-mediated transcriptional shut-down of these enzymes, probably to facilitate fungal colonization (Miedes et al., 2014), while in other studies, the GO term ‘xyloglucan metabolic process’ was enriched for genes induced by fungal infection of susceptible plants (Ksiażkiewicz et al., 2021). Interestingly, plants not treated with BABA were also more enriched for ‘xyloglucan metabolic process’ in downregulated genes than BABA-treated plants and this might partly explain the difference in susceptibility to B. cinerea between BABA-treated and untreated plants.

Microbial pathogens, including B. cinerea, secrete polygalacturonases (PGs) which depolymerize pectine polymers in the plant cell wall. In response, plants produce polygalacuronase-inhibiting proteins (PGIPs) that counteract the activity of polygalacturonases and confer resistance against B. cinerea infection in a number of species, including grape and tomato (Kalunke et al., 2015). In Fragaria chilesensis, upregulation of PGIP and the β-1,3-glucanase BG correlated with reduced incidence of postharvest grey mold after preharvest application of chitosan and MeJA (Saavedra et al., 2017). The only two PGIPs we detected in the leaf transcriptome were upregulated after infection, suggesting a similar response in F. vesca leaves. The level of methylesterification of pectins regulated by pectin methylesterases (PMEs) and pectin methylesterase-inhibiting proteins (PMEIs) affects susceptibility to pathogen attack (Lionetti et al., 2012; Bellincampi et al., 2014). PMEIs have been shown to reduce susceptibility to pathogens such as B. cinerea by inhibiting PMEs to increase pectin methylesterification (Lionetti et al., 2017). However, PMEs can also induce defense against pathogens by generating demethylesterified oligogalacturonides (OGAs) (Brutus et al., 2010). In F. vesca, ectopic expression of the F. ananassa pectin methylesterase PE1 partly demethylates OGAs that are perceived as DAMPs by WAKs and confer partial resistance against B. cinerea (Osorio et al., 2008; Osorio et al., 2011).

In our study both PMEs and PMEIs were highly differently regulated, suggesting strong regulation of pectin methylesterification upon B. cinerea infection in F. vesca leaves. Thus, transcripts controlling pectin methylesterification in F. vesca seem to be partly activated and partly deactivated following leaf infection by B. cinerea.

We found several expansins to be downregulated in F. vesca leaves after B. cinerea infection, although two expansin-like B1 transcripts were strongly induced. Most expansins are cell wall remodeling agents which enables cell expansion through non-enzymatically relaxation of the cell wall (S. AbuQamar, 2014; Marowa et al., 2016). The role of cell wall disassembly in ripening-associated susceptibility to B. cinerea infection was demonstrated in tomato, where suppression of the polygalacturonase LePG and the expansin LeExp1 in ripening fruits increased resistance to B. cinerea (Cantu et al., 2007).

Fragaria vesca leaves infected with B. cinerea also showed upregulation of most lignin-associated cinnamoyl-CoA reductase (CCR) or reductase like genes, which belong to the large group of oxidoreductases - one of the most enriched GO-terms in upregulated DEGs. Upregulation of these genes, that encode an enzyme in the monolignol pathway, suggests that cell-wall strengthening processes were activated in the leaf in response to infection. In a previous study, upregulation of CCR correlated with cell wall strengthening and production of the antimicrobial phytoalexin resveratrol and inhibition of B cinerea growth in unripe grapevine berries (Kelloniemi et al., 2015). The GO term ‘oxidoreductase’ includes ‘peroxidases’ which was also enriched upon B. cinerea infection in F. vesca leaves. Peroxidases fortify the cell wall by polymerizing monolignols into lignin.



PR proteins are important for leaf defense

Pathogenesis-related (PR) proteins are primarily induced by pathogens and can be divided into 17 families based on their primary structure, function, and biological properties. Several main classes of PR proteins cause damage to fungal cell walls (Sels et al., 2008; AbuQamar et al., 2016; Zeilinger et al., 2016). Our Mapman-analysis showed a strong enrichment for PR-proteins among the upregulated genes, including most major allergen Pru ar 1-like genes, a type of PR-10 protein involved in response to biotic stimulus. These genes are more highly expressed in resistant, white F. vesca berries than in the more susceptible red berries (Haile et al., 2019). Furthermore, we found three Fra a 1 allergen of the PR-10 class to be highly upregulated in F. vesca leaves. Knock-down of these genes in F. ananassa reduces expression of FvPAL and FvCHS as well as metabolic intermediates of the flavonoid pathway, suggesting that these genes activate the flavonoid biosynthesis pathway which is involved in defense (Muñoz et al., 2010).

The GO term oxidoreductase was enriched after B. cinerea infection in leaves. Germin-like proteins (GLPs) are classified as PR proteins in the PR-16 family. GLPs can be induced by fungal pathogens and have oxidoreductase activity resulting in H2O2 production, induction of JA-mediated signaling, and activation of defense against pathogens (Pei et al., 2019). In contrast to what has previously been demonstrated in white berries (Haile et al., 2019), expression of five out of 14 GLPs were strongly induced in infected F. vesca leaves, suggesting that leaves have a stronger H2O2 defense response upon infection than berries.



Genes involved in secondary metabolite production are induced by Botrytis cinerea in leaves

As in white berries, important steps in the phenylpropanoid pathways were upregulated in F. vesca leaves upon infection (Supplementary Figure S5). Plants activate the phenylpropanoid pathway when pathogens breach the cell wall, leading to the synthesis of precursors for many secondary metabolites important for defense. This includes signaling molecules, antimicrobial phenolic compounds like flavonoids and ellagitannins, and monolignol precursors for lignin biosynthesis (Yadav et al., 2020).

Phenolic compounds play a major role in resistance in immature berries of strawberry, and the levels of flavonoids like proanthocyanidins and flavan-3-ols diminish as the berries ripen, increasing their susceptibility to B. cinerea (Mikulic-Petkovsek et al., 2013; Nagpala et al., 2016). Two shikimate dehydrogenase genes were also induced by B. cinerea infection in F. vesca leaves in our study. These genes are involved in the production of ellagitannin, which is enriched in unmature berries and leaves after pathogen infection (Mamaní et al., 2012). In addition, genes involved in the biosynthesis of defense metabolites such as terpenoids were upregulated, reflected by the enrichment of the GO-term ‘terpene synthase’ in upregulated genes of non-BABA treated plants, suggesting that several defense systems were activated in F. vesca leaves upon B. cinerea infection. Terpenes are a diverse group of compounds including molecules with antimicrobial activity. The importance of terpene synthases in defense was recently demonstrated in berries of F. ananassa, where overexpression of the terpenoid synthase FaTPS1 increased production of the sesquiterpene germacrene D, and improved resistance to B. cinera in strawberry fruits (Zhang et al., 2022).




Conclusion

Fragaria vesca leaves showed similar transcriptional reprogramming following B. cinerea infection as previously seen in flowers and unmature berries of F. vesca, with induction of major metabolic pathways important for defense. However, we also found leaf-specific responses to B. cinerea infection that might reflect the higher resistance of leaves compared to mature berries. Furthermore, we show that, similar to berries in strawberry and grapes, BABA increased disease resistance when applied locally to leaves. However, in contrast to the Arabidopsis-B. cinerea pathosystem, BABA reduced plant growth and induced susceptibility to B. cinerea infection when applied systemically as a soil drench. This effect was associated with reduced expression of genes involved in photosynthesis  compared to non-treated plants, suggesting that BABA enhanced the B. cinerea induced downregulation of this biological process. Thus, our study adds to the evidence that the effect of defense elicitors such as BABA on plant resistance varies among tissue types, development stages, application methods, and genotypes.



Experimental procedures


Plant growth

Fragaria vesca ‘Hawaii-4’ and F. vesca ‘Alexandria’ accessions were cultivated in a growth room with 14 h light (~100 μmol m-2 s-1 photosynthetically active radiation (PAR) at 24 °C) and 10 h darkness (19°C) at 40-45% relative humidity. We also used Fragaria × ananassa in one experiment to test if BABA soil drench affected resistance in commercial strawberry. Plants were grown in topsoil in 400 mL pots and were not subjected to any kind of chemical treatments (pesticides, fungicides, or fertilizers) that could interact with the plants’ phenotypic responses to BABA. For the infection experiments we used 8- to 12-week-old plants grown from seeds to ensure that the plants in each experimental batch were in the same developmental stage. Plants were about 10-12 cm tall (measured from the soil surface) at the start of the experiments, bearing 6-10 trifoliate leaves.



Treatment with BABA

β-aminobutyric acid (BABA, Sigma-Aldrich, #A44207-5G) was dissolved in distilled H2O. For soil-drench treatments, 50 ml of BABA solution was added to each pot to a final concentration of 0 mM (control), 0.05 mM, 0.15 mM, 0.2 mM, 0.3 mM or 0.6 mM. Each pot contained one plant and received a single soil-drench treatment. For above-ground treatment, 0.3 mM BABA solution was sprayed onto leaves until run-off. BABA treatment was always performed two days before infection with B. cinerea.



Botrytis cinerea inoculum preparation and infection

Botrytis cinerea isolate Bc101 was grown on potato dextrose agar plates in darkness. Spores on 4- to 5-week-old plates were harvested by pouring liquid potato dextrose broth (PDB) media onto the plates and collecting the liquid with a pipette. The spore suspension was passed through a sterile 70 µM nylon mesh and centrifuged at 3000g for 1 min, before the spore pellet was re-suspended in fresh PDB media. Spores were counted using a hemocytometer and the suspension was adjusted to a concentration of 106 spores mL-1. The spore suspension was supplemented with 0.02% Tween-20 and sprayed on plants using a hand sprayer until run-off. PDB media supplemented with 0.02% Tween-20 was used for mock infections. Sprayed plants were placed in a plastic tray, covered with transparent polypropylene bags to maintain high humidity that promotes infection, and incubated in a plant growth room (14 h light and 10 h darkness at room temperature, ~100 μmol m-2 s-1 PAR) until symptoms appeared. Necrotic lesions on leaves usually began to appear 4-5 days after spore spraying. Student’s t-tests were used for statistical comparison of different treatment combinations for all phenotypic data.



Isolation of RNA and DNA

About 100 mg of leaf tissue harvested 5 days post infection was ground in liquid N2 and used for DNA extraction using the DNeasy Plant Kit (#69106) in a QIAcube automated sample prep system according to the manufacturer’s instructions. Total RNA was isolated from 100 mg leaf tissue harvested 24 hours post infection using Spectrum™ Plant Total RNA Kit with minor modifications (Badmi et al., 2018). Briefly, 100 mg of tissue powder was mixed with preheated lysis buffer containing CTAB (2%), PVPP (2%), Tris-Cl (pH 8.0, 100 mM), EDTA (pH 8.0, 25 mM), NaCl (1 M) and β-mercaptoethanol (1%). The mixture was incubated at 65 °C for 8 min, with vortexing for the first 60 seconds. The lysate was then centrifuged for 10 min at 13,000 rpm, the supernatant was mixed with an equal volume of chloroform:isoamyl alcohol (24:1) and centrifuged again for 10 min at 4 °C. The supernatant was transferred to the kit’s filtration column (blue retainer ring), and from this step we followed the manufacturer’s instructions. On-column DNase I treatment was done to ensure DNA-free total RNA. Total RNA (500 ng) was used to prepare cDNA using iScript cDNA Synthesis Kit (#170-8891). SsoAdvanced Universal SYBR Green Supermix (#1725271) was mixed with genomic DNA or cDNA to perform RT-qPCR on the Applied Biosystems ViiA 7 system and determine the Ct values for each primer pair.



RNA-seq analysis

Fragaria vesca Hawaii-4 plants were either drenched with 50 ml water or soil-drenched with 50 ml 0.2 mM BABA. After 48 hours, five plants of each treatment (water or BABA) were either mock-infected or infected with B. cinerea spores as described above, and leaves were harvested for RNA isolation 24 h later. Each plant served as a single biological replicate (n = 5). Isolated total RNA (0.3 µg) was used to prepare samples using TruSeq Stranded mRNA (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions. Library preparation and cDNA sequencing was performed at the Norwegian Sequencing Centre (Oslo, Norway) on the Illumina NextSeq 500 system with 75 bp single end reads. Demultiplexed reads were trimmed and filtered using trimmomatic (version 0.38) with recommended settings (Bolger et al., 2014). Trimmed and filtered reads were aligned to the chromosome-continuity version 4.0.a1 of the F. vesca transcriptome (rosaceae.org) using hisat2 (version 2.1.0) (Putri et al., 2022). Gene count data were extracted using the htseq-count function from the HTSeq package (version 0.11.2) (Anders et al., 2015). Differentially expressed genes were identified using the R package EdgeR (version 3.32.1) and filtered using false discovery rate (alpha) < 0.05 and absolute log2-fold change values > 1 (Varet et al., 2016). Normalization was performed using the ‘trimmed mean of M values’ (TMM) method and p-values were adjusted using the Benjamini-Hochberg method (Benjamini, 2014). Differential expressed genes are visualized as volcano plot (adjusted p-values versus log2 fold-change based on edgeR data) (Supplementary Figure S8).



QPCR DNA-based Botrytis cinerea quantification

Quantification of B. cinerea was performed using genomic DNA isolated from infected F. vesca leaves 5 days after infection, when symptoms started to appear. Ct values from B. cinerea-specific genomic DNA primers (Bc3F and Bc3R, Supplementary Table S6) were normalized against F. vesca-specific EF1α primers to obtain the relative B. cinerea levels in the tissue. For RNA-seq validation using qPCR, EF1α was used as the housekeeping control gene and relative expression levels of genes were determined using the ΔCt method (Pfaffl, 2001) using primers in Supplementary Table S6.



Functional categorization of DEGs using GO and Mapman enrichment analysis

Differential expressed genes with False discovery rate (FDR) FDR < 0.05 were analyzed for enriched GO-terms based on Fragaria vesca Whole Genome v4.0.a1 Assembly & Annotation (www.rosaceae.org) and Blast2GO. GO pathway enrichment plot was plotted with SRplot (www.bioinformatics.com.cn/en). The Mercator4 online tool (Schwacke et al., 2019) was used to functionally annotate and classify all the F. vesca transcripts into hierarchically structured bins, and combined with DEG analysis and displayed onto metabolic pathways with the MAPMAN software (Thimm et al., 2004). DEGs with FDR < 0.05 were plotted in Venn diagrams using InteractiVenn (Heberle et al., 2015).
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Plants possess an arsenal of immune receptors to allow for numerous tiers of defense against pathogen attack. These immune receptors can be located either in the nucleocytoplasm or on the plant cell surface. NLR gene clusters have recently gained momentum owing to their robustness and malleability in adapting to recognize pathogens. The modular domain architecture of an NLR provides valuable clues about its arms race with pathogens. Additionally, plant NLRs have undergone functional specialization to have either one of the following roles: to sense pathogen effectors (sensor NLRs) or co-ordinate immune signaling (helper or executer NLRs). Sensor NLRs directly recognize effectors whilst helper NLRs act as signaling hubs for more than one sensor NLR to transduce the effector recognition into a successful plant immune response. Furthermore, sensor NLRs can use guard, decoy, or integrated decoy models to recognize effectors directly or indirectly. Thus, by studying a plant host’s NLR repertoire, inferences can be made about a host’s evolutionary history and defense potential which allows scientists to understand and exploit the molecular basis of resistance in a plant host. This review provides a snapshot of the structural and biochemical properties of the different classes of NLRs which allow them to perceive pathogen effectors and contextualize these findings by discussing the activation mechanisms of these NLR resistosomes during plant defense. We also summarize future directives on applications of this NLR structural biology. To our knowledge, this review is the first to collate all vast defense properties of NLRs which make them valuable candidates for study in applied plant biotechnology.
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1 Introduction

Plants possess an arsenal of immune receptors to allow for numerous tiers of defense against pathogen attack. These immune receptors are located either in the nucleocytoplasm (Lüdke et al., 2022) or on the plant cell surface (Böhm et al., 2014). The strategic location of these receptors aid in targeting pathogen effectors which can translocate into the apoplast or the host cytoplasm. Dynamic antagonism between the plant and pathogen is best epitomized in the zig-zag model of plant defense which articulates that plants possess two lines of defense, namely pattern-triggered immunity (PTI) and effector triggered immunity (ETI) to act concurrently as a continuum to ward off pathogens (Jones and Dangl, 2006). PTI is a basal immune response induced by the recognition of pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs) (Bigeard et al., 2015). ETI is a robust immune response activated by resistance genes (R genes) which encode either intracellular nucleotide-binding leucine rich repeat (NLR) proteins or receptor-like/receptor kinase proteins (RLP/RKPs) which directly or indirectly recognize pathogen effectors (Cui et al., 2015). This activation of ETI is manifested as a localized cell death called the hypersensitive response (HR), which allows the plant to cordon off pathogen infection to prevent systemic spread (Dalio et al., 2021). NLRs are one of the molecular players activating immune signaling to drive this HR phenotype.

NLR gene clusters have recently gained momentum owing to their robustness and malleability in adapting to recognize pathogens. The modular domain architecture of an NLR provides valuable clues about its arms race with pathogens. Based on its N-terminal domain structure, NLRs can be grouped into four subgroups, namely, 1. Toll/Interleukin-1-like receptor (TIR) -NLRs (TNLs), 2. Coiled-coil (CC)-NLRs (CNLs), 3. Resistance to powdery Mildew 8 (RPW8-like) CC-NLRs (RNLs) (Qi and Innes, 2013) and more recently 4. Pepper CNL-Group 10 (G10-CC)-NLRs, termed as ancient and autonomous NLRs (ANLs) (Lee et al., 2021) of which the latter two are subdivisions of CNLs. The centrally conserved domain includes a central nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4 (NB-ARC). The C-terminal domain consists of a leucine-rich repeat region (LRR), which has been attributed to confer dual functions of NLR auto-inhibition and pathogen detection (Sukarta et al., 2016). The aforementioned canonical domains constitute a classical NLR architecture, however, a subcategory of NLRs can carry non-canonical domains due to the integration of an effector target, which are referred to as NLR-integrated domains (NLR-IDs) (Cesari et al., 2014; Kroj et al., 2016; Marchal et al., 2022a). Additionally, some NLRs possess atypical or missing domains but still retain functions in plant immunity (Meyers et al., 2002; Nandety et al., 2013).

Flor (1971) represented the interaction between an R gene and its corresponding effector (avirulence gene (Avr)) through the gene for gene model. Although Jones and Dangl (2006) have been credited for the conception of ETI, Flor’s gene for gene concept echoes a receptor-ligand model for NLR-effector interactions (Flor, 1971; Van Der Biezen and Jones, 1998). Here, NLRs function as singletons to co-ordinate sensing and immune signaling. In contrast, some plant NLRs have undergone functional specialization to have either one of the following roles: to sense pathogen effectors (sensor NLRs) or co-ordinate immune signaling (helper or executer NLRs) (Jubic et al., 2019). Helper and executor NLRs are distinguished by the number of sensor NLRs that they interact with. An NLR is termed as helper if it can recognize a wide array of sensors NLRs, with such helper NLRs constituting vast NLR networks (Adachi et al., 2019b; Ao and Li, 2022). In contrast, an executer NLR is confined to interact with only one, predefined sensor NLR partner (Jubic et al., 2019). These NLR associations form an active complex defined as a resistosome (Burdett et al., 2019). This resistosome model challenges the one-on-one interaction to rather view plant immunity as a network.

NLRs use the guard, decoy, or integrated decoy models to recognize effectors directly or indirectly (Cesari et al., 2014) (Figure 1). In the guard model, NLRs “guard” a functional plant protein (guardees), which are targeted by effectors (Figure 1A). This recognition between the guardee and effector will activate an NLR-mediated immune response. An Arabidopsis CNL called Suppressor of MKK1 MKK2 2 (SUMM2), provides a well-studied example (Zhang et al., 2012; Zhang et al., 2017c). Under healthy conditions, a mitogen-activated protein (MAP)-kinase cascade will result in the phosphorylation of Mitogen-activated Protein Kinase 4 (MAPK4) which in turn results in the phosphorylation of Calmodulin-binding Receptor-like Cytoplasmic Kinase 3 (CRCK3). However, the Pseudomonas syringae effector, HopAI1 can prevent the phosphorylation of MPK4 and subsequently CRCK3 (Zhang et al., 2012; Zhang et al., 2017c). The NLR protein SUMM2 senses the disruption of an immune signaling MAP kinase cascade via CRCK3 (guardee) (Zhang et al., 2017c). The decoy model operates in the same mode, except a non-functional decoy protein acts as a structural mimic of guardees to recognize an effector (Figure 1B). In the integrated decoy model, NLR-IDs use the same mode of operation as decoys, except the ID responsible for effector recognition is physically integrated into the NLR which facilitates a direct effector recognition (Figure 1C). Thus, by studying a plant host’s NLR repertoire, inferences can be made about a host’s evolutionary history and defense potential which allows scientists to understand and exploit the molecular basis of resistance in a plant host.




Figure 1 | Schematic representation of the different modes of Nucleotide binding-Leucine rich Repeat NLR mediated effector recognition. NLRs can recognize pathogen effectors indirectly through (A) The guard model where the interaction between an effector and a functional plant protein (guardee) will trigger the activation of an NLR which will target the pathogen effector for degradation. The second mode of indirect recognition occurs via (B) The decoy model where a non-functional, truncated plant protein recognizes a pathogen effector to activate NLR-mediated immune signaling. Alternatively, a direct mode of effector recognition can occur through (C) The integrated decoy model whereby a sensor or singleton NLR incorporates an integrated domain (ID). This ID is a mimic of functional plant protein domains which serve as the originally intended targets of the pathogen effector. Such integration of the ID equips the NLR to impound pathogen effectors to divert them away from their originally intended plant target.



This review provides a snapshot of the structural and biochemical properties of the different classes of NLRs which allow them to perceive pathogen effectors and contextualize these findings by discussing the activation mechanisms of these NLR resistosomes during plant defense. We also discuss future directives on the applications of this NLR structural biology. The review is distinct from Fick et al. (2022b), who provide a summary of NLR regulation at the gene level.




2 Anatomy of an NLR

NLRs possess a modular architecture encompassing a total of three domains (N-terminal, central NB-ARC and C-terminal LRR domains) (Figure 2) that act in tandem to function as a molecular switch. This allows the NLR to switch between the resting state in the absence of a cognate effector to an active immune signaling state in the presence of a pathogen (Takken and Goverse, 2012). Co-expression of the individual NLR domains have shown that they can be reconstituted into a functional, full-length protein (Moffett et al., 2002; Leister et al., 2005). This suggests that these NLR domains were originally present as separate proteins and acquired over time to evolve into a single multidomain immune receptor. The Rosetta Stone Hypothesis stipulates that the fusion of separate protein domains unravels a hidden interaction between these unrelated domains (Marcotte et al., 1999). In line with this principle, this fusion into a single NLR protein is likely to have conferred higher fitness costs by reducing the entropy of the reaction to make pathogen recognition more energy efficient (Staal and Dixelius, 2007; Jacob et al., 2013). Each of these domains confer the NLR with a distinct set of biochemical properties which dictates the immune signaling pathway that it will take. Thus, to better understand NLR function in plant defense, it is vital to first understand the role of each modular domain.




Figure 2 | A schematic representation of the different subdomains which constitute a Nucleotide binding-Leucine rich Repeat (NLR) protein and the associated functions of each domain. This diagram is to be used in conjunction with the textual analysis presented in the Anatomy of an NLR section to better visualize the positioning of each sub-domain and associated motifs. (A) The N-terminal region can comprise of the Toll/Interleukin-1-like receptor (TIR), Coiled-coil (CC), Resistance to powdery Mildew (CCr) or Pepper CNL-Group 10 (CCG10) domains which dictate the classification of the NLRs into their respective subclasses, TNLs, CNLs, RNLs or ANLs. All TNLs contain the TIR domain marked by the presence of an SH motif responsible for driving cell death signaling. TNLs possess NADase catalytic activity to hydrolyze NAD+ to form NAD+ derived molecules which act as downstream signaling molecules during plant defense. CNLs possess an EDVID motif to stabilize an NLR-NLR self-association interaction during resistosome assembly whilst RNLs lack this EDVID motif. RNLs act as helper NLRs for sensor TNLs exclusively via a dedicated pathway. CNLs and RNLs possess MADA and MADA-like motifs responsible for cell death induction. MADA and MADA-like motifs are present in angiosperms whilst a derivative of this motif, MAEPL, is commonly found in non-flowering plant lineages. (B) The central nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4 (NB-ARC) can be subdivided into three subdomains comprising of a nucleotide binding domain (NBD), a helical domain 1 (HD1) and a winged helix domain (WHD). The NBD domain possesses a walker A motif (also known as P-loop), RNBS-A domain, Walker B motif, RNBS-B and RNBS-D domains, all of which work in tandem to facilitate ADP/ATP exchange. A short linker region connects the NB-ARC and LRR domains (C) The leucine repeat region (LRR) is a site of high polymorphism and consists of repetition of alternating hydrophobic (leucine) and hydrophilic amino acid residues (LxxLxLx). The LRR domain can be sub-divided into two regions, namely, a highly conserved segment (HCS) and a highly variable segment (HVS). A non-canonical jelly roll and Ig-like domain or post LRR (C-JID/PL) domain contributes to effector recognition. (D) Some sensor NLRs contain the integrated domain (ID) which mimic domains from functional plant proteins such as the WRKY transcription factors, Heavy-metal-associated isoprenylated plant proteins (HIPPs), integrated NO3 induced (NOI) proteins. Some examples of IDs include WRKY, heavy metal associated (HMA) domain, NOI and zinc finger (ZnF) BED domains.



The N-terminal region of NLRs can comprise of either a TIR, CC, RPW8-like or CCG10 domain which allows categorization into their respective groups (Figure 2A). This region is vital in mediating downstream signal transduction after NLR activation (Takken and Goverse, 2012). Research conducted thus far has shown that TNLs are more ubiquitous in solanaceous and brassicaceous crops whilst cereal crops mainly possess CNLs (Bai et al., 2002). The CC domain within CNLs is characterized by a heptad repeat pattern responsible for forming the coiled-coil structure (Bentham et al., 2018). Within this domain, some CNLs possess a negatively charged conserved Glu-Asp-Val-Ile-Asp (EDVID) motif (Rairdan et al., 2008; Mazourek et al., 2009). Mutagenesis experiments directed at this motif in the potato immune receptor Rx1 have shown loss of protein function by hindering the intramolecular interaction with the NB-ARC and LRR domains (Rairdan et al., 2008). Another important motif characterized in the N-terminal regions of CNLs and RNLs, is a type of executioner domain comprising of a Met-Ala-Met-Asp-Ala (MADA) motif, responsible for the induction of cell death during HR (Adachi et al., 2019a). The MADA motif refers to an N-terminus consensus sequence comprising of “MADAxVSFxVxKLxxLLxxEx” amino acid residues. It is present in helper NLRs to mediate resistosome and pore formation during immunogenic cell death. Studies have shown that a short fragment containing the motif is sufficient to trigger cell death (Collier et al., 2011; Adachi et al., 2019a; Chia et al., 2022). A derivative of this motif, known as the CCOG3 domain comprising of a Met-Ala-Glu-Pro-Leu (MAEPL) amino acid motif, is commonly found in non-flowering plant lineages, whilst the MADA and MADA-like motifs (MVDA, MAEA) are found within angiosperms (Figure 2A) (Chia et al., 2022). Bentham et al. (2018) have extensively reviewed the structural and biochemical properties of CC domains, however the main takeaway points underscored that CC domains confer NLRs with any of the following functions, namely, induction of programmed cell death (PCD) (Maekawa et al., 2011), self-association (El Kasmi et al., 2017) or interaction with a co-factor (Cesari et al., 2014). The RPW8-like domain is a subclass of the CC domain, which contains a coiled-coil domain devoid of the EDVID motif (Sukarta et al., 2016) and a putative transmembrane N-terminal domain (Zhong and Cheng, 2016). RNLs are highly conserved amongst plant species and act as helper NLRs for TNLs (Collier et al., 2011). More recently, a novel cluster of CC-NLRs were found in pepper termed as ancient and autonomous NLRs (ANLs) (Lee et al., 2021). ANLs possess a coiled-coil domain which confers the NLR with auto-active functions. Analysis of the N-terminal regions demonstrates that ANLs with non-auto-active functions possess deletions within the alpha1 helix, thereby asserting the importance of this helix for cell death functions (Lee et al., 2021).

The TIR domain on the other hand has been shown to play a role in protein-protein interaction during the formation of an NLR resistosome. The crystal structures of TIR domains have been extensively reviewed by Ve et al. (2015). In terms of conservation, the Ser-His (SH) motif appears to be ubiquitous across plant TIR domains to mediate self-association or recognition of other TIR domains during resistosome formation during ETI (Burch-Smith and Dinesh-Kumar, 2007; Ve et al., 2015). Once the TIR domain mediates self-association, it confers the TIR-NLR with NADase catalytic activity. This occurs when TIRs undertake hydrolysis of NAD+ to form NAD+ derived molecules and a variant cyclic-ADP-ribose product (v-cADPR) which acts as a downstream signaling molecule in plant defense (Horsefield et al., 2019; Wan et al., 2019; Essuman et al., 2022). Additionally, SH amino acid residues within the TIR domains have shown to drive cell death signaling function in TNLs (Zhang et al., 2017a). For a detailed review on TIR domain functions in plant immunity, readers are directed to Lapin et al. (2022); Maruta et al. (2023) and Locci et al. (2023).

The central NB-ARC domain can be subdivided into three subdomains comprising of a nucleotide binding domain (NBD), a helical domain 1 (HD1) and a winged helix domain (WHD) (Figure 2B) (Leipe et al., 2004; Wendler et al., 2012). The NBD domain possesses a walker A motif (also known as P-loop), RNBS-A domain, Walker B motif, RNBS-B and RNBS-D domains, all of which work in tandem to facilitate the ADP/ATP exchange within the NB-ARC domain to mediate conformational changes from a resting state to an active state in response to effector recognition (van Ooijen et al., 2007; Williams et al., 2011; Bernoux et al., 2016). Mutagenesis studies at the walker A motif site which replaced the charged lysine residue with alanine or arginine residues demonstrated a complete loss of nucleotide binding (Hanson and Whiteheart, 2005). Resolved crystallography structures have demonstrated that NLRs are kept in an inactive state through the presence of an ADP residue between the HD1 and NBD grooves. This, can be disturbed upon mutations in the Met-His-Asp (MHD) motif located in the WHD, resulting in constitutive auto-activation of NLRs (Sukarta et al., 2016). The MHD motif is also essential in coordinating the interactions between the subdomains within the NB-ARC, upon effector recognition (Hanson and Whiteheart, 2005). A flexible linker region then connects the NB-ARC domain to the C-terminal LRR region. An in-depth description of how NB-ARC domains are involved in signal transduction during plant immunity activation, has been provided in a review by van Ooijen et al. (2007).

The C-terminal end of an NLR possesses the LRR domain which consists of repetition of alternating hydrophobic (leucine) and hydrophilic amino acid residues (LxxLxLx) (Figure 2C). The leucine motifs form a hydrophobic core, with the residues in between them exposed to the surface (Reubold et al., 2014). These surface residues account for the variability located in the LRR domains in contrast to the highly conserved N-terminal and NB-ARC domains. Thus, the LRR domain can be sub-divided into two regions, namely, a highly conserved segment (HCS) and a highly variable segment (HVS) (Liu et al., 2022). Positive selection pressures exerted on the variability of these surface residues influence the NLR’s recognition specificity. This variability confers the LRR with dual functions of auto-inhibition and pathogen effector domain recognition. Random mutagenesis of LRR regions have been shown to impact NLR recognition specificity (Lindner et al., 2020; Huang et al., 2021a). However, few effectors have been demonstrated to directly interact with the LRR domain, implying more mechanisms’ involvement in effector recognition, on the other end of the spectrum, a direct interaction with the LRR does not always guarantee NLR activation (Padmanabhan et al., 2009). In the interaction between the tomato immune receptor Swf-F and the nematode effector SPRYSEC19, it was proven that the effector’s recognition of a seven C-terminal repeat within the LRR did not activate the receptor (Postma et al., 2012). The wheat immune receptor Powdery Mildew Resistance 3 (Pm3) gene possesses an unusually large LRR domain which has been classified as an “island domain” which forms extending loops on the exterior of the canonical LRR domain (Koller et al., 2018). The LRR domain of the potato immune receptor Gpa2 possesses basic residues which facilitates self-recognition by binding to its own N-terminal and NB-ARC domains for auto-inhibition (Slootweg et al., 2013).

The aforementioned sections review the structural properties of a classical NLR structure. However, mutations within NLR sequences or alternative splicing processes can influence the coding of truncated NLRs, some of which have shown to retain the same defense functions as their canonical, full-length counterparts. A truncated version of the Arabidopsis NLR RPS4 containing a functional N-terminal TIR domain but lacking the NB-LRR domain has been demonstrated to trigger immunity (Williams et al., 2014; Saucet et al., 2015). Another truncated NLR in Arabidopsis, TN2 lacks an LRR domain; functional studies however proved TN2 to remain functional through the aid of helper NLRs (Wang et al., 2021b). Similarly, the Response to the bacterial type III effector protein HopBA1 (RBA1) NLR in Arabidopsis, contains only the TIR domain yet this was sufficient to trigger cell death in response the Pseudomonas syringae effector HopBA1 (Nishimura et al., 2017). These examples along with many other reports illustrate the precarious modularity of the NLR tripartite architecture, proving that NLRs have maximized their adaptive potential to still retain plant immunity functionality despite truncation (Chen et al., 2021b; Son et al., 2021; Cox, 2022).



2.1 IDentity theft

NLRs possess a tripartite architecture, amongst which the LRR domain has been implicated in effector recognition. In addition to this domain at the C-terminal region, some sensor NLRs possess non-canonical domains known as IDs which arise due to the integration of effector targets into NLRs (Figure 2D). These IDs are involved in direct and indirect effector recognition to sequester the pathogen effector to deviate it from its original plant target. Some well-known IDs include the zinc-finger BED, kinase, integrated NO3 induced (NOI), WRKY and heavy metal associated domain (HMA) (Kroj et al., 2016; Sarris et al., 2016; Bailey et al., 2018; Stein et al., 2018). Although the presence of IDs confers great fitness advantage to NLRs, the frequency of NLR-IDs in many NLR clades is low. Cereal crops possess three NLR-ID clades reflecting a high abundance of IDs which are designated as major integration clades (MIC) (Bailey et al., 2018). A comparison of orthologous NLR-ID clades shows that the exchange of IDs within NLRs is a continual process to garner a high diversity of IDs (Bailey et al., 2017; Bailey et al., 2018). Species within Triticeae possess an expanded repertoire of IDs. A phylogenetic analysis of orthologs and closely related paralogs of Triticeae NLRs revealed clustering with high bootstrap support demonstrating common ancestry of the shared ID (Bailey et al., 2017). This also suggests that such an ID fusion has been under selective pressure to maintain a functional fusion within the plant host. One such example of conservation was illustrated between NLR proteins from the Triticeae and Brachypodium (Bailey et al., 2017). This framework equips the plant with an assortment of novel effector recognition specificities to better defend itself against pathogen attack. This section will review some significant examples of NLR-IDs and how they have been weaponized by the plant to nullify pathogen attack.




2.2 WRKYing together

A pair of Arabidopsis NLRs, RRS1/RPS4 have been shown to recognize the bacterial effectors AvrRps and PopP2 from P. syringae pv. pisi and Ralstonia solanacearum, respectively through an integrated WRKY domain in the C-terminal region of RRS1 (Figure 3A) (Le Roux et al., 2015; Sarris et al., 2015; Huh et al., 2017). This RRS1WRKY domain is hypothesized to mimic the DNA-binding domains in plant WRKY transcription factors (TFs) involved in activation of defense genes (Sarris et al., 2015). Typically, the WRKY TFs bind to a W-box consensus sequence in the promoters of defense genes through a WRKYGQK motif to activate or repress transcription (Xu et al., 2020). The WRKY TFs have shown to enhance the plant’s response to biotic and abiotic stresses, hence it is unsurprising that targeting these TFs intensifies the pathogen’s virulence (Rushton et al., 2010).




Figure 3 | A schematic depiction of a few examples of helper-sensor Nucleotide binding-Leucine rich Repeat (NLR) pairs and networks discussed in this review, along with their corresponding pathogen effectors. (A) The Arabidopsis thaliana helper-sensor NLR pair RPS4/RRS1. In this interaction, the sensor NLR, RRS1, recognizes two bacterial effectors AvrRps and PopP2 from Pseudomonas syringae via its WRKY domain and transduces an immune signaling relay to the helper NLR RPS4. Upon effector recognition, RRS1 can also transduce an immune signaling relay via the NRG1/ADR1 helper NLR network. The Glycine max NLR, Gm-NLRID85, can also recognize the bacterial effector PopP2 via its WRKY domain. It is unclear whether Gm-NLRID85 functions as a singleton NLR or interacts with an unknown helper NLR to induce immunity. (B) Oryza sativa contains two well characterized helper-sensor NLR pairs, RGA4/RGA5 and Pik-2/Pik-1. The sensor NLRs, RGA5 and Pik-1 contain the RATX or heavy metal associated domain (HMA) to recognize Magnaporthe oryzae effectors. RGA5 recognizes Avr1-CO39 and Avr-Pia, whilst Pik-1 recognizes AvrPikD. RGA5 and Pik-1 transduce signals to their respective helper NLR counterparts, RGA4 and Pik-2. (C) Singleton NLRs from Linum usitatissimum called L5 and L6 recognize the AvrL567 effector from Melampsora lini. The singleton NLR, ZAR1, from A. thaliana recognizes a family of Hop effectors from P. syringae. This interaction can be strengthened by the action of receptor-like protein kinase (RLK) sensors. (D) In solanaceous plants like Nicotiana benthamiana, all TNLs act as sensor NLRs to recognize effectors from a wide range of pathogens. This effector recognition by TNLs is transduced into an immune signaling relay via one of two RNL helper NLR networks, namely the NRC network or NRG1/ADR1 network. (E) Prf and Rpi-blb2 are two NLRs in Solanum tuberosum which act as sensor NLRs and operate via the NRC network. Rpi-blb2 recognizes Avrblb2 from Phytophthora infestans.



One study has characterized the structural basis of the RRS1WRKY-AvrRps4 complex, revealing that the AvrRps4 effector directly interacts with the WRKYGQK motif in RRS1 (Mukhi et al., 2021). A comparison of the RRS1WRKY-AvrRps4 (Mukhi et al., 2021) and RRS1WRKY-PopP2 (Zhang et al., 2017b) structural complexes shows an overlapping β2-β3 segment within the WRKY domain binding site that could be responsible for effector binding. Thus, the integration of the WRKY domain into RRS1 allows it to sequester effectors and subsequently divert them from binding to their original targets (WRKY TFs) (Mukhi et al., 2021). However, there are some nuances in this binding interaction which can cascade to a successful or unsuccessful immune response.

The RRS1/RPS4 pair exists in an inhibited resting state until a lysine residue within the WRKY domain is acetylated, which switches it from an inhibited complex to an activated one to trigger an immune response (Le Roux et al., 2015). One study has generated a library of known IDs that can be utilized to screen with pathogen effectors to better identify virulence targets (Landry et al., 2021). Here, PopP2 was shown to physically interact with the WRKY domain within the GmNLR-ID85 in soybean. In contrast to the acetylation induced at the WRKY domain in RRS1 in Arabidopsis (Ma et al., 2018), the WRKY domain found in GmNLR-ID85 in soybean could not be acetylated, rendering the pathogen effector incapable of repressing GmNLR-ID85 activity. This shows that it is likely that the soybean NLR contributes to plant immunity through a different mechanism than that of RRS1.




2.3 An HMAzing detector!

Heavy-metal-associated isoprenylated plant proteins (HIPPs) are metal ion binding chaperone proteins which possess a characteristic isoprenylation motif and a heavy metal associated (HMA) domain (de Abreu-Neto et al., 2013). The pairing of these two distinct domains has conferred HIPPs with a unique advantage of aiding the plant to cope with increasing levels of heavy metal residues in the environment due to pesticide use and industrialization (Singh et al., 2016). Considering the importance of HIPPs in plants, it is unsurprising that they serve as targets for pathogen effectors. One study exploited a yeast-2-hybrid system to identify the plant proteins targeted by a Magnaporthe oryzae effector called Avr-PikD (Oikawa et al., 2020). It was demonstrated that four small heavy metal-associated domain containing (sHMA) proteins were bound by Avr-PikD, of which two are members of the HIPP family (Oikawa et al., 2020). Maidment et al. (2020) have demonstrated the structural basis for the interaction between Avr-Pik effector variants and OsHIPP19 proteins via the HMA domain.

As a countermeasure to this effector’s mode of action, NLRs have integrated the HMA domain within their structures to exploit an integrated decoy mechanism to trap effectors. In rice specifically, two NLRs, RGA5 and Pik-1 have been characterized to possess the HMA domain (Ashikawa et al., 2008; Okuyama et al., 2011). As of date, the HMA domain has been identified in four botanical families (Brassicaceae, Fabaceae, Rosaceae and Poaceae) (Sarris et al., 2016). In the RGA5/RGA4 system, RGA5 serves as the sensor whilst RGA4 serves as the helper NLR (Figure 3B). RGA5 possesses the HMA or related to Arabidopsis trithorax1 (RATX) domain at the C-terminal region located after the LRR domain. Alternative splicing of RGA5 generates two different isoforms of RGA5, namely RGA5-A which contains the HMA domain and RGA5-B which lacks the HMA domain (Cesari et al., 2013). In line with this, RGA5-A conferred resistance to M. oryzae isolates expressing both the Avr1-CO39 and Avr-Pia M. oryzae effectors.

In the Pik-1/Pik-2 system, the Pik-1 NLR possesses an HMA domain (Figure 3B), however this is located between the CC N-terminal region and NB-ARC domain compared to RGA5 where the domain is located after the C-terminal LRR domain (Maqbool et al., 2015). It is unclear whether the varying locations of the HMA domain within NLRs can impact the degree of effector binding affinities. Once a direct interaction occurs between the HMA domain within Pik-1 and the Avr-PikD effector, an immune signaling cascade is initiated. Studies have shown that the binding interface utilized by the effectors in both the Pik-1/Pik-2 and RGA4/RGA5 systems differ significantly (Maqbool et al., 2015; De la Concepcion et al., 2018). Effector recognition by the Pik-1/Pik-2 pair forms a tripartite complex involving the effector and the Pik NLRs rather than the negative regulation mechanisms associated with RGA4/RGA5. This could provide some biochemical basis motivating the differing HMA interfaces between the two NLR systems. It is noteworthy that the interaction between the Avr-PikD effector and the HMA domain in OsHIPP19 shows a much higher binding affinity compared to the interaction between Avr-PikD and the HMA domain in the Pik1 NLR (Maidment et al., 2020). Therefore, it is unclear at what point the mounted immune response by the integrated HMA domain can surpass the pathogenic activity of the effector.

The NLR-effector interaction associated with the WRKY and HMA domains are two of the best characterized systems to date illustrating the integrated decoy model (Figure 1D). Other examples of IDs include the integrated NOI, zinc-finger BED and kinase domains (Marchal et al., 2022a). The Pii-2 NLR from rice possesses an integrated NOI domain which binds to a host protein called Exo70-F3 (Fujisaki et al., 2017). Under healthy conditions, the Exo70-F3 host protein assembles into a NOI-Exo70-F3 complex which serves as the original target of the effector, Avr-Pii from M. oryzae (Fujisaki et al., 2017; De la Concepcion et al., 2022). Thus, by integrating the NOI domain, Pii-2 can monitor and deactivate Avr-Pii upon pathogen attack. A few studies have found that the integrated kinase motifs within NLRs demonstrate sequence similarity to kinases involved in plant immunity, whilst the integration of the zinc-finger (ZnF) BED domain into NLRs allows the capture of effectors that originally intend to target plant TFs involved in defense (Dardick et al., 2012; Kroj et al., 2016; Marchal et al., 2018; Chen et al., 2021a). The Rph15 NLR from barley and PiPR1 from rice are two examples of NLRs containing ZnF_BED IDs (Chen et al., 2021a; Liu et al., 2021b). Sarris et al. (2016) and Marchal et al. (2022a) provide an in-depth review of the ID comparisons across plant lineages.

These structural properties equip plant NLRs with the necessary molecular arsenal to carry out effector recognition and subsequent cell death in some scenarios. This recognition can be direct or indirect depending on the structural biology of the NLR, however in both instances, the NLRs are kept in a resting, inactive state in the absence of an effector. The remaining sections will delve into selected examples of direct and indirect modes of NLR-mediated effector recognition along with their associated immune signaling relay.





3 NLR-ending source of protection: direct recognition of effectors

During direct recognition, an effector is detected by its cognate NLR through a direct physical interaction. This is either facilitated by an NLR singleton or a sensor NLR and its co-regulated NLR partner. This helper NLR functions to transduce the sensor NLR’s effector recognition into an immune response. In some cases, this sensor NLR in this interaction possesses an ID which mimics the original plant protein target of the effector in a bid to steer the effector away (Cesari et al., 2014). Thus, direct effector recognition remains as one of the effective mechanisms to combat pathogen attack.

The interaction between the singleton flax NLR proteins L5/L6 and the variants of the flax rust effector AvrL567 is driven by polymorphism within the LRR domain, specifically the first seven and last four amino acid residues (Figure 3C) (Ravensdale et al., 2012). Crystal structures have ascertained that the binding interaction occurs between the two ends of the LRR domain within the curved β-sheet (Wang et al., 2007). There are amino acid contact points within this interaction which additively contribute to strengthening and stabilizing the binding interaction. Other studies have shown that the strength of the NLR-effector interaction at the amino acid level strongly correlates to the amplitude of downstream HR (Dodds et al., 2006).

Other examples of NLR singletons include, the Arabidopsis NLR, ZAR1, which remains one of the best characterized singleton NLRs to date. Scientists have been tentative to affirm the singleton status of ZAR1, due to the discovery of certain receptor-like protein kinase (RLK) sensors which potentially facilitate the ZAR1 mediated effector recognition of the Hop family of effectors from P. syringae (Figure 3C) (Martel et al., 2020). Thus, it is unclear if the binding interaction only involves that of ZAR1 or other RLK proteins as well. ZAR1 can exist in one of three states depending on the presence of an effector: it can exist in an inactive monomeric state in the absence of an effector, a pre-activated monomeric state upon effector recognition and a wheel-like pentameric complex to initiate cell death in response to effector recognition (Wang et al., 2019a; Wang et al., 2019b). Additionally, two TIR-NLR singleton proteins, ROQ1 from Nicotiana benthamiana and RPP1 from Arabidopsis which interact with the effectors XopQ1 and ATR1 from P. syringae reveal a non-canonical jelly roll and Ig-like domain or post LRR (C-JID/PL) domain which contributes to effector recognition (Ma et al., 2020). In contrast to IDs which can recognize effectors on their own, the C-JID/PL domain works with the LRR domain to recognize effectors. Ma et al. (2020) confirmed that C-JID/PL domains were exclusively found in TNLs after failure to detect the domain in non-NLR plant proteins and CNLs.

Singleton interactions are however prone to be easily overcome by the pathogen via mutations along the NLR-effector interface. Thus, NLRs functioning through the integrated decoy model also exploit a direct interaction but this mechanism is underscored by a “bait and trap” strategy which seizes the effector via an ID (Cesari et al., 2014). As of date, three sensor-helper NLR pairs, (where the sensor contains an ID) have been characterized extensively: RGA5/RGA4 (rice) (Cesari et al., 2014), Pik-1/Pik-2 (rice) (Ashikawa et al., 2008) and RRS1/RPS4 (Arabidopsis) (Sarris et al., 2015) (Figure 3).

Studies have identified two alleles of RRS1 which have differing C-terminal lengths after the WRKY domain which impact their effector recognition spectra (Ma et al., 2018; Guo et al., 2020). RRS1-R possesses a 104 amino acid extension after the WRKY domain and can perceive both AvrRps4 and PopP2 effectors whilst RRS1-S possesses an 21-amino acid long extension and can only recognize AvrRps4 (Ma et al., 2018; Guo et al., 2020). Another allelic pair RRS1B/RPS4B was shown to perceive AvrRps4 and not PopP2 (Saucet et al., 2015). A further study found that AvrRps4 bound to RRS1BWRKY with a lower affinity compared to other allelic interactions (Mukhi et al., 2021). Thus, the RRS1/RPS4 pair illustrates that a careful interplay between differential interaction strengths of the effector and NLR is governed by amino acid mutations. This is suggestive that the coupling of the WRKY domain, and its extension residues mediate the direct recognition of multiple effectors.

In the interaction between RRS1/RPS4 and AvrRps4, an 88 amino acid long C-terminal region was sufficient to activate RRS1/RPS4 mediated immune signaling (Sohn et al., 2009; Sohn et al., 2012). The RPS4 executor in the RRS1/RPS4 pair possesses a C-JID/PL domain. Ma et al. (2018) have demonstrated that mutations of this domain disrupted RRS1/RPS4 triggered immunity.



3.1 Lending a helping hand: indirect recognition of effectors

Plant evolutionary processes to restore direct effector recognition have been slower as pathogens are able to surpass this resistance over time. Recent research has shown a wider diversity of mechanisms by which NLRs recognize pathogens indirectly which is best represented in the guard and decoy model. There are two distinctions that can be made amongst helper-sensor NLRs. Some helper-sensor NLR pairs are genetically linked in a head-to-head orientation in the genome (Narusaka et al., 2009). In contrast, “promiscuous helper NLRs” which can work in tandem with multiple sensor NLRs and vice versa, are genetically unlinked (Jubic et al., 2019).

The presence of sensor and helper NLRs as separate functional units has given rise to the concept of redundancy in plant NLR networks. This functional specialization allows sensor NLRs to undergo diversifying selection to acquire novel domains to keep up with the emergence of novel pathogen effectors during co-evolutionary cycles (Adachi and Kamoun, 2022). In contrast, helper NLRs remain conserved owing to their roles as coordinators of immune signaling and thus do not experience selection pressures. The Fluctuating Red Queen hypothesis articulates that rare host genotypes e.g., presence of certain sensor NLRs, equip the host with higher fitness compared to common genotypes as pathogens adapt to attack the most common host genotypes (Brockhurst et al., 2014). This type of negative frequency dependent selection maintains genetic variation in both the host and pathogen populations through fluctuations in allelic frequencies (Han, 2019). Thus, the presence of redundant helper NLRs coupled with specialized sensor NLRs equips the plant with resilience against pathogen effectors that may target these conserved signaling hubs.

The concept of an NLR network first arose upon the discovery of a subclade of Solanaceae helper NLRs where a group of helper CNLs called NLR-Required for Cell Death (NRC) proteins act as redundant helper NLRs to work with numerous sensor NLRs (Wu et al., 2017). This led to the conception of the first type of NLR network known as the NRC network. NRC2, NRC3 and NRC4 have been characterized in N. benthamiana with paralogues being characterized in other plant hosts (Figure 3D) (Lin et al., 2022). In the potato host, the sensor NLR Rpi-blb2 works with the helper NRC4 to illicit cell death whilst another sensor NLR Prf uses NRC2 and NRC3 to cause cell death (Figure 3E) (Wu et al., 2016; Wu et al., 2017).

The second type of NLR network that has been characterized is the N Requirement gene 1 and Activated Disease Resistance 1 family (NRG1/ADR1). This is an RNL type of helper NLR family required to act as helper NLRs for all TIR NLR sensors. Studies have shown a tight correlation of copy number between TIR-NLRs and RNLs like NRG1 thereby substantiating a signaling link between the two families (Liu et al., 2021a). Sensor NLRs can require either or both NRG1 and ADR1 as helpers to co-ordinate immune signaling. Some studies have illustrated an unequal genetic redundancy between NRG1 and ADR1 (Sun et al., 2021). In Arabidopsis, the RRS1/RPS4 pair was shown to require ADR1 for complete resistance (Saile et al., 2020). However, a comparison of an Arabidopsis mutant lacking NRG1 and ADR1 genes to a triple mutant (adr1, adr1-L1, adr1-L2) lacking ADR1 genes showed the former to exhibit a more susceptible phenotype (Saile et al., 2020). This shows that ADR1 and NRG1 genes work in tandem rather than interchangeably to contribute to full resistance. The RRS1 sensor NLR in the RRS1/RPS4 pair was previously characterized as an NLR-ID owing to the presence of the WRKY motif (Le Roux et al., 2015; Sarris et al., 2015). It is unclear whether the RRS1/RPS4 pair working with NRG1/ADR1 produces a higher amplitude of immunity compared to the RRS1/RPS4 pair on its own.

Having established the framework of NLR networks, it is important to understand the structural biology and biochemical characteristics of helper NLRs in the NRC and ADR1/NRG1 networks that enable them to act as signaling molecules during plant defense. The first 29 amino acids within NRC4 have been shown to trigger HR during pathogen infection in potato (Adachi et al., 2019a). The same study showed these 29 amino acids to exhibit high sequence similarity to the MADA cell death causing motif in ZAR1 called MADA. Mutation experiments have validated that the loss of certain hydrophobic residues in the NRC MADA motif leads to loss of cell death activity as observed in ZAR1. However, mutating the E11 residue in NRC did not lead to a loss in cell death as witnessed in ZAR1 (Adachi et al., 2019a). It is noteworthy that prior studies on ZAR1 had characterized the E11 residue to drive Ca2+ channels (Wang et al., 2019a; Hu et al., 2020; Förderer et al., 2022). This shows that although NRCs may function in the same way as ZAR1 via induction of pentameric resistosome complexes to form plasma membrane pores, the biochemical basis is different.

Plants can use direct and indirect modes of effector recognition to induce the HR - which serves as the final hallmark of a successful immune response. Not all NLR-effector interactions have been demonstrated to induce an HR. This manifestation is governed by a set of fine-tuned biochemical properties and genetic processes which dictate whether the plant should invest cellular resources towards an HR.




3.2 Am I being too sensitive?

The sessile nature of plants has exerted selection pressures on the evolution of stringent, genetic control of plant cell death to effectively arrest pathogen proliferation. Plant cell death can be distinctly categorized into two types, namely, programmed cell death (PCD) and necrosis. It is proposed that PCD is a broad concept encompassing two classes. The first class is defined as vascular cell death whilst the second class is defined as necrotic cell death (Van Doorn et al., 2011; Midgley et al., 2022). Class one can be defined as a systematically controlled cell death vital for the survival of the plant whereas class two type necrosis is an uncontrolled, accidental plant cell death driven by necrotrophic pathogens to favor their proliferation (Gunawardena and McCabe, 2015). PCD is a cellular death that has remnants of autophagy due to the release of hydrolases from the plant vacuole which produces a “cell corpse” devoid of fluid. Necrosis on the other hand lacks autophagy and rather results in the swelling of plant organelles to result in an unprocessed, semi-fluid cell corpse (Gunawardena and McCabe, 2015). Bringing it to the context of plant defense, it is argued that HR cannot be categorized into either class owing to possessing intermediary characteristics of necrotic and vacuolar cell deaths (Coll et al., 2011). This section seeks to delve into the concept of how NLRs induce HR as a defense mechanism against pathogens.

CNLs activate cell death via a distinct mechanism from that of TNLs. First, sensor CNLs become activated via recognition of their cognate pathogen effectors. These activated sensor CNLs then activate helper CNLs via a “kiss and run mechanism” without incorporating themselves into the resistosome formation (Figure 4A) (Shepherd et al., 2023). It is unclear what biochemical basis underscores this activation mechanism. Both helper and sensor in this instance are CNLs. One notable characterization of CNL-mediated HR is ZAR1. Structural studies show that ZAR1 can form complexes with itself via homo-oligomerization to recognize effectors and co-ordinate immune signaling (Wang et al., 2019a). Crystallography structures show ZAR1 to self-associate to create a funnel-shaped pentameric resistosome to puncture a plasma membrane pore for Ca2+ signaling (Bi et al., 2021). The hydrophobic residues within the MADA motif in ZAR1 has been attributed to drive the pore formation whilst a negatively charged E11 residue within the motif could be driving the Ca2+ signaling (Jacob et al., 2021). As a result, ZAR1 has been metaphorically dubbed as the “death switch”. This “death switch” is present in a portion of helper CC-NLRs but has degenerated in sensor CC-NLRs (Adachi et al., 2019a). Thus, ZAR1 provides insight into how HR is initiated in response to NLR-mediated recognition of effectors.




Figure 4 | A schematic representation of the different modes of Nucleotide binding-Leucine rich Repeat (NLR) mediated hypersensitive response (HR). (A) Model illustrating the immune signaling relay associated with Coiled-coil nucleotide binding-leucine rich repeat (CNL) mediated activation of HR. A sensor CNL will recognize an effector and subsequently become activated. This activated sensor CNL will activate a corresponding helper CNL via a “kiss and run” mechanism which will trigger the helper CNL to self-associate and form a wheel like resistosome complex and a subsequent funnel shaped structure to pierce the plasma membrane and cause immunogenic cell death. (B) Model illustrating the immune signaling relay associated with Toll/Interleukin-1-like receptor nucleotide binding-leucine rich repeat (TNL) mediated activation of HR. All TNLs transduce effector recognition into an immune response using the Resistance to powdery Mildew RNL network, N Requirement gene 1 and Activated Disease Resistance 1 family (NRG1/ADR1). A sensor TNL becomes activated after recognizing an effector to form a TNL resistosome. The TNL resistosome uses its NADase activity to hydrolyze NAD+ to create NAD+ derived molecules. These molecules incorporate into a family of lipase-like proteins comprising of Enhanced Disease Susceptibility 1 (EDS1) and Phytoalexin-Deficient 4 (PAD4) to form heteromeric dimers. The heteromeric dimer complexes trigger the activation of the helper ADR1 which will trigger the formation of an ADR1 resistosome. This ADR1 resistosome will form a funnel shaped structure to pierce the plasma membrane and create a Ca2+ influx to illicit a HR. (C) In a second type of TIR mediated HR signaling, TIR domain containing proteins catalyze the formation of variant cyclic-ADP-ribose (vADPR) molecules which integrate into EDS1: Senescence Associated Gene 101 (SAG101) dimers to trigger the activation of NRG1 resistosome and subsequent funnel shaped structure which causes the formation of a Ca2+ channel to induce immunogenic cell death. (D) In a third mode of action, TIR proteins can catalyze DNA/RNA to form molecules which get integrated into the EDS1:SAG101 signaling relay to subsequently cause NRG1 resistosome formation and eventual immunogenic cell death.



There is evidence to suggest that the NRG1/ADR1 (Arabidopsis) network likely forms a resistosome structure mimicking that of ZAR1 to co-ordinate immune signaling. All TIR-NLRs transduce effector recognition into an immune response using the NRG1/ADR1 network, both of which are RNLs. This pathway shows remnants that are very similar to those found in animals and prokaryotes. There are two ways in which TIR-NLRs enzymatically initiate a HR upon effector recognition. In the first mode of action, a sensor TNL is activated via effector interaction to form a TNL resistosome (Figure 4B). This is distinct from the CNL-mediated HR where the formation of high order resistosomes is mediated by the helper CNLs as opposed to the sensor CNLs (Shepherd et al., 2023). After the TNL resistosome is formed, the TNLs hydrolyze NAD+ to create v-cADPR products which incorporate into a family of lipase-like proteins comprising of Enhanced Disease Susceptibility 1 (EDS1), Phytoalexin-Deficient 4 (PAD4) and Senescence Associated Gene 101 (SAG101) (Essuman et al., 2022; Lapin et al., 2022) (Figure 4B). These proteins can self-associate or form dimers with one another to co-ordinate Ca2+ signaling and elicit NRG1/ADR1 mediated HR (Wagner et al., 2013; Sun et al., 2021). There is an important distinction that happens during this signaling pathway, whereby EDS1:PAD4 dimers become the signaling components in the scenario where the v-cADPR products are derived from activity of TIR domains within NLRs. These EDS1:PAD4 dimers activate ADR1 resistosome formation and subsequent cell death (Figure 4B) (Maruta et al., 2023).

Alternatively, TIR proteins, which possess TIR domains but are not classified as TNLs, can also form other types of v-cADPR products of which these get incorporated into the EDS1:SAG101 signaling components to drive NRG1 resistosome formation and subsequent immunogenic cell death (Figure 4C). In a third and distinct mode of action, the TIR domains within TIR proteins can drive the hydrolysis of RNA/DNA for the induction of cell death, however it remains to be discerned which NLR network pathways mediate this, with the outcome resulting in the activation of the EDS1:SAG101 complex and subsequent NRG1 mediated cell death (Figure 4D) (Essuman et al., 2022; Lapin et al., 2022; Yu et al., 2022).

An auto-active mutant called NRG1.1 can localize to the plasma membrane for pore formation via self-associated complex whereas the wildtype version of NRG1.1 cannot undertake this (Jacob et al., 2021). ADR1s can also self-associate via the N-terminal regions to interact at the plasma membrane in a phospholipid dependent manner (Saile et al., 2021). NRG1/ADR1 do not show sequence similarity to the N-terminal MADA motif region in ZAR1, however they possess the same set of negatively charged amino acid residues (Jacob et al., 2021). These residues act as the drivers of pore formation and subsequent cell death in both NLR systems. Thus, like ZAR1, NRG1/ADR1 uses Ca2+ signaling to initiate the HR.

The overexpression of both RPS4 and RGA4 helper NLRs on their own trigger cell death, however overexpressing their corresponding sensor NLRs, RPS4 and RGA5 on their own did not (Cesari et al., 2014; Sarris et al., 2016). This is suggestive that the helper NLR possesses auto-activity which is repressed by the co-expression of the sensor NLR upon effector recognition. The question then arises, how does this repression of cell death contribute to a successful HR upon pathogen recognition? An interesting observation arises in the avocado-Phytophthora cinnamomi system where a RGA4-like protein was found in avocado, however a homologue pertaining to RGA5 was absent (Fick et al., 2022a). It remains to be discerned whether overexpression of the RGA4 protein homologue in this system triggers cell death in planta and potentially responds to P. cinnamomi Avr proteins (Fick et al., 2022a). In contrast, Pik1/Pik2 operate co-operatively to trigger cell death with neither of them displaying auto-activity upon separate overexpression. This illustrates that although all three pairs fall under the helper-sensor model, the mechanisms by which they trigger cell death are distinct.

Although cell death mediated by NLRs is an obvious indication of plant immunity activation, disease resistance without cell death is also noteworthy. The HR is a phenotypic manifestation of a successful defense response, however owing the dynamic nature of ETI, it is likely that not all successful immune interactions manifest as such.





4 Engineering next level resilience

The rational design of synthetic NLRs first necessitates the discovery of candidate NLRs which show broad spectrum resistance against multiple pathogens. A tomato NLR, Mi-1.2 facilitates resistance to a nematode and arthropod simultaneously (Nombela et al., 2003; Atamian et al., 2012). Similarly, the tomato receptor Cf-2 demonstrates resistance against the fungal pathogen Cladosporium fulvum and the root-knot nematode Globodera rostochiensis (Lozano-Torres et al., 2012). Using such NLR candidates as a framework, domain swapping, structure guided, random or targeted mutagenesis experiments can be conducted to create mutant NLRs which can confer resistance to phylogenetically divergent pathogens within a plant host. Supplementary Table 1 provides an extensive summary of all studies to date which have managed to engineer a mutant NLR with new effector recognition specificity. Some of these examples will be used to discuss common principles associated with NLR engineering.

Most NLR engineering experiments revolve around plant hosts such as potato, tomato, and rice. Two studies used an array of mutations in the potato NLR Rx to identify mutations which mitigated the necrosis associated with poplar mosaic virus (PopMV) and demonstrated increased resistance to two potato virus X strains (CPTK and CPKR) (Farnham and Baulcombe, 2006; Harris et al., 2013). Owing to the infancy of the study, authors tentatively warned that the trade-offs associated with these mutations may not confer the same advantages in a natural agricultural setting. Also in the potato host, another study tested eight single residue mutations within a potato NLR, R3a, which was shown to confer recognition of a Phytophthora infestans effector, Avr3a while a N336Y mutation conferred R3a with the novel ability to detect an effector called PcAvr3a from Phytophthora capsici (Segretin et al., 2014). These mutations from R3a were subsequently transferred to the tomato ortholog, I2 to mutate the N- terminal domain to create I2I141N (Giannakopoulou et al., 2015). This I2 NLR has been characterized to confer resistance in tomato against Fusarium oxysporum f. sp. lycopersici (van der Does et al., 2019). Thus, the wildtype I2 demonstrates a weak response to Avr3a, whilst the mutated version I2I141N, showed a stronger response against two Avr3a splice variants. These results together demonstrated that I2I141N exhibited partial resistance against P. infestans and an expanded recognition spectrum to F. oxysporum f. sp. lycopersici effectors (Giannakopoulou et al., 2015).

Other studies have engaged in rational NLR design using guard, decoy or integrated decoy NLR systems. Some modifications include the editing of IDs or the swapping out of IDs between NLRs or swapping cleavage sites within plant proteins to modify the activation of guard or decoy systems in response to wider pathogen stimuli. A proof-of-concept study in the Pik-1/Pik-2 system in the rice-M. oryzae pathosystem, showed how polymorphism amongst NLRs facilitated the recognition of different effector alleles (De la Concepcion et al., 2019). In this system, Pikm alleles have been demonstrated to have the ability to recognize any of the Avr-Pik effector variants, owing to the presence of the HMA domain (De la Concepcion et al., 2018). In contrast, the Pikp allele can only recognize one of these variants, assumably due to the lack of the HMA domain which acts as the site of polymorphism. However, Cesari et al. (2022) were able to engineer new effector recognition spectra by molecularly engineering an ID into an NLR to extend its spectrum of recognition to other effectors and not just different alleles of the same effector. This study exploited two rice NLRs, Pikp-1 and RGA5 which both possess an HMA ID to recognize effectors. Pikp-1 recognizes the M. oryzae effector Avr-PikD whilst RGA5 recognizes the effectors Avr-Pia and Avr1-CO39. Effector binding residues from the HMA domain in Pikp-1 were introduced into the HMA domain in RGA5 to create two mutants, RGA5_HMAm1 and RGA5_HMAm2. These effector binding residues were determined from prior structural studies of HMA-effector interactions (De la Concepcion et al., 2018; Guo et al., 2018). Co-expression studies in N. benthamiana illustrated that RGA5 variants carrying this engineered domain recognize a new effector, Avr-PikD in addition to their original effectors.

The RPS5/PBS1 system in Arabidopsis operates using a guard model where the RPS5 NLR is activated upon P. syringae AvrPphB effector mediated cleavage of the plant protease PBS1 (Kim et al., 2016). Studies have been directed towards modifying this PBS1 cleavage site to enable cleavage by different pathogen effectors to allow the RPS5/PBS1 system to be activated upon wider pathogen stimuli (Kim et al., 2016; Helm et al., 2019; Pottinger et al., 2020). The replacement of seven amino acids within a cleavage site in PBS1 allowed activation of RPS5 in response to turnip mosaic virus (TuMV) infection (Pottinger et al., 2020). The same authors also modified a soybean ortholog of PBS1 via domain swapping to enable cleavage by a nuclear inclusion protein a (NIa) protease from soybean mosaic virus (SMV) which activated RPS5. Another study in the soybean host involved integrating a cleavage site for NIa protease from SMV into soybean PBS1 paralogues which activated an unknown soybean NLR assumed to be paralogous to RPS5 (Helm et al., 2019). Using the same principle, a tobacco etch virus (TEV) NIa protease cleavage site was engineered into PBS1 which allowed immune activation in response to TEV (Kim et al., 2016). Pottinger and Innes (2020) provide an in-depth understanding of how the RPS5/PBS1 interaction can be manipulated for translational applications.

Several studies have sought to conduct natural variation analysis to identify NLR variants possessing mutations which confer higher fitness to the host via effector recognition (Zhu et al., 2017; De la Concepcion et al., 2018). One study demonstrated that four polymorphic sites within the LRR domain of tomato NLR Sw-5b can confer broad spectrum resistance against a suite of American origin tospoviruses via recognition of a conserved 21 amino acid domain within a viral movement protein (NSm) (Zhu et al., 2017). Asian and European origin strains of the tospovirus however did not elicit an HR-type cell death, suggesting that these strains likely adopt a novel mechanism to surpass Sw-5b mediated defense.

Mutations within NLR alleles dictate protein conformations which favor activation. A study conducted in flax NLRs demonstrated the structural basis of two receptors, L6 and a weaker counterpart, L7 (Bernoux et al., 2016). Using site directed mutagenesis regions within the TIR and NB domains were found to contain polymorphic residues responsible for the weaker activity of L7 in contrast to L6 in both effector independent and dependent scenarios (Bernoux et al., 2016). This consensus aided in the conception of an “equilibrium-based switch model” where NLRs engage in a dynamic cycle between an inactive (ADP bound) state to active (ATP bound) state in the absence of an effector, rather than a consistent inactive state. This allows the NLR to be in a state that is poised to switch to the activation state upon pathogen entry. Thus, the rational design of NLRs can also be motivated by mutations governing signaling cascades and NLR confirmations which favor quick activation.

NLRs are activated via the release of the auto-inhibition state. Therefore, by inducing mutations that promote this release, NLRs with expanded recognition spectra can be engineered (Marchal et al., 2022b). In the case of the NLR, Rx from potato, the mutagenesis of the LRR domain formed a “trigger happy” NLR which was activated in response to a wider array of pathogen signals (Farnham and Baulcombe, 2006; Harris et al., 2013). Two of these Rx mutants showed effective immunity against the notorious resistance breaking strains of potato virus X (PVX) and PopMV (Farnham & Baulcombe, 2006; Harris et al., 2013). Similarly, the tomato NLR Sw-5b was engineered to show increased resistance towards tomato spotted wilt virus (TSWV) (Huang et al., 2021a). Here, the authors, built on previous work (Zhu et al., 2017) to introduce two mutations within Sw-5b, one within the LRR and another at the N-terminal region. The coupling of these two mutations conferred the Sw-5b mutant with increased resistance against resistance breaking isolates of TSWV (Zhu et al., 2017; Huang et al., 2021a).

Other avenues of research have looked to conduct cross kingdom studies of TIR domain functions to improve TNLs’ functions against plant pathogens. Under normal conditions, an insect-transmitted phytoplasma effector known as SAP05 targets a family of GATA zinc finger transcription proteins (Huang et al., 2021b). One study has fused a GATA SAP05-dependent degron domain to the C-terminal region of the TIR-NLR, RRS1, to create a mutant RRS1-R (Wang et al., 2021a). This domain introduction has influenced the RRS1-R NLR to act as a bait to trap the SAP05 effector.

Despite research being directed towards the rational design of NLR receptors, some caveats still exist. Although the engineered rice NLR mutants RGA5_HMAm1 and RGA5_HMAm2 show extended recognition spectra in model plant species, this extended resistance against M. oryzae could not be observed when introduced into rice (Cesari et al., 2022). Both mutants retained their wildtype function of recognizing their original effectors, Avr-Pia, and Avr1-CO39, however they were unable to recognize any other effectors. This is an indication that high binding affinity between the HMA domain and effector alone does not trigger immune responses, suggesting that more molecular interactions beyond the HMA domain are required to stabilize the RGA4/RGA5 complex. This underscores the importance of spatial and steric positioning of effector-NLR complexes which go beyond amino-acid interfaces. It has been illustrated that the TIR-NLRs, ROQ1 and RPP1 rely on multiple effector recognition sites for a successful direct binding interaction (Ma et al., 2020; Martin et al., 2020), hence the same could be hypothesized for RGA5.

Although the past few years have culminated vital proof-of-concept research pertaining to engineered NLR receptors, some challenges remain to be tackled. A few studies have indicated that the induction of mutations or domain swapping can cause auto-immune phenotypes when transiently expressed in heterologous model systems (Białas et al., 2021; Wang et al., 2021a). The creation of new binding affinities is an important first step, however NLR-effector binding interactions are not the sole determinants of a successful response. These engineered NLRs could be functional in a niche-specific controlled system, thereby compromising its broad scale applicability. The creation of adaptive plant immune systems is one avenue that is being explored to implement broad scale applicability.




5 NLR we there yet?

This review has coalesced vital research pertaining to NLR structural biology to contextualize the larger picture of how NLRs operate in immune signaling pathways. This has opened the Pandora’s box of research to exploit these properties to harness NLR defense potential into a universal defense model applicable to broader systems. Research has been directed towards retooling NLR pathways to create an adaptive immune system mimicking that of higher mammals. Two main reasons have been postulated to drive research towards the creation of made-to-order NLRs. Firstly, the presence of NLR genes is not ubiquitous across all food cultivars. Papaya, watermelon, and cucumber are a few crops possessing a low number of NLRs (Lin et al., 2013; Li et al., 2016). This has implications for the high level of disease severity experienced by these crops. Secondly, receptor mutagenesis and domain shuffling have been the primary ways to retool the plant’s immune system (Segretin et al., 2014; Giannakopoulou et al., 2015). This poses limitations as it targets a specific pathogen isolate and as a result can be surpassed with the advent of new virulent pathogen races or strains. These reasons necessitate the need for an approach possessing greater adaptability to a wider range of pathogens. As a result, the replacement of IDs within NLRs with nanobodies has recently gained traction to build an adaptive plant immune system of defined specificity (Kourelis et al., 2023).

The impetus for Kourelis et al. (2023)’s study stemmed from creating a universal ID to generate made-to-order NLR receptors in response to a wide range of pathogen molecules. In animal adaptive immune systems, antibodies are generated in response to an exposed antigen. The study used minimal antigen-binding fragment of single-domain heavy-chain antibodies (VHHs or nanobodies) of camelids owing to their solubility and tendency to fold in correct orientations to maximize biotechnological applications (Hamers-Casterman et al., 1993; Greenberg et al., 1995; Muyldermans, 2013). Thus, the HMA domain in Pik-1 sensors was swapped out for nanobodies which were modified to bind to green fluorescent protein (GFP) or mCherry (Kirchhofer et al., 2010; Fridy et al., 2014). The successful binding interaction between this nanobody engineered Pik-1 sensor and GFP or mCherry demonstrated that this model can potentially be extended to pathogen effectors in place of the reporter tags.

Another study was able to restore NLR activity previously nullified by a pathogen effector by introducing core mutations which would allow it to surpass deactivation by the effector (Contreras et al., 2023). An effector called SPRYSEC15 binds to NRC2 to inhibit its activity, but not NRC4. Contreras et al. (2023) studied and mapped the structural basis of NRC4’s resistance to effector inhibition and introduced corresponding mutations into NRC2, which allowed the NRC2 mutant to resist inhibition by SPRYSEC15. This study was a pioneering effort in embarking on resurrection of pathogen nullified NLRs. Marchal et al. (2022b) provide an in-depth review on the emerging principles governing made-to-order NLR receptors.

It is highly likely that more studies will pave the way to generate plant antibodies using NLRs as a framework or work to integrate the structural basis of NLR-effector recognition to restabilize NLRs nullified by pathogen effectors. Embarking on such NLR engineering studies should be underscored by analyzing promising NLR candidates in stable transgenic lines to better understand their durability and to test the potential of deleterious phenotypes that could arise from overexpressing NLRs. Although the engineering of NLRs provide promise in supplying bespoke, broad-spectrum resistance in plants, the issue of durability and transmissibility needs to be addressed. Such novel immune receptors should be cautiously deployed into crops to ensure that they are not nullified by the adaptive potential of plant pathogens.
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In plants, the regulation of plasma membrane (PM) dynamics through endocytosis plays a crucial role in responding to external environmental cues and defending against pathogens. The Arabidopsis plant elicitor peptides (Peps), originating from precursor proteins called PROPEPs, have been implicated in various aspects of plant immunity. This study delves into the signaling pathway of Peps, particularly Pep1, and its effect on PM protein internalization. Using PIN2 and BRI1 as PM markers, we demonstrated that Pep1 stimulates the endocytosis of these PM-localized proteins through clathrin-mediated endocytosis (CME). CLC2 and CLC3, two light chains of clathrin, are vital for Pep1-induced PIN2-GFP and BRI1-GFP internalization.The internalized PIN2 and BRI1 are subsequently transported to the vacuole via the trans-Golgi network/early endosome (TGN/EE) and prevacuolar compartment (PVC) pathways. Intriguingly, salicylic acid (SA) negatively regulates the effect of Pep1 on PM endocytosis. This study sheds light on a previously unknown signaling pathway by which danger peptides like Pep1 influence PM dynamics, contributing to a deeper understanding of the function of plant elicitor peptide.
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Introduction

Plants, unlike animals, are rooted in place and cannot evade threats posed by pests and diseases. To counteract these external challenges, they have evolved highly conserved innate immune systems. In general, the plant innate immunity is triggered by the recognition of specific molecular components released by bacteria, fungi, or herbivores. Examples of these components include bacterial flagellin, elongation factor (EF)-Tu, fungal chitin, and peptidoglycans (Nürnberger et al., 2004; Zipfel and Felix, 2005; Boller and Felix, 2009; Macho and Zipfel, 2014). These molecules are categorized as MAMPs (microbe-associated molecular patterns), HAMPs (herbivore-associated molecular patterns), or VAMPs (virus-associated molecular patterns) based on their origin (Bartels and Boller, 2015). In addition, plants can release specific molecules known as damage- or danger-associated molecular patterns (DAMPs) in response to pathogen attacks or injuries, which play a regulatory role in plant immunity (Endo et al., 2014; Macho and Zipfel, 2014).

One well-studied DAMP in Arabidopsis is the plant elicitor peptides (Peps), originating from the C-terminal regions of precursor proteins called PROPEPs (Huffaker et al., 2006; Huffaker et al., 2013). Arabidopsis has eight PROPEPs, which generate eight small Pep peptides in response to pathogen invasion and physical injury (Huffaker et al., 2006; Bartels et al., 2013; Huffaker et al., 2013; Bartels and Boller, 2015; Klauser et al., 2015). Peps are recognized by two closely related receptors, PEPR1 and PEPR2, and initiate downstream signaling events, including the elevation of cytosolic Ca2+ levels, the generation of reactive oxygen species, the expression of defense-related genes, the formation of calluses, lignin deposition, and the regulation of root growth (Millet et al., 2010; Bartels et al., 2013; Beck et al., 2014; Ma et al., 2014; Jing et al., 2019; Jing et al., 2020; Jing et al., 2023).

Membrane proteins’ dynamics through endomembrane trafficking are crucial for plant growth and their ability to respond to environmental cues (Kleine-Vehn and Friml, 2008; Chen et al., 2011; Gu et al., 2017). Endomembrane trafficking encompasses several major pathways, including the biosynthetic secretory pathway, endocytic pathway, and vacuolar transport pathway (Aniento et al., 2022). The endoplasmic reticulum (ER)-Golgi-dependent biosynthetic secretory pathway plays a specialized role in providing and sorting plasma membrane and cell wall components (Sinclair et al., 2018). Endocytosis is the process by which cargo from the extracellular space or plasma membrane (PM) materials are internalized and redistributed into different subcellular destinations (Sorkin and von Zastrow, 2009; Aniento et al., 2022). Clathrin-mediated endocytosis (CME) is the primary mode of endocytosis that regulates the dynamics of PM proteins (Dhonukshe et al., 2007; Aniento et al., 2022). Accompanied by endocytosis, the internalized PM cargo is transported to the trans-Golgi network (TGN)/early endosome (TGN/EE) and then recycled back to the plasma membrane indirectly via recycling endosomes or recruited into intraluminal vesicles to finish the vacuolar transport pathway (Kaksonen and Roux, 2018; Mettlen et al., 2018; Aniento et al., 2022).

In our pursuit to unravel the signaling pathway of Peps in plants, our previous work highlighted Pep1’s role in stimulating the internalization of PM-located PIN-FORMED2 (PIN2) protein when externally applied (Jing et al., 2019). In the present investigation, we utilized two PM-localized proteins, PIN2 and BRASSINOSTEROID INSENSITIVE1 (BRI1), fused with GFP as markers of PM proteins to assess the effect of Pep1 on PM internalization. Our findings indicate that the application of exogenous Pep1 induces the endocytosis of PIN2-GFP and BRI1-GFP, a process mediated by the two clathrin light chains, CLC2 and CLC3. The internalized PIN2-GFP and BRI1-GFP accumulate in endosomes and are subsequently transported into the vacuole through the TGN/EE and PVC transport pathways. Interestingly, salicylic acid (SA) was found to negatively regulate the effect of Pep1 on PIN2 and BRI1 internalization. These discoveries unveil a novel signaling pathway through which Pep1 induces the endocytosis of PM-localized proteins.





Results




Pep1 induces endocytosis of plasma membrane-localized proteins

Previous investigations have documented the immunomodulatory effects of Peps and their role in inhibiting root growth in Arabidopsis (Zheng et al., 2018; Jing et al., 2019; Jing et al., 2020; Shen et al., 2020; Jing et al., 2023). Notably, treatment of roots with synthetic Pep1 led to a significant internalization of GFP-labeled PIN2 from the plasma membrane (PM). This observation raised the question of how Peps regulate the dynamics of PM proteins in terms of cellular internalization. To confirm the cellular internalization of PM induced by Pep1, we used the endocytic tracer Fei Mao dye 4-64 (FM4-64), a widely used marker in vesicle trafficking network research (Jelínková et al., 2010), to stain wild-type Columbia-0 (WT) seedlings. The dyed roots were incubated in half-strength MS liquid medium with or without 100 nM Pep1 for varying durations. As shown in Supplementary Figure 1A, the FM 4-64 labeled PM signals gradually diminished as intracellular puncta appeared (Supplementary Figure 1). Notably, the presence of Pep1 led to a significant increase in the density of intracellular puncta compared to the control condition, accompanied by a more pronounced reduction in PM fluorescence and a corresponding increase in intracellular space fluorescence (Supplementary Figure 1). These results suggest that Pep1 triggers PM endocytosis.

To further analyze the dynamics of PM proteins under Pep1 treatment, we explored the dynamics of PIN2-GFP and BRI1-GFP, two widely used PM protein markers in the endocytosis studies of membrane proteins (Dhonukshe et al., 2007). The signals of PIN2-GFP and BRI1-GFP were initially located on the PM of root epidermal cells (Figures 1A, B). However, when exposed to 100 nM Pep1, both PIN2-GFP and BRI1-GFP fluorescent signals appeared inside of the cell, forming intracellular puncta that colocalized with FM4-64 in wild-type roots (Figures 1A, B). The linear Pearson correlation coefficient (rP) for colocalization between PIN2-GFP and FM4-64 puncta exceeded 0.6, while for BRI1-GFP and FM4-64 puncta, it was above 0.7 after 10- and 20- minutes chase of Pep1 treatment. This indicates that both PIN2 and BRI1 undergo endocytosis following Pep1 treatment, in agreement with previous findings (Jing et al., 2019). Consequently, the PM-resident PIN2-GFP and BRI1-GFP gradually diminished, accompanied by an intensification of intracellular fluorescent signals (Figures 1C, D). After a 60-minute chase, PIN2-GFP and BRI1-GFP became concentrated in structures resembling vacuoles (Figures 1A–D), accompanied by decreased PM-localized fluorescent signals (Figures 1A–D). The intracellular fluorescent signals of PIN2-GFP and BRI1-GFP were increased at 20- and 40-minute chase of Pep1 treatment. However, at 60-minute chase, those intracellular fluorescent signals appeared to be decreased (Figures 1A–D).




Figure 1 | Pep1 induced the endocytosis of PIN2 and BRI1. (A, B) Pep1 promotes internalization of PIN2-GFP (A) and BRI1-GFP (B). Six-day-old wild-type roots harboring PIN2-GFP (A) and BRI1-GFP (B) were stained in 2 μM FM4-64 solution for 5 min, rinsed three times, and incubated in half-strength MS liquid medium with or without (Control) 100 nM Pep1 as indicated for 10, 20, 40, and 60 min. The GFP and FM 4-64 fluorescence signals were collected. The 50 cells from 8 roots were analyzed in each of time point treatment, The experiments were repeated three times with similar results. r(P) represents the linear Pearson correlation coefficient indicates the percentage of signal overlap, and an r(P) value of 1.0 represents 100% colocalization. Bars=5 μm. (C, D) Quantitative analysis of plasma membrane and intracellular fluorescence intensity of PIN2-GFP (C) and BRI1-GFP (D) as in (A, B) (n= 60 cells from 8 roots per treatment). Boxs with different letters indicate significant differences as defined by two-way ANOVA with Tukey’s test (p < 0.05). (E, F) Pep1 promotes the BFA-visualized internalization of PM proteins. Six-day-old wild-type roots harboring PIN2-GFP (E) and BRI1-GFP (F) were stained in 2 μM FM4-64 solution for 5 min, rinsed three times, the roots were then treated with 25 μM BFA or 25 μM BFA cotreated with either 100 nM Pep1, 50 μM CHX or 100 nM Pep1 + 50 μM CHX for 60 min. The GFP and FM 4-64 fluorescence signals were collected. Bars=5 μm.



The continuous endocytosis and recycling of proteins between the PM and the endomembrane system enable cells to adapt to extracellular stimuli (Kleine-Vehn and Friml, 2008; Chen et al., 2011; Gu et al., 2017). To investigate whether Pep1 treatment affects protein recycling, we used the fungal inhibitor brefeldin A (BFA), which blocks protein recycling by inhibiting BFA-sensitive ADP-ribosylation factor-guanine exchange factors (ARF-GEFs) (Naramoto et al., 2014). With BFA treatment, the fluorescent signals of PIN2-GFP and BRI1-GFP clearly accumulated in BFA bodies, which colocalized with FM4-64 signals (Figures 1E, F). Compared with the control condition, Pep1 treatment intensified a significant accumulation of PIN2-GFP and BRI1-GFP in BFA bodies (Figures 1E, F; Supplementary Figure 2). To determine whether these aggregated BFA bodies contained proteins from the PM or were newly synthesized, we used the protein synthesis inhibitor cycloheximide (CHX) for verification. CHX treatment partially inhibited the accumulation of PIN2-GFP and BRI1-GFP in BFA bodies induced by BFA (Figures 1E, F; Supplementary Figures 2B, D). However, when CHX was applied in combination with 100 nM Pep1, it failed to inhibit the formation of BFA bodies (Figures 1E, F; Supplementary Figure 2). This suggests that the accumulation of PIN2-GFP and BRI1-GFP in BFA bodies, induced by Pep1, primarily originates from the plasma membrane rather than newly synthesized proteins. In conclusion, these results demonstrate that Pep1 regulates PM dynamics by influencing the endocytosis of PM-localized proteins.





Clathrin mediates Pep1-induced PM internalization

Clathrin-mediated endocytosis (CME) is the predominant pathway responsible for regulating PM dynamics (Dhonukshe et al., 2007; Aniento et al., 2022). To gain a deeper understanding of the mechanism behind PM protein internalization induced by Pep1, we investigated the endocytosis of PIN2-GFP and BRI1-GFP using Tyrphostin A23 (Tyr A23), a well-established inhibitor that is widely used to interfere with the interaction of the tetrapeptide Yxxφ motif with the clathrin medium chain (Banbury et al., 2003; Xing et al., 2022). Before examining endocytosis, we noted structural changes in the root transition zone (TZ) following Pep1 treatment compared with normal growth, where the epidermis and cortex cells in the TZ experienced swelling (Figures 2A, B), consistent with our prior findings (Jing et al., 2019). We co-treated WT roots with a range of Tyr A23 concentrations (from 10 to 50 μM) alongside 100 nM Pep1. Interestingly, Tyr A23 treatment significantly mitigated the Pep1-induced cell swelling, with 50 μM Tyr A23 significantly abolishing the Pep1-induced cell swelling (Figures 2A, B). Furthermore, we analyzed the internalization of PIN2-GFP and BRI1-GFP. Clearly, 50 μM Tyr A23 effectively blocked the Pep1-induced gathering of PIN2-GFP and BRI1-GFP fluorescent signals into BFA bodies (Figures 2C–H), indicating the essential role of CME in regulating Pep1 signaling.




Figure 2 | Tyr A23 interferes with the Pep1-induced internalization of PM proteins PIN2 and BRI1. (A) The cell swelling in the root transition zone. Five-day-old WT seedlings were transferred onto half-strength MS agar medium with various concentrations of Tyr A23 (ranging from 0 to 50 μM) supplemented with or without (control) 100 nM Pep1 for 12 h. The roots were stained with 5 uM propidium iodide (PI) for 15 s and photographed under a confocal laser-scanning microscope. The experiments were repeated three times with similar results. Bars = 100 um. (B) Quantitative analysis of epidermal and cortex cell width in TZ as in (A) (n= 30 cells from 6 roots per treatment). Boxs with different letters indicate significant differences as defined by two-way ANOVA with Tukey’s test (p < 0.05). (C) Evaluation of the BFA-visualized internalization of PIN2-GFP. Bars=5 μm. (D) Quantification of the BFA-visualized internalization of PM proteins in PIN2-GFP as in (C) (n= 50 cells from 8 roots per treatment). (E) Quantification of the PIN2-GFP fluorescence intensity in BFA bodies as in (C) (n= 100 cells from 10 roots per treatment). (F) Evaluation of the BFA-visualized internalization of BRI1-GFP. Bars=5 μm. (G) Quantification of the BFA-visualized internalization of PM proteins in BRI1-GFP as in (F) (n= 50 cells from 8 roots per treatment). (H) Quantification of the BRI1-GFP fluorescence intensity in BFA bodies as in (F) (n= 100 cells from 10 roots per treatment). Six-day-old seedlings were treated with 25 μM BFA or 25 μM BFA cotreated with either 100 nM Pep1, 100 nM Pep1 + 50μM Tyr A23 or 100 nM Pep1 + 50 μM Tyr A23 + 50 μM CHX for 60 min in (C) to (H). In panels (D, E, G, H), boxs with different letters indicate significant differences as defined by one-way ANOVA with Tukey’s test (p < 0.05).



To delve further into the role of CME in controlling the Pep1 induced PM internalization, we examined Pep1 responses in clathrin light chains (CLCs) knockout mutants (clc2, clc3, and clc2 clc3 double mutant) (Wang et al., 2013). Under Pep1 treatment, cell swelling was significantly reduced in clc2 and clc3 mutants compared with the wild-type plant (Figures 3A, B). Simultaneous mutation of CLC2 and CLC3 in the clc2 clc3 double mutant further suppressed the Pep1-induced cell swelling (Figures 3A, B). Moreover, the application of 50 μM Tyr A23 completely blocked the Pep1 effect in the clc2 clc3 double mutant (Supplementary Figure 3), suggesting that other clathrin proteins function redundantly with CLC2 and CLC3 in the regulation of Pep1 signaling. We proceeded to analyze PM internalization in the clc2 clc3 double mutant continuously. The PIN2-GFP-labeled intracellular puncta and BFA bodies were significantly reduced in the clc2 clc3 double mutant compared to those in WT roots under Pep1 treatment (Figures 3C–E; Supplementary Figure 4). The PM-resident PIN2-GFP in clc2 clc3 double mutant was diminished and the intracellular fluorescent signals was increased at 40-minutes chase of Pep1 treatment, whereas the signal was delayed compared with these in WT plant (Figures 3C, D). Additionally, the application of 50 μM Tyr A23 blocked the Pep1 effects on PIN2-GFP internalization (Figure 3E; Supplementary Figure 4).




Figure 3 | Clathrin dependence of Pep1-induced responses. (A) The cell swelling in the root transition zone. Five-day-old WT, clc2, clc3 and clc2 clc3 seedlings were transferred onto half-strength MS agar medium supplemented with or without (control) 100 nM Pep1 for 12 h. The roots were stained with 5 uM propidium iodide (PI) for 15 s and photographed under a confocal laser-scanning microscope. The experiments were repeated three times with similar results. Bars = 100 um. (B) Quantitative analysis of epidermal and cortex cell width in TZ as in (A) (n= 30 cells from 6 roots per treatment). Boxs with different letters indicate significant differences as defined by two-way ANOVA with Tukey’s test (p < 0.05). (C) The internalization of PIN2-GFP in WT and clc2 clc3 mutant. The roots of 6-day-old plants were stained in 2 μM FM4-64 solution for 5 min, rinsed three times, and incubated in half-strength MS liquid medium with 100 nM Pep1 as indicated for 10, 20, 40, and 60 min. The experiments were repeated three times with similar results. Bars=5 μm. (D) Quantitative analysis of plasma membrane and intracellular fluorescence intensity of PIN2-GFP in WT and clc2 clc3 mutant as in (C) (n= 60 cells from 8 roots per treatment). Boxs with different letters indicate significant differences as defined by two-way ANOVA with Tukey’s test (p < 0.05). (E) Evaluation of the BFA-visualized internalization of PIN2-GFP in WT and clc2 clc3 mutant. Six-day-old seedlings were treated with 25 μM BFA or 25 μM BFA cotreated with either 100 nM Pep1, 100 nM Pep1 + 50 μM Tyr A23, 100 nM Pep1 + 50 μM CHX or 100 nM Pep1 + 50 μM Tyr A23 + 50 μM CHX for 60 min. Bars=5 μm.



In the CME pathway, clathrin invaginates and encases cargo to form clathrin-coated vesicles (CCVs), which subsequently undergo intracellular transport (Mettlen et al., 2018). To investigate whether the PIN2-GFP- and BRI1-GFP-labeled intracellular puncta were invaginated into CCVs, we quantified the colocalization of PIN2-GFP or BRI1-GFP with CLC2-mCherry. As expected, the Pep1-induced PIN2-GFP- and BRI1-GFP-labeled intracellular puncta exhibited high colocalization with CLC2-mCherry in CCVs (Figures 4A, B). The linear Pearson correlation coefficient (rP) for colocalization between PIN2-GFP or BRI1-GFP and CLC2-mCherry puncta exceeded 0.6 after 10- and 20- minutes chase of Pep1 treatment. These observations suggest that the PIN2 and BRI1 are internalized through CME pathway, and CLC2 and CLC3 are crucial for this process.




Figure 4 | Clathrin dependence of Pep1-induced responses. (A, B) The colocalization analyze of PIN2-GFP (A) and BRI1-GFP (B) with CLC2-mCherry under Pep1 treatment. The roots of 6-d-old transgenic plants were stained in 2 μM FM4-64 solution for 5 min, rinsed three times, and incubated in half-strength MS liquid medium with 100 nM Pep1 as indicated for 10, 20, 40, and 60 min. Bars=5 μm. r(P) indicates the percentage of signal overlap, and an r(P) value of 1.0 represents 100% colocalization. Bars=5 μm.







Pep1 promotes PM internalization through TGN/EE and PVC pathways

In plants, the continuous endocytosis of PM cargo results in the accumulation of cargo in endosomes, where they can be either recycled back to the PM or targeted for degradation in the vacuole (Kaksonen and Roux, 2018; Mettlen et al., 2018; Aniento et al., 2022). The trans-Golgi network/early endosome (TGN/EE) acts as the first acceptor compartment for endocytosed proteins and serves as a sorting station for deciding whether proteins should be recycled or degraded (Zhang et al., 2019). However, it has been reported that the endomembrane trafficking of the Pep1-PEPRs complex operates independently of the TGN/EE pathway (Ortiz-Morea et al., 2016). Over an extended period of Pep1 treatment (40 and 60 minutes), PIN2-GFP and BRI1-GFP became concentrated in structures resembling vacuoles, coinciding with reductions in PM-localized and intracellular fluorescent signals. This suggests that PIN2-GFP and BRI1-GFP undergo degradation after Pep1 treatment (Figures 1A–D).

To verify whether PIN2-GFP and BRI1-GFP are transported to vacuoles via the TGN/EE pathway, we examined the colocalization of PIN2-GFP and BRI1-GFP with VHA-a1-mRFP, a TGN/EE marker (Dettmer et al., 2006). Interestingly, the Pep1-induced intracellular puncta of PIN2-GFP and BRI1-GFP highly overlapped with VHA-a1-mRFP (Figures 5A, B), The linear (rP) value for colocalization of PIN2-GFP with VHA-a1-mRFP was 0.53 and 0.73 and BRI1-GFP with VHA-a1-mRFP exceeded 0.6 at 10- and 20- minutes chase of Pep1 treatment, respectively (Figures 5A, B), indicating that the TGN/EE component is crucial for the endomembrane trafficking of PIN2 and BRI1 during Pep1 treatment. Additionally, we observed that the intracellular puncta of PIN2-GFP and BRI1-GFP also colocalized with Rha1-mCherry, a prevacuolar compartment (PVC) marker (Wang et al., 2017) (Figures 6A, B). This suggests that the PVC pathway is required to mediate the Pep1-induced PM internalization. We ruled out the involvement of the Golgi apparatus pathway in the process of Pep1-induced PM internalization because the intracellular puncta of PIN2-GFP did not colocalized with the Golgi apparatus marker SYP32-mCherry (Geldner et al., 2009) (Supplementary Figure 5). Taken together, we have confirmed that the TGN/EE- and PVC-dependent trafficking pathways are involved in mediating the Pep1-induced endocytic degradation of PM proteins. The mechanism is distinct from the endocytosis of the Pep1-PEPRs complex, as reported previously (Ortiz-Morea et al., 2016).




Figure 5 | TGN/EE dependence of Pep1-induced PIN2-GFP and BRI1-GFP internalization. (A, B) The co-localization analysis of PIN2-GFP (A) and BRI1-GFP (B) with VHA-a1-mRFP under Pep1 treatment. The roots of 6-day-old transgenic plants were treated with 100 nM Pep1 as indicated for 10, 20, 40, and 60 min. Bars=5 μm. r(P) indicate the percentage of signal overlap, and an r(P) value of 1.0 represents 100% colocalization.






Figure 6 | PVC dependence of Pep1-induced PIN2-GFP and BRI1-GFP internalization. (A, B) The colocalization analysis of PIN2-GFP (A) and BRI1-GFP (B) with Rha1-mCherry under Pep1 treatment. The roots of 6-day-old transgenic plants were treated with 100 nM Pep1 as indicated for 10, 20, 40, and 60 min. Bars=5 μm. r(P) indicate the percentage of signal overlap, and an r(P) value of 1.0 represents 100% colocalization.







SA inhibits the effects of Peps on PM endocytosis

Salicylic acid (SA) has been reported to interfere with clathrin-mediated endocytic protein trafficking and negatively regulate plant hypersensitive responses during pathogen infections (Du et al., 2013; Radojicic et al., 2018; Zhang and Li, 2019). To investigate whether SA plays a role in regulating the Pep1’s effect in roots, we initially co-treated roots with various concentrations of SA (ranging from 5 to 20 μM) alongside 100 nM Pep1 to assess cell swelling. As depicted in Figures 7A, B, the application of SA dampened the Pep1-induced swelling, with 10 μM SA fully blocking the effects of Pep1 (Figures 7A, B). We proceeded to examine PM endocytosis under SA treatment. The use of 10 μM SA inhibited the BFA-induced internalization of PIN2-GFP and BRI1-GFP (Figures 7C–H), aligning with the established notion that SA interferes with endocytosis (Du et al., 2013). Furthermore, a noticeable change occurred when we co-treated roots with 10 μM SA and 100 nM Pep1 to analyze PM endocytosis. The application of SA suppressed the effect of Pep1 on the PIN2-GFP and BRI1-GFP fluorescence signals accumulation in BFA bodies (Figures 7C–H). In summary, these results indicate that SA negatively regulates the Pep1-induced PM endocytosis.




Figure 7 | SA interferes the Pep1 responses. (A) The cell swelling in root transition zone. Five-day old WT seedings were transferred onto half-strength MS agar medium supplemented with or without (control) 100 nM Pep1 in the presence of SA (ranged from 0 to 50 μM) for 12 h. The roots were stained with 5 uM propidium iodide (PI) for 15 s and photographed. The experiments were repeated three times with similar results. Bars = 100 um. (B) Quantitative analysis of epidermal and cortex cell width in TZ as in (A) (n= 30 cells from 6 roots per treatment). Boxs with different letters indicate significant differences as defined by two-way ANOVA with Tukey’s test (p < 0.05). (C) Evaluation of the BFA-visualized internalization of PIN2-GFP. Bars=5 μm. (D) Quantification of the BFA-visualized internalization of PM proteins in PIN2-GFP as in (C) (n= 50 cells from 8 roots per treatment). (E) Quantification of the PIN2-GFP fluorescence intensity in BFA bodies as in (C). (n= 100 cells from 10 roots per treatment). (F) Evaluation of the BFA-visualized internalization of BRI1-GFP. Bars=5 μm. (G) Quantification of the BFA-visualized internalization of PM proteins in BRI1-GFP as in (F) (n= 50 cells from 8 roots per treatment). (H) Quantification of the BRI1-GFP fluorescence intensity in BFA bodies as in (F) (n= 100 cells from 10 roots per treatment). The 6-day-old seedlings were treated with 25 μM BFA or 25 μM BFA cotreated with either 100 nM Pep1, 10 μM SA or 100 nM Pep1 + 10 μM SA for 60 min in (C) to (H). In (D, E, G, H), Boxs with different letters indicate significant differences as defined by one-way ANOVA with Tukey’s test (p < 0.05).








Discussion

Plants defend themselves against pathogen attacks through highly conserved innate immune systems. The two well-known patterns, MAMPs and DAMPs, are recognized by related PRRs, activating plant PTI responses (Bartels and Boller, 2015). In Arabidopsis, the DAMPs, such as Pep1, combine with their receptor PEPRs and undergo endocytosis dependent on the CME pathway (Ortiz-Morea et al., 2016). Our previous study indicated that Pep1 treatment could also induce the endocytosis of PIN2 through an uncertain route (Jing et al., 2019). In this study, we used PM-localized PIN2 and BRI1 as markers to analyze the potential mechanism of Pep1’s effects on PM endocytosis. We demonstrated that Pep1 treatment induces the endocytosis of PIN2 and BRI1 through the CME pathway. The internalized cargo of PIN2 and BRI1 is transported to the vacuole through the TGN/EE and PVC pathways. Intriguingly, SA treatment suppresses the effect of Pep1 on PM endocytosis. These findings unveil a previously unrecognized signaling pathway by which danger peptides regulate PM dynamics.

A growing body of research shows that the dynamics of PM proteins through endocytosis play an essential role in regulating plant immunity in two ways. First, during pathogen infection, surface-localized plant immune receptors undergo endocytosis when interacting with related PAMPs or DAMPs, activating downstream immune responses. Second, certain eukaryotic pathogens, including oomycete and fungal pathogens, deliver their effector proteins into host cells to promote virulence through the endocytic pathway (Robatzek et al., 2006; Leborgne-Castel et al., 2008; Kale and Tyler, 2011; Gu et al., 2017). Arabidopsis Pep1 has been reported to combine with its receptor PEPR1 and undergo endocytosis in a clathrin-dependent manner (Ortiz-Morea et al., 2016). The internalized Pep1-PEPR1 cargo is subsequently transported to the vacuole and undergoes degradation (Ortiz-Morea et al., 2016). The internalization of Pep1-PEPR is likely a mechanism used to desensitize cells after Pep1 stimulation, similar to the mechanisms that involve BR-BRI1 and flg22-FLS2 endocytosis (Irani et al., 2012; Smith et al., 2014; Mbengue et al., 2016). In this study, we discovered that Pep1 treatment could also induce the endocytosis of other PM proteins, such as PIN2 and BRI1, in a CME-dependent manner. The two clathrin light chains, CLC2 and CLC3, play a vital role in regulating the effect of Pep1. The Pep1 induced internalization of FM4-64–labeled PM, as well as PM proteins PIN2 and BRI1 is a rapid process that occurred at 10 min time point, which displayed somewhat earlier compared with the previous results, the internalization of FM4-64–labeled PM and PEPR1-GFP induced by Pep1 occured at 20 min time point (Ortiz-Morea et al., 2016). We speculate that the cell status in root or the purity of Pep1 may have led to different outcomes. Even-though, the two results indicate that the Pep1-induced endocytosis of PEPRs, PIN2, and BRI1 is a rapid process that likely strongly triggers cell immune responses to defend against external pathogenic threats. However, it is currently unclear whether these small peptides induce the endocytosis of PM proteins is a general or specific process, which requires more in-depth research.

The internalized receptors and transporter cargo are gathered into TGN/EEs and further transported into the vacuole. In this study, we found the TGN/EE-localized vacuolar H+-ATPase is required to control the PIN2 and BRI1 internalization, which is different from the Pep1-PEPR trafficking pathway, where complexes are internalized directly into MVBs, bypassing the TGN/EE or are transported to the MVBs via a V-ATPase–negative subpopulation of the TGN (Ortiz-Morea et al., 2016). The reasons for these differences in trafficking routes are not clear at present, indicating a variety of responses induced by Pep1 to regulate cellular immunity, which warrants further in-depth research.

SA has long been known to play essential roles in regulating plant immunity. Upon pathogen infection, SA is synthesized through the isochorismate pathway and perceived by two groups of receptors, NPR1 and NPR3/NPR4, to regulate plant systemic acquired resistance (SAR), PAMPs-triggered immunity (PTI), and effector-triggered immunity (ETI) (Radojicic et al., 2018; Zhang and Li, 2019). In plants, PAMPs and pathogenic effector-induced immunogenic cell death are broadly termed hypersensitive response (HR), involving the generation of reactive oxygen species (ROS) and the elevation of intracellular Ca2+ levels (Pitsili et al., 2020; Saur et al., 2021). SA has been reported to negatively regulate ETI-induced HR, as a high level of SA or overexpression of NPR1 suppresses effector-induced cell death (Radojicic et al., 2018; Zhang and Li, 2019). We speculate that the negative regulatory effect of SA on Pep1 responses is similar to that of pathogenic effectors because Pep1 treatment also triggers significant immune responses and cell death (Jing et al., 2019). SA treatment suppressed the effect of Pep1 on promoting callose and lignin deposition (Jing et al., 2023), inducing cell swelling and PM protein internalization (Figure 5). The two SA-deficient mutants, SA-deficient 2 (sid2) and enhanced disease susceptibility 5 (eds5), were found to enhance the Pep1 effect (Jing et al., 2023). The negative regulatory effect of SA on Pep1 may have significant implications. Under pathogen infection, plants release Pep1 to activate immune responses, Pep1 disrupts cell membrane integrity by promoting PM protein degradation. The peptide further induces cell swelling, leading to cell death, a key step in HR to restrict pathogen proliferation. Once the plant overcomes the pathogen, continuous Pep1 presence in cells disrupts cell growth. At this stage, the high level of SA in the plant negatively regulates Pep1 signaling, suppresses cell death, and allows the plant to return to normal growth. However, the mechanism by which SA inhibits Pep1 is not clear and requires further study.

In conclusion, this study uncovers a significant role of Pep1 in PM endocytosis. Further investigation into the differences in endocytosis between Pep1-PEPR and other PM proteins will enhance our understanding of plant immunity and how plant elicitor peptides control PM dynamics to regulate plant immunity.





Materials and methods




Plant materials and growth conditions

Arabidopsis (Arabidopsis thaliana) T-DNA insertion lines, namely clc2-1 (SALK_016049), clc3-1 (CS100219), and clc2-1 clc3-1 (Wang et al., 2013), as well as transgenic lines in Columbia-0 background, including PIN2-GFP (Blilou et al., 2005), BRI1-GFP (Geldner et al., 2007), CLC2-mCherry (Li et al., 2011), VHA-a1-mRFP (Dettmer et al., 2006), Rha1-mCherry (Wang et al., 2017), and SYP32-mCherry (Geldner et al., 2009) used in this study were described previously. The PIN2-GFP/clc2 clc3 line was obtained through a cross between PIN2-GFP and clc2 clc3 (Wang et al., 2013). Similarly, the PIN2-GFP/CLC2-mCherry, PIN2-GFP/VHA-a1-mRFP, PIN2-GFP/Rha1-mCherry, and PIN2-GFP/SYP32-mCherry materials were obtained by crossing PIN2-GFP with CLC2-mCherry, VHA-a1-mRFP, Rha1-mCherry, and SYP32-mCherry, respectively. Seedlings were cultivated on half-strength Murashige and Skoog (MS) medium containing 1% sucrose and 0.8% phytogel (Sigma-Aldrich, St. Louis, MO, USA). These growth conditions maintained a light intensity of 90 μmol/m2/s with a photoperiod of 16 hours light and 8 hours dark at 22°C.





Peptide synthesis

The Pep1 peptides employed in this study were synthesized by GL Biochem, featuring the following amino acid sequence from the N-terminus to the C-terminus: ATKVKAKQRGKEKVSSGRPGQHN. The peptide was dissolved in water to form 1 mM stock solution. The stock solution was dissolved with half-strength MS liquid medium to prepare the desired concentration of the working solution.





Cell swelling assay

Five-day-old seedlings were transplanted onto half-strength MS agar medium supplemented with various drugs for a 12-hour duration. Subsequently, the roots were stained with 5 μM propidium iodide (PI) for 15 seconds. The roots were mounted with sterile water and imaged using an LSM-710 argon/krypton laser scanning confocal microscope (Zeiss) with a 20 × objective. The excitation wavelengths for propidium iodide signals were set at 543 nm and emission was collected between 580 and 630 nm. Z-stack images were collected with 3 μm steps and the scan speed was 8 s/scan. The width of epidermis and cortex cells in the transition zone of the root was quantified using Image J software.





Plasma membrane internalization assay

To assess plasma membrane internalization, the roots were immersed in a 2 μM FM 4-64 (Sigma-Aldrich, St. Louis, MO, USA) solution (dissolved in half-strength MS liquid medium) for 5 minutes, followed by three rinses. Subsequently, they were incubated in half-strength MS liquid medium with various chemical treatments for 10, 20, 40, and 60 minutes. The roots were mounted with sterile water and the cortex cells in the root meristem zone were captured using an LSM-710 argon/krypton laser scanning confocal microscope (Zeiss) with a 63× objective. For endocytosis signal analysis, the roots were treated with 25 μM BFA (Sigma-Aldrich, St. Louis, MO, USA) or 25 μM BFA co-treated with different chemicals for 60 minutes. The roots were photographed under LSM-710 confocal microscope. The GFP-labeled BFA bodies were quantified per cell. Also the GFP fluorescence signals in BFA bodies were quantified using Image J software. To quantitatively analyze GFP fluorescence intensity, confocal images were captured under strictly identical acquisition parameters, which included laser power, photomultiplier settings, offset, zoom factor, and resolution, across all experimental root samples. FM 4-64 excitation at 514 nm and emission at 600-700 nm. GFP signals were excited at 488 nm wavelength and collected emission between 495 and 550 nm. The cortex cells in root meristem zone were selected as regions of interest (ROI) to assay the PM internalization. Z-stack images were acquired from top to bottom of the cells with 1 μm steps and the scan speed was 8 s/scan. The linear Pearson correlation coefficient (rP) was employed with Image J software to indicate the degree of colocalization. The apical side of PM and the cytoplasmic region in ROI were selected with a brush tool in Image J software to analyze the PM and internal fluorescence signal, respectively.





Statistical analysis

For co-localization analyses, 50 cells from 8 roots were analyzed in each of time point treatment. For cell swelling analyses, 30 cells from 6 roots were analyzed in each of treatment. For fluorescence intensity analyze in BFA bodies, 100 cells from 10 roots were analyzed in each of time point treatment. Each experiment was independently repeated three times. Statistical analysis was conducted using one-way or two-way ANOVA followed by Tukey’s test. Boxs with different letters indicate significant differences (p < 0.05).
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Supplementary Figure 1 | Pep1 induces the internalization of PM proteins. (A) Six-day-old wild-type roots were stained in 2 μM FM4-64 solution for 5 min, rinsed three times, and incubated in half-strength MS liquid medium with or without (Control) 100 nM Pep1 as indicated for 10, 20, 40, and 60 min. The experiments were repeated three times with similar results. Bars=5 μm. (B, C) Quantitative analysis of plasma membrane (B) and intracellular fluorescence intensity (C) as in (A). Data are means ± SD from three independent experiments (n= 50 cells from 8 roots per treatment). Asterisks in (B, C) indicate statistically significant differences compared to control at each of time point treatment (Tukey’s test, *P <0.05).

Supplementary Figure 2 | Pep1 promotes the BFA-visualized internalization of PM proteins. (A) Quantification of the BFA-visualized internalization of PM proteins in PIN2-GFP (n= 50 cells from 8 roots per treatment). (B) Quantification of the PIN2-GFP fluorescence intensity in BFA bodies (n= 100 cells from 10 roots per treatment). (C) Quantification of the BFA-visualized internalization of PM proteins in BRI1-GFP (n= 50 cells from 8 roots per treatment). (D) Quantification of the BRI1-GFP fluorescence intensity in BFA bodies (n= 100 cells from 10 roots per treatment). Six-day-old seedlings were treated with 25 μM BFA or 25 μM BFA cotreated with either 100 nM Pep1, 50 μM CHX or 100 nM Pep1 + 50μM CHX for 60 min. In panels (A–D), Boxs with different letters indicate significant differences as defined by one-way ANOVA with Tukey’s test (p < 0.05).

Supplementary Figure 3 | Clathrin dependence of Pep1-induced cell swelling. (A) The cell swelling in root transition zone. Five-day-old WT and clc2 clc3 seedings were transferred onto half-strength MS agar medium supplement with or without (Control) 100 nM Pep1, 50 μM Tyr A23 or 100 nM Pep1 + 50 μM Tyr A23 for 12 h. The roots were stained with 5 uM propidium iodide (PI) for 15 s and photographed under a confocal laser-scanning microscope. The experiments were repeated three times with similar results. Bars = 100 um. (B, C) Quantitative analysis of epidermal and cortex cell width in TZ as in (A) (n= 30 cells from 6 roots per treatment). Boxs with different letters indicate significant differences as defined by two-way ANOVA with Tukey’s test (p < 0.05).

Supplementary Figure 4 | Clathrin dependence of Pep1-induced PIN2 internalization. (A, B) Quantification of the BFA-visualized internalization of PIN2-GFP (A) and PIN2-GFP fluorescence intensity in BFA bodies (B) in roots of wild type (WT) and clc2 clc3 double mutant (n= 50 cells from 8 roots per treatment). Six-day-old seedlings were treated with 25 μM BFA or 25 μM BFA cotreated with either 100 nM Pep1, 100 nM Pep1 + 50 μM Tyr A23, 100 nM Pep1 + 50 μM CHX or 100 nM Pep1 + 50 μM Tyr A23 + 50 μM CHX for 60 min. Boxs with different letters indicate significant differences as defined by two-way ANOVA with Tukey’s test (p < 0.05).

Supplementary Figure 5 | The trafficking of PIN2 induced by Pep1 independent with Golgi apparatus pathway. The co-localization analysis of PIN2-GFP with SYP32-mCherry under Pep1 treatment. The roots of 6-d-old transgenic plants were treated with 100 nM Pep1 as indicated for 10, 20, and 60 min. Boxs=5 μm. r(P) indicate the percentage of signal overlap, and an r(P) value of 1.0 represents 100% colocalization.
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Botryosphaeria dothidea infects hundreds of woody plants and causes a severe economic loss to apple production. In this study, we characterized BdLM1, a protein from B. dothidea that contains one LysM domain. BdLM1 expression was dramatically induced at 6 h post-inoculation in wounded apple fruit, strongly increased at 7 d post-inoculation (dpi), and peaked at 20 dpi in intact shoots. The knockout mutants of BdLM1 had significantly reduced virulence on intact apple shoots (20%), wounded apple shoots (40%), and wounded apple fruit (40%). BdLM1 suppressed programmed cell death caused by the mouse protein BAX through Agrobacterium-mediated transient expression in Nicotiana benthamiana, reduced H2O2 accumulation and callose deposition, downregulated resistance gene expression, and promoted Phytophthora nicotianae infection in N. benthamiana. Moreover, BdLM1 inhibited the active oxygen burst induced by chitin and flg22, bound chitin, and protected fungal hyphae against degradation by hydrolytic enzymes. Taken together, our results indicate that BdLM1 is an essential LysM effector required for the full virulence of B. dothidea and that it inhibits plant immunity. Moreover, BdLM1 could inhibit chitin-triggered plant immunity through a dual role, i.e., binding chitin and protecting fungal hyphae against chitinase hydrolysis.
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1 Introduction

Botryosphaeria dothidea is a fungal pathogen that infects hundreds of woody plants (Xiao et al., 2013; Marsberg et al., 2017). Apple ring rot caused by B. dothidea, also called white rot, is one of the most important diseases in apple production and has seriously affected the development of the apple industry in China (Guo et al., 2009). This pathogen commonly causes fruit rot, warts, rough skin, and cankers on apple stems (Li et al., 2009; Tang et al., 2012). With the release and availability of genome data (Liu et al., 2016; Marsberg et al., 2017; Wang et al., 2018; Hu et al., 2019; Liang et al., 2021; Rao et al., 2021; Yu et al., 2021) and recently improved gene disruption methods (Dong and Guo, 2020), research on gene function in B. dothidea is accelerating (Dong et al., 2021; Zhang et al., 2021).

During interactions of plants and pathogens, plants have evolved two layers of immune systems. The first layer involves cell-surface-localized pattern recognition receptors (PRRs), which recognize conserved pathogen-associated molecular patterns (PAMPs) to activate pattern-triggered immunity (PTI) (Jones and Dangl, 2006). This layer of the immune system is associated with a broad range of immune responses, including the generation of reactive oxygen species (ROS), the secretion of chitinases, and the induction of defense genes (Miya et al., 2007; Shimizu et al., 2010; Bozsoki et al., 2017). In contrast, pathogens secrete effectors to overcome PTI for successful colonization in hosts by perturbing host defenses (Boller and He, 2009). Plants have evolved a surveillance system to recognize these effectors and activate effector-triggered immunity, including hypersensitive cell death and defense-gene activation (Jones and Dangl, 2006; Wang et al., 2022). Over the past several decades, many typical PAMPs, such as fungal cell wall chitin, bacterial flagellar peptide flg22, and many effectors, including LysM motif-containing proteins, RXLR, and CFEM, have been characterized (Thomma et al., 2011; Wang et al., 2022).

LysM effectors are secreted proteins that do not carry any annotated domains, other than a different number of LysM domains; These domains are carbohydrate binding modules that appear in many prokaryotic and eukaryotic (Garvey et al., 1986; de Jonge and Thomma, 2009; Kombrink et al., 2017). Ecp6 was the first LysM effector characterized to contribute to the virulence of the tomato leaf mold pathogen Cladosporium fulvum (de Jonge et al., 2010). Later, it was found that LysM effectors also contribute to the virulence of many fungal pathogens, including the wheat Zymoseptoria tritici/Mycosphaerella graminicola pathogen (Mg1LysM and Mg3LysM), the rice blast fungus Magnaporthe oryzae (Slp1), the Brassicaceae anthracnose fungus Colletotrichum higginsianum (ChELP1 and 2), the vascular wilt fungal pathogen Verticillium dahliae, and the fruit pathogen Penicillium (Marshall et al., 2011; Mentlak et al., 2012; Lee et al., 2014; Takahara et al., 2016; Kombrink et al., 2017; Levin et al., 2017). According to several reports, LysM effector proteins competed to bind fungal cell wall chitin to prevent the elicitation of chitin-triggered host immunity and/ or protected hyphae from degradation by plant chitinases (Rovenich et al., 2016; Kombrink et al., 2017). For example, ChELp1 and ChELp2 of C. higginsianum and Ecp6 of C. fulvum suppress chitin-triggered defense responses by sequestering chitin fragments (de Jonge et al., 2010; Sánchez-Vallet et al., 2013). Mg1LysM and Mg3LysM of M. graminicola protect fungal hyphae against plant chitinase (Marshall et al., 2011). Mg3LysM of M. graminicola and Vd2LysM of V. dahliae could suppress chitin-triggered defense responses and protect fungal hyphae against hydrolysis by plant chitinase (Marshall et al., 2011). With a similar function, LysM effectors have been identified in mycoparasitism in insects (Cen et al., 2017) and have also been found to contribute to circumventing plant defense responses to facilitate arbuscular mycorrhizal symbiosis (Zeng et al., 2020). Although LysM effectors in many fungi have been widely characterized, little is known about their roles in woody fungal pathogens, including B. dothidea.

Previously, we identified five candidate LysM effectors in B. dothidea (Zhang et al., 2021). Here, we analyzed these proteins in B. dothidea using bioinformatics tools and studied the function of BdLM1 in B. dothidea. We analyzed the expression of BdLM1 during the infection process using qRT-PCR, tested the ability of BdLM1 to suppress programmed cell death and promote pathogen infection in Nicotiana benthamiana by infiltration, and further investigated the role of BdLM1 in vegetative growth and pathogenicity through gene disruption. The results of this study illustrated that BdLM1 plays a dual role in the interaction between B. dothidea and plants.




2 Materials and methods



2.1 Sequence analysis of LysM effectors in Botryosphaeria dothidea

Our previous study showed that there are five putative LysM effectors in B. dothidea (Zhang et al., 2021). Here, the structural domains of five putative LysM effectors were further analyzed using the NCBI Conserved Domain Search Tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (Bethesda, MA, USA). The SP was predicted using the online signalP-5.0 tool (http://www.cbs.dtu.dk/services/SignalP/) (DTU, Copenhagen, Denmark). Some LysM effectors from other fungi in JGI (https://genome.jgi.doe.gov/portal/) and GenBank were compared, and the phylogenetic tree was generated with MEGA 7.0 (Sudhir Kumar, Arizona State University, Knicks, AZ, USA) using the neighbor-joining method. A Poisson model was used for substitution of amino acids and pairwise deletion was used for gaps or missing data treatment. The statistical strengths were assessed by bootstraps with 1000 replicates.




2.2 Functional verification of signal peptides

To confirm the secretion activity of BdLM1, a yeast secretion trap assay was used following the description by Zhang et al. (2021). Specifically, fusion of the predicted SP of BdLM1 to the N-terminal of the secretion-defective invertase gene (suc2) in the vector pSUC2, was transformed into yeast strain YTK12 using a T2001Frozen-EZ Yeast Transformation II Kit (Zymo Research, Irvine, CA, USA). YTK12 was cultured on yeast minimal tryptophan dropout medium (CMD-W medium, 0.67% yeast N base without amino acids, 0.075% tryptophan dropout supplement, 2% sucrose, 0.1% glucose, and 2% agar) and YPRAA medium (1% yeast extract, 2% peptone, 2% raffinose, and 2 µg of antimycin A per liter). The coding sequences of the SP of Avr1b and the first 25 amino acids of Mg87 were used as the positive and negative controls, respectively. The primers for vector construction were listed in Table S1.




2.3 Agrobacterium tumefaciens-mediated infiltration assay in N. benthamiana

To determine whether BdLM1 regulated the plant immune response, an A. tumefaciens-mediated infiltration assay in N. benthamiana was performed using a previously described method (Zhang et al., 2021). Both the ORF (without SP) sequences and the full coding gene of BdLM1 were amplified from the cDNA of B. dothidea isolates ZY7 or HTLW03 and cloned into the plasmid pGR107 with a 3× flag-tag fused at the N-terminus using the ClonExpress II One-Step Cloning Kit (Vazyme, Nanjing, China), according to the manufacturer’s instructions. After verification using PCR with the pGR107-F/R primers (Table S1) and sequencing, the generated construct was then transformed into A. tumefaciens strain GV3101 by electroporation.

The assays of A. tumefaciens-mediated transient gene expression in N. benthamiana were performed using a previously described method (Zhang et al., 2021). Specifically, A. tumefaciens cells carrying BdLM1 were cultivated overnight in a Luria–Bertani medium containing 50 mg/mL kanamycin and rifampicin in a shaker at 28°C and 180 rpm. The A. tumefaciens cells were harvested, washed three times, and then resuspended in infiltration buffer to a final OD600 of 0.5. After being kept at room temperature for 3 h, the A. tumefaciens cells carrying BdLM1 were initially infiltrated via needleless syringes into the leaves of 4–6-week-old N. benthamiana plants. A total of 15 leaves from five tobacco plants, were used. Infiltrations of buffer and A. tumefaciens cells carrying pGR107-GFP were used as the negative controls. After 24 h of initial infiltration, the same infiltration site was challenged with A. tumefaciens cells carrying BAX. The entire assay was repeated at least once. Cell death symptoms on infiltrated leaves were observed and photographed 6 d after initial infiltration. Western blotting was performed as described by Zhang et al. (2021).

To determine the immune response of the plant, infection by P. nicotianae was further tested after BdLM1 infiltration in N. benthamiana using a previously described method (Wang et al., 2019; Yang et al., 2019). In brief, the ORF of BdLM without SP was amplified from the cDNA of B. dothidea isolate HTLW03, cloned into the plasmid pSuper with a GFP-tag or the plasmid pGR107-GFP, and transformed into A. tumefaciens strain GV3101 by electroporation. Totally, 12 N. benthamiana leaves were collected 36 h after agroinfiltration and kept on filter paper with sterile double-distilled H2O in Petri dishes, and the plates were kept in plastic boxes. The infiltrated region was inoculated with a P. nicotianae mycelial plug (0.5 mm in diameter). The lesion was photographed at 60 hpi and the area was measured. Total DNA was extracted from leaf disks (3 cm in diameter) at infection sites 60 hpi with P. nicotianae. The biomass of P. nicotianae in inoculated leaves was determined with quantitative PCR (qPCR) using the N. benthamiana actin gene and the P. nicotianae elongation factor (EF1α) gene as internal controls (Table S1). The H2O2 content in N. benthamiana leaves was tested at 12 hpi with P. nicotianae after being infiltrated with GFP or BdLM1, using a previously described method (Wang et al., 2019; Yang et al., 2019). In addition, callose deposition and the expression of the PR protein were assayed at 48 hpi, as previously described (Dong et al., 2021). NbPR1 and NbNPR1 were determined with qPCR using the elongation factor (EF1α) gene as an internal control (Table S1). The results of qPCR were analyzed using the 2−ΔΔct method (Livak and Schmittgen, 2001). The experiment contained three replicates. The assay was repeated once.




2.4 Confocal microscopic analysis

To study the subcellular localization of BdLM1 in plants, BdLM1 was cloned and inserted into the pCAM35s-GFP plasmid at the Xba I and Sal I sites with the primers listed (Table S1), generating the fusion vector pCAM35s-GFP-BdLM1. The construct pCAM35s-GFP-BdLM1 and the empty vector pCAM35s-GFP were transformed into Agrobacterium strain GV3101 and then infiltrated into the leaf epidermis of N. benthamiana. At 60 hpi, N. benthamiana leaf pieces (0.2 × 0.2 cm in size) were mounted in water on glass slides for observation. The fluorescence was imaged using a Leica TCS SP8 confocal microscopy system (Leica, Wetzlar, Germany). GFP fluorescence was excited using 488- and 552-nm laser lines.




2.5 RNA extraction and qRT-PCR analysis

To detect the expression pattern of BdLM1 in apple during infection by B. dothidea, the mycelium and fruit tissues (2 × 2 cm) were collected from 36 inoculation sites at 0, 6, 12, 24, 36, 48, and 72 hpi. Similarly, the mycelium and bark tissues (0.5 × 0.5 cm) from 18 inoculation sites were collected at 0, 1, 3, 7, 20, and 30 dpi. The total RNA of each sample was extracted using EASY spin plus plant RNA extraction kit (Aidlab Biotech. Beijing, China). The purity and concentration of RNA were checked using a Nanodrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). First-strand cDNA was synthesized using Reverse Transcriptase M-MLV (Takara, Dalian, China) following the manufacturer’s instructions. The B. dothidea actin gene was used as an internal control. PCR was performed in qPCR Tower 2.0 (Analytik, Jena, Germany) using TB Green Premix DimerEraser™ qPCR mix (Takara, Dalian, China), with primers listed in Table S1. Relative expression values were calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001). Means from three replicates were used. The experiments were repeated once with a different set of biological samples.




2.6 Generation of gene deletion and complementary transformants

For gene deletion and complementation, polyethylene glycol (PEG)-mediated homologous recombination was performed as previously described by Dong and Guo (2020). Specifically, we constructed a gene homologous recombination (GHR) plasmid containing a hygromycin resistance gene (hph) with flanking sequences of BdLM1. The 5’ and 3’ flanking fragments of size 1000 bp were amplified from the genomic DNA of B. dothidea HTLW03. The two fragments were ligated to the 5’ and 3’ ends of the 1800 bp hph gene and introduced into the pMD19-T vector using the ClonExpress II One Step Cloning Kit (Vazyme, Nanjing, China). The recombinant plasmid was introduced into B. dothidea HTLW03 protoplasts using PEG. The generated gene deleted transformants were verified with PCR using the primer pairs listed in Table S1 and a Southern blot. The complementary fragment of BdLM1, including approximately 1600 bp promoter, the ORF, and 500 bp terminator, was amplified from the genomic DNA of B. dothidea and inserted into the pMD19-T-NEO plasmid at the Hind III site. The generated transformants were verified by phenotype characteristics.




2.7 Morphological characteristics and pathogenicity assay

Mycelial plugs (5 mm in diameter) of the WT strain HTLW03 and its transformants from the edge of a growing colony were transferred to new PDA plates. Three replicated plates per strain were used and incubated at 26°C in the dark for 48 h. Colony characteristics were examined, and the colony diameter was measured. Furthermore, melanin was observed after incubation for 5 and 10 d.

To induce conidia formation, the aerial mycelia of 3-d-old colonies on PDA medium were scraped off with a scalpel and incubated at 26°C under a near-UV light for 10 d. The mature pycnidia were collected in a 1.5 mL microcentrifuge tube with 0.5 mL of sterile ddH2O and crushed with a pestle. The concentration of the conidia suspension was measured with a hemocytometer. The length and width of 50 conidia per isolate were measured under a compound microscope (Olympus Model BX41TF). In addition, conidial germination was tested on water agar at 26°C in the dark for 4–5 h. The percentage of conidial germination was estimated by examining 100 conidia per replicate, with three replicates for each isolate. Each experiment was repeated once.

The pathogenicity of the WT and its transformants was tested on intact shoots, wounded shoots and fruit of apple (Malus domestica Borkh. ‘Fuji’) as previously described (Dong et al., 2021; Tang et al., 2012; Zhang et al., 2021). Symptoms on intact apple shoots were observed and the severity of the disease was recorded at 30 dpi as described by Dong et al. (2021). The length of the lesion on wounded shoots was measured at 5–7 dpi, and the diameters of the lesion on wounded apple fruit were measured at 2 dpi. Each experiment included three apple fruits or five shoots. The pathogenicity test was repeated once.




2.8 Heterologous protein production in Escherichia coli

Prokaryotic expression of BdLM1 was performed as described by Tian et al. (2021), with some modifications. Specifically, the opening reading frame of BdLM1 amplified with primers listed in Table S1, was ligated into the pET-SUMO vector with a 6 × His-tag, and transformed into E. coli BL21 (DE3) pLysS (ZOMANBIO, Beijing, China). BdLM1 expression was induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside at 26°C for 20 h. After E. coli cells were harvested through centrifugation at 7500 rpm for 10 min, the precipitate was resuspended in 50 mL cell lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 20 mM imidazole), incubated at 4°C for 15 min with stirring, and centrifuged at 12,000 rpm for 25 min. The resulting cleared supernatant was immediately placed on ice for further purification.

For the purification of BdLM1, His60 Ni Superflow resin (Clontech, Mountain View, CA, USA) was used. After being equilibrated with wash buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, and 20 mM imidazole), the protein preparation was loaded onto the column. The target protein was eluted with elution buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, and 500 mM imidazole), and the purity of the elution was tested on a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel, followed by Coomassie brilliant blue staining. Furthermore, the protein of the elution was concentrated to the required concentration.




2.9 Chitin binding assay

The assay was performed as described by Tian et al. (2021), with some modifications. In brief, 500 µL of protein solution containing 30 μg/mL E. coli-produced BdLM1 protein was incubated with 5 mg chitin, chitosan, cellulose, or xylan (Yuanye, Shanghai, China) in a 100 rpm shaker at 4°C for 6 h. The samples were centrifuged at 13,000 g for 5 min. The supernatants were collected and concentrated to a volume of approximately 100 µL. The pellets were washed three times with incubation buffer, and then resuspended in 100 µL demineralized water. Then, 50 µL of the pellet solution or the supernatant were individually incubated with 50 µL of SDS-PAGE protein loading buffer (2×; 200 mM Tris-HCl, pH 6.5, 0.4 M dithiothreitol, 8% sodium dodecyl sulfate, 6 mM bromophenol blue, and 40% glycerol) at 95°C for 10 min. Samples were analyzed with a Western blot using anti-His antibodies. Photos were taken using Azure Biosystems (Azure, Dublin, CA, USA) in a custom setting.




2.10 Reactive oxygen species measurement

ROS production measurements were performed as described by Tian et al. (2021). For each treatment, four N. benthamiana leaf disks (Ø = 0.5 cm) from 2-week-old N. benthamiana plants, were placed into a 96-well microtiter plate, and rinsed with 200 µL fresh demineralized water for 24 h. Replaced water by 50 µL fresh demineralized water, the plate was incubated for 2 h at room temperature. Meanwhile, mixtures of (GlcNAc)6 (Sigma-Aldrich, St. Louis, MO, USA) and the BdLM1 protein were incubated for 2 h. Then (GlcNAc)6 was added to a final concentration of 40 µM in the absence or presence of 50 µM BdLM1 protein in a measuring solution containing 200 µM luminol (Biotopped, Beijing, China) and 20 µg/mL horseradish peroxidase (Biotopped, Beijing, China). Similarly, flg22 was added to a final concentration of 1 µM in the absence or presence of 50 µM BdLM1. Chemiluminescence were measured every 1 min over 40 min in a Tecan Infinite F200 Microplate Reader (Tecan, Männedorf, Switzerland).




2.11 Hyphal protection against chitinase hydrolysis

The assay was performed using a previously described method (Tian et al., 2021). Specifically, Fusarium oxysporum f. sp. lycopersicum conidia were harvested from a 4-d-old culture on CMC medium (15 g of Carboxymethyl cellulose, 1 g of NH4NO3, 1 g of KH2PO4, 0.5 g of MgSO4·7H2O, 1 g of Yeast Extract) filtrated with Miracloth (Merck, KgaA Darmstadt, Germany), and adjusted to a concentration of 106 spores/mL with potato dextrose broth. Conidia suspensions in aliquots of 50 µL were incubated overnight at room temperature. BdLM1 protein was added to a final concentration of 20 µM. After 2 h of incubation, 2 µL of chitinase from Streptomyces griseus (Yuanye, Shanghai, China) was added to the appropriate wells. Sterile water was added as a control. Further incubated for 4 h, hyphal growth was inspected with an Olympus BX41 microscope.




2.12 Statistical analysis

Statistical analysis of the data in this study was performed using Microsoft Office and SPSS (IBM, Armonk, NY, USA). To determine whether the effects of treatment were statistically significant, an analysis of variance was first conducted. When treatment effects were significant, multiple mean comparisons were performed using Duncan’s test with a confidence level of 0.05.





3 Results



3.1 BdLM1 in B. dothidea is a typical LysM protein with secretion activity

Our previous study showed that there were five proteins containing the LysM domain in B. dothidea (Zhang et al., 2021). Here, we first compared the LysM proteins from B. dothidea with those from other plant pathogenic fungi. Phylogenetic analysis showed that the five candidate LysM proteins from B. dothidea (Bdo_02296, Bdo_03965, Bdo_10607, Bdo_10805, and Bdo_05438) were divided into four groups (Figure 1A). Bdo_10805, which contained 189 amino acids and a LysM motif, was designated as BdLM1. It clustered into a group different from those well-known effectors including Ecp6, Slp1, ChELp1, and Vd2LysM (Figure 1A). BdLM1 had a signal peptide (SP) of 19 amino acids in the N-terminal, suggesting that it may be a secreted protein, and the amino acids from 61 to 95 constituted a typical LysM domain (Figures 1A, B). In addition, the amino acid sequences of BdLM1 from isolates ZY7 and HTLW03 were identical (Figure 1B), despite the difference of three nucleotide acids (Figure 1C).




Figure 1 | Bioinformatic analyses of the candidate effector containing the LysM domain and BdLM1 in Botryosphaeria dothidea. (A) Phylogenetic tree of LysM proteins. The amino acid sequences of LysM proteins of fungi were obtained from the NCBI database and used to generate the phylogenetic tree using MEGA 7 with the neighbor-joining method (1000 replicates). The LysM domain was predicted using CDD/SPARCLE (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). (B) Amino acid sequence comparison of BdLM1 in HTLW03 and ZY7 strains using MultAlin (http://multalin.toulouse.inra.fr/multalin/multalin.html). Signal peptide prediction was performed with the SignalP 5.0 Server (http://www.cbs.dtu.dk/services/SignalP/). The green box indicates the putative BdLM1 signal peptide while the pink box indicates the putative LysM domain. (C) Nucleotide acid sequence comparison of BdLM1 in the HTLW03 and ZY7 strains.



As BdLM1 was predicted to have a SP, we tested its secretory activity using the yeast secretion trap assay described by Zhang et al. (2021). The SPs of BdLM1 from either HTLW03 or ZY7 could restore the growth of invertase-deficient yeast on YPRAA medium, similar to the positive control Avr1b (Figure 2). These results suggest that the SPs of BdLM1 can guide the secretion of the truncated invertase and that BdLM1 has secretory activity.




Figure 2 | Yeast invertase secretion assay of the predicted signal peptide of BdLM1. The signal peptide sequences of PsAvr1b and MG87 were used as the positive and negative controls, respectively, to assay the predicted signal peptide of BdLM1. CMD-W (minus Trp) plates were used to select yeast strain YTK12 carrying the pSUC2 vector. YPRAA media were used to indicate invertase secretion.






3.2 High BdLM1 expression during B. dothidea infection of apple

To examine the expression profile of BdLM1 during the infection of B. dothidea, we extracted RNA from apple shoots or fruit at various times post-inoculation and quantified its expression using qRT-PCR. In intact shoots, BdLM1 expression was low at 1 d post-inoculation (dpi), strongly increased at 7 dpi, peaked at 20 dpi, and decreased at 30 dpi (Figure 3A). In wounded apple fruit, BdLM1 expression was highest at 6 h post-inoculation (hpi) and significantly decreased to low levels at 12, 24, and 72 hpi (Figure 3B). These results indicate that BdLM1 plays a crucial role in the infection process of B. dothidea.




Figure 3 | Relative expression levels of BdLM1 in Botryosphaeria dothidea during the infection stages. (A) Expression in intact apple shoots. The shoot tissues inoculated with wild type HTLW03 were harvested at 0, 1, 3, 7, 20, and 30 d post-inoculation (dpi) for RNA extraction. (B) Expression in wounded apple fruit. The fruit tissues inoculated with wild-type HTLW03 were harvested at 0, 6, 12, 24, 36, 48, and 72 h post-inoculation (hpi) for RNA extractions. The relative transcript levels of BdLM1 at different time points after inoculation were normalized by the actin gene and calibrated against that of mycelia. The relative transcript level of BdLM1 was calculated using the 2-ΔΔCT method. The assays were performed with two independent biological repetitions and three replicates each. Error bars represent the standard error. Asterisks indicate statistical significance according to the Student’s t-test (*P < 0.05).






3.3 BdLM1 gene is important for the vegetative growth and virulence of B. dothidea

In order to determine the biological function of BdLM1 in B. dothidea, we generated the BdLM1 knockout transformants by homologous recombination as previously described by Dong and Guo (2020) (Figure 4A). BdLM1 knockout transformants were identified using polymerase chain reaction (PCR). As expected, PCR products of approximately 1.6, 1.9, and 1.6 kb for upstream (with 1F and 1R), downstream (with 2F and 2R), and ORF fragments (with 3-F and 3-R), respectively, were amplified (Figures 4B–D). In Southern blotting using a hygromycin B phosphotransferase (hph) gene probe, the WT showed no hybridization signal, while the two knockout transformants showed a unique hybridization band (Figure 4E). The two BdLM1 knockout transformants, ΔBdLM1-1 and ΔBdLM1-2, were selected for further study. We also generated two complementary BdLM1 transformants (C-1 and C-2).




Figure 4 | Homologous recombination strategy, verification, colony morphology, and conidial characteristics of BdLM1 knockout transformants. (A) Homologous recombination strategy and location of primers used to verify BdLM1 knockout transformants. (B–E) PCR and Southern blot analysis of BdLM1 knockout transformants. (B) Approximately 1.6 kb PCR products upstream using primer F1/R1. (C) Approximately 1.9 kb PCR products downstream using primer pair F2/R2. (D) Using primer pair F3/R3, approximately 0.8 kb PCR product was amplified from wild type isolate HTLW03, and 1.3 kb PCR products were obtained from the knockout transformants. (E) Southern blot of the two knockout transformants and wild type isolate HTLW03. The 500 bp hph gene fragment was used as a probe in Southern blot analysis. (F) The wild type, BdLM1 gene deletion mutants, and two complementary transformants were cultured on potato dextrose agar (PDA) at 25°C in the dark. Photographs were taken at 2 d post-culture, Bars = 10 μm. (G–I) Statistical results of colony diameters, conidia production, and germination rate, respectively. Data were the averages (and standard errors) of the values from two independent experiments. The asterisk indicates the significant difference according to the Student’s t-test (*P <0.05).



Subsequently, we assessed the growth, conidia production, and conidial germination of the wild type (WT), BdLM1 knockout mutants, and complementary transformants. The two BdLM1 knockout mutants exhibited significantly faster growth than the WT and complementary transformants (Figures 4F, G). Additionally, the two knockout mutants produced less melanin in 5-d cultures but a similar quantity in 10-d cultures with the WT and complementary strains (Figure S1), indicating that the loss of BdLM1 delayed melanin production in B. dothidea. However, no significant differences in the formation of pycnidia, the production of conidia, or the germination rates of conidia were observed between the knockout mutants, WT, and complementary strains on potato dextrose agar (PDA) (Figures 4F, H, I).

To examine the effect of BdLM1 on pathogenicity, we inoculated wounded and intact apple shoots and wounded fruits with the WT and its transformants. All tested isolates produced lesions on apple (Figure 5). However, the BdLM1 knockout mutants displayed a significant decrease in disease severity index on intact apple shoots by 20% (Figure 5A), in lesion length on wounded detached apple shoots by 40% (Figure 5B), and in lesion size on wounded apple fruit by 40% (Figure 5C). These results indicate that BdLM1 is required for the full virulence of B. dothidea.




Figure 5 | BdLM1 knockout transformants of Botryosphaeria dothidea show reduced virulence on apple shoots and fruit. (A) Symptoms and disease severity on intact shoots inoculated with the wild type (WT), knockout transformants, and complementary strains measured 30 d after inoculation; Disease severity was recorded on a scale from 0 to 4 based on the number of warts on inoculation sites using the method described by Dong et al. (2021). The disease severity index (DSI) was calculated through the formula: [sum (class frequency × score of rating class)]/[(total number of inoculation site) × (maximal disease index)] × 100. (B) Symptoms and lesion length on wounded shoots measured 5 d after inoculation; (C) Symptoms and lesion length on wounded apple fruit measured 2 d after inoculation. Five shoots and three apple fruit were used for each treatment and the entire experiment was repeated once. Error bars represent standard errors calculated from six replicates. The asterisk indicates the significant difference according to the Student’s t-test (*P <0.05).






3.4 BdLM1 suppresses the immunity of N. benthamiana

To investigate the function of BdLM1 in pathogen–host interactions, we first determined whether BdLM1 could induce programmed cell death (PCD) or suppress BAX-induced programmed cell death (BT-PCD) through Agrobacterium-mediated transient expression in N. benthamiana. Leaves that were challenged with the BAX protein 24 h after infiltration with BdLM1 with or without SP from isolate ZY7 or HTLW03 did not exhibit symptoms of PCD, while leaves infiltrated with GFP or buffer showed PCD (Figures 6A–D). Western blot analysis confirmed the expression of GFP, BAX, and BdLM1 in N. benthamiana leaves after infiltration (Figure 6E).




Figure 6 | BdLM1 suppresses cell death triggered by BAX in Nicotiana benthamiana. (A) Suppression of BAX-triggered programmed cell death (BT-PCD) in N. benthamiana after infiltration with BdLM1 from ZY7 strain without signal peptide (SP). (B) Suppression of BT-PCD in N. benthamiana after infiltration with BdLM1 from ZY7 strain with SP. (C) Suppression of BT-PCD in N. benthamiana after infiltration with BdLM1 from HTLW03 strain without SP. (D) Suppression of BT-PCD in N. benthamiana after infiltration with BdLM1 from HTLW03 strain with SP. The representative photo was acquired 5 d after the last infiltration. (E) Western blotting was used to confirm the expression of GFP, BAX, and BdLM1 in (A-D), and equal loading is indicated by Ponceau S staining. Flag tag was added to BdLM1 or GFP, and GFP tag was added to BAX in this study.



We further investigated the effects of BdLM1 on the infection of Phytophthora nicotianae in the leaves of N. benthamiana. Leaves transiently expressing BdLM1 showed significantly bigger lesions (Figures 7A, B) and a significantly higher relative P. nicotianae biomass than leaves expressing GFP (Figure 7C). Moreover, DAB staining showed a significantly lower level of H2O2 accumulation in N. benthamiana tissue inoculated with P. nicotianae after infiltration with BdLM1 than with GFP (Figures 7D, E). Meanwhile, a significant lower quantity of callose deposition was observed in N. benthamiana tissues infiltrated with BdLM1 than in those infiltrated with GFP (Figures 7F, G). In addition, the qRT-PCR assay indicated the downregulated expression of the pathogenesis-related genes NbPR1 and NbNPR1 in N. benthamiana transiently expressing BdLM1 (Figure 7H). These results indicate that BdLM1 inhibits plant immunity and promotes P. nicotianae infection.




Figure 7 | Transient expression of BdLM1 in Nicotiana benthamiana inhibits plant immunity and increases Phytophthora nicotianae infection. (A) Symptoms formed on tobacco leaves inoculated with P. nicotianae mycelial plug 36 h after transient expression of BdLM1. Photographs were taken under ultraviolet lights, lesion area was measured and biomass was assayed at 60 h post-inoculation (hpi). BdLM was ligated into the plasmid pSuper with a GFP-tag. (B) Lesion area. (C) Relative biomass of P. nicotianae. Phytophthora nicotianae biomass in inoculated leaves was determined with quantitative PCR (qPCR) using the N. benthamiana actin gene and the P. nicotianae elongation factor (EF1α) gene as internal controls. The data are the averages (and standard errors) of the values from two independent biological replicates. The asterisk indicates the significant difference according to the Student’s t-test (*P <0.05). (D) The reactive oxygen burst 48 h after transient expression of GFP or BdLM1. Bars = 200 µm. (E) Quantification of DAB staining using ImageJ software. The data are the averages (and standard errors) of the values from two independent biological replicates. The asterisk indicates significant differences according to the Student’s t-test (*P <.05). (F) Callose accumulation 48 h after transient expression of GFP or BdLM1. (G) Statistical results of callose formation in N. benthamiana leaves. The data are the averages (and standard errors) of the values from two independent biological replicates. The asterisk indicates significant difference according to the Student’s t-test (*P <0.05). Bars = 200 µm. (H) Expression levels of pathogenesis-related (PR) genes in N. benthamiana 48 h after transient expression of BdLM1. The data are the averages (and standard errors) of the values from two independent biological replicates. The asterisk indicates the significant difference according to the Student’s t-test (*P <0.05).



Furthermore, we investigated the localization of BdLM1 by fusing the synthetic green fluorescent protein (sGFP) to the C-terminus of BdLM1. We infiltrated Agrobacterium tumefaciens cells carrying BdLM-sGFP into N. benthamiana leaves and observed them under a laser confocal microscope. BdLM1 from ZY7 or HTLW03, with or without SP, localized to the nucleus and cytoplasmic membrane of N. benthamiana (Figure S2). These results indicate that BdLM1 probably localizes to nucleus and cytoplasmic membrane of N. benthamiana.




3.5 BdLM1 binds chitin, suppresses reactive oxygen species (ROS) production, and protects hyphae against chitinase hydrolysis

Previous studies have shown that effectors containing the LysM motif in fungal plant pathogens bind chitin to inhibit plant immunity (de Jonge et al., 2010; Takahara et al., 2016). To investigate how BdLM1 contributes to B. dothidea virulence during colonization, we first evaluated its substrate-binding characteristics using a polysaccharide precipitation assay following the methods described by Kombrink et al. (2017). The heterologously expressed BdLM1 protein in Escherichia coli bound chitin beads and slightly bound chitosan but not the plant cell wall polymers cellulose or xylan (Figure 8A).




Figure 8 | BdLM1 binds chitin, suppresses chitin- and flg22-induced immune responses, and protects the hyphal growth of Fusarium oxysporum against chitinase hydrolysis. (A) BdLM1 binds chitin and chitosan. Escherichia coli-produced BdLM1 was first incubated with chitin, chitosan, cellulose, and xylan for 6 (h) After centrifugation, pellets and supernatants were analyzed using polyacrylamide gel electrophoresis followed by Western blot. (B) BdLM1 inhibited the reactive oxygen species (ROS) burst induced by chitin in N. benthamiana. ROS production in Leaf disks of N. benthamiana after the addition of 40 µM chitin with or without pre-incubation with 50 µM BdLM1 for 2 (h) The Figure is representative of two independent experiments with similar results. Error bars represent standard errors from four replicates. (C) BdLM1 inhibited ROS burst induced by flg22 in N. benthamiana. Production of ROS in leaf discs of N. benthamiana after the addition of 1 µM flg22 with or without pre-incubation with 50 µM BdLM1 for two hours. The Figure is representative of two independent experiments with similar results. Error bars represent standard errors from four biological replicates. (D) BdLM1 protects the hyphal growth of Fusarium oxysporum f.sp. lycopersicum against chitinase hydrolysis. Micrographs of F. oxysporum f.sp. lycopersicum grown in vitro with or without 2 h preincubation with B. dothidea BdLM1, followed by the addition of chitinase or water. Microscopic pictures were taken approximately 4 h after chitinase addition. Bars = 50 μm.



Previously, LysM effectors from various fungal plant pathogens have been shown to suppress the chitin-induced ROS production of N. benthamiana leaf disks and have the ability to perturb chitin-induced host immune responses (de Jonge et al., 2010; Tian et al., 2021). To determine whether BdLM1 has this ability, the occurrence of ROS burst induced by chitin or flg22 was assessed in N. benthamiana leaf disks. This was done by treating the leaf disks with 40 μM chitin or 1 μM flg22, with or without the effector protein BdLM1, as previously demonstrated (de Jonge et al., 2010). Remarkably, pre-incubation of 40 μM chitin or 1 μM flg22 with 50 μM BdLM1 prior to the addition to leaf disks led to a significant reduction of the ROS burst (Figures 8B, C), demonstrating its ability to suppress plant immune responses induced by chitin and flg22.

Some LysM proteins have been shown to protect fungal hyphae against chitinase hydrolysis (Marshall et al., 2011; Tian et al., 2021). To evaluate the possible role of BdLM1 in hyphal protection, its ability to protect the hyphae of Fusarium oxysporum f. sp. lycopersicum was tested. As expected, while the addition of chitinase dramatically hydrolyzed F. oxysporum hyphae, BdLM1 protected the hyphae from hydrolysis by chitinases from Streptomyces griseus (Figure 8D).





4 Discussion

Although LysM effectors have been extensively characterized in fungal pathogens causing herbaceous plant diseases (Buist et al., 2008; Kombrink et al., 2011), they have rarely been reported in the woody plant fungal pathogen B. dothidea, which is well known to cause significant economic losses in agriculture (Guo et al., 2009; Marsberg et al., 2017). Based on bioinformatics analysis, we identified five candidate LysM effectors in B. dothidea, four of which are closely related to known LysM effectors, such as Mg3LysM, Slp1, and LtLysm. Interestingly, BdLM1, different from those previously studied LysM effectors, is phylogenetically clustered in one group with LysM effectors from Macrophomina phaseolina, Neofusicoccum parvum, and Lasiodiplodia theobromae, among others. The functions of the LysM protein in this group have not yet been documented. This study focused on characterizing the LysM protein BdLM1 from B. dothidea through gene knockout and infiltration expression. Our results revealed that BdLM1 knockout mutants showed a significant decrease in virulence in apple. Additionally, BdLM1 suppressed BT-PCD, reduced H2O2 accumulation and callose deposition, promoted the infection of P. nicotianae, and significantly downregulated the plant pathogenesis-related gene PR1 in N. benthamiana. Furthermore, BdLM1 bound chitin, suppressed plant immunity induced by chitin and flg22 and protected fungal hyphae against chitinase hydrolysis. Our results suggest that the LysM effector BdLM1 plays a crucial role in the full virulence of B. dothidea and in suppressing plant immunity.

Previously characterized LysM effectors is typically induced during the early stages when pathogens need to evade recognition by the host for successful tissue colonization (Fradin and Thomma, 2006). Similarly, BdLM1 expression peaked at about 6 hpi on wounded apple fruit during early infection. In contrast, its expression is reduced at 1 dpi when the B. dothidea infection site is generated (Dong et al., 2021) and peaks around 20 dpi on intact shoots during mid to late infection while the infecting hypha penetrates the phellem in the second layer and expands in the phelloderm (Dong et al., 2021). The latter expression pattern is similar to that of the soil-borne vascular plant pathogen V. dahliae, with the expression of Vd2LysM peaking at about 1 week after inoculation, during xylem colonization, before wilting and the appearance of necrosis (Kombrink et al., 2017). Thus, BdLM1 has variable expression patterns in different apple tissues, including fruit and shoots.

Several LysM proteins have been identified in a single fungal species, such as M. graminicola, V. dahliae, and Penicillium expansum (Marshall et al., 2011; Kombrink et al., 2017; Levin et al., 2017). In the three LysM effectors of M. graminicola, only Mg3LysM knockout strains were dramatically changed, including loss of pathogenicity in leaf and asexual sporulation (Marshall et al., 2011). Only lineage-specific Vd2LysM of strain VdLs17 in four LysM effectors from V. dahliae was required for full virulence in tomatoes (Kombrink et al., 2017). Additionally, four putative PeLysM effectors do not contribute to the virulence of P. expansum and PeLysM3 has a potential role in growth processes. Similarly, TAL6 in T. atroviride has been illustrated to be involved in self-signaling processes during fungal growth (Levin et al., 2017). Thus, only some of the LysM effectors from one fungus contribute to virulence. In this study, BdLM1 was required for full virulence of B. dothidea, affected penetration and extension, and was involved in mycelial growth of B. dothidea.

LysM effectors have been shown to affect the chitin-induced plant immune system by either binding chitin or protecting fungal hyphae against chitinase (Marshall et al., 2011; Mentlak et al., 2012; Takahara et al., 2016; Kombrink et al., 2017). Similar to V. dahliae Vd2LysM, R. irregularis RiSLM, M. graminicola Mg1LysM, Mgx1LysM, and Mg3LysM (Marshall et al., 2011; Mentlak et al., 2012; Takahara et al., 2016; Kombrink et al., 2017), BdLM1 can protect hyphae against chitinase hydrolysis (Figure S3), but C. fulvum Ecp6, M. oryzae Slp1, and C. higginsianum ChELP1 and ChELP2 do not possess such activity (de Jonge et al., 2010; Mentlak et al., 2012; Takahara et al., 2016). It has been reported that this ability is not determined by LysMs number in proteins but by chitin-induced polymerization, which leads to contiguous LysM effector filaments anchored to chitin in the cell wall of fungi to protect them (Sánchez-Vallet et al., 2020; Tian et al., 2021). Previous studies have shown that the expression of the apple LysM protein MdCERK1-2 is induced by B. dothidea and that MdCERK1-2 and MdCERK1 can bind chitin, suggesting that MdCERK1-2 and MdCERK1 may play a role in apple immune defense responses as a PRR (Zhou et al., 2018; Chen et al., 2020). Thus, we suppose that BdLM1 may compete with LysM proteins MdCERK1-2 and MdCERK1 for chitin binding in apple, leading to the suppression of plant immunity (Figure S3). Interestingly, unlike previous findings with Ecp6 (de Jonge et al., 2010), BdLM1 inhibited flg22-induced plant immunity (Figure S3). The core effector necrosis-inducing secreted protein 1 (NIS1) of multiple pathogens could inhibit ROS triggered by both chitin and flg22 through commonly interacting with the PRR-associated kinases BAK1 and BIK1 (Irieda et al., 2018). Meanwhile, BdLM1 also inhibited BT-PCD. Based on these results, it appears that BdLM1 may play a broad role in suppressing plant immunity probably through interaction with BAK1 or BIK1 (Wang et al., 2022; Liu and Tang, 2023).

LysM effectors are characterized by one to several LysM domains, but many have two or three LysM domains (Marshall et al., 2011; Mentlak et al., 2012; Takahara et al., 2016; Levin et al., 2017; Harishchandra et al., 2020). Similar to Mg1LysM and MgxLysM (Marshall et al., 2011), BdLM1 contains a single LysM domain. For the LysM effectors containing only one LysM domain, protein interactions have revealed that two monomers of Mg1LysM or MgxLysM form a chitin-independent homodimer through the β-sheet at the N-terminus of Mg1LysM (Sánchez-Vallet et al., 2020; Tian et al., 2021). Furthermore, Mg1LysM homodimers have been reported to undergo ligand-induced polymerization in the presence of chitin and then develop a polymeric structure that can protect fungal cell walls (Sánchez-Vallet et al., 2020). Collectively, we suspect that the woody fungal pathogen source LysM effector differs from other characterized LysM effectors. Further structural analyses of BdLM1 and the mechanisms of its interaction with other LysM effector proteins in B. dothidea will be conducive.




5 Conclusion

In this study, BdLM1 from the woody plant pathogen fungus B. dothidea was shown to be a LysM effector. BdLM1 showed different expression patterns on wounded apple fruit and intact shoots and was required for the full virulence of B. dothidea. BdLM1 inhibited plant immunity induced by the mouse protein BAX, chitin, and flg22. BdLM1 decreased H2O2 accumulation and callose deposition, and downregulated resistant gene expression in N. benthamiana. Furthermore, BdLM1 bound chitin and protected fungal hyphae against degradation by chitinase. These findings indicate that the LysM effector BdLM1 contributes to the full virulence of B. dothidea, inhibits plant immunity induced by various factors, and has a dual function in inhibiting chitin-triggered plant immunity by binding chitin and protecting fungal hyphae against chitinase hydrolysis.
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HopQ1, a type three effector from Pseudomonas syringae upon phosphorylation coopts plant 14-3-3 proteins to control its stability and subcellular localization. Mass spectrometry of the cytoplasm-restricted effector revealed that HopQ1 already in this subcellular compartment undergoes phosphorylation at serine 51 within the canonical 14-3-3 binding motif and within the second putative 14-3-3 binding site, 24RTPSES29. Our analyses revealed that the stoichiometry of the HopQ1:14-3-3a complex is 1:2 indicating that both binding sites of HopQ1 are involved in the interaction. Notably, 24RTPSES29 comprises a putative nuclear translocation signal (NTS). Although a peptide containing NTS mediates nuclear import of a Cargo protein suggesting its role in the nuclear trafficking of HopQ1, a deletion of 25TPS27 does not change HopQ1 distribution. In contrast, elimination of 14-3-3 binding site, accelerates nuclear trafficking the effector. Collectively, we show that formation of the HopQ1:14-3-3 complex occurs in the host cytoplasm and slows down the effector translocation into the nucleus. These results provide a mechanism that maintains the proper nucleocytoplasmic partitioning of HopQ1, and at the same time is responsible for the relocation of 14-3-3s from the nucleus to cytoplasm in the presence of the effector.
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Introduction

Pseudomonas syringae, like many pathogenic gram-negative bacteria employs type three secretion system to deliver proteinaceous effectors directly into the cytosol of eukaryotic host cells. The effectors are involved in nutrient acquisition or suppression of defense response, and thereby facilitate successful colonization of plant tissues (Büttner, 2012). Various pathovars of P. syringae possess HopQ1 (for Hrp outer protein Q) in their repertoire of effectors. HopQ1 was shown to promote bacterial speck disease of tomato and halo blight of bean (Wei et al., 2007; Ferrante et al., 2009; Li et al., 2013a); but it is also produced by P. syringae strains identified as causal agents of recurring epidemics of chestnut or kiwifruit bleeding cankers (Green et al., 2010; Choi et al., 2017). Interestingly, our studies (Piechocki et al., 2018) revealed existence of putative HopQ1 homologs in other pathogenic bacteria and fungi but surprisingly also in lower plants and algae, including Aureococcus anophagefferens a dominant species responsible for destructive brown tide blooms (Gobler and Sunda, 2012). HopQ1 – like proteins (HLPs) show overall homology to nucleoside hydrolases, but due to alterations in the predicted catalytic center compared to the consensus sequence were classified as a distinct family (Piechocki et al., 2018). HopQ1 was shown to alter purine metabolism and activate cytokinin signaling (Li et al., 2013b; Hann et al., 2014) whereas recent studies revealed that XopQ, a HopQ1 homolog from Xanthomonas euvesicatoria exerts 2’,3’-cAMP/cGMP phosphodiesterase activity, which is possibly employed by bacteria to hydrolyze signaling molecules produced by a TIR domain of TNL subclass of plant resistance receptors (Yu et al., 2022).

Previous studies showed that HopQ1, as well as XopQ, after specific phosphorylation in planta, binds to host 14-3-3 proteins, a highly-conserved family of proteins that function as regulators of their partner proteins (Giska et al., 2013; Li et al., 2013a; Teper et al., 2014). The Interaction with 14-3-3 proteins affects subcellular distribution and stability of HopQ1 and thereby modulates virulence properties of the effector. The major goal of these studies was to further characterize the complex of HopQ1 protein with 14-3-3s in terms of its structure and spatial dynamics.





Materials and methods




Constructs for subcellular localization

To generate GUS-YFP fusion (Cargo) a sequence encoding E. coli K12 β-D-glucuronidase (GUS, gusA, formerly uidA) (Wilson et al., 1995) was PCR-amplified and cloned into the pENTR/D-TOPO vector (see Supplementary Table S1). The resulting entry clone was LR recombined with the pGWB 441 destination vector (Nakagawa et al., 2007; Nakagawa et al., 2009). To make HopQ1-Cargo construct, BamHI and XhoI restriction sites were introduced at 5’of GUS in the pENTR-Cargo plasmid. Next, the wild-type hopQ1 sequence was cloned upstream of GUS. The resulting plasmid was LR recombined with the pGWB 441 destination vector.

To generate HopQ1-mDendra2 constructs, the sequence encoding mDendra2 was PCR-amplified with primers adding Eco47III-SacI restrictions sites (Supplementary Table S1), cloned into pJET1.2 and next re-cloned into pGWB 414 vector. The resulting plasmid was used for LR recombination.

Similarly, NTS-GUS-mDendra2 constructs were prepared, but the upper primers used for GUS amplification included variants of hopQ1- or AtMPK6-derived sequence encoding the 16-amino-acid fragment with wild-type NTS, phoshomimic (EPE) or phosphonull (APA) form (Supplementary Table S1). The resulting entry clone was LR recombined with pGWB 414 vector containing mDendra2.





Confocal microscopy

The plasmids were electroporated into Agrobacterium tumefaciens (GV3101) cells, which were then infiltrated into leaves of 4-week-old N. benthamiana plants grown in soil under controlled environmental conditions (21°C, 16 h light, 8 h dark) as described previously (Giska et al., 2013; Zembek et al., 2018).

Transient intracellular fluorescence was observed using a NikonC1 confocal system configured on TE2000E inverted confocal microscope and equipped with 60x Plan-Apochromat oil immersion objective (Nikon Instuments B.V. Europe, Amsterdam, Netherlands). Fluorescence of eYFP and mDendra2 was excited with a Sapphire 488 nm laser and observed using 515/530 nm or 500/560 nm emission filter, respectively. Scanning was performed in sequential mode to prevent bleed-through. Images were collected in z- stack series at 0.5 μm focus interval. Single optical sections with distinctly visible nucleoli were selected to ensure that similar focal planes were compared for all tested variants. Quantification of fluorescence intensities in the nuclear and cytoplasmic regions was performed using ImageJ software (Abramoff et al., 2004).





Photoconversion and image processing

Cimeric mDendra2 proteins were transiently expressed in N. benthamiana and evaluated using Olympus FV1000 confocal system (Olympus, Tokyo, Japan) built on a IX81 frame and equipped with 60 x UPlan-Apochromat water immersion objective. Fluorescence imaging was focused on the cellular region containing the nucleus for analysis of nuclear import and export of fusion proteins. mDendra2 was photoconverted by continuous illumination of a chosen region of interest (ROI) within the cytoplasm with 405 nm laser diode. For visualization of unconverted pool of protein, mDendra2 was excited with the 488 nm line of an argon-ion laser and observed in the 500-560 nm band. The photoconverted fraction was excited with a 559 nm laser diode and observed in the 570-640 nm band. The nuclear fluorescence intensity of converted and unconverted Dendra2 was quantified using Fiji (Schindelin et al., 2012). Data analyses were carried out in R (http://www.r-project.org). The fluorescence signal changed in a linear fashion within the first 80 seconds of photoconversion, so nuclear import and export rates were calculated by fitting a linear model.





Protein expression and purification

Recombinant HopQ1 (AAZ37975.1) from Pseudomonas syringae pv. phaseolicola 1448A was produced in Escherichia coli BL21 Rosetta in fusion with 6xHis-tag and purified by affinity and ion-exchange chromatography (Q-Sepharose column; GE Healthcare, Chicago, US), as previously described (Giska et al., 2013). The recombinant Nt14-3-3a protein (BAD12168.1) tagged with Strep-tag II was produced in E. coli and purified by affinity and ion-exchange chromatography. To reconstitute the complex, first HopQ1 was in vitro phosphorylated by AtCPK3 (AEE84789.1) fused to GST-tag. To remove the AtCPK3 kinase, the reaction was loaded onto a GST-binding column. HopQ1 was further purified by ion-exchange and size-exclusion chromatography (Superdex 200 10/300GL; GE Healthcare, Chicago, US). Next, phosphorylated HopQ1 was mixed with Nt14-3-3a at a 1:2 mass ratio and incubated in buffer containing 20 mM Tris-HCl, 150 mM NaCl, and 5 mM DTT, pH 8.0 for 2 h at 4°C on a rotator.

To purify HopQ1-Cargo, the infiltrated tissue was ground in a mortar to a powder, which was suspended in buffer: 500 mM NaCl, 50 mM NaH2PO4, 10 mM imidazole, 5% [v/v] glycerol, 10% [v/v] protease inhibitor cocktail (Bioshop, Ontario, Canada), 10% [v/v] phosphatase inhibitor cocktail (Sigma-Aldrich, Burlington, US), 10 mM DTT, pH 8.0 and left on ice to thaw. The His-tagged GBP (GFP-binding protein) suspended in the same buffer was applied to a Ni-NTA column (ThermoScientific, Walthman, US). A plant extract was applied twice to the column prepared in the previous step and washed twice. Protein elution was performed twice with buffer: 500 mM NaCl, 50 mM NaH2PO4, 250 mM imidazole, 5% [v/v] glycerol, pH 8.0. The eluted protein fractions were combined and concentrated to a volume of ~100 µl, while replacing the buffer with the buffer: 10 mM Tris-HCl, 150 mM NaCl, pH 8.0. Samples (15 µl) were collected from each step and fractionated in a polyacrylamide gel, then the proteins were transferred to a membrane and detected using α-GFP-conjugated AP antibodies (Abcam, Walthman, US).





Multi-angle light scattering analysis

For MALS samples were separated using Superdex 200 10/300GL column in buffer containing 100 mM Tris-HCl pH 8.0, 150 mM NaCl and 5 mM DTT. The analysis was performed using the Wyatt Dawn Heleos-II (apparatus) multi-angle bright scattering detector connected to Optilab T-rEX differential refractometer (Wyatt Technologies, Santa Barbara, USA). The data were analyzed using ASTRA 6.1 software.





Statistical analyses

Statistical analyses were performed as follows: data were tested for normality of distribution by a Shapiro—Wilk test. If the data were suitable for conducting parametric tests then repeated-measures analysis of variance (ANOVA) was performed. For post-hoc testing, Tukey’s honestly significant difference (HSD), or Mann-Whitney tests were applied. Data are means from 2-4 independent experiments.






Results and discussion




HopQ1 phosphorylation and complex assembly with 14-3-3 occurs within the host cytoplasm

The wild-type HopQ1 displays nucleocytoplasmic distribution, but it is predominantly localized to the cytoplasm of plant cells; whereas a variant of HopQ1 with an altered 14-3-3-binding site (HopQ1-S51A) is localized almost exclusively to the nucleus (Giska et al., 2013, see also Supplementary Figure S1). This finding raised two interlinked questions, that is 1) in which cellular compartment does HopQ1 associate with plant 14-3-3 protein?, and 2) where does HopQ1 phosphorylation, which is a prerequisite for the 14-3-3s’ binding, occur? To address these questions, we generated a construct expressing HopQ1 fused to a high molecular weight chimeric protein (hereinafter called Cargo, (Figure 1A) containing yellow fluorescent protein (YFP) and glucuronidase (GUS, uidA). The construct was transiently expressed in Nicotiana benthamiana leaves via agroinfiltration. After 3 days of incubation, we examined HopQ1-Cargo localization. As expected, the fusion with Cargo prevented nuclear translocation, and the effector was confined to the cytoplasm (Figure 1B). In a parallel experiment, HopQ1-Cargo was affinity purified using GFP-binding protein (GBP) (Rothbauer et al., 2008) and subjected to mass spectrometry analysis. The results obtained (Figure 1C, Supplementary Figure S1) revealed a phosphorylated serine (pS) in the peptide ERSKpSAPAL that corresponds to S51, the central serine within the 14-3-3-binding motif of HopQ1. We previously showed that S51 phosphorylation occurring in plant cells is indispensable for HopQ1 interaction with 14-3-3 proteins (Giska et al., 2013). Our results corroborate the previously reported data and indicate that the effector is phosphorylated in the host cytoplasm. This means that already in the cytoplasm HopQ1 acquires the ability to assemble into the complex with 14-3-3 proteins. Consistent with this model, the HopQ1-Cargo fusion protein co-purified with several 14-3-3 isoforms (Supplementary Figure S3).




Figure 1 | HopQ1 is phosphorylated in the host cytoplasm. (A) Schematic presentation of the chimeric HopQ1-Cargo protein, which consists of the effector fused to E. coli K12 β-D- glucuronidase (GUS) and yellow fluorescent protein (YFP). (B) Confocal image of the representative leaf epidermal cell transiently expressing HopQ1-Cargo taken 72 h after agroinfiltration. White arrowhead indicates the nucleus. Scale bar represents 10 μm. (C) Sequence of the phosphopeptide derived from the N-terminus of HopQ1-Cargo. The 14-3-3- interacting motif is shaded in gray, and the phospho-Ser, identified by mass spectrometry, is highlighted in red. Mascot analysis of this experiment is shown in Supplementary Figure S2.







Stoichiometry of HopQ1:14-3-3a complex

Although 14-3-3s were among the first identified binding partners for HopQ1, the stoichiometry of the interaction remained unknown. To address this question, we performed size-exclusion chromatography coupled to MALS (Multi-Angle Light Scattering) analysis. This technique allows determination of molecular mass as a function of retention volume. First, the recombinant HopQ1-6xHis protein produced in Escherichia coli was in vitro phosphorylated by a recombinant AtCPK3 kinase, and upon incubation with Nt14-3-3a protein tagged with Strep-tag II, the mixture was subjected to the gel filtration followed by MALS. This analysis revealed that the stoichiometry of the HopQ1:14-3-3a complex is 1:2 that is one molecule of HopQ1 binds to a 14-3-3 dimer (Figures 2A–C, Supplementary Figure S4).




Figure 2 | Stoichiometry of complex of HopQ1 with 14-3-3a. Recombinant 14-3-3a protein with a C-terminal Strep II epitope (A) and in vitro reconstituted HopQ1:14-3-3a complex (B) were subjected to gel filtration coupled with MALS analyses. Blue and red traces correspond to absorption at 280 nm and 254 nm, respectively; green traces indicate light scattering (LS) at 90° angle and black indicates molecular weights. Comparison of the theoretical molar masses for HopQ1, 14-3-3a and HopQ1:14-3-3a complex with the respective MALS derived molar masses is shown in the table. (C) Mid-peak fraction corresponding to HopQ1:14-3-3a complex was fractionated on 12.5% SDS-Page and stained with Coomassie Brilliant Blue.







N-terminal region of HopQ1 comprises at least two putative 14-3-3 binding site

Strikingly, the mass spectrometry analysis revealed also another series of phosphopeptides derived from the N-terminal region of HopQ1 (Supplementary Figure S2). They comprised a second putative 14-3-3 binding site, 24RTPSES29, which does not conform either to mode 1 or mode 2. This site is located 19 aa apart from the previously characterized motif of HopQ1 containing S51. Notably, we have previously shown that 14-3-3 binding to the N-terminus of HopQ1 is mediated by S51 phosphorylation and S51A substitution completely abolished interaction between the effector and 14-3-3 protein. This fact and the close proximity between those two 14-3-3 binding motifs suggest that 14-3-3 dimer might bind two phosphoepitopes of HopQ1 cooperatively. It means that the interaction of one 14-3-3 subunit with HopQ1 via the dominant motif comprising S51 would facilitate binding of the second 14-3-3 subunit through the S27-containing motif. This suggests that both identified 14-3-3 binding sites are involved in the formation of the complex.





Role of 24RTPSES29 in the nuclear trafficking of HopQ1

Interestingly, the phosphopeptide 24RTPSES29 contains also a putative nuclear translocation signal (NTS) reminiscent of the NTS motif identified in the metazoan MAP kinases (Chuderland et al., 2008). Phosphorylation of this motif (S/T-P-S/T) mediates translocation of those MAP kinases into the nucleus (Chuderland et al., 2008). Strikingly, this motif within a similar sequence context is present in plant MAP kinases (Figure 3) but its significance has not been experimentally validated. This finding is interesting in the light of the previous reports showing that HopQ1 and XopQ, its homolog from Xanthomonas spp. interfere with plant MAP kinase pathways (Hann et al., 2014; Teper et al., 2014; Zembek et al., 2018). Since the deletion of the TPS in HopQ1 sequence did not change the localization of the effector (Supplementary Figure S5), to test whether 25TPS27 of HopQ1 (Figure 3A) as well as the corresponding motif of immune-activated MAPK6 from Arabidopsis thaliana, AtMAPK6 (282TPS284) (Figure 3B) may facilitate nuclear trafficking, we fused the peptides comprising NTS motifs to a high molecular weight chimeric protein, which consisted of GUS and Dendra2. Fusion of LDQLKQISRTPSESSV and VHQLRLLMELIGTPSEEEL, the peptides derived from HopQ1 and AtMPK6, respectively resulted in predominantly nuclear localization of the chimeric proteins (Figure 3C), suggesting that the wild-type variants of the peptides can efficiently drive protein translocation into the nucleus. To determine whether this process was dependent on the phosphorylation, we generated phosphovariants of the peptides by replacing TPS motif with a phosphonull (APA) or phosphomimic (EPE) tripeptide, and subsequently we tested whether the peptides mediated nuclear translocation of the reporter protein. Surprisingly, the fusion of either phosphomimic or phosphonull peptides resulted in a nucleocytoplasmic distribution pattern of the chimeric proteins but with a smaller nuclear pool than observed for the wild-type versions (Figure 3C). These findings corroborate the role of the peptides tested in the translocation to the nucleus meanwhile indicating that an efficient transport may require phosphorylation per se. Collectively, these results suggest that the 24RTPSES29 motif might be involved not only in the interaction with 14-3-3s as the secondary binding site but also in facilitating nuclear import of HopQ1, thereby fine-tuning the effector’s subcellular distribution.




Figure 3 | Functionality of NTS sequences and their phosphovariants from the HopQ1 and AtMPK6. (A) Amino acid sequence of the phosphopeptide comprising putative nuclear translocation signal (NTS) derived from HopQ1. NTS motif is framed and the phospho-Ser is highlighted in red. (B) Comparison of NTS surrounding from metazoan MAP kinases with the corresponding sequence identified in plant MAP kinases activated in immunity. NTS motif is highlighted in red. Hs Homo sapiens, Nt N. benthamiana, At A. thaliana. (C) The quantification of the ratio of the fluorescence intensity of nuclear and cytoplasmic fraction of mDendra2 in N. benthamiana epidermal leaf cells at 72 h after infiltration with A. tumefaciens strains carrying constructs indicated: 1) a control protein consisting of GUS and mDendra2, 2) wild-type NTS peptide derived from HopQ1 and 3) AtMPK6 (NTS-Q1-TPS, NTS-MPK6-TPS,respectively) 4) phosphomimic (EPE) or 5) phosphonull (APA) variants (NTS-Q1-EPE, NTS-Q1-APA, NTS-MPK6-EPE, NTS-MPK6-APA, respectively) fused to GUS- mDendra2. mDendra2 fluorescence intensity was measured for five areas within the nucleus and cytoplasm, and the average was calculated for each set of measurements. Then the ratio of average nuclear (N) to cytoplasmic (C) fluorescence was calculated for each tested cell. Error bars correspond to ± SEM. Letters indicate homogenous groups detected by one-way ANOVA and Tukey HSD post hoc test (p < 0.05).







Complex formation with 14-3-3s decelerates effector translocation into the nucleus

To get more insight into the role of 14-3-3s in the cellular trafficking of HopQ1, we fused the wild-type HopQ1, HopQ1-S51A, the variant of the effector unable to bind 14-3-3s, as well as HopQ1-D107A_D108A, the variant where the aspartate motif’s DXXXDXDD predicted to bind calcium has been mutated (DXXXDXAA), to Dendra2. Dendra2 is a protein that undergoes photoconversion from green to red fluorescence (Gurskaya et al., 2006; Chudakov et al., 2007a; Chudakov et al., 2007b). This feature enables tracking of the activated form of the protein and its replacement by the non-activated form. The wild-type HopQ1-Dendra2 when transiently expressed in N. benthamiana displayed typical nucleocytoplasmic distribution. Subsequently, a selected small area within the cytoplasm was illuminated, and we monitored the flow of the chimeric protein within the cell. After illumination, HopQ1-Dendra2 in the photoconverted state moved immediately throughout the cytoplasm and was rapidly translocated to the nucleus (Supplementary Movie S1). Similarly, HopQ1-S51A variant was analyzed, and we compared changes in the nuclear and cytoplasmic fluorescence intensities of each fusion protein in the activated state (red fluorescence). As shown in Figure 4 (see also Supplementary Movie S1), the rate of HopQ1-S51A translocation to the nucleus recorded as an increase in the nuclear fluorescence intensity of the photoconverted HopQ1-S51A-Dendra2 was constant and independent of its cytoplasmic level. Finally, such a linear trend led to the higher concentration of HopQ1-S51A-Dendra2 in the nucleus than in the cytoplasm. This indicates that HopQ1-S51A is actively transported to the nucleus. In contrast, a passive trafficking most possibly accounts for a relationship between the nuclear and cytoplasmic flow of the wild-type HopQ1. This indicates that the interaction of the effector with 14-3-3s slows down the HopQ1 nuclear import. Although, the interaction of HopQ1 with 14-3-3s possibly buries the NTS motif, this does not account for the observed difference between the translocation of HopQ1 and HopQ1-S51A, since the deletion of NTS in both variants does not change their distribution patterns (Supplementary Figure S5). In the experiment in Figure 4, we also included HopQ1-D107A_D108A, a variant mutated in the predicted calcium binding site, which displayed also accelerated nuclear translocation, compared to the wild-type HopQ1, implying that calcium may provide another regulatory level of HopQ1 trafficking. Collectively, our results show that interaction with 14-3-3s plays a critical role in determining nucleocytoplasmic equilibrium of HopQ1, however other factors might be involved in fine-tuning its distribution.




Figure 4 | Dynamics of HopQ1 flow between the cytoplasm and nucleus. HopQ1 variants fused to photoconvertible mDendra2 protein were transiently expressed in N. benthamiana cells. Green-to-red photoconversion was achieved by laser stimulation of a defined spot in the cytoplasm from 20 sec of imaging onward. Red fluorescence intensity was recorded in the cytoplasm and nuclei of 50-70 cells per variant during 6 consecutive experiments. Curves for both measured cellular compartments show changes in red fluorescence intensities normalized by the final intensity in the cytoplasm. Areas under curves (AUCs) were analyzed statistically with an ANOVA and Tukey’s HSD test and the slope (starting with 50 s) with Mann-Whitney test (***p < 0.001).



The function of the elements of MAP kinase cascades that play a role in the plant immunity depends on 14-3-3 proteins (Cooper et al., 2003; Oh et al., 2010; Oh and Martin, 2011; Dong et al., 2023). Their activity and stability is controlled by 14-3-3s. A virulence mechanism used by necroviruses relies upon competition among the viral coat protein and MAPKKKα for binding to 14-3-3s (Gao et al., 2022). Outcompeting of 14-3-3s leads to destabilization of the kinase. We showed that the interaction of HopQ1 with 14-3-3s reciprocally affects subcellular localization of both partners. Co-expression of HopQ1, but not HopQ1-S51A, with 14-3-3a leads to relocation of 14-3-3a from the nucleus to the cytoplasm (Giska et al., 2013). Our data suggest that employment of 14-3-3s by bacteria serves to dynamically control HopQ1 nucleocytoplasmic equilibrium, maintaining the major pool of the effector in the cytoplasm. Importantly, the both subpools of HopQ1 are required to promote bacterial growth in plants (Supplementary Figure S6). On the other hand, we cannot exclude that this strategy serves also to capture 14-3-3s in the cytoplasm resulting in the destabilization of plant proteins, including MAP kinases. In summary, HopQ1, the effector that interferes with plant MAP kinase pathway co-opts host machinery controlling this pathway such as 14-3-3s and NTS to regulate its own localization and stability.
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Comparative transcriptome profiling and co-expression network analysis uncover the key genes associated with pear petal defense responses against Monilinia laxa infection
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Pear brown rot and blossom blight caused by Monilinia laxa seriously affect pear production worldwide. Here, we compared the transcriptomic profiles of petals after inoculation with M. laxa using two pear cultivars with different levels of sensitivity to disease (Sissy, a relatively tolerant cultivar, and Kristalli, a highly susceptible cultivar). Physiological indexes were also monitored in the petals of both cultivars at 2 h and 48 h after infection (2 HAI and 48 HAI). RNA-seq data and weighted gene co-expression network analysis (WGCNA) allowed the identification of key genes and pathways involved in immune- and defense-related responses that were specific for each cultivar in a time-dependent manner. In particular, in the Kristalli cultivar, a significant transcriptome reprogramming occurred early at 2 HAI and was accompanied either by suppression of key differentially expressed genes (DEGs) involved in the modulation of any defense responses or by activation of DEGs acting as sensitivity factors promoting susceptibility. In contrast to the considerably high number of DEGs induced early in the Kristalli cultivar, upregulation of specific DEGs involved in pathogen perception and signal transduction, biosynthesis of secondary and primary metabolism, and other defense-related responses was delayed in the Sissy cultivar, occurring at 48 HAI. The WGCNA highlighted one module that was significantly and highly correlated to the relatively tolerant cultivar. Six hub genes were identified within this module, including three WRKY transcription factor-encoding genes: WRKY 65 (pycom05g27470), WRKY 71 (pycom10g22220), and WRKY28 (pycom17g13130), which may play a crucial role in enhancing the tolerance of pear petals to M. laxa. Our results will provide insights into the interplay of the molecular mechanisms underlying immune responses of petals at the pear–M. laxa pathosystem.
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Introduction

Pear (Pyrus communis L.) cultivation, a significant component of the global fruit industry (Kang et al., 2021), faces significant challenges due to susceptibility to various pathogens, including Monilinia laxa (Aderhold & Ruhland) Honey (Petróczy et al., 2012; Martini and Mari, 2014). Commonly known as a causal agent of the brown rot disease, this necrotrophic fungus spreads rapidly in pear orchards (Ogawa and English, 1991; Petróczy et al., 2012; Sardella et al., 2016). The pathogen infects flowers during their vulnerable blooming stage and causes extensive fruit rots in late season resulting in substantial economic losses (Martini and Mari, 2014).

To defend against fungal infections, plants have developed a complex repertoire of innate immune responses (Saijo et al., 2018). Particularly upon challenge with necrotrophs, a fine-tuned layer of cell surface immune receptors initiates basal defenses known as pattern-triggered immunity (PTI) responses (Couto and Zipfel, 2016). In addition, even when PTI is overwhelmed, an alternative cell wall integrity mechanism may be activated to induce defense responses upon fungal challenge (Engelsdorf et al., 2018). Previous studies have highlighted the molecular mechanisms implemented by both M. laxa and stone fruits during the early infection stages (Balsells-Llauradó et al., 2020; Villarino et al., 2022). Thus, activation of the carbohydrate-active enzyme (CAZyme)-encoding genes is employed by M. laxa to achieve penetration (Balsells-Llauradó et al., 2020), whereas non-ribosomal peptide synthase (NRPS)-encoding genes are potentially involved in the production of fungal toxins during the colonization of fruit tissues (Villarino et al., 2022). On the other hand, the host molecular mechanisms against M. laxa were previously reported using comparative transcriptome analysis between resistant and sensitive peach genotypes, highlighting the involvement of hormone signal transduction, phenylpropanoid, flavonoid, and glutathione metabolismrelated genes in defense responses (Guidarelli et al., 2014; Balsells-Llauradó et al., 2020). Furthermore, many transcription factor (TF)-encoding genes, such as members of the WRKY, MYB, ERF, and NAC families, have been suggested to be involved in mediating the immune responses of fruits against M. laxa (Guidarelli et al., 2014; Balsells-Llauradó et al., 2020).

Despite the considerable losses due to blossom blight caused by M. laxa, the molecular interplay between this necrotrophic fungus and pear petals has not yet been deciphered. Previously, it was recorded that 19, 35, and 7 WRKY-encoding genes were involved in the regulation of defense responses in rose petals, grapevine, and strawberry flowers to Botrytis cinerea, respectively (Haile et al., 2017; Liu et al., 2018; Xiao et al., 2022). TFs are key regulators of the host transcriptional reprogramming during pathogen attack (Pandey and Somssich, 2009; Phukan et al., 2016), and among them, WRKYs are the most involved TF family in plant defense regulation (Zhang et al., 2016; Yuan et al., 2018; Zambounis et al., 2020; Xiao et al., 2022). Furthermore, the positive impact of WRKY TFs in rice and Arabidopsis responses to pathogen attacks was further highlighted as WRKYs can functionally cooperate in co-regulatory networks such as in the “COR-A” network (Berri et al., 2009).

In plant–pathogen interactions, the regulation of defense processes is usually mediated by the induction of a massive reprogramming, which is redirected to involve highly connected and complex molecular networks (Delplace et al., 2022). In order to reveal a detailed framework of the host responses to pathogen attack, the identification of the main regulators (hub genes) that orchestrate the transcriptional reprogramming beyond plant defense responses can be achieved through powerful system biology approaches such as weighted gene co-expression network analyses (WGCNA). Hub genes allow the identification of key counterparts with high connectivity degree in an interactive gene network, which usually play important roles in the regulation of several other genes and biological processes (Yu et al., 2017).

In this study, we compared the transcriptome dynamics of pear petals at two early stages of M. laxa infection between two cultivars characterized by different levels of sensitivity to this pathogen. We particularly explored the transcriptional network governing responses to M. laxa infection to uncover the molecular mechanisms underlying various aspects of immune responses. Specific differentially expressed genes (DEGs) involved in cell wall modification processes, pathogen recognition, and hormone signal transduction contributed to the differential and time-dependent defense-related responses among the two cultivars. The role of regulatory TFs associated with these responses in the relatively tolerant cultivar was also revealed by constructing co-expression regulatory networks to identify key genes regulating this interplay. These genes may be potential targets in future breeding programs toward a sustainable disease management strategy against M. laxa in pear.





Materials and methods




Plant material

Two pear (Pyrus communis L.) cultivars (cv. Sissy with relative tolerance and cv. Kristalli with high sensitivity to fungal diseases) were grown in a greenhouse under the following conditions: 20°C–25°C, 50%–70% relative humidity, and 16:8 h light/dark photoperiod. The two cultivars (cv. Sissy and cv. Kristalli) were grafted on BA29 and OHxF333 rootstocks, respectively. Intact pear flowers without any visible signs of brown rot were collected in blossom (fully open buds) and placed with their stems in polystyrene boxes filled with deionized water under controlled conditions (23°C–25°C with 30%–40% relative humidity and 12:12 h photoperiod). Petals were gently detached from the flowers, disinfected by dipping in a 1% sodium hypochlorite solution for 5 min, rinsed three times with sterile deionized water, air-dried in a laminar flow hood under sterilized conditions, and placed on 0.4% water agar with 10 petals per Petri dish.





Pathogen inoculation

A virulent M. laxa strain (isolate no. 1387) was kindly provided by the fungal collection of Benaki Phytopathological Institute (Athens, Greece). Conidia from 10-day-old potato dextrose agar (PDA) cultures were suspended in potato dextrose broth (PDB), adjusted to the concentration of 106 conidia/ml and used to inoculate petals of both cultivars by dropping 10-μl drops onto the central adaxial surface of each petal (ML). Petals mock inoculated with PDB were used as controls (CT). Petal disks were retrieved by cutting sections of 5 mm diameter around the inoculation sites at 2 HAI or 48 HAI. All petal discs were instantly frozen in liquid nitrogen and stored at −80°C until use. Petal disks were retrieved by cutting sections of 5 mm diameter around the inoculation sites at 2 HAI or 48 HAI. All petal discs were instantly frozen in liquid nitrogen and stored at −80°C until use. A total of eight petal treatments were performed for the RNA-seq analysis and the other assays, named as S2CT, S2ML, S48CT, and S48ML for the Sissy (S) cultivar and K2CT, K2ML, K48CT, and K48ML for the Kristalli (K) cultivar across the two time points. All treatments included three biological replicates, each consisting of 20 pooled petals (480 petals in total).





Disease severity assays

The size of brown rot necrotic lesions that developed on the petals upon ML treatments of both cultivars at 48 HAI was categorized using the following disease index scale: 0, no infection; 1, lesion covering <10%; 2, lesion covering 11%–25%; 3, lesion covering 26%–50%; 4, lesion covering 51%–75%; and 5, lesion covering >75% of the petal. Lesion diameters were also recorded in the petals of both cultivars at 48 HAI. Furthermore, to evaluate the relative sensitivity of each cultivar against M. laxa, stamens of flowers with petals removed were evenly spray-inoculated with a conidial suspension of 106 conidia/ml. The disease symptoms of the inoculated flowers were evaluated at 120 h after infection by transferring them into sterile humidity chambers at 22°C. Three independent experiments were performed each consisting of 10 flowers of each cultivar. Statistical analysis was performed using the IBM SPSS Statistics, version 25.0 (IBM Corp., Armonk, NY, USA) with ANOVA followed by the non-parametric Mann–Whitney U-test (p = 0.05) for disease index calculation, whereas a t-test for independent samples (p = 0.05) was used for the lesion diameter recording.





Lipid peroxidation and hydrogen peroxide assays on pear petals

An amount of 150 mg of fresh petal material was homogenized in liquid nitrogen, diluted with 0.1% trichloroacetic acid at 4°C by vigorous vortexing, and then centrifuged at 6,500 rpm for 15 min at 4°C. The supernatant was used to determine both the lipid peroxidation level and H2O2 concentration, as reported previously (Tsaniklidis et al., 2020). For each petal treatment, three biological replications were employed. The statistical analysis was performed by implementing a parametric one-way ANOVA, and the significance across treatments was deduced.





RNA sequencing and data processing

To investigate the transcriptomic dynamics of the two cultivars upon M. laxa challenge in detached petal disk assays, two time series were employed, reflecting early pear responses upon infection. Total RNA extraction from each of the 24 samples (three biological replicates per treatment) was performed using the Monarch Total RNA Miniprep Kit (NEB, Europe). RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA), and 500 ng of total RNA was used for sequencing libraries using the PT042 NGS RNA Library Prep Set (Novogene Ltd, Cambridge, UK). The library products were sequenced on the Illumina NovaSeq 6000 platform, and 150 bp paired-end reads were generated. Raw data were cleaned using cutadapt (v3.0) (Martin, 2011), and reads were mapped against the Pyrus communis (cv. Bartlett) reference genome available at GDR (Genome Database for Rosaceae) (Linsmith et al., 2019) using HISAT2 (Mortazavi et al., 2008). Mapped reads were filtered, sorted, and indexed using Samtools (Danecek et al., 2021), and gene counts were retrieved for each sample using HTSeq (Putri et al., 2022). Downstream data analysis was performed in R v.4.1.2 (R Core Team, 2022) on data normalized using DESeq2 (Love et al., 2014).





DEG identification in response to Monilinia laxa infection and their functional enrichment

To identify DEGs using DESeq2 in response to M. laxa infection at both cultivars, all eight treatments were allocated to four comparison groups, namely, K2, K48, S2, and S48, based on dual comparisons among the inoculated (ML) and control (CT) treatments for each time point and cultivar. Transcripts with an absolute log2fold change value ≥2 and FDR-adjusted p-values <0.05 were considered as DEGs. Venn diagrams were created using the online tool at https://bioinfogp.cnb.csic.es/tools/venny/index.html. Gene ontology (GO) enrichment analysis of the DEGs was performed using the topGO R package (Alexa and Rahnenführer, 2009), and pathway enrichment analysis was conducted using the Kobas (v3.0) online tool (http://kobas.cbi.pku.edu.cn/), based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.ad.jp/kegg/).





Weighted gene co-expression network analysis

WGCNA was performed using the RPKM values of the DEGs obtained from previously described pairwise comparisons. The correlation between genes was estimated using the Pearson correlation coefficient (PCC), which was used to calculate the distance matrix. WGCNA and calculations were performed using the WGCNA R package v1.70-3 (Langfelder and Horvath, 2008). The distance matrix was then used for dynamic hierarchical clustering and to build edges (connections) between nodes (genes) in the network.

The eight treatments were included in the WGCNA, and network topology research was executed from 1 to 20 soft thresholding powers using scale-free topology criteria and used a power of 9 to identify the co-expressed modules. The minimum module size was set to 30, and the merge cut height was set to 0.15 (to merge modules with at least 85% similarity). The correlations between one gene and all others were incorporated into an adjacency matrix, which was then transformed into a topological matrix (TOM) (Yip and Horvath, 2007). After hierarchical clustering, highly correlated genes were assigned to the same module (Ravasz et al., 2002).

After identifying the significant co-expression modules (ME ≥ 0.95), we performed a functional analysis to identify the biological functions and pathways involved in petal defense responses against M. laxa and then filtered the module eigengenes for the MM and GS absolute values ≥0.85. The eigengenes highly associated with the relatively tolerant cultivar infected with M. laxa were considered hub genes to construct regulatory networks. Regulatory network visualization and analysis of the highly connected genes were performed using Cytoscape v3.10.1 software (Shannon, 2003).





Quantitative real-time PCR verification

RNA-seq data were validated using quantitative real-time PCR (qRT-PCR). First-strand cDNA was constructed using the LunaScript® RT SuperMix Kit (NEB, Europe), and quantitative expression analysis was performed using the Luna® Universal qPCR Master Mix (NEB, Europe) on a QuantStudio® 5 Real-Time PCR System (Applied Biosystems, Europe). The expression profiles of nine randomly selected DEGs were analyzed by comparison with the actin-encoding reference gene (pycom15g30330). The relative gene expression log2 fold change of inoculated samples compared with controls was calculated according to the 2−△△CT method (Livak and Schmittgen, 2001), using three technical replicates. The correlation between RNA-seq and qRT-PCR data was determined using a linear model. The gene-specific primers used are listed in Supplementary Table S1.






Results




Monilinia laxa infection on pear petals and flowers

All petals inoculated with M. laxa developed visual brown rot necrotic lesions around the inoculation sites at 48 HAI, while no symptoms were observed on the control samples mock inoculated with PDB. The disease index showed a higher disease severity in the sensitive Kristalli cultivar compared with the relatively tolerant Sissy cultivar (Figure 1A). Disease symptoms in the inoculated flowers showed also a differential disease severity among the two cultivars at 120 HAI (Figure 1B). The mean disease index values of the petals and flowers, along with the mean lesion diameters on petals, were significantly lower in the Sissy cultivar compared with the Kristalli cultivar (Figure 1C).




Figure 1 | Disease symptoms of Monilinia laxa in the Kristalli and Sissy cultivars upon inoculation (A) in petals at 2 HAI and 48 HAI or (B) in flowers at 120 HAI. (C) Mean disease index values of both organs (48 HAI in petals and 120 HAI in flowers), along with mean values for necrotic lesion diameters in petals at 48 HAI upon M. laxa infection. Asterisks (*) indicate significant differences among the two cultivars according to the non-parametric Mann–Whitney U-test (p < 0.05) for disease index data and t-test for independent samples (p < 0.05) for the lesion diameter. Bars indicate the mean values of three biological replicates ± standard deviations.







Physiological changes of pear petals in response to Monilinia laxa

In the Sissy cultivar, both TBARS (lipid peroxidation) and H2O2 levels at S2CT and S48CT treatments were significantly higher than those of ML treatments, reaching their highest levels at 48 HAI (Figures 2A, B). In contrast, in the Kristalli cultivar, TBARS and H2O2 levels were significantly higher and progressively increased in the ML treatments compared with the respective K2CT and K48CT treatments. The comparison of inoculated petals (ML) from the two cultivars showed higher levels of both TBARS and H2O2 in the sensitive cultivar (Kristalli) (Figures 2A, B).




Figure 2 | Physiological indicators of petal responses among mock-inoculated (CT) and infected petals (ML) of the pear cultivars Sissy and Kristalli across two time points after inoculation with Monilinia laxa. (A) Lipid peroxidation (thiobarbituric acid-reactive substances; TBARS). (B) Hydrogen peroxide (H2O2) levels. Bars indicate the mean values of three biological replicates ± standard deviations. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparison post-hoc test (p < 0.05). Different letters represent statistically significant differences.







RNA-seq analysis of pear petals after inoculation with Monilinia laxa

We constructed 24 sequencing libraries to study the changes occurring in the petals of both pear cultivars at the transcriptome level in response to M. laxa infection at two time points (2 HAI and 48 HAI). Clean reads were obtained (Supplementary Table S2) and mapped to the European pear genomic assembly of the cultivar “Bartlett” (referred to as BartlettDHv2.0). In total, 1,647 unique genes were identified as DEGs comparing inoculated and mock-inoculated petals of the two cultivars at 2 HAI and 48 HAI across the four comparison groups (K2, K48, S2, S48) (Figure 3). The lists of DEGs across the four comparison groups are shown in Supplementary Tables S3-S6. The expression patterns of our RNA-seq data suggest a dynamic, cultivar-specific, and time-dependent transcriptional reprogramming upon M. laxa inoculation on petals across both cultivars (Figure 3A). Notably, no common DEGs were detected among the four comparison groups, whereas 65.1% of the DEGs were identified exclusively in the K2 comparison group (Figure 3B). Furthermore, the highest number of DEGs was identified in the K2 group (1,163 in their number) and the lowest number was in the S2 group (40 in their number). The proportion of up-/downregulated DEGs was 0.663, 0.755, 2.076, and 3.105 for the four comparison groups K2, K48, S2, and S48, respectively (Figure 3C). It is clearly evident that in both time points after M. laxa infection, the proportion of up-/downregulated DEGs was higher in the Sissy compared with the Kristalli cultivar.




Figure 3 | Summary of differentially expressed genes (DEGs) (|log2FC| > 2) across the four comparison groups (K2, K48, S2, S48). (A) Plot showing DEGs hierarchical clustering (green and red colors in each node of the dendrogram represent up- and downregulation of DEGs, respectively). (B) Venn diagram plots showing overlap of all DEGs and (C) volcano plots of the DEGs for each comparison group.







Functional annotations and classifications of DEGs

Following GO term enrichment analyses, DEGs were allocated to significant functional annotations and categorized based on their molecular function (MF), cellular component (CC), and biological process (BP) (Figure 4, Supplementary Tables S3-S6). In the Kristalli cultivar, the GO term “defense response” was enriched mainly at 2 HAI, whereas in the Sissy cultivar, it was exclusively at 48 HAI. Among the enriched GO terms related to molecular functions, the terms “sequence-specific DNA binding” and “FAD binding” were recorded only in the Sissy cultivar, particularly at 48 HAI (Figure 4). A KEGG functional enrichment analysis was also conducted at each time point to further examine the metabolic pathways and biological functions of DEGs in both cultivars upon M. laxa infection in the petals. Pathways related to “zeatin biosynthesis” and “biosynthesis of secondary metabolites” were enriched at 2 HAI and 48 HAI for the Kristalli and Sissy cultivars, respectively (Figure 5). The “galactose metabolism” pathway was exclusively enriched in the Sissy cultivar at 48 HAI, while the “flavonoid biosynthesis” pathway along with pathways related to linolenic metabolism was evident only at 2 HAI in the Kristalli cultivar. As expected, both “plant–pathogen interaction” and “MAPK signaling” pathways were enriched in both cultivars at 2 HAI (Figure 5, Supplementary Tables S3-S6).




Figure 4 | Dot plot showing the GO enriched terms of DEGs identified across the four comparison groups (K2, K48, S2, S48) related to the biological process (BP), cellular component (CC), and molecular function (MF).






Figure 5 | Dot plot showing the KEGG enriched pathways of DEGs identified across the four comparison groups (K2, K48, S2, S48).







Transcriptional changes in the Kristalli cultivar upon Monilinia laxa inoculation

A large number of key DEGs involved in cell wall modification and degradation processes were downregulated at 2 HAI, including genes encoding cellulose synthase (CesA), extensin containing leucine-rich repeat (LRR-EXT), expansin (EXP), pectate lyase (PL), polygalacturonase (PG), glucosidase (GL), and xyloglucan endotransglucosylase/hydrolase (XTH), along with a dirigent protein gene. In contrast, fewer DEGs were upregulated at this time point, including two cinnamoyl-CoA reductase (CCR), three EXP, and four GL-encoding genes. This transcriptional reprogramming was less evident at 48 HAI (Figure 6, Supplementary Table S7).




Figure 6 | Selection of key DEGs upregulated (Up) and downregulated (Down) in pear petals of both cultivars after inoculation with Monilinia laxa at 2 HAI and 48 HAI. For each gene category, the numbers of the differentially expressed transcripts are shown.



Pattern recognition receptors (PRRs) were significantly induced upon infection mainly at 2 HAI, including various types of membrane-associated receptor-like kinases (RLKs) or receptor-like proteins (RLPs). Most of these DEGs encode RLKs possessing serine/threonine kinase activity (SRKs) and LRR domains (LRR-RLKs) or encode receptors with lectin domains (LecRKs). However, DEGs involved in signal transduction at 2 HAI were mainly downregulated, particularly STKs (serine/threonine-protein kinases) encoding DEGs. Among the downregulated DEGs involved in pathogen perception at 2 HAI were a WAK (wall-associated kinase), three GLR (glutamate receptor-like), and two PERK (proline-rich receptor-like kinase)-encoding genes. At 48 HAI, the numbers of up- and downregulated DEGs involved in pathogen perception and signal transduction were quite similar (Figure 6, Supplementary Table S8).

Our RNA-seq data indicated that DEGs encoding pathogenesis-related and defense proteins were mainly downregulated, particularly at 2 HAI. Thus, numerous DEGs encoding disease resistance genes (RGA, RPM1, RPP13), defensins, elicitor-responsive, enhanced disease resistance, and TMV resistance proteins were significantly suppressed. However, a few DEGs encoding endochitinase were upregulated at 2 HAI along with other gene members from the PR-10 family, such as those encoding major allergens. This trend was slightly inverted at 48 HAI with a higher number of upregulated defense-related DEGs than those that were suppressed (Figure 6, Supplementary Table S9).

Several TF-encoding genes belonging to the AP2/ERF and WRKY families were mainly upregulated at the early time point. In contrast, members of MYBs and bHLHs were downregulated at an early time point. A few TFs were induced at 48 HAI with similar expression patterns (Figure 6, Supplementary Table S10). Furthermore, DEGs involved in redox homeostasis and scavenging, such as thioredoxin (TXN) and glutathione S-transferase (GST)-encoding genes, were upregulated at 2 HAI and 48 HAI, respectively. In contrast, DEGs involved in secondary metabolism were mostly induced at an early time point and were mostly suppressed (Figure 6, Supplementary Table S11), such as those encoding nutrient and ion transporters (Figure 6, Supplementary Table S12). Finally, seven histone-encoding DEGs were constitutively suppressed at 48 HAI, whereas four of them were upregulated at 2 HAI (Figure 6).





Transcriptional changes in the Sissy cultivar upon Monilinia laxa inoculation

A less abundant repertoire of transcriptional responses related to cell wall modification and degradation processes was observed in the cv. Sissy (Figure 6, Supplementary Table S7). Thus, only four GLs were upregulated at 48 HAI, along with three DEGs encoding members of the LRR-EXT, PL, and PG genes. This pattern was also retained in the DEGs related to pathogen perception and signal transduction. Thus, among the upregulated DEGs at the later time point (48 HAI) were a WAK, two STKs, two LRR-RLKs, and two G-type LecRKs. In addition, two genes encoding cysteine-rich receptor-like kinase (CRK) and calmodulin-binding receptor-like cytoplasmic kinase (CRCK), both of which belong to the receptor-interacting protein kinase (RIPK) family, were also upregulated at 48 HAI. A less abundant inventory of PRR genes was observed at 2 HAI (Figure 6, Supplementary Table S8).

Various types of DEGs encoding pathogenesis-related and defense proteins were also constitutively upregulated at the later time point, whereas six members of major allergens genes belonging to the PR-10 family were induced. Notably, only one well-known disease-resistance gene (pycom02g24320) was suppressed at this time point. In contrast, only one endochitinase encoding DEG (pycom04g04190) was upregulated at 2 HAI (Figure 6, Supplementary Table S9).

In contrast to the cv. Kristalli, numerous TF-encoding genes belonging to various families, such as WRKYs, bZIPs, MUBs, and ZFPs, were mostly upregulated at 48 HAI (Figure 6, Supplementary Table S10). In particular, four and six WRKYs were constitutively upregulated at 2 HAI and 48 HAI, respectively. Furthermore, at the later time point, DEGs involved in redox homeostasis and scavenging (TXN, GSTs), as well as in the induction of secondary and primary metabolism, such as homologs of lipoxygenases (LOXs), cinnamyl alcohol dehydrogenases (CADs), phenylalanine ammonia-lyases (PALs), and glutamate synthase (Glts) genes, were all upregulated (Figure 6, Supplementary Table S11). The same expression pattern was also evident for a few transporter-encoding DEGs (Figure 6, Supplementary Table S12). Notably, seven histone-encoding DEGs were constitutively upregulated at 2 HAI (Figure 6).





Weighted gene co-expression network analysis

To identify co-expression modules and hub genes involved in the transcriptional regulatory networks governing immunity responses and tolerance of pear petals to M. laxa, we conducted a WGCNA, including the 1,647 DEGs identified in the four comparison groups. Our results revealed five co-expressed modules, namely, turquoise, blue, yellow, brown, and green, with 789, 412, 89, 316, and 66 co-expressed genes, respectively (Figure 7).




Figure 7 | Scale independence and mean connectivity (A), cluster dendrogram (B), and module–trait relationship (C) were obtained through the WGCNA using the 1,647 DEGs identified in pear petals across the eight treatments.



Analysis of the interaction between the co-expression and the eight sample treatment modules revealed the expression levels of eigengenes (idealized representative genes) within each module (Figure 7C). The results indicated that the brown module (318 genes, ME = 0.97, p = 3 × 10−14) exhibited the highest correlation with M. laxa infection in the S48ML treatment, suggesting that the DEGs belonging to this module may play significant roles in the relative tolerant cultivar (Sissy) during M. laxa infection compared with the Kristalli cultivar (Figure 7C). In contrast, the blue module was significantly correlated with the sensitive cultivar at 2 HAI. In our case study, we focused only on the brown module because we aimed to detect key genes regulating the tolerance of pear petals to M. laxa.





Monilinia laxa tolerance-related module analysis and identification of hub genes in the Sissy cultivar

The brown module, a unique co-expression module, was highly correlated with M. laxa infection in the relevant tolerant cultivar (Sissy) at 48 HAI and grouped 318 genes that were involved in defense response, plant-type cell wall organization, and cellulose biosynthesis for the biological process GO terms, in the extracellular matrix and nucleosome for the cellular component GO terms, and in FAD and DNA binding for the molecular function GO terms. The KEGG pathway analysis revealed that the brown module genes were involved in MAPK signaling and metabolic pathways, biosynthesis of secondary metabolites (monoterpenoids and zeatin biosynthesis), and plant–pathogen interactions (Supplementary Table S13).

The hub genes were further selected among the genes involved in these biological functions to meet the absolute value of MM ≥0.85 and GS for S48ML ≥0.85 (Figure 8, Supplementary Tables S14, S15). Six genes were identified: pycom08g05900 (cytokinin dehydrogenase 7), pycom05g27470 (WRKY transcription factor 65), pycom10g22220 (WRKY transcription factor 71), pycom15g24670 (heat shock transcription factor B1a, HSF-B1a), pycom15g32240 (transcription factor TGA3-like), and pycom17g13130 (WRKY transcription factor 28).




Figure 8 | Hub genes in the brown module selected based on the module membership (MM) vs. gene trait significance (GS) for the S48ML treatment.



Functional analysis of the hub genes revealed their significant involvement in FAD- and DNA-binding molecular function GO terms and in the zeatin biosynthesis KEGG pathway, suggesting their relevant role in modulating gene expression patterns of petal immunity responses in the cv. Sissy toward induced tolerance in response to M. laxa infection. Thus, the six hub genes were used as bait genes to construct a brown module regulatory network.

The brown module regulatory network (Figure 9) revealed the presence of 52 nodes connected with 91 edges. The most connected genes (diamond-shaped hub genes) within the network encoded the cytokinin dehydrogenase 7 gene, followed by WRKY 65, WRKY 71, heat shock factor HSF-B1a, TGA3-like, and WRKY28 TFs. Finally, the expression patterns of the key genes identified for M. laxa tolerance in the brown module for Sissy petals at 4 8HAI are graphically presented in the heatmap (Figure 10, Supplementary Table S16).




Figure 9 | Regulatory network visualization of the brown module correlated with the Sissy cultivar at 48 HAI. The hub genes are diamond-shaped and their annotations are bold-highlighted in the network.






Figure 10 | Heatmap showing the expression patterns of the hub genes potentially involved in the relative tolerance of the Sissy cultivar to Monilinia laxa.







Validation of RNA-seq data using qRT-PCR

A linear model was used to model the correlation between RNA-seq and qRT-PCR data (log2 fold change of nine randomly selected genes) for the K2 and S48 comparison groups (Supplementary Table S17, Supplementary Figure 1). The goodness of fit was determined by the coefficients of determination (R2) which were equal to 0.82 and 0.89 for the K2 and S48 groups, respectively, indicating a good fit between RNA-seq and qRT-PCR data.






Discussion

In pear petals, the transcriptional responses to infection with M. laxa remain largely unknown. Thus, the overarching objective of this study was to decipher the transcriptome dynamics and regulatory mechanisms involved in the early stages of infection with M. laxa in the petals of two pear cultivars with differences in their sensitivity to fungal diseases. Our results suggest that, during these compatible interactions, both cultivars initiate a basal defense response to some extent, which is quite distinctive at different stages of the infection. However, in both cultivars, the specific time-dependent transcriptional reprogramming upon infection was accompanied by a failure to restrict fungal growth and disease progression, which was more pronounced in the susceptible cultivar Kristalli.

In both cultivars, the expression patterns of our RNA-seq data in petals suggest a dynamic reprogramming upon infection, as observed in other studies, such as in strawberry, grapevine, and rose petals infected by B. cinerea (Haile et al., 2017; Liu et al., 2018; Xiao et al., 2022). Notably, DEGs involved in plant–pathogen interaction, immune signal transduction, biosynthesis of secondary and primary metabolism, and other defense-related responses were induced in delay in the Sissy cultivar, which is relatively tolerant to M. laxa compared with the Kristalli cultivar. The expression profiles of the DEGs were also significantly different among the cultivars. Thus, in the Kristalli cultivar, the majority of DEGs were suppressed at 2 HAI, while in the Sissy cultivar, DEGs were mostly upregulated at 48 HAI. In contrast, a less abundant inventory of key genes and pathways involved in defense responses was observed at 48 HAI in the Kristalli cultivar. Significant downregulation of a high proportion of DEGs in the Kristalli cultivar is consistent with other studies on hosts infected with M. laxa (Balsells-Llauradó et al., 2020), as well as those infected with B. cinerea (Petrasch et al., 2019; Zambounis et al., 2020). This downregulated expression in Kristalli at 2 HAI was mainly attributed to the significant and rapid downregulation of specific DEGs and pathways associated with defense responses, biosynthesis of secondary metabolites, and plant–pathogen interactions. Notably, these pathways are suppressed during early responses in both compatible and incompatible interactions with B. cinerea (Smith et al., 2014; Kong et al., 2015; Petrasch et al., 2019).

The cell wall constitutes a structural barrier in response to pathogen attack (Haile et al., 2019; Wang et al., 2020b). At the same time, it is also the initial target for M. laxa during penetration as its disassembly contributes to susceptibility to pathogen invasion (Garcia-Benitez et al., 2019; Haile et al., 2019). Particularly, in the Kristalli cultivar, many DEGs involved in cell wall modification were differentially regulated at 2 HAI, as already described in strawberries upon Botrytis infection (Haile et al., 2019; Xiao et al., 2022). Thus, the constitutive upregulation of DEGs associated with hampering pathogen penetration, including CCR genes, along with the simultaneous suppression of PG genes, strongly mitigated the effect of susceptibility during M. laxa infection, as was also reported during B. cinerea infection in kiwi fruits (Cantu et al., 2008; Zambounis et al., 2020). Monilinia laxa may further stimulate petal softening by manipulating PL genes during the early infection stage, as has been reported in Botrytis (Lu et al., 2019). Indeed, in our study, we found nine PL genes that were downregulated in the K2 comparison group, implying their involvement in the induction of early defense responses. Previously, the suppression of the PL gene was reported to reduce susceptibility to B. cinerea and increase the concentration of cellulose and hemicellulose in tomatoes (Yang et al., 2017). Furthermore, Gl genes that degrade cellulose and hemicellulose (Blanco-Ulate et al., 2013) were mainly suppressed in the K2 group, indicating that they might partially contribute to the deployment of defense responses to some extent against M. laxa infection. On the other hand, in the same comparison group, the downregulation of CesA and LRR-EXT genes that influence cell wall extensibility and susceptibility (AbuQamar, 2014) might have facilitated pathogen colonization, along with the suppression of four XTH genes, which may be related to the thickening of cell walls (Liu et al., 2018; Wang et al., 2020b). The downregulation of a dirigent protein gene involved in the biosynthesis of lignans, which was previously found to be the most upregulated DEG in unripe strawberry fruits during cell wall reinforcement upon Botrytis elicitation (Haile et al., 2019), is another potential susceptibility-related response in the Kristalli cultivar that could be taken into consideration at the early infection stage. Overall, we are tempted to speculate that transcriptional changes in DEGs related to cell wall degradation and modification processes might contribute to Kristalli sensitivity to M. laxa, whereas the relative tolerance of the Sissy cultivar might not be regulated by such DEGs, at least at the early time point upon infection.

The high induction of DEGs involved in pathogen perception and signal transduction, particularly in Kristalli, highlights the important role of PTI in the pear–M. laxa pathosystem. Thus, in Kristalli, PTI seems to be mediated through the induction of an array of PRR genes, such as LRR-RLKs and LecRKs, which were however mainly suppressed at the early time point. Notably, LRR-RLK genes in the Sissy cultivar were constitutively upregulated at both time points, suggesting their putative role in higher innate immunity response. Several RLK genes have been previously shown to induce immune responses in necrotrophs (De Cremer et al., 2013; Zambounis et al., 2020). Furthermore, LecRKs are also involved in the defense responses of rose petals against Botrytis (Liu et al., 2018). It is worth mentioning that among the induced RLK genes, the G-type LecRKs are known to be involved in plant defense (Lannoo and Van Damme, 2014). In addition, in the S48 comparison group, the upregulation of a WAK receptor gene might provide further evidence of its involvement in M. laxa recognition, whereas another WAK gene, along with GLRs and PERKs, was suppressed in the K2 group. Previously, it was reported that during infection with Botrytis, WAK receptors were also upregulated in ripe strawberry fruits, lettuce, and rose petals (De Cremer et al., 2013; Liu et al., 2018; Haile et al., 2019). Our RNA-seq data also revealed that in S48, in contrast to the K48 group, various classes of branched kinases (STKs, CRKs, and CRCK) known to be involved in immune signaling pathways (Tang et al., 2017) were upregulated. Among them, STKs and CRKs are well-known plant defense regulators (Zambounis et al., 2020) and were similarly induced in lettuce after B. cinerea infection at 48 HAI (De Cremer et al., 2013).

Reprogramming of both secondary and primary metabolism putatively activates host defense responses (Agudelo-Romero et al., 2015). The upregulation of the GltS gene in the cv. Sissy at 48 HAI seems to further promote its tolerance, as it is known that glutamate triggers long-distance calcium-based plant defense signaling (Toyota et al., 2018). Secondary metabolites actively participate in defense pathways to tackle invading pathogens (Zaynab et al., 2018). Indeed, in the Kristalli cultivar, the biosynthesis of secondary metabolites was selectively activated in delay to some extent, which is consistent with previous studies (Agudelo-Romero et al., 2015; Xiong et al., 2018; Haile et al., 2019). These delayed defense responses in Kristalli were also supported by the highly enriched KEGG terms of “metabolic pathways” and “biosynthesis of secondary metabolites.” These results are consistent with previous findings in a tomato genotype susceptible to Botrytis, where the induction of defense responses and particularly the metabolic shunt for the biosynthesis of secondary metabolites were not observed until 48 HAI (Smith et al., 2014). It is known that JA has important regulating roles associated with defense responses against necrotrophic fungi (Blanco-Ulate et al., 2013; Sham et al., 2014; Agudelo-Romero et al., 2015; Haile et al., 2019). In our study, JA was also highlighted as the principal phytohormone in signaling transduction-mediated responses in Sissy based on the S48 group, as a lipoxygenase gene, which is related to JA biosynthesis, and was upregulated at 48 HAI. In this line, the activation of a CAD gene might also contribute to the elevated tolerance of the Sissy cultivar, as such genes are involved in lignin biosynthesis and resistance to pathogens (Li et al., 2022). In addition, one PAL-encoding gene, the key enzyme in the phenol biosynthesis pathway, was found upregulated in the S48 group, whereas its triggering is likely correlated with the Sissy higher competence to block M. laxa growth. In Kristalli, genes encoding 2-oxoglutarate-dependent dioxygenase, which is also involved in JA biosynthesis, were suppressed at 2 HAI and upregulated at 48 HAI. Notably, in the K2 group, the pathway of “alpha-linolenic acid metabolism” was enriched through the induction of linoleate 13S-lipoxygenase-encoding genes, suggesting a role of this pathway in the activation to some extent of primary biosynthetic pathways. Finally, we are tempted to speculate that although induction of the phenylpropanoid biosynthesis pathway was recorded in both cultivars, it was insufficient to restrict fungal growth and disease progression, as previously reported in ripe grapes after infection with B. cinerea (Agudelo-Romero et al., 2015).

Upon challenge with necrotrophic phytopathogens, a large set of TF families play important roles in the orchestration and regulation of defense mechanisms (Smith et al., 2014; Tsuda and Somssich, 2015; Liu et al., 2018; Haile et al., 2019). It is also possible that some of these TFs are involved in susceptibility (Agudelo-Romero et al., 2015). In our study, the transcriptional reprogramming of several TF-encoding DEGs was revealed by a quite different and time-dependent expression pattern between the two cultivars. Thus, in the K2 group, several TF-encoding genes belonging to the AP2/ERF family were mainly upregulated at the early time point. Considering that ERFs are responsive genes in ethylene biosynthesis and act as susceptibility factors upon challenging with pathogens (Agudelo-Romero et al., 2015; Petrasch et al., 2019), M. laxa may rapidly manipulate their induction in Kristalli, thereby accelerating further its susceptibility to M. laxa. Members of the bHLH family are also characterized as JA-mediated transcriptional regulators that act cooperatively with other TFs (Goossens et al., 2017), such as MYBs, in plant defense responses against pathogen attacks (Vailleau et al., 2002). The downregulation of MYBs and bHLHs in the K2 group further indicates the suppression of Kristalli defense mechanisms, enhancing its high susceptibility. In contrast, ZFPs and MUBs, which regulate overlapping signaling pathways and metabolic modulation toward the establishment of disease resistance, were among the most abundantly induced TFs in the S48 group.

A virulence factor exploited by M. laxa to manipulate host responses and facilitate colonization is the production of ROS, which leads to an oxidative burst that orchestrates the hypersensitive response (HR) and promotes susceptibility (Balsells-Llauradó et al., 2020). In our study, physiological indexes of pear petals among the two cultivars upon ML treatment showed higher levels of both TBARS and H2O2 in the sensitive cultivar than in the relatively tolerant cultivar Sissy. As no induction of any Rboh (respiratory burst oxidase homolog) genes that play an important role in redox homeostasis was observed in either cultivar, the scavenging strategy seems to be mediated by the induction of TXN and GST genes that directly participate in the ROS-scavenging pathway (Zheng et al., 2020), which were mainly upregulated in the Kristalli cultivar at both time points.

The activation of PRs and defense-related DEGs in the S48 group further indicates a delay in the immune responses. These responses were also evident to a lesser extent at the later time point in Kristalli, whereas at 2 HAI, such DEGs were primarily suppressed in the susceptible cultivar. However, in both cultivars, DEGs encoding homologs of major allergen proteins belonging to the PR-10 group family were constitutively upregulated at 48 HAI, and also in the K2 group, suggesting an enhancement of the JA-mediated transduction of defense signaling (Casañal et al., 2013). These genes were also induced in strawberry and kiwi fruits challenged with B. cinerea (Xiong et al., 2018; Zambounis et al., 2020). Similar expression patterns were recorded for another class of the PR-10 family encoding metalloendoproteinase (MMP) genes that play pivotal regulatory roles in homeostasis during PTI (Zhao et al., 2017), while a specific MMP protein is required for disease resistance against B. cinerea in tomato (Li et al., 2015). However, in Kristalli, the downregulation at the early time point of numerous disease resistance genes, such as those encoding defensin, elicitor-responsive, enhanced disease resistance, and TMV resistance proteins, further highlights the suppression of any defense-related responses promoting the susceptibility of this cultivar. However, in Sissy, all except one disease-related gene were upregulated at 48 HAI such as those encoding thaumatin, endochitinase, and peroxidase proteins.

At both stages of infection for the Sissy and Kristalli cultivars, respectively, an abundant number of DEGs encoding nutrients and ion transporters were either upregulated or downregulated. Several of these might have been utilized by the pathogen to obtain nutrients for its own needs from decayed host cells (Xiong et al., 2018). Among the upregulated DEGs encoding ABC transporters at 48 HAI, members of the G family are involved in the transport and secretion of secondary metabolites in plants challenged by pathogens, whereas fungi have developed similar transporters to export it from their cytosol (Khare et al., 2017).

Co-expression network analysis has become a powerful tool that is commonly used for the identification or prediction of new genes and TFs associated with crop pathogen resistance (Amrine et al., 2015; Liu et al., 2019; Cui et al., 2022; Kumar et al., 2022). Here, WGCNA was used to identify co-expression modules and hub genes correlated with M. laxa tolerance in pear petals. The analysis classified the pathogen-responsive genes of both cultivars into five co-expression modules. The most significant module (brown module) was positively correlated to the Sissy cultivar at 48 HAI (S48ML treatment). The functional analysis revealed that genes within this module were mainly involved in DNA- and FAD-binding molecular functions, which further supports the hypothesis that this co-expression module is involved in the transcriptional regulation of the Sissy cultivar in response to M. laxa. Five TFs and cytokinin dehydrogenase-encoding genes were identified as hubs in this module regulatory network.

Among the TF hubs, three belonged to the WRKY family: WRKY28, WRKY65, and WRKY71. A study conducted on the Arabidopsis thaliana and B. cinerea pathosystem revealed that overexpression of AtWRKY28 led to A. thaliana disease resistance through the positive regulation of JA and ET biosynthesis-related genes (Wu et al., 2011). In pear petals, WRKY28 was highly upregulated (log2FC = 8.33) in the S48 comparison group compared with the other TFs. Furthermore, WRKY65 and WRKY71 were upregulated only in this comparison group (S48). These genes are known to be involved in plant resistance to fungal and bacterial pathogens. The silencing of PlWRKY65 from Paeonia lactiflora induced a higher sensitivity of the mutant plants to Alternaria tenuissima infection (Wang et al., 2020a), while overexpression of maize ZmWRKY65 in Arabidopsis transgenic plants enhanced their resistance to B. cinerea and Pseudomonas syringae pv. tomato DC3000 (Pst) infection via the activation of PR genes (Huo et al., 2021). Both WRKY65 orthologs exerted a regulatory effect on disease hormone signaling pathways, resulting in a more resistant phenotype. The WRKY71 TF was also a hub gene and had the same expression pattern as previous TFs in the Sissy cultivar. Overexpression of such a WRKY gene in rice (OsWRKY71) also resulted in improved resistance to Xanthomonas oryzae pv. oryzae (Liu et al., 2007).

DEGs encoding TGA3-like and HSF-B1a TFs were also identified as hub genes in the regulatory network which correlated with the relatively tolerant cultivar, whereas both genes were upregulated exclusively in the Sissy cultivar at 48 HAI. HSF-B1 TFs have been demonstrated to play a pivotal role in the activation of defense priming in Arabidopsis (Pick et al., 2012). TGA3 is a member of the TGA TF family known as regulators of PR genes since they constitutively interact with the non-expresser PR gene 1 (NRP1) (Jakoby et al., 2002), while the tga3 Arabidopsis mutant is defective in basal pathogen resistance (Kesarwani et al., 2007). This suggests that TGA3-like TFs play a central role in the activation of PR genes in the cv. Sissy. In contrast, plant-derived cytokinins promote Arabidopsis resistance to Pst DC3000 through TGA3-dependent activation of ARR2, a cytokinin-activated transcription factor (Choi et al., 2010). This supports further our results, as the main hub gene in the regulatory network of the Sissy 48 HAI-related module was a cytokinin dehydrogenase 7-encoding gene. Such cytokinin-related genes have been reported to support plant responses and resistance to necrotrophic pathogens (Li et al., 2022; Zhu et al., 2022).

Gene co-expression network analyses also have limitations, even if they provide valuable information about potential genes and their correlation, as they do not indicate the nature of the relationship between genes that are co-expressed. Thus, further analyses are necessary to define which genes are regulated by the identified TFs inducing Sissy tolerance to M. laxa, such as ChIP-seq (Chen et al., 2018), which can be integrated into our data to allow the identification of the target genes of TFs.





Conclusions

Comparative transcriptomics is a powerful tool for identifying the key genes and pathways that are differentially expressed during pathogen invasion. In this study, the application of this technique provided a comprehensive view of the molecular mechanisms underlying the differential tolerance of the petals of the two pear cultivars, Sissy and Kristalli. Transcriptome profiling revealed cultivar-specific and time-dependent responses after M. laxa inoculation. In particular, GO terms and KEGG pathway enrichment analyses showed an earlier transcriptome reprogramming in Kristalli compared with the Sissy cultivar, whereas defense-related DEGs were mainly suppressed. DEGs involved in signal transduction, biosynthesis of secondary and primary metabolism, and other defense-related responses were mainly induced in the relatively tolerant Sissy cultivar at 48 HAI. These results allow us to better decipher the pear–M. laxa pathosystem identifying the main pathways involved in pear petal defense responses against M. laxa. The integration of a weighted gene co-expression network analysis with transcriptome profiling allowed the identification of six hub genes highly correlated to tolerance to M. laxa, including three WRKYs, one TGA, and one HSF TF, along with a cytokinin dehydrogenase-encoding gene, whose orthologs were already reported to be involved in crop pathogen resistance. The insights gained from our research may offer novel disease control strategies, such as new target genes for genome editing to develop new resistant and transgene-free pear cultivars.
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The interaction between plant hosts and plant viruses is a very unique and complex process, relying on dynamically modulated intercellular redox states and the generation of reactive oxygen species (ROS). Plants strive to precisely control this state during biotic stress, as optimal redox levels enable proper induction of defense mechanisms against plant viruses. One of the crucial elements of ROS regulation and redox state is the production of metabolites, such as glutathione, or the activation of glutathione-associated enzymes. Both of these elements play a role in limiting the degree of potential oxidative damage in plant cells. While the role of glutathione and specific enzymes is well understood in other types of abiotic and biotic stresses, particularly those associated with bacteria or fungi, recent advances in research have highlighted the significance of glutathione modulation and mutations in genes encoding glutathione-associated enzymes in triggering immunity or susceptibility against plant viruses. Apparently, glutathione-associated genes are involved in precisely controlling and protecting host cells from damage caused by ROS during viral infections, playing a crucial role in the host’s response. In this review, we aim to outline the significant improvements made in research on plant viruses and glutathione, specifically in the context of their involvement in susceptible and resistant responses, as well as changes in the localization of glutathione. Analyses of essential glutathione-associated enzymes in susceptible and resistant responses have demonstrated that the levels of enzymatic activity or the absence of specific enzymes can impact the spread of the virus and activate host-induced defense mechanisms. This contributes to the complex network of the plant immune system. Although investigations of glutathione during the plant-virus interplay remain a challenge, the use of novel tools and approaches to explore its role will significantly contribute to our knowledge in the field.




Keywords: plant virus, glutathione metabolism, resistance response, plant defense, susceptible reaction




1 Introduction

The plant organisms, being generally static land organisms, are consistently exposed to a wide range of pathogens that are an ongoing danger to them. Consequently, plants have developed a sophisticated network of defense systems to protect themselves from pathogen incursions and the development of diseases (Ramirez-Prado et al., 2018; Saijo and Loo, 2020; Zechmann, 2020). The components of the plant defense system encompass physical changes in host cells, also known as constitutive defenses, such as the thickening of cell walls to stop external invaders (Martínez-González et al., 2018; Zhu and Li, 2021) or to hinder the translocation of pathogens, such as viruses, within the plant (Otulak-Kozieł et al., 2018a, b, 2020). However, physical barriers alone are often not sufficient to block pathogenesis. Therefore, plants activate internal chemical and molecular pathways to induce defense mechanisms and eliminate pathogenic invasions (Zogli and Libault, 2017; Gimenez et al., 2018; Ramirez-Prado et al., 2018; Hammerbach et al., 2019; Yang et al., 2019; Saijo and Loo, 2020; Zechmann, 2020). The speed and effectiveness of this response play a crucial role in determining the future fate of the plant host (Mandadi and Scholthof, 2013; Kozieł et al., 2021). In this context, it is important to note that plant viruses are specific pathogens that are active only inside the host cell, as they constantly rely on cellular machinery for reproduction (Pogue et al., 2002; Otulak and Garbaczewska, (2014); Kozieł et al., 2021). Thus, plant viruses generally try to keep their hosts alive for as long as possible. This characteristic makes the virus-plant interaction a prolonged one and is often highly dependent on the internal pathways of the host. During stress associated with the presence of biotic/abiotic stressors reactive oxygen species (ROS) are produced. ROS directed plant reaction and are used as signal transduction molecules that control different reaction pathways. Besides biochemical production during stress metabolism ROS are also generated by NADPH oxidases (also named respiratory burst oxidase homologs, RBOHs), peroxidases and other oxidases types (Yadav, 2010). Therefore, final level of ROS molecules could be highly dependent on involvement of many factors. Because of that, plants developed complexed ROS control system based on enzymes (like glutathione reductase-GR, glutathione S-transferase-GST, glutathione peroxidase-GPX) and scavenging non-enzymatic hydrophilic molecules like ascorbate (AsA) and glutathione (GSH) (Noctor and Foyer, 1998). Currently, we know that many (groups of) elements have established themselves as important in the defense of plants against pathogens and plant viruses such as antioxidants, lipids, ROS, jasmonic acid (JA), salicylic acid (SA), and many more (Hernández et al., 2016; Gullner et al., 2017; Koch et al., 2017; Yang et al., 2019; Ding and Ding, 2020; Van Butselaar and Van den Ackerveken, 2020). Among these elements is also glutathione (GSH), which plays a very interesting multifunctional role. As an antioxidant, glutathione enables precise direct or indirect control of ROS (such as singlet oxygen, superoxide anions, hydrogen peroxide, etc.), which often accumulate/produce at high levels during biotic stress, thereby reducing damage to the cells (Hernández et al., 2016; Gullner et al., 2017). This protection is crucial because ROS are not only engaged in signal transduction, but also can oxidize lipids, inhibit enzymes, inactivate biomolecules, and damage proteins, RNA, and DNA, causing a critical level of cell damage. GSH also activates defense pathways against pathogens by mediating between ROS, SA, JA, and ethylene (Alquéres et al., 2013; Han et al., 2013; Ghanta et al., 2014; Cheng et al., 2015; Hernández et al., 2016; Gullner et al., 2017; Künstler et al., 2019a, b; Zechmann, 2020). Moreover, many authors emphasize the high mobility of glutathione; which is systemically transported and serves as a storage form of reduced sulfur, which can be remobilized when needed by plants (Otulak-Kozieł et al., 2022a). Thus, GSH plays the role of a mediator in crucial cellular processes, such as cell cycle progression and programmed cell death (Diaz-Vivancos et al., 2010).

The GSH itself is created from amino acids, including glutamate, L-cysteine, and glycine, through two ATP-dependent enzymatic reactions mediated by γ-glutamylcysteine synthetase (γ-ECS or also known as GSH1) and GSH synthetase (GS or also named GSH2) (Noctor et al., 2002, 2012; Koramutla et al., 2021). The first and rate-controlling step, catalyzed by γ-ECS, produces γ-glutamylcysteine (γ-EC) from the amino acids L-glutamate and L-cysteine. In the second step, GSH synthetase adds glycine to γ-glutamylcysteine (γ-EC) to produce GSH (Figure 1). The reaction catalyzed by γ-ECS/GSH1 is considered the rate-controlling step of GSH synthesis, and the activity of this enzyme is regulated by cellular levels of cysteine and glutamic acid, and feedback inhibition by γ-EC and GSH (Hernández et al., 2015; Koramutla et al., 2021).




Figure 1 | GSH cellular synthesis and usage. γ-glutamylcysteine synthetase (GSH1) active in plastids; GSH synthetase (GSH2) active in plastids and cytoplasm; reduced glutathione form (GSH); oxidized glutathione form (GSSG); glutathione-S-transferase (GST); glutathione peroxidase-like (GPXL), glutaredoxin (GRX); glutathione reductase (GR); S-nitrosoglutathione (GSNO).



GSH1 (EC 6.3.2.2) is exclusively present in plastids, while GSH2 (EC 6.3.2.2) has dual localization in plastids and the cytosol, both encoded by a single gene (Wachter et al., 2005). According to the subcellular localization of GSH1, the GSH synthesis initiates in the plastids, but the predominant transcript, especially in the case of multiple GSH2 transcript populations, encodes a cytosolic GSH2, suggesting the second step occurs in the cytosol (Noctor et al., 2012). After synthesis, GSH can actively move to other cellular compartments, predominantly in its reduced or conjugated forms (Noctor et al., 2012). The reduced GSH form can readily transform into its oxidized form, GSSG, in various biochemical reactions. The cellular homeostasis between the GSH and GSSG ratio controls the cell’s redox level, maintained by reactions performed by glutathione reductases (GR) and glutathione peroxidases (GPX) (Mahmood et al., 2010). The GRs (EC 1.8.1.7) are integral to plant antioxidant defense systems against pathogens, participating in both enzymatic and nonenzymatic oxidation-reduction processes of the cell (Clarke et al., 2022). GRs depend on NADPH levels to transform GSSG to GSH, and through it, they maintain a high ratio of GSH/GSSG in the cell and contribute to the response against plant viruses (Otulak-Kozieł et al., 2023). The plant glutathione peroxidase-like enzymes (GPXL) family consists of multiple isoenzymes with distinct subcellular locations, exhibiting different tissue-specific expression patterns and involvement in various types of stress. Plant GPXLs, containing cysteine in their active site domain, may have dual roles, acting as glutathione peroxidase and thioredoxin peroxidase functions (Bela et al., 2015). The thiol-dependent activities of plant GPXL isoenzymes indicate their role in detoxifying H2O2 and organic hydroperoxides, as well as their involvement in regulating cellular redox homeostasis by maintaining thiol/disulfide or NADPH/NADP+ ratios (Bela et al., 2015). In this context, GPXL can modulate the levels of NADPH needed for GR activity in the recreation of GSH from GSSG.

Deficiency in the activity of either GSH1 or GSH2 impairs GSH production, negatively impacting plant growth and development. On the other hand, overproduction of glutathione in tobacco mutants, as reported by Künstler et al. (2019a), enhances resistance to tobacco mosaic virus (TMV) infections. Moreover, several factors including the concentrations of cysteine and glycine, the availability of ATP, photosynthetically active photon flux, and enzymes that consume GSH, also regulate GSH biosynthesis (Ogawa et al., 2004; Noctor et al., 2012). Many of these factors undergo changes during viral infections and may influence the redox state of the cell. Once produced, GSH can undergo conjugation with toxic substances (Noctor et al., 2012; Shu et al., 2016) or participate in the modulation of viral infection (Otulak-Kozieł et al., 2022a) through the action of glutathione S-transferase-GST (EC 2.5.1.18) (Figure 1). GSH can also serve as a substrate for S-glutathionylation of proteins in the presence of small redox enzyme glutaredoxins (GRX), which also utilizes GSH as a cofactor (Figure 1). Additionally, GSH can react with the NO free radical to produce GSNO, which nitrosylates target proteins. The role of S-glutathionylation or S-nitrosylation in plant-virus interaction is not well understood. Sarkar et al. (2011) suggested the involvement of GSNO in the compatible interaction of mesta yellow vein mosaic virus (MeYVMV) with Hibiscus cannabinus. In the case of GSTs, these multifunctional and essential enzymes are involved in many processes, such as detoxification, signaling, redox homeostasis, plant metabolism, growth regulation, and adaptation to biotic and abiotic stress (Chronopopulou et al., 2017). GSTs catalyze the conjugation of GSH to various hydrophobic compounds and also perform noncatalytic functions as transporters (Chronopopulou et al., 2017). They also act as signaling markers for infection by various pathogens (Dixon and Edwards, 2010; Sabetta et al., 2017). Deep sequencing investigations have revealed that the glutathione cycle and the expression profiles of GST are regulated by various plant-virus interactions involving Tobamovirus (Li et al., 2017), Geminivirus (Góngora-Castillo et al., 2012), and Tenuivirus (Sun et al., 2016).

A relatively low number of studies have focused on the importance of the glutathione cycle and glutathione-associated enzymes in plant cell responses, both compatible and incompatible, or their potential role in developing resistance to plant viruses. The complete array of plant virus-associated elements involved in the glutathione cycle remains unknown. Hence, this review presents the current understanding of the role of glutathione and glutathione-associated enzymes in the susceptible and resistant responses of plants to viruses. Additionally, it seeks to summarize potential avenues for future research, exploring various aspects of plant-pathogen interactions.




2 Role of glutathione cycle in regulation of resistant host-plant virus interaction

The resistance and tolerance of plants against plant viruses is directly connected with the controlled generation of ROS during virus recognition. This process facilitates signal transduction to inform the plant about infection and enables the initiation of a well-directed defense response (in resistance) or partially directed (in tolerance). Therefore, maintaining a precisely controlled level of ROS is crucial, as overproduction could disrupt plant defense/tolerance responses and lead to direct and serious damage to cells. Elements crucial for ROS control, cell protection, and known antiviral responses include the glutathione cycle, especially the levels of GSH and GSSG forms, along with glutathione-associated enzymes such as glutathione transferases (GSTs), glutathione reductases (GRs), and glutathione peroxidases (GPXs).The involvement of glutathione or glutathione treatment in resistance reactions to plant viruses has been reported for various virus types, including potato virus Y-PVY (Otulak-Kozieł et al., 2022a) on different cultivar of potato, tobacco mosaic virus—TMV on tobacco (Gullner et al., 1999; Király et al., 2012; Künstler et al., 2019a, b; Zhu et al., 2021), turnip mosaic virus-TuMV (Otulak-Kozieł et al., 2022b, 2023) on Arabidopsis and obuda pepper virus- pepper interaction (Kalapos et al., 2021). Generally, it is suggested that elevated glutathione or its external supplementation improves resistance or tolerance against plant viruses. Gullner et al. (1999) reported that the use of the cysteine precursor L-2-oxo-thazidine-carboxylic acid (OTC also known as GSH activator) on tobacco leaf discs resulted in the accumulation of glutathione and a significant reduction in TMV levels. A similar situation was reported during direct treatment by use of sulfur which inhibited the development of symptoms and limited virus levels in zucchini yellow mosaic virus (ZYMV)-infected pumpkin through an artificial increase in glutathione (Zechmann et al., 2005; Zechmann et al., 2007). Király et al. (2012) indicated that TMV-resistant tobacco plants with adequate sulfate availability showed fewer necrotic symptoms compared to those with a sulfate deficiency. These authors also postulated that virus resistance correlated with an elevated content of glutathione and Cys and the induction of glutathione. Furthermore, they observed that elevated levels of subcellular GSH in interspecific tobacco hybrid plants (Nicotiana edwardsonii var. Columbia, NEC) in response to TMV and TNV infection suggest that, in addition to SA, GSH may also contribute to the elevated virus resistance of NEC (Király et al., 2024). On the other hand the increased tolerance reaction against TMV was also confirmed by GSH and OTC treatment of tobacco GSH biosynthesis genes NbECS and NbGS mutants (Zhu et al., 2021). The results of Clemente-Moreno et al. (2010, 2013) indicated that pea and peach plants treated with OTC characterized tolerant/partially resistant response against plum pox virus (PPV) with lower level of symptoms occurrence. Moreover, after OTC treatment Clemente-Moreno et al. (2013) reported increased plant growth, increased protection to the photosynthetic machinery and the metabolism of chloroplast in PPV-infected in case of peach plants. Clemente-Moreno et al. (2013) suggested that this could be an effect of induction of non-expressor of pathogenesis-related genes 1 (NPR1) by OTC treatment. This directly indicated increased tolerance to virus infection stress could be an effect of co-involvement of GSH and NPR1 which was observed in tolerant interaction of tobacco with other types of pathogens (Ghanta et al., 2011). The GSH-related modulation of virus infection was also reported in the case of tolerant pumpkin and ZYMV (Zechmann and Müller, 2008). The exact mechanism of modulation of tolerance by GSH is still not entirely known, although Zhu et al. (2021) suggested that GSH could cooperate with SA in modulation of that process in case TMV in tobacco (Nicotiana tabacum) and in constitutive GSH synthesis during potato virus X (PVX) accumulation control in Nicotiana benthamiana (De et al., 2018; Künstler et al., 2019b). However, glutathione levels are not only important during external induction/delivery but also during natural internal production during viral infection. Otulak-Kozieł et al. (2022a) and Otulak-Kozieł et al. (2022b; 2023) detected modulation of glutathione levels during investigations of infections caused by PVYNTN and TuMV on susceptible and resistant (with hypersensitive response or hypersensitive-like, HR or HR-like) respectively on potato and rbohF and rbohD/f mutants of Arabidopsis (Figure 2). Resistant potato plants infected by PVYNTN exhibited a dynamic increase in the content of glutathione during both resistance and, to some extent, susceptible reactions. However, the increase of glutathione (GSH+GSSG and separate GSH and GSSG forms) during HR was more dynamic and stable. This increase correlated with a significant reduction in the amount and expression of PVYNTN and the induction of the HR response. A similar pattern of stable increase in levels of GSH and GSSG was observed in Arabidopsis mutant plants with increased resistance (rbohF) and HR-like reaction (rbohD/F) infected by TuMV (Otulak-Kozieł et al., 2023), which was also associated with decreased expression of the virus. Singh et al. (2020) reported that resistant cultivars of Vigna mungo inoculated with yellow mosaic virus (YMV) also showed an induction of glutathione production, suggesting that plants with viral resistance can potentially elevate the production of glutathione during infection. Fodor et al. (1997) indicated that resistant tobacco Xanthi, in reaction to TMV, exhibited an elevation in GSH, corresponding to results with PVYNTN, YMV, and TuMV. However, GSSG levels were slightly decreased in leaves after TMV inoculation, which differed from the observations in resistant potatoes infected by PVYNTN. Király et al. (2002) and Künstler et al. (2019b) explained that higher GSSG levels indicated the importance of glutathione in the restoration of TMV resistance, suggesting the suppression of oxidative stress HR in virus-infected cells and downstream defense responses. Otulak-Kozieł et al. (2022a; 2022b; 2023) also reported changes in cellular levels of glutathione content. PVYNTN and TuMV infections significantly elevated the glutathione content in cells of resistant potato and Arabidopsis plants and their mobility to specific cell components. Ultrastructural distribution of glutathione demonstrated by Otulak-Kozieł et al. (2022a; 2022b; 2023) in resistant plants showed that glutathione was mostly deposited in the chloroplast, cytoplasm, and nucleus during PVYNTN and TuMV infections. However, both interactions differed in the case of mitochondria, where in resistant plants against PVYNTN, deposition generally remained unchanged, while Arabidopsis plants resistant to TuMV exhibited induced deposition in this organelle. Similar results were reported by Höller et al. (2010) and Zechmann (2020) in resistant tobacco interactions during TMV infection. As postulated by Clemente-Moreno et al. (2015), ROS accumulation is a common feature in plant virus infection. Therefore, not only increased production but also active redistribution of glutathione during the resistant reaction could actively protect vital organelles during infection. Elevated glutathione concentration in the chloroplast is also an important factor for ROS control and symptom development. The breakdown of the oxidative system in the chloroplast is often correlated with necrotic alterations. In the case of mitochondria, Király et al. (2012) indicated that, during incompatible TMV tobacco infection, glutathione depletion induced in the mitochondria correlated with the induction of necrotic lesions in hypersensitive responses. Data from TuMV and TMV suggest that deposition in mitochondria could vary in specific interactions with the host. Nevertheless, Zechmann (2020) and Otulak-Kozieł et al. (2022a) suggested that glutathione plays a very important role in specific cell compartments, activating plant defense and contributing to the development of resistance. Data presented in the case of TuMV infection in Arabidopsis suggest that not only the cell interior but also the apoplast could be a site of modulation of glutathione levels important for resistance (Otulak-Kozieł et al., 2023). The resistant mutants rbohF and rbohD/F of Arabidopsis exhibited the induction of GSH form deposition and summary glutathione (GSH+GSSG pool) changed the activity of apoplastic GGT (γ-glutamyl transferase) in the apoplast, with the active rerouting of GSSG from the cell wall to the symplast during TuMV infection (Figure 2). This movement enables an increased pool of GSSG in the cell for potential use by specific glutathione enzymes like GST, emphasizing the importance of glutathione-associated enzymes as key molecules in the resistant response. In the context of resistance to PVYNTN infection, potato cv. Neptun showed an increased expression of glutathione transferase StGSTF2 and a general activity of GST, corresponding with an increase in the GSSG form and indicating involvement in the resistance reaction. So increased levels of GSSG in cells that differed from the data reported by Fodor et al. (1997), were the result of a global increase in GST activity in resistant plants. Works by Gullner et al. (1995) and Wu et al. (2013) on sugarcane mosaic virus (ScMV) reported a significant increase in GST activity in resistant sorghum cultivars. Moreover, the importance of GST was also postulated by Chronopopulou et al. (2017), not only as enzymes involved in detoxification and ROS homeostasis but also as signaling molecules and adaptors in biotic stress (Chronopopulou et al., 2017; Gallé et al., 2019, 2021). Additionally, Fodor et al. (1997), indicated that GST plays a pivotal function in controlling HR and necrotization during plant-virus interaction. The importance of GST in resistance as suggested by Otulak-Kozieł et al. (2022a) and Fodor et al. (1997) was confirmed during the investigation of resistant tobacco infected by TMV (Király et al., 2012). During TMV investigations, Király et al. (2012) observed the induction of NtGSTU1 (from the tau group) expression between 3 and 6 h after virus inoculation, which manifested as enhanced HR, causing a reduction in TMV replication in plants with sufficient sulfate. Transcriptomic analyses revealed that the GST expression profile can be differentially regulated in plant-virus interactions. Generally, most GSTs are upregulated rather than downregulated during the resistance reaction, as confirmed in pepper leaves infected with Obuda pepper virus—ObPV (Kalapos et al., 2021), rice stripe virus-RSV during infection in Arabidopsis thaliana (Sun et al., 2016), Beta vulgaris and beet necrotic yellow vein virus-BNYVV interactions (Decroës et al., 2022), and the response of watermelon to cucumber green mottle mosaic virus-CGMMV (Li et al., 2017). Furthermore, the expression of specific GST genes was significantly activated in the presence of BNYVV and rice tungro spherical virus (RTSV) in resistance reactions (Larson et al., 2008; Satoh et al., 2013). Satoh et al. (2013) also postulated that rice plants’ resistance to RTSV infection induced not only GST but also the expression of genes encoding GRX, suggesting that s-gluthationylation, with the engagement of GSH, could be important in the resistance reaction. However, depletion of specific GST was shown to influence the induction of a resistant reaction. Rodriguez-Peña et al. (2021) showed that GSTU4 downregulation caused a significant reduction in the accumulation of barley mosaic virus (BMV) and PVX in a specific host. A study exploring the response of Atgstu19 and Atgstu24 mutants to TuMV infection showed significant differences in specific AtGSTU gene expression, virus concentration, ultrastructural alterations, glutathione content, and glutathione transferase and reductase activities compared with Col-0 (wild-type) and mock-inoculated plants (Otulak-Kozieł et al., 2022b). Authors reported that Atgstu24 mutants had a resistance-like reaction to TuMV (with a high decrease in virus gene expression and movement) compared to susceptible Col-0 plants, suggesting that GSTU24 may suppress plant resistance. Moreover, this mutant had upregulated expression of GSTU19 and GSTU13 highly correlated with virus limitation in the resistance-like reaction (Otulak-Kozieł et al., 2022b). Moreover, resistant Atgstu24 mutants also characterized the upregulated activity of GR. Similarly, Otulak-Kozieł et al. (2023) reported that resistant rbohF and rbohD/F mutants infected by TuMV had increased activity of GST and GR, strongly downregulated GPXL, and highly reduced levels of lipid peroxidation. The same situation was also reported by Kalapos et al. (2021), showing high suppression of GPXL based on the results of transcriptome profiling during ObPV–C. annuum in HR. On the other hand, the more tolerant of tobacco plants to pepper mild mottle virus (PMMoV-I) infection characterized decreased activity GR whereas OTC treated tolerant pea characterized GR upregulation (Clemente-Moreno et al., 2010; Hakmaoui et al., 2012).




Figure 2 | Glutathione content changes, tendency in selected glutathione metabolism- related genes expression and glutathione-associated enzymes activity in susceptible (left, AtGSTU19-TuMV, AtrbohD-TuMV interaction) as well as resistance (right, AtGSTU24-TuMV, AtrbohF-TuMV, AtrbohD/F-TuMV interaction) Arabidopsis thaliana mutants- TuMV reaction. γ-glutamyl transferase (GGT), glutathione peroxidase-like (GPXL), glutathione S-transferase (GST),glutathione S-transferase tau-class (GSTU), reduced glutathione form (GSH), oxidized glutathione form (GSSG), glutathione reductase (GR), ↑-activation or up-regulation, ↓- decrease or down-regulation.






3 Role of glutathione cycle in regulation of susceptible host-plant virus interaction

In contrast to resistance, in susceptible plants, the generation of ROS is not well or properly controlled due to changes induced by plant virus infection in the host cell, particularly in the modulation of glutathione. In this case, the modulation is closely associated with the levels of GSH and GSSG forms. As reported in the cases of PVYNTN and TuMV, the GSH form and total glutathione levels could be upregulated in susceptible plants until the point of symptom occurrence and then highly depleted (Otulak-Kozieł et al., 2022b, 2023). In contrast to this, the GSSG form concentration decreased during infections caused by, for example, PVYNTN and TuMV (Otulak-Kozieł et al., 2022a, b). The depletion of glutathione content in susceptible reactions was also reported by Hakmaoui et al. (2012); Singh et al. (2020), and Király et al. (2012) for PMMoV in tobacco, YMV in black gram, and TMV in tobacco respectively. This data, along with reports by Hernández et al. (2017), indicates that susceptible plants, to some extent, are able to control ROS production and delay symptom development. However, without launching a resistant response, the protective potential of the GSH form (via upregulation of synthesis and specific activity of glutathione-associated enzymes) is limited, and the ability to regain GSH from GSSG is mitigated with less presence of the GSSG form. The mobility of glutathione also has an impact on in-cell and in-apoplast relocation in susceptible plants. In susceptible potatoes infected at later stages of PVYNTN infection,the localization of total glutathione decreased, even to nonstatistically significant levels in the cytoplasm and chloroplast. The mutants AtGSTU19 infected by TuMV had decreased content of glutathione in mitochondria, cytoplasm, nucleus, vacuole, and chloroplast. A similar situation was observed in rbohD mutants of Arabidopsis, also exhibiting decreased apoplastic localization (Otulak-Kozieł et al., 2023). During susceptible interactions, not only is glutathione content and distribution changed but there are also changes in the expression of genes encoding specific enzyme changes (Figure 2). In the context of transcriptomic analyses, it is generally observed that GST expression is downregulated in susceptible interactions (Sun et al., 2016; Li et al., 2017; Kalapos et al., 2021; Decroës et al., 2022). However, in specific plant-virus interactions, certain GSTs may be induced. For instance, during the infection of susceptible A. thaliana by cauliflower mosaic virus (CaMV), systemic induction of GST1 was associated with increased virus titers and the development of disease symptoms (Love et al., 2005). Pavan Kumar et al. (2017) also reported the accumulation of some GST proteins in systemically infected leaves of soybeans susceptible to mungbean yellow mosaic India virus (MYMIV) and mungbean yellow mosaic virus (MYMV). Additionally, Zhang et al. (2022) documented that Glycine max GSTU13 was associated with the development of symptoms induced by soybean mosaic virus (SMV) at both transcriptional and protein levels. Furthermore, the works of Chen et al. (2013) and Skopelitou et al. (2015) demonstrated the upregulation of NbGSTU4 and GSTU10-10 during infections caused by bamboo mosaic virus (BaMV) and SMV on susceptible hosts. Chen et al. (2013) also postulated that the NbGSTU4 protein has the ability to bind to the UTR region of (+) s virus RNA, leading to effective replication in susceptible hosts. In tomato cultivars tolerant to tomato leaf curl New Delhi virus (ToLCNDV), Sharma et al. (2021) observed significant upregulation of SlGR3, SlGST44, and SlGST96 during virus infection and different hormone treatments in the tolerant cultivar. Moreover, the virus-induced gene silencing of SlGR3 turned the tolerant cultivar into a susceptible one. Méndez-López et al. (2023), in their investigation of pepino mosaic virus (PepMV) on susceptible tomatoes, showed that SlGSTU38 acted as a susceptibility factor and outlined the dual role of the proviral SlGSTU38 protein. It was suggested that the SlGSTU38 protein interacted with PepMV capsid protein and played a role in delaying virus infection by engaging in or disturbing redox homeostasis. Otulak-Kozieł et al. (2022b) also speculated that similar viral-host protein interactions could occur in the case of GSTU19 and GSTU24 proteins during TuMV infection in different Arabidopsis mutants in various types of interactions. Based on these studies, it is suggested that not only the expression of specific GSTs but also direct interactions between GST proteins and the virus may be necessary to overcome defense mechanisms in susceptible plants. This observation aligns well with the crucial ability of viruses to interact with host proteins (for example in the Potyviridae family), leading to the induction and support of virus infection in different hosts (Chen et al., 2013; Yang et al., 2021). In the analysis of the Atgstu24/Atgstu19-TuMV pathosystem, it was found that the mutation of specific GSTs also had an effect on generating increased susceptibility in the interaction with the virus. Plants with the Atgstu19 mutation exhibited increased susceptibility compared to the already susceptible Col-0 plants, which was associated with elevated levels of TuMV expression. Additionally, in Col-0 plants, there was a general decrease in Atgstu19 expression after 7dpi, indicating that the elimination or limitation of Atgstu19 expression was crucial for the susceptibility interaction with TuMV. The same study also showed that AtGSTU1 and AtGTU24 genes were significantly altered and involved in susceptibility. Not only gene expression but also GST enzymatic activity is modulated during virus infection. Fodor et al. (1997) observed a decrease in the activity of some antioxidant enzymes, especially GST and GR, in susceptible tobacco infected by TMV. Gullner et al. (1995) and Wu et al. (2013) found decreased GST activity in susceptible sorghum cultivars during interaction with ScMV. Similar changes in reduced activity of GST and GR were reported in susceptible mutants infected with TuMV (Otulak-Kozieł et al., 2022b, 2023) after 7dpi which was associated with increased activity of GPXL in rbohD mutants (Otulak-Kozieł et al., 2023). The reduction of cellular or chloroplast GR activity was also reported in infections on compatible hosts caused by various viruses such as cocksfoot mottle virus (CfMV) on Dactylis glomerata, cucumber mosaic virus (CMV) on tomato, PPV, and prune necrotic ringspot virus (PNRSV) on apricot plants, as well as white clover mosaic virus (WCIMV) on bean plants (Li and Burritt, 2003; Amari et al., 2007; Song et al., 2009; Clemente-Moreno et al., 2015). The involvement of GR in the reduction of glutathione disulfide (GSSG) to two molecules of GSH makes this enzyme crucial for maintaining the glutathione redox potential. Therefore, the reduction of GR activity coupled with an increase in GPXL as reported in the case of YMV or TuMV (Singh et al., 2020; Otulak-Kozieł et al., 2023) creates a situation of poorly controlled and imbalanced redox hemostasis. This imbalance leads to damage of cell components such as uncontrolled lipid peroxidation and blocks the possibilities of proper initiation of defense response at the right place and time to effectively stop the infection.




4 Future prospects

In recent years, the importance of controlling redox homeostasis, particularly through glutathione, has been increasingly recognized as crucial for inducing a resistant response. However, our understanding of the exact mechanisms and the significance of glutathione, as well as the involvement of specific glutathione-associated enzymes, remains limited in the context of plant-virus interactions. This limitation is particularly evident in understanding the roles of GRX, GSNO, S-glutatylation, and S-nitrosylation processes. This is mainly due to the fact that research has traditionally focused on well-known stress molecules like SA or JA, or simply measured the activity of selected redox enzymes. The new findings highlight the importance of glutathione mobility within the cell and the direct interaction of glutathione-associated enzymes with viral factors or vRNA essential for the full-fledged development or initiation of viral infection (particularly through interactions with UTR sites in vRNA). This opens up a unique and promising new field of research. To advance our understanding, investigating the relocation of glutathione, both between different cell regions and its dynamic changes, along with gathering transcriptional data specifically focused on glutathione metabolism, will be crucial. Additionally, exploring the direct interactome of glutathione-associated proteins can help greatly in the identification of crucial elements in host-plant virus interplay. The generation of mutants for selected genes based on transcriptomic data, using advanced techniques such as CRISPR/Cas9, will further open new horizons for developing resistance to viruses or other multifactorial stresses.
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Arabidopsis thaliana Mitogen-activated protein Kinase Phosphatase 1 (MKP1) negatively balances production of reactive oxygen species (ROS) triggered by Microbe-Associated Molecular Patterns (MAMPs) through uncharacterized mechanisms. Accordingly, ROS production is enhanced in mkp1 mutant after MAMP treatment. Moreover, mkp1 plants show a constitutive activation of immune responses and enhanced disease resistance to pathogens with distinct colonization styles, like the bacterium Pseudomonas syringae pv. tomato DC3000, the oomycete Hyaloperonospora arabidopsidis Noco2 and the necrotrophic fungus Plectosphaerella cucumerina BMM. The molecular basis of this ROS production and broad-spectrum disease resistance controlled by MKP1 have not been determined. Here, we show that the enhanced ROS production in mkp1 is not due to a direct interaction of MKP1 with the NADPH oxidase RBOHD, nor is it the result of the catalytic activity of MKP1 on RBHOD phosphorylation sites targeted by BOTRYTIS INDUCED KINASE 1 (BIK1) protein, a positive regulator of RBOHD-dependent ROS production. The analysis of bik1 mkp1 double mutant phenotypes suggested that MKP1 and BIK1 targets are different. Additionally, we showed that phosphorylation residues stabilizing MKP1 are essential for its functionality in immunity. To further decipher the molecular basis of disease resistance responses controlled by MKP1, we generated combinatory lines of mkp1-1 with plants impaired in defensive pathways required for disease resistance to pathogen: cyp79B2 cyp79B3 double mutant defective in synthesis of tryptophan-derived metabolites, NahG transgenic plant that does not accumulate salicylic acid, aba1-6 mutant impaired in abscisic acid (ABA) biosynthesis, and abi1 abi2 hab1 triple mutant impaired in proteins described as ROS sensors and that is hypersensitive to ABA. The analysis of these lines revealed that the enhanced resistance displayed by mkp1-1 is altered in distinct mutant combinations: mkp1-1 cyp79B2 cyp79B3 fully blocked mkp1-1 resistance to P. cucumerina, whereas mkp1-1 NahG displays partial susceptibility to H. arabidopsidis, and mkp1-1 NahG, mkp1-1 aba1-6 and mkp1-1 cyp79B2 cyp79B3 showed compromised resistance to P. syringae. These results suggest that MKP1 is a component of immune responses that does not directly interact with RBOHD but rather regulates the status of distinct defensive pathways required for disease resistance to pathogens with different lifestyles.
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1 Introduction

Plant defense responses are orchestrated through complex signaling networks that involve both early and sustained response mechanisms, collectively contributing to the activation of different defense layers (Yuan et al., 2021). At the forefront of this defense arsenal are Pattern Recognition Receptors (PRRs) located at the plasma membrane of plant cells. These PRRs, mainly Receptor Kinases (RKs) and Receptor-Like Proteins (RLPs), sense the presence of invading pathogens in two ways: i) through the direct recognition of conserved molecules present in the pathogens, called Microbe-Associated Molecular Patterns (MAMPs; Bender and Zipfel, 2023); ii) through the recognition of plant derived-molecules, called Damage-Associated Molecular Patterns (DAMPs), released or synthesized after pathogen attack (De Lorenzo and Cervone, 2022). The engagement of PRRs initiates Pattern Triggered Immunity (PTI) responses that includes a cascade of events: apoplast alkalinization, cytoplasmic calcium influxes, reactive oxygen species (ROS) production by NADPH oxidases, phosphorylation cascades triggered by Mitogen-Activated Protein Kinases (MPKs) and Calcium Dependent protein Kinase (CPKs), and transcriptional reprogramming (DeFalco and Zipfel, 2021). The coordination of these signaling events leads to the synthesis of antimicrobial compounds, like antimicrobial peptides and metabolites (e.g. Tryptophan (Trp)-derived indol-glucosinolates), reinforcement of the cell wall, and other defense-related processes that collectively contribute to restrict pathogen colonization. Additionally, intracellular nucleotide-binding domain and leucine-rich repeat-containing receptors (NLRs) recognize pathogen derived effectors, further promoting the activation of these defenses through a different layer of disease resistance mechanism that is termed Effector-Triggered Immunity (ETI; Ngou et al., 2022).

Despite the necessity of robust activation of defense responses for effective plant disease resistance, there is a delicate control of the intensity and long-lasting of these responses to avoid an over activation of PTI/ETI. Induction of defense responses can compromise the normal development of the plant, impacting growth and reproduction (Huot et al., 2014). Excessive or prolonged activation of defense mechanisms can lead to resource allocation away from normal physiological processes, potentially hindering the plant’s ability to thrive (Monson et al., 2022). Therefore, it is essential to limit the induction of defenses to prevent detrimental effects on the overall fitness of the plant. Different mechanisms have been described to contribute to limit the induction of defensive response, like dephosphorylation of activated proteins by phosphatases, endocytosis of PRRs, or ubiquitination and degradation of activated proteins (Beck et al., 2012; Couto et al., 2016; Zhang and Zeng, 2020).

One critical aspect of the regulation of defense responses is the control of ROS production. ROS are produced during early PTI responses and are potentiated through ETI to a second wave with more sustained ROS accumulation (Castro et al., 2021; Wu et al., 2023). NADPH oxidases, called in plants RESPIRATORY BUST OXIDASE HOMOLOGS (RBOHs), are the main enzymes that account for most of these pathogen dependent ROS production (Torres and Dangl, 2005). They are plasma membrane proteins that transfer electrons from cytosolic NADPH to apoplastic oxygen, resulting in the production of superoxide (O2-), which rapidly dismutates to hydrogen peroxide (H2O2). H2O2, a more stable ROS, modulates downstream cellular targets, largely by oxidizing redox-active cysteines and other amino acids, and by travelling through the apoplast, spreading the stress signal to various regions of the plant (Bleau and Spoel, 2021; Castro et al., 2021). While ROS play a vital role in signaling, their overproduction can lead to oxidative damage, negatively impacting cellular structures and functions (Mittler, 2017). Therefore, plants possess a battery of antioxidant and detoxifying enzymes that limit ROS accumulation (Das and Roychoudhury, 2014). Moreover, ROS production is tightly controlled making its accumulation transitory, not exceeding the necessary threshold for ROS effective regulatory function and avoiding ROS excessive accumulation due to their potentially damaging effects.

In the model plant Arabidopsis thaliana the NADPH oxidase RBOHD is the key oxidase responsible for most pathogen-induced ROS production (Torres et al., 2002). The activation of this oxidase has been well characterized and involves multiple posttranslational modifications mainly acting at the cytosolic N-terminal domain of the protein, which contains Ca2+ binding EF hands (Castro et al., 2021). Upon pathogen recognition, several kinases act in concert at this N-terminal domain to regulate RBOHD activation (Kadota et al., 2015; Castro et al., 2021; Wu et al., 2023). These kinases that phosphorylate RBOHD N-terminal include: i) receptor-like cytoplasmic kinases (RLCKs) like BOTRYTIS INDUCED KINASE 1 (BIK1; Kadota et al., 2014), which plays a preeminent role in RBOHD regulation, and the RESISTANCE TO PSEUDOMONAS SYRINGAE PV. MACULICOLA 1-INDUCED PROTEIN KINASE (RIPK; Li et al., 2021); ii) RKs, like DOES NOT RESPOND TO NUCLEOTIDES 1, (DORN1; Wang et al., 2018); iii) MPKs like SERINE/THREONINE KINASE 1 (SIK1; Zhang et al., 2018); iv) and the CALCIUM-DEPENDENT PROTEIN KINASE 5 (CPK5; Dubiella et al., 2013). The precise orchestration of RBOHD activation involves convergent phosphorylation events at some specific RBOHD Ser/Tyr residues (e.g. Ser343 and Ser347) by these kinases, contributing to the fine-tuning of ROS production in response to different stimuli (Wu et al., 2023). Furthermore, phosphorylation of C-terminal residues by receptors like CYSTEINE-RICH RECEPTOR KINASE 2 (CRK2) and persulfidation of specific Cys in the C-terminus also contribute to the activation of AtRBOHD-dependent ROS production, emphasizing the complexity and versatility of regulatory mechanisms governing plant immunity mediated by RBOHD (Kimura et al., 2020; Shen et al., 2020).

Contrary to activation, fewer mechanisms are known to negatively regulate RBOHD-activity and its de-phosphorylation. Prior pathogen elicitation, transcriptional and translational control could limit RBOHD protein level to restrict ROS production (Morales et al., 2016; George et al., 2023). Also, the ubiquitination mechanism mediated by the RLCK AvrPphB SUSCEPTIBLE1-LIKE 13 (PBL13) contributes to maintain the appropriate RBOHD levels at the plasma membrane at the resting state (Lee et al., 2020). PBL13 phosphorylation of the C-term of the protein drives its ubiquitination (Lee et al., 2020), leading to RBOHD degradation in the vacuole with the contribution of XYLEM CYSTEINE PEPTIDASE 1 (XCP1; Liu et al., 2023). Once defense signaling is engaged, two mechanisms could contribute to deactivate the active RBOHD and prevent excessive ROS production. Over-accumulation of ROS in the cytosol is sensed by QUIESCIN SULFHYDRYL OXIDASE HOMOLOG 1 (QSOX1), which interacts with and oxidizes S-nitrosoglutathione reductase AtGSNOR, elevating intracellular S-nitrosoglutathione (GSNO) levels (Chae et al., 2021). High GSNO levels can promote S-nitrosylation of Cys890 in RBOHD, which inactivates the oxidase (Yun et al., 2011). Also, a recent work documents the interaction of PHAGOCYTOSIS OXIDASE/BEM1P (PB1) DOMAIN-CONTAINING PROTEIN (PB1CP) with RBOHD to negative regulates MAMP-induced ROS production. PB1CP could negatively regulate the active oxidase by competing for binding with activating kinases, such as BIK1, and by promoting endocytosis, which could lead to the degradation of the oxidase (Goto et al., 2023).

Arabidopsis thaliana Mitogen-activated protein Kinase Phosphatase 1 (MKP1) regulates various cellular processes, including growth, development, and stress responses (Ulm et al., 2002; Bartels et al., 2009; Tamnanloo et al., 2018). This phosphatase appears to function by dephosphorylating and inactivating MPKs, showing a strong interaction with MPK3 and MPK6 (Ulm et al., 2002; Bartels et al., 2009) that are two positive regulators of immune responses, like PTI (Ren et al., 2002). In the context of Arabidopsis thaliana immunity, MKP1 has emerged as an important negative regulator of PTI and disease resistance (Anderson et al., 2011; Escudero et al., 2019). Consequently, Arabidopsis thaliana mkp1 mutant alleles display broad spectrum disease resistance, but also some detrimental chlorosis and necrosis in their leaves at later stages of plant development or under some stress conditions (Bartels et al., 2009; Jiang et al., 2017; Escudero et al., 2019). The mechanism explaining how MKP1 exerts these multifaced functions is unclear. MKP1 has been proposed to function as a repressor of salicylic acid (SA) synthesis and signaling (Bartels et al., 2009). We identified an mkp1-2 allele in a mutant suppressors screening of the highly susceptible agb1-2 plants, that are impaired in β subunit (AGB1) of the heterotrimeric G protein, which is a key regulator of immune responses in Arabidopsis thaliana (Trusov et al., 2010; Torres et al., 2013; Escudero et al., 2019). Notably, we found that MKP1 was a negative regulator of ROS production, since mkp1 mutants displayed enhanced ROS accumulation in response to the MAMPs flg22 and chitin. These results highlighted MKP1 importance in fine-tuning the balance of ROS production and immune responses activation. Therefore, we aimed to investigate if MKP1 has a direct role in the inactivation of RBOHD during the immune response. Moreover, to further characterize the distinct facets of plant defense regulated by MKP1, we set to characterize genetically the contribution of different signaling pathways to the immune function of MKP1 during Arabidopsis thaliana disease resistance responses to pathogens with different lifestyles.




2 Methods and materials



2.1 Plant material and growth conditions

All Arabidopsis thaliana lines used were in Columbia-0 (Col-0) background. mkp1-1 allele and line NahG mkp1-1 were obtained by R. Ulm (Bartels et al., 2009). The allele mkp1-2, that has a weaker phenotype in disease resistance than mkp1-1 allele, was described previously (Escudero et al, 2019). Lines expressing RBOHD under its own promoter (pRBOHD, abreviated pD), pD::FLAG::RBOHD, pD::FLAG::RBOHDS39A/S339A/S343A and pD::FLAG::RBOHDS343/S347 (all 4 in rbohD background) were obtained from Y. Kadota (Kadota et al., 2014, Kadota et al., 2019). Lines 35S::MYC::MKP1 and 35S::MYC::MKP14A (with the 4 putative regulatory phosphosites mutated to Ala) in mkp1-1 background were obtained from S. Peck (Jiang et al., 2017). bik1 mutant and pBIK::BIK1::HA line were provided by Cyril Zipfel (Kadota et al., 2014). Other lines used in this work were: agb1-2 (Ullah et al., 2003), mpk3-1 and mpk6-2 (Beckers et al., 2009), NahG (Delaney et al., 1994), cyp79B2 cyp79B3 (abbreviated in figures cyp79B2/B3), aba1-6 and abi1-2 abi2-2 hab1-1 (abbreviated abi1/2 hab1; Sánchez-Vallet et al., 2012).

Different transgenic lines and mutant combinations with mkp1-1 and mpk1-2 were generated by manual crosses and homozygous lines were identified by PCR. These include: pD::FLAG::RBOHD rbohD mkp1-1, pD::FLAG::RBOHDS39A/S339A/S343A rbohD mkp1-1, pD::FLAG::RBOHDS343/S347 rbohD mkp1-1, mkp1-2 bik1, mkp1-2 mpk3-1, mkp1-2 mpk6-2, mpk1-1 cyp79B2 cyp79B3, mkp1-1 aba1-6, mkp1-1 abi1/2 hab1-1, mkp1-1 NahG.

For soil-based plant growth, Arabidopsis thaliana seeds were sown, stratified at 4°C for 3 days in darkness, and moved to a grown chamber at 22°C, 80% relative humidity, under short day photoperiod (10-h light/14-h dark) and light intensity of 110-120 µE/m2/s. For in vitro plant growth, sterilized seeds were sown in ½ strength Murashige and Skoog (MS) medium containing 1% sucrose and subsequently stratified for 3 days in the dark at 4°C. Seeds were germinated at 22°C, and grown in a plant growth chamber under long day photoperiod (14-h light/10-h dark) and a light intensity of 150 µE/m2/s.




2.2 ROS measurement

H2O2 production was determined by a luminol-based assay. Four mm diameter disc leaves from 4-5 week-old Arabidopsis thaliana plants (n = 8) were collected in 96-wells white plates (Thermo Scientific) and incubated overnight in 100 μl of ROS Buffer (100 μg/ml peroxidase, Sigma; and 100 nM Luminol, Sigma). Luminescence was measured as RLU (relative light units) every minute over 40 minutes after induction with 1 μM flg22 or 50 μM chitohexaose (CHI6) in a Varioskan LUX luminometer (Thermo Scientific), as described in Torres et al. (2013).




2.3 Disease resistance assays

For Plectospharella cucumerina BMM (PcBMM) assays, 16-17-day-old plants were spray inoculated with a 4 × 106 fungal spores/ml suspension. For each genotype, 3 tubes with 8-10 plants were collected 4-5 days-post-inoculation (dpi) for DNA genomic extraction. PcBBM biomass was determined by qPCR, using specific primers FW 5-CAAGTACGTTCCCCGTGCCG-3 and RV 5-GAAGAGCTGGCCGAAGGGACC-3 for Pc β-TUBULIN. Samples were standardized against AtUBIQUITIN using specific primers FW 5- AAAGGACCTTCGGAGACTCCTTACG-3 and RV 5- GGTCAAGAATCGAACTTGAGGAGGTT-3. agb1-2 plants were used as a hypersusceptible control (Escudero et al., 2019).

For Pseudomonas syringae pv. tomato (Pto) DC3000 resistance assays, 21-day-old plants were spray inoculated with a bacterial suspension at a concentration of 3 x 108 colony forming units (cfu)/ml with 0.04% Silwet L-77. Four samples were collected per genotype at 4 dpi, each one containing 4 mm diameter discs. Material collected was ground and plated on Kings B media plates after serial dilution to count cfu. agb1-2 plants served as a hypersusceptible control (Torres et al., 2013).

For Hyaloperonospora arabidopsidis (Hpa) Noco2 resistance assays, 10-11-day-old seedlings were spray inoculated with a 4 × 104 spores/ml suspension. For each genotype, 3 tubes with 12-15 seedlings were collected 6 dpi for DNA genomic extraction. Hpa biomass was determined by qPCR, using specific primers FW 5-ATCTTCATCATGTAGTCGGTCAAGT-3 and RV 5-GTGTCGCACACTGTACCCATTTAT-3 for Hpa ACTIN. Samples were standardized against AtUBIQUITIN. NahG plants were used as a susceptible control (Delaney et al., 1994).

All these different pathology experiments were repeated at least three times with similar results.




2.4 Protein extraction, immunoprecipitation and immunodetection

Twelve-day-old Arabidopsis thaliana seedling (n = 15-20) growth in vitro, were treated with 500 nM flg22 or H2O for 10 minutes before fast-freezing in liquid nitrogen. Total proteins were manually ground in cold and incubated in extraction buffer [50 mM Tris-HCl pH 7.5, 200 mM NaCl, 10 mM NaF, 1 mM EDTA, 2 mM sodium orthovanadate, 1 mM sodium molybdate, 10% (v/v) glycerol, 0.1% (v/v) Tween-20, 1 mM 1,4-dithiothreitol, 1 mM phenylmethylsulfonyl fluoride and phosphatase inhibitor cocktail (Sigma-Aldrich)] for 1 hour at 4°C. Protein samples were quantified by a Bradford assay and subsequently normalized to a total protein concentration of 3-5 mg/ml.

For immunoprecipitation, samples were incubated with 20 µl of anti-MYC, anti-FLAG or anti-HA microbeads (µMACS, Miltenyi Biotec) for 2 hours. Proteins were then retained in µColumns and eluted in SDS loading buffer following Miltenyi Biotec instructions.

For co-immunoprecipitations and control loading, proteins were separated by electrophoresis using 4–15% Mini-PROTEAN TGX Gels (BIO-RAD) for 1 hour and 20 minutes at 120 V in running buffer (Laemmli). Proteins were transferred to nitrocellulose membranes using iBlot 3 Western Blot Transfer Device (Invitrogen). Membranes were blocked in TBST (Tris-buffered saline, 1% Tween-20) and 5% powder milk for 2 hours at room temperature, and subsequently incubated with anti-FLAG (from mouse; 1:2500 dilution; Merck Life Science S.L.U), anti-MYC (from mouse; 1:2500 dilution; Merck Life Science S.L.U.) or anti-HA (from rat; 1:5000 dilution; Milteny Biotec) antibodies in TBST with 3% milk at 4°C overnight. After three 10-minute washes with TBS, membranes were incubated with secondary antimouse-HRP (1:2500 dilution; Sigma Aldrich) or antirat-HRP (1:5000 dilution; Sigma Aldrich) antibodies in TBST with 3% powder milk for two hours at room temperature. After three 10-minute washes with TBS, proteins on the membranes were detected using ECL western blotting substrate (Thermo Fisher Scientific) and images were taken using iBright FL1000 Image System (Thermo Fisher Scientific). For loading controls, membranes were stained with Ponceau-S Red (Sigma Aldrich).




2.5 RNA extraction and quantification of gene expression

Collected plant material from uninfected and infected plants was fast-frozen using liquid nitrogen. After manual grinding, RNA extraction was performed using the RNeasy kit (QUIAGEN) including DNAse treatment following the supplier´s instructions. cDNA was generated using Transcriptor First Strand cDNA Synthesis kit (Roche Applied Science). For qRT-PCR analysis, reactions were performed with 40 ng of cDNA using SYBR green master mix system (Roche Applied Science). PCR conditions were as follows: 95°C for 10 min and then 45 cycles of 95°C for 15 seconds and 60°C for 1 minute. A dissociation stage was carried out at the end confirming only single products were generated. Primers used were as follows: for PR1: FW 5-CGTCTTTGTAGCTCTTGTAGGTGC-3 and RV 5-TGCCTGGTTGTGAACCCTTAG-3; for PDF1-2: FW 5-TTCTCTTTGCTGCTTTCGACG-3 and RV 5-GCATGCATTACTGTTTCCGCA-3; for PAD3: FW 5-CAACAACTCCACTCTTGCTCCC-3 and RV 5-CGACCCATCGCATAAACGTT-3; for CYP81F2: FW 5-TATTGTCCGCATGGTCACAGG-3 and RV 5-CCACTGTTGTCATTGATGTCCG-3. UBC21 (At5g25760) expression (FW 5-GCTCTTATCAAAGGACCTTCGG and RV 5- CGAACTTGAGGAGGTTGCAAAG) was used for normalizing each gene expression level using the Pfaffl method (Pfaffl, 2001).




2.6 Statical analyses

Data were analyzed using Student’s unpaired t test to calculate statistical significance of observed differences. Test results with p values less than 0.05 were considered statistically significant (*, p < 0.05; **, p < 0.005; ***, p < 0.001).





3 Results



3.1 MKP1 downregulates RBOHD activity through mechanisms independent of phosphosite targets of main RBOHD activating kinases

MKP1 was shown to function as a negative regulator of MAMP-dependent ROS production, since mkp1 mutant alleles (mkp1-1 and mkp1-2) displayed enhanced ROS accumulation in response to flg22 and chitin (Escudero et al., 2019). Considering that induction of RBOHD, the key oxidase responsible of these ROS, is mainly achieved by its phosphorylation by different kinases (Castro et al., 2021; Wu et al., 2023), we hypothesized that MKP1 could antagonize with some of these regulatory kinases and dephosphorylate RBOHD to limit ROS production. To assess this hypothesis, we introduced in mkp1-1 rbohD and rbohD genetic backgrounds constructs harboring RBOHD wild-type (WT) gene fused to a tag (FLAG) under the control of its own promoter (pD::FLAG-RBOHD line), or RBHOD carrying mutations in the phosphosites of RBOHD that are the targets of activating kinases during immunity: Ser (S) to Ala (A) mutations in three phosphosites that are the target of BIK1 during PTI responses (pD::FLAG::RBOHDS39A/S339A/S343A; Kadota et al., 2014; Li et al., 2014) and in two phosphosites that are also activated in PTI and ETI responses (pD::FLAG::RBOHDS343A/S347A; Kadota et al., 2019). We monitored H2O2 production with these transgenic lines in response to diverse MAMPs. As described previously (Escudero et al., 2019), mkp1-1 plants exhibited faster and enhanced H2O2 accumulation after bacterial MAMP flg22 treatment compared to WT Col-0 ecotype plants (Figure 1A). rbohD plants complemented with pD::FLAG-RBOHD exhibited higher ROS production than WT Col-0 plants upon flg22 treatment, that was not enhanced in mkp1-1 background (Figure 1A). As described previously (Kadota et al., 2019), rbohD plants complemented with pD::FLAG::RBOHDS39A/S339A/S343A displayed reduced ROS production and rbohD complemented with pD::FLAG::RBOHDS343A/S347A almost abolished all H2O2 production after flg22 treatment. Interestingly, under mkp1-1 background, ROS production was restored at mkp1-1 levels in these two genotypes (mkp1-1 rbohD pD::FLAG::RBOHDS39A/S339A/S343A and mkp1-1 rbohD pD::FLAG::RBOHDS343A/S347A) in comparison to plants in MKP1 WT background (Figure 1A and Supplementary Figure S1A). We also performed the same experiments after elicitation of all these genotypes with the fungal MAMP chitohexaose (CHI6), obtaining similar results, though the effect of mkp1-1 mutation on ROS levels was lower in pD::FLAG::RBOHDS343A/S347A than in pD::FLAG::RBOHDS39A/S339A/S343A (Figure 1B and Supplementary Figure S1B). The fact that the RBOHD lines with altered phosphosites displayed enhanced ROS production under mkp1-1 background compared to WT (MKP1) plants suggests that MKP1 could negatively regulate RBOHD by mediating dephosphorylation of some additional phosphosites to the ones that are targeted by BIK1 and the main regulatory kinases of RBOHD documented (Castro et al., 2021; Wu et al., 2023).




Figure 1 | ROS production is increased in defective phosphosite RBOHD mutant alleles in mkp1-1 background. H2O2 production after 1 μM flg22 (A) or 50 μM Chitohexaose-CHI6 (B) measured in a luminol-based assay using leaf discs from 4-week-old plants of the listed genotypes. Arabidopsis thaliana genotypes tested include Col-0 (WT), and rbohD lines complemented with pD::FLAG::RBOHD, pD::FLAG::RBOHDS39A/S339A/S343A, and pD::FLAG::RBOHDS343/S347, under both WT (MKP1) and mkp1-1 mutant backgrounds. Relative light units (RLU) were measured over a period of 40 minutes. Values are average ± SE (n = 8). Data from one of three experiments performed that gave similar results. See Supplementary Figure S1 for additional information.






3.2 MKP1 does not directly interact and dephosphorylate RBOHD

It was previously shown that expression of 35S::MYC::MKP1 construct in mkp1-1 plants restored the susceptible phenotype against the bacterium P. syringae pv. tomato (Pto) DC3000 observed in WT plants (Jiang et al., 2017). Moreover, the use of 35S::MYC::MKP14A mkp1-1 plants, with the 4 putative regulatory phosphosites of MKP1 mutated to Ala (MKP14A), showed that these modifications are essential to restore the susceptible phenotype against Pto DC3000, suggesting that MKP1 gets stabilized through phosphorylation following treatment with MAMPs (Jiang et al., 2017). To evaluate the extension of this requirement to other patho-systems, we examined the growth of the necrotrophic fungus PcBMM on mkp1-1 lines complemented with 35S::MYC::MKP1 and 35S::MYC::MKP14A (Jiang et al., 2017). Quantification of PcBMM growth at 5 dpi revealed that MKP1 overexpression lines (35S::MYC::MKP1 mkp1-1) exhibited increased enhanced fungal growth compared to the WT, further confirming MKP1 as a negative regulator of disease resistance (Figure 2). MKP1 overexpression lines with mutated phosphosites (35S::MYC::MKP14A mkp1-1) displayed comparable resistance to mkp1-1, showing lower fungal growth than WT plants, and indicating that phosphorylation of MKP1 is required for its functional activity as negative modulator of the immune responses and disease resistance against the necrotrophic PcBMM, as shown previously for P. syringae (Jiang et al., 2017).




Figure 2 | Phosphorylation sites of MKP1 are needed to complement mkp1-1 defense phenotype. Seventeen-day-old plants of the listed genotypes were inoculated with a suspension of 4 x 106 spores/ml of the fungus P. cucumerina (PcBMM), and fungal biomass was quantified by qPCR at 5 days-post-inoculation (dpi). Quantitative PCR was performed with specific primers (PcBMM β-TUBULIN and Arabidopsis UBC21 genes) on gDNA extracted from inoculated plants (see Materials and Methods). Values are represented as average ± SE (n = 3) and are compared to Col-0 plants values. agb1-2 was included in the experiments as a highly susceptible genotype for comparison. Horizontal keys compare the mkp1-1 with the rest of the mutants. Black and red asterisks indicate values statistically different than Col-0 wild-type plants and mkp1-1, respectively according to Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001; ns, no significant). Experiment was performed three times with similar results.



Since we hypothesized that MKP1 could bind and dephosphorylate RBOHD to inactivate this oxidase, we crossed 35S::MYC::MKP1 plants to pD::FLAG::RBOHD and obtained double homozygous plants expressing both transgenes in double mkp1-1 rbohD mutant background to study putative interactions between MKP1 and RBOHD. We collected tissue from seedlings before and after elicitation with flg22, extracted proteins and performed co-immunoprecipitation studies. Immunodetection showed that anti-MYC antibody identified MYC-MKP1 only in samples immunoprecipitated with anti-MYC and independently of flg22/mock treatments. Conversely, anti-FLAG antibody only identified FLAG-RBOHD in samples immunoprecipitated with anti-FLAG (Figure 3). Therefore, lack of detection of FLAG-RBOHD and MYC-MKP1 in immunoprecipitated samples with anti-MYC and anti-FLAG, respectively, suggest that MKP1 and RBOHD do not interact directly, under the immunoprecipitation conditions tested. These experiments suggest that MKP1 would not directly mediate dephosphorylation and deactivation of RBOHD.




Figure 3 | FLAG-RBOHD and MYC-MKP1 proteins do not interact in co-immunoprecipitation experiments. FLAG-RBOHD and MYC-MKP1 constructs were co-expressed in Arabidopsis thaliana by crossing pD::FLAG::RBOHD to 35S::MYC::MKP1 plants, and selecting double homozygous plants in rbohD mkp1-1 background. Total protein was extracted after elicitation of 12-day-old seedlings for 10 minutes with 500 nM flg22 (+) or H2O (-), and immunoprecipitated using monoclonal anti-FLAG or anti-MYC antibodies (on top of the gels). FLAG-RBOHD and MYC-MKP1 proteins were detected by western blot using anti-FLAG and anti-MYC antibodies in immunoprecipitated and control crude protein extracts (left of the gels). Loading control of crude extracts stained with red ponceau are shown to validate that the same concentration of protein was subjected to immunoprecipitation. Protein band corresponding to RUBISCO protein is shown in ponceau control. Molecular weight is indicated in kDa on the right. Experiment was performed twice with similar results.






3.3 BIK1 and MKP1 mediate independent mechanisms of disease resistance

We therefore hypothesized that MKP1 would exert its negative regulation of RBOHD-dependent ROS production by targeting some of the kinases modulating activation of RBOHD. We focused our studies in BIK1, with a prominent role in the activation of RBOHD (Kadota et al., 2014; Li et al., 2014). BIK1 is activated through direct phosphorylation upon MAMP perception by PRR receptors, like FLS2 (receptor for flagellin peptide flg22; Gómez-Gómez et al., 1999) or EFR (receptor for elf18 peptide; Zipfel et al., 2006). Activated BIK1 triggers ROS production by phosphorylation of RBOHD residues Serine39, Serine339 and Serine343 (Kadota et al., 2014). Lack of BIK1 results in a significant reduction of ROS production after flg22 treatment (Li et al., 2014). We crossed 35S::MYC::MKP1 to pBIK1::BIK1::HA (Kadota et al., 2014), and performed protein extraction and co-immunoprecipitation studies in the F1 population before and after elicitation with flg22. Immunodetection showed that anti-MYC antibody identified MYC-MKP1 only in samples immunoprecipitated with anti-MYC and independently of the flg22 treatment. Similarly, anti-HA antibody only identified BIK1-HA protein in samples immunoprecipitated with anti-HA (Figure 4A). Therefore, these data indicate that MKP1 and BIK1 do not directly interact, under the immunoprecipitation condition tested. To further assess if there is a genetic interaction between MKP1 and BIK1, we crossed the bik1 mutant line to mkp1-1 and mkp1-2 and identified double mutants. mkp1-1 harbors a T-DNA insertion in the Tyr-phosphatase dual specific domain and displays stronger abnormal growth than mkp1-2, which carries a W252 to stop codon mutation in the same domain (Escudero et al., 2019). Interestingly, both double mutants displayed enhanced abnormal phenotypes than the individual mutants, with the bik1 mkp1-1 mutant exhibiting further heightened aberrant growth phenotype than bik1 mkp1-2 (Supplementary Figure S2). We assessed pathogen resistance only in the double mutant bik1 mkp1-2, since the seeds obtained from bik1 mkp1-1 were scarce. Both bik1 and mkp1-2 supported less PcBMM growth than WT Col-0, and the double bik1 mkp1-2 displayed a similar resistance phenotype than the individual mutants (Figure 4B). All these data suggest that BIK1 and MKP1 targets are different, and they modulate independent pathways.




Figure 4 | BIK1 and MKP1 mediate independent signaling pathways in immunity. (A) BIK1-HA and MYC-MKP1 did not interact in co-immunoprecipitation experiments. BIK1-HA and MYC-MKP1 construct were co-expressed in Arabidopsis thaliana by crossing pBIK::BIK1::HA to 35S::MYC::MKP1 plants, and total protein was extracted after elicitation for 10 minutes with 500 nM flg22 (+) or H2O(-), and immunoprecipitated using monoclonal anti-MYC or anti-HA antibodies (on top of the gels). MYC-MKP1 and BIK1-HA proteins were detected by western blot using anti-MYC and anti-HA antibodies in immunoprecipitated and control crude protein extracts (left of the gels). Loading control of crude extracts stained with red ponceau are shown to validate that the same concentration of proteins was subjected to immunoprecipitation. Protein band corresponding to RUBISCO protein is shown in ponceau control. Molecular weight is indicated in kDa on the right. Experiment was performed twice with similar results. (B) bik1 mkp1-2 double mutant displays the same enhanced disease resistance to P. cucumerina BMM (PcBMM) than single mutants. Seventeen-day-old plants of the listed genotypes were inoculated with a suspension of 4 x 106 spores/ml of the fungus PcBMM and fungal biomass was quantified by qPCR at 5 days-post-inoculation. Quantitative PCR was performed with specific primers (PcBMM β-TUBULIN and Arabidopsis UBC21 genes) on gDNA extracted from inoculated plants. agb1-2 was included in the experiments as a highly susceptible genotype for comparison. Values represented are average ± SE (n = 3) and compared to Col-0 plants. Black asterisks above each mutant indicate values statistically different than Col-0 according to Student’s t-test (*, p < 0.05; **, p < 0.005; ***, p < 0.001). Horizontal keys compare the double bik1 mkp1-2 with the individual mutants according to Student’s t-test (ns, no significant). The experiment was performed three times with similar results.






3.4 MKP1 is a repressor of MPK3 signaling in response to a necrotrophic fungus

To further characterize the defense signaling elements downregulated by MKP1, we generated combinatory mutants with mkp1 lines and mutations affecting diverse elements regulating disease resistance downstream RBOHD and BIK1. Null mutations in MPK3 and MPK6 were shown to suppress some mkp1 phenotypes. Developmental defects displayed by mkp1-1 were partially suppressed in mpk3 mkp1-1 and mpk6 mkp1-1 double mutants (Bartels et al., 2009). Even though, mpk3 and mpk6 contributed differently to this suppression since each mutant was able to suppress different mkp1-1 developmental defects (Bartels et al., 2009). Interestingly, the mkp1-1 enhanced resistance to P. syringae required only MPK6 (as mpk6 mkp1-1 were less resistant than mkp1-1) but not MPK3 (Bartels et al., 2009; Anderson et al., 2011). We wanted to expand these previous analyses with P. syringae to other pathogens with different colonization styles. Therefore, we generated double mutants mpk3-1 mkp1-2 and mkp6-2 mkp1-2 with a different mkp1 allele and assessed the growth of the fungal pathogen PcBMM on these lines. mpk3-1 supported more fungal growth at 4 dpi than WT Col-0, whereas PcBMM growth was unaltered in mpk6-2 compared to Col-0 (Figure 5). The analysis of the double mutants revealed that mpk3-1 mutation partially suppressed the mkp1-2 resistance phenotype in mpk3-1 mkp1-2, whereas mpk6-2 did not interfere with mkp1-2 resistance since mkp6-2 mkp1-2 resistance to PcBMM was similar to that of mkp1-2 (Figure 5). Thus, contrary to what happens in the defensive response against P. syringae, enhanced mkp1 disease resistance to PcBMM seems to be partially dependent on MPK3 but not on MPK6, suggesting some interaction between MKP1- and MPK3-mediated signaling pathways in response to PcBMM infection.




Figure 5 | Enhanced disease resistance of mkp1 to the necrotrophic fungus P. cucumerina is dependent of MPK3 function. P. cucumerina BMM (PcBMM) biomass quantification in sixteen-day-old plants of the listed genotypes at 5 days-post-inoculation with a suspension of 4 x 106 spores/ml of the fungus. Quantitative PCR was performed with specific primers (PcBMM β-TUBULIN and Arabidopsis UBC21 genes) on gDNA extracted from inoculated plants (see Material and Methods). agb1-2 was included in the experiments as a highly susceptible genotype for comparison. Values represented are average ± SE (n = 3) and compared to Col-0 plants. Black asterisks above each mutant indicate values statistically different than Col-0 according to Student’s t-test (*p < 0.05; **p < 0.005; ***p < 0.001). Red marks above the keys indicate statistical differences according to Student’s t-test between genotypes (*, p < 0.05; **, p < 0.005; ***, p < 0.001; ns, no significant). The experiment was performed three times with similar results.






3.5 MKP1 regulates distinct defensive pathways in response to pathogens with different lifestyles

A metabolomic analysis performed on mkp1-2 revealed the constitutive accumulation of metabolites related to SA signaling and Trp-derived secondary metabolites, and, in a lower extent, to elements related with abscisic acid (ABA) signaling (Escudero et al., 2019). To further decipher the molecular basis of mkp1-mediated resistance phenotypes, we generated combinatory mutants with the stronger mutant allele mkp1-1 and lines disrupted in canonical signaling pathways potentially up-regulated in mkp1-1 and required for disease resistance to different pathogens. We combined mkp1-1 with: i) cyp79B2 cyp79B3 double mutant (impaired in the Trp-derived secondary metabolites pathway needed for the biosynthesis of indol-glucosinolates like camalexin and indol-3-carboxylic acid; Bednarek et al., 2009); ii) NahG line (transgenic plant over-expressing a SA hydroxylase gene that degrades this hormone to catechol; Delaney et al., 1994); iii) aba1-6 mutant (impaired in ABA biosynthesis; Niyogi et al., 1998); and abi1 abi2 hab1 (abbreviated abi1/2 hab1) triple mutant that is hypersensitive to ABA since it is defective in negative regulators of ABA signaling, which have been described as ROS sensors (Bi et al., 2022). With these mutants we assessed the effect that alteration of different signaling pathways have on the disease resistance to pathogens with different lifestyle displayed by mkp1-1 (Figure 6).




Figure 6 | MKP1 regulates distinct defensive pathways in response to pathogens with different lifestyle. (A). P cucumerina BMM (PcBMM) biomass quantification in 17-day-old plants of the listed genotypes at 5 days-post-inoculation (dpi) with a suspension of 4 x 106 spores/ml of the fungus. Quantitative PCR (qPCR) was performed with specific primers (PcBMM β-TUBULIN and Arabidopsis UBC21 genes) on gDNA extracted from the inoculated plants (see Material and Methods). Results are average ± SE (n = 3). (B). Quantification of P. syringae pv. tomato DC3000 growth on 4-week-old plants of the indicated genotypes at 4 dpi after spray inoculation with a bacterial suspension (3 x 108 colony forming units (cfu)/ml). Results are average cfu ± SE (n = 4). agb1-2 was used as highly susceptible control in (A, B). (C). H. arabidopsidis (Hpa) Noco2 biomass quantification in 10-day-old seedlings of the listed genotypes at 6 dpi with 4 × 104 conidiospores/ml. Hpa growth was determined by qPCR on gDNA extracted from the inoculated plants using oligonucleotides of HpaACTIN gene, and these values were normalized to AtUBC. NahG plants were used as highly susceptible control. Results in (A–C) are average ± SE (n = 3). Black asterisks indicate statistical significance levels according to Student´s t test (*, p < 0.05; **, p < 0.01; ***, p < 0.001), compared to Col-0, wild-type plants. Red marks above black keys indicate statistical significance levels (Student´s t test) between genotype comparisons performed (*, p < 0.05; **, p < 0.005; ***, p < 0.001; ns, no significant). These experiments were performed three times with similar results.



We first examined the growth of the necrotrophic fungus PcBMM on these lines compared to Col-0 wild-type plants at 5 dpi (Figure 6A). We used agb1-2, a mutant defective in the heterotrimeric G-protein β-subunit, as hypersusceptible control (Escudero et al., 2019). Whereas NahG and abi1/2 hab1 lines were slightly more susceptible than the control, cyp79B2 cyp79B3 mutant was extremely susceptible to this pathogen compared to Col-0, as described previously (Sanchez-Vallet et al., 2010). Interestingly, cyp79B2 cyp79B3 mkp1-1 displayed the same enhanced susceptibility than cyp79B2 cyp79B3, whereas the combination of mkp1-1 with lines altered in SA signaling (NahG) or ABA signaling (aba1-6 mutant and abi1/2 hab1) did not interfere with mkp1-1 resistance (Figure 6A). These data indicates that depletion of the Trp-derived metabolites pathway in cyp79B cyp79B3 suppresses the enhanced resistance displayed by mkp1-1 to this necrotrophic fungus, whereas mutations in the other pathways have minor or no effect on mkp1-1 mediated resistance. Therefore, MKP1 seem to negatively regulate the Trp-derived metabolites pathway in response to this necrotrophic pathogen, since mkp1-1 plants constitutively accumulate Trp-derived secondary metabolites (Escudero et al., 2019) and mkp1-1 resistance to PcBMM is lost in cyp79B2 cyp79B3 background.

We also performed similar resistance analyses in response to the hemibiotrophic bacterium Pto DC3000 with the generated lines (Figure 6B). agb1-2 mutant was also used as hypersusceptible control in these experiments (Delaney et al., 1994; Torres et al., 2013). NahG and aba1-6 lines were slightly more susceptible at 4 dpi than Col-0, whereas cyp79B2 cyp79B3 supported comparable bacterial growth than the control Col-0 plants. Interestingly, cyp79B2 cyp79B3, aba1-6 and NahG combinations with mkp1-1 abolished mkp1-1 resistance (Figure 6B). In contrast, in mkp1-1 abi1/2 hab1 quadruple mutant the level of resistance to Pto DC3000 was similar to that of mkp1-1 plants (Figure 6B). These data indicate that both SA and ABA signaling and Trp-derived metabolites contribute to the disease resistance phenotype to this pathogen observed in mkp1-1 plants, suggesting that MKP1 negatively regulates all three pathways in response to Pto DC3000.

We then assessed growth of the biotrophic oomycete Hpa isolate Noco2 in these genotypes (Figure 6C). In this interaction NahG plants were the hypersusceptible control (Delaney et al., 1994). Among the different lines affected in the three signaling pathways evaluated only NahG plants showed enhanced susceptibility to this oomycete compared to Col-0, as described previously (Rairdan and Delaney, 2002). NahG was able to suppress the resistance phenotype displayed by mkp1-1, whereas all the rest of mkp1-1 combinations did not impede its enhanced resistance (Figure 6C). Notably, we found that cyp79B2 cyp79B3 supported lower Hpa growth than the control Col-0 plants, and that mkp1-1 cyp79B2 cyp79B3 lines showed a similar level of resistance to that of mkp1-1. Moreover, the aba1-6 line showed no alterations in its level of disease resistance whereas the abi1/2 hab1 lines displayed a slight lower growth of Hpa in comparison to Col-0, but these mutations did not suppress the enhanced resistance of mkp1-1 to Hpa (Figure 6C). These data indicate that, in response to this pathogen, MKP1 seem to mainly negatively regulate SA signaling, as downregulation of this pathway suppresses mkp1-1 resistance to Hpa. Also, our data point that, in addition to the previously described contribution of SA to disease resistance to this biotrophic oomycete (Lawton et al., 1995; Rairdan and Delaney, 2002), some metabolites synthesized through CYP79B2 CYP79B3 might have some negative effect on Hpa disease resistance (Figure 6C).

To further assess the signaling elements regulated by MKP1 in response to these pathogens with different lifestyles and to establish a connection between the enhanced resistance phenotypes conferred by mkp1-1 mutation in different genetic backgrounds to the expression of immune-related genes, we monitored the transcription of various marker genes at 3 dpi with the three pathogens (Figure 7). We monitored the expression of: i) PR1, marker of SA signaling (Uknes et al., 1992); ii) PDF1-2, plant defensin, marker of jasmonic acid (JA)/ethylene (ET) signaling (Penninckx et al., 1996); iii) PAD3 (encoding an enzyme of the Trp-derived metabolites pathway that catalyzes the last step of camalexin biosynthesis: Zhou et al., 1999); and iv) CYP81F2 (encoding a monooxygenase of the Trp-derived metabolites pathway that mediates the production of some indole-glucosinolates; Bednarek et al., 2009). We found that mkp1-1 plants showed higher expression levels of PDF1-2 and PAD3 than Col-0 plants upon infection with the three pathogens, and that the expression of PR1 and CYP81F2 genes was also higher in mkp1-1 than in Col-0 upon Pto and Hpa infection (Figure 7). The expression of these genes in non-inoculated mkp1-1 and Col-0 plants, and the rest of genotypes tested, was quite similar (Supplementary Figure S3), indicating that these genes exhibited enhanced up-regulated upon infection in mkp1-1 plants in comparison to Col-0, further corroborating the negative function of MKP1 in the control of disease resistance responses. The analysis of the expression of these genes in different combinatorial genetic lines and in response to infection with the three pathogens tested revealed a great complexity of transcriptional responses controlled by MKP1, and identified some patterns of expression that might explain the increased resistance of some genotypes harboring mkp1-1 mutation. For example, upon infection with PcBMM, the expression of PAD3, PDF1-2 and PR1, but not CYP81F2, was enhanced in abi1/2 hab1 mkp1-1 in comparison to abi1/2 hab1, and the expression of PAD3 and CYP81F2 was higher in aba1-6 mkp1-1 than in aba1-6 (Figure 7A). These patterns of expression could explain the enhanced resistance of these two lines harboring mkp1-1 mutation. In contrasts, the expression of these four genes was not enhanced in NahG mkp1-1 in comparison to NahG plants upon PcBMM infection (Figure 7A), indicating that the observed reduced susceptibility of NahG mkp1-1 in comparison to NahG plants (Figure 6A) was not associated to a regulatory effect of MKP1 on the pathways triggering the expression of these genes. In the infection with Pto, mkp1-1 mutation just reduced the susceptibility of NahG plants to the bacterium in NahG mkp1-1 line (Figure 6B) that showed an enhanced expression of PAD3 and CYP81F2, suggesting that regulation of MKP1 on Trp-derived metabolites pathway might explain NahG mkp1-1 reduced susceptibility phenotype (Figure 7B). In the infection of plants with Hpa, the reduction of susceptibility to this pathogen in NahG mkp1-1 and aba1-6 mkp1-1 in comparison to NahG and aba1-6 plants (Figure 6C) could just be associated to a slight increased expression of PAD3 in lines harboring mkp1-1 mutations (Figure 7C). Together these expression analyses revealed the complexity of the interactions between MKP1 and some immune pathways, which are shown here to also depend on the pathogen tested.




Figure 7 | Expression analyses of defense marker genes in genotypes harboring mkp1-1 allele upon infection with pathogens with different lifestyle. qRT-PCR analyses of expression of defense marker genes in the indicated genotypes at 3 days-post-inoculation (dpi) with pathogens: (A) P. cucumerina BMM, performed on 17-day-old plants; (B) P. syringae pv. tomato DC3000, performed on 4-week-old plants; and (C) H. arabidopsidis Noco2, performed on 11-day-old seedlings. Expression levels of PAD3, PDF1-2, CYP81F2 and PR1 genes were quantified relative to housekeeping gene UBC21. Data represented are average ± SE of three technical replicates from 3 experimental replicates. Black asterisks indicate statistical significance levels compared to Col-0 wild type plants, according to Student´s t test (*, p < 0.05; **, p < 0.005; ***, p < 0.001). Red asterisks above black keys indicate the statistical significance levels (Student´s t test) between genotypes comparisons performed (*, p < 0.05; **, p < 0.005; ***, p < 0.001; ns, no significant). These experiments were performed three times with similar results.







4 Discussion

The activation of disease resistance requires a delicate balance between ensuring an effective defense against invading pathogens and maintaining plant development processes, that should not be compromised to guarantee plant fitness and offspring (Huot et al., 2014; Monson et al., 2022). Central to this balancing process is the regulation of ROS production, a key component of plant immune responses, but that also can be potentially harmful molecules and cause cell death in the plant (Mittler, 2017). In Arabidopsis thaliana, MKP1 has emerged as a crucial negative regulator that limits ROS production and long-lasting plant defense responses, having an impact on the control of broad-spectrum disease resistance mechanisms (Bartels et al., 2009; Escudero et al., 2019; Anderson et al., 2011; Jiang et al., 2017). The presented study delves into the molecular intricacies of MKP1-mediated immune regulation, shedding light on its involvement in diverse immune pathways.



4.1 Negative regulation of RBOHD-dependent ROS production by MKP1 is not achieved by their direct interaction

A pivotal aspect explored in this study is the negative regulation of ROS production mediated by MKP1. The NADPH oxidase RBOHD is the primary contributor to pathogen-induced ROS in Arabidopsis thaliana (Torres et al., 2002). mkp1 mutant alleles (mkp1-1 and mkp1-2) produce faster and higher level of RBOHD-dependent H2O2 accumulation than WT plants in response to MAMPs (Figure 1; Escudero et al., 2019). We and others (Jiang et al., 2018) hypothesized that MKP1 could directly dephosphorylate RBOHD and contribute to deactivate its oxidase activity to prevent excessive ROS production or to make the ROS burst transient. Several residues of RBOHD, particularly Ser343 and Ser347 in the N-terminus, are the convergent point for several activating kinases (Wu et al., 2023). Interestingly, the use of rbohD complemented lines with RBOHD alleles carrying mutations in these residues (S343A/S347A) that are the target of activating kinases during ETI and PTI, as well as in the serines targeted by the central immune regulator BIK1 (S39A/S339A/S343A), revealed that these mutated versions of RBOHD protein produced more ROS in mkp1-1 than in WT (MKP1) background (Figure 1). This is indicative that the putative MKP1 dephosphorylation targets in RBOHD would be additional residues than the ones targeted by the main regulatory kinases. However, our co-immunoprecipitation studies did not reveal a direct interaction between MYC-MKP1 and FLAG-RBOHD, even though the respective proteins were distinctly detected (Figure 3). We cannot rule out that other methodologies to determine protein/protein interaction in vivo (Bracha-Drori et al., 2004) would show interaction between RBOHD and MKP1 proteins, but we estimate that MKP1 does not achieve this regulation of ROS production through a direct interaction with RBOHD.




4.2 BIK1 and MKP1 mediate independent pathways

As an alternative, we theorized that MKP1 would target and downregulate some of the kinases that activate RBOHD in immunity. We focused our study on BIK1, an essential player in this activation under an important control mechanism (Kadota et al., 2014; Li et al., 2014). In the resting state, within the PRR complex, BIK1 undergoes ubiquitination and is subsequently directed for proteasomal degradation. Upon MAMP recognition, the PRR complex phosphorylates and releases BIK1 being further stabilized/activated by SIK1 kinase that also directly targets RBOHD (Zhang et al., 2018). However, co-immunoprecipitation experiments with MYC-MKP1 and BIK-HA did not show direct interaction between these two proteins (Figure 4A), making unlikely that MKP1 deactivates BIK1 to negative regulate RBOHD-dependent ROS production. The results obtained with plants harboring the allele RBOHDS39A/S339A/S343A with mutations in the main BIK1 targets (Figure 1) also pointed partially to this conclusion, since MKP1 contribution to ROS level produced by this allele is scarce in mpk1-1 rbohD pD::FLAG::RBOHDS39A/S339A/S343A plants. Despite the acknowledged roles of both MKP1 and BIK1 in immune regulation, the analysis of bik1 mkp1 double mutants reveals non-epistatic interactions in relation to the developmental phenotypes mediated by these genes (Supplementary Figure S2), indicating distinct targets for these proteins. This independence raises intriguing questions about the redundancy and specificity within the plant immune system, suggesting that MKP1 and BIK1 mediate diverse signaling pathways in response to different pathogens. Even though both mkp1-2 and bik1 exhibit enhanced resistance to PcBMM compared to Col-0 control, and the resistance phenotype of the double mutant is not additive and cannot be differentiated from the individual mutants (Figure 4B). These results might indicate some epistatic interaction at the level of disease resistance regulation between MKP1 and BIK1. It might be also possible that the method used to determine the level of enhanced resistance to PcBMM does not discriminate between subtle resistance differences since mkp1-2 and bik1 showed already a significant reduction of fungal growth.

Alternatively, MKP1 could exerts this negative function on ROS production acting through the repression of other PTI components such as MPK regulation. MKP1 has been shown to interact with MPK3/MPK6, among other MPKs (Ulm et al., 2002; Jiang et al., 2018), and to repress these two MPKs in stress-related signaling (Bartels et al., 2009; Anderson et al., 2011) and in cell fate decision during stomatal development (Tamnanloo et al., 2018). However, the use of a chemical-genetic conditional loss-of-function mpk3 mpk6 double mutant demonstrated that the flg22-triggered ROS burst is independent of MPK3/MPK6 activation (Xu et al., 2014), making unlikely that MKP1 repression of RBOHD-dependent ROS production is produced through these MPKs. Interestingly, we found that MKP1 mode of action involve some differential mechanism of regulation on MPK3 and MKP6 during disease resistance. In response to P. syringae MPK1 appears to repress specifically MPK6, as mpk6 mkp1-1 were less resistant than mkp1-1 (Bartels et al., 2009; Anderson et al., 2011). However, in the analysis of the resistance response to the necrotrophic fungus P. cucumerina BMM determined here, MKP1 seems to repress specifically MPK3, as mpk3-1 mkp1-2 plants were less resistant than mkp1-2 to the fungus (Figure 5). Therefore, MKP1 would target distinct MPKs in response to plant colonization by diverse pathogens, further indicating that MKP1 is able to differentially regulate distinct defensive pathways downstream PRRs in response to different pathogens.




4.3 MKP1 controls the orchestration of distinct defensive pathways in response to pathogens with different lifestyles

To broaden our understanding of how MKP1 negatively regulates immunity, we examined its impact on defensive pathways involved in disease resistance against pathogens with diverse lifestyles. Analysis of mutant combinations, involving alterations in the synthesis of Trp-derived secondary metabolites, SA and ABA signaling pathways, revealed the selective regulation exerted by MKP1 (Figure 6). This study presents compelling evidence that MKP1’s influence on disease resistance against three different pathogens varies in distinct mutant combinations, underscoring its ability to differentially regulate defensive pathways depending on the nature of the invading pathogen. Indeed, in response to the necrotrophic P. cucumerina BMM, where Trp-derived secondary metabolites play a significant role in controlling the pathogen progression (Pastorczyk et al., 2020; Bednarek et al., 2009; Sanchez-Vallet et al., 2010), MKP1 appears to predominantly negatively regulate this pathway (Figure 6A). Conversely, in the case of the interaction with the biotrophic oomycete H. arabidopsidis Noco2, where SA signaling plays a major role (Rairdan and Delaney, 2002), MKP1 is shown to primarily regulate this signaling pathway (Figure 6C). Furthermore, when responding to the hemibiotrophic bacterium P. syringae DC3000, where various signaling pathways contribute to its immunity (Rairdan and Delaney, 2002; De Torres-Zabala et al., 2007), MKP1 downregulates all three evaluated defensive mechanisms: Trp-derived metabolites, SA and ABA signaling (Figure 6B). The results showed here suggest that MKP1 negative modulating function in Arabidopsis thaliana disease resistance is quite complex and depends on the pathogen infecting the plant. Of note, a recent study by Lin et al. (2022) reveals that Arabidopsis thaliana mkp1 plants exhibit increased susceptibility to vascular-adapted bacterial pathogens such as Xanthomonas campestris pv. campestris and display compromised nonhost resistance against the rice pathogen Xanthomonas oryzae pv. oryzae. This susceptible phenotype is explained by the demonstration that MKP1 underlies a tissue-specific mechanism by positively regulating lignin biosynthesis, that appears to be a crucial aspect of vascular-specific immunity (Jiang et al., 2022; Lin et al., 2022: Molina et al., 2021).

Our analysis of defense marker gene expression further corroborates the differential MKP1 regulation of defense signaling depending on the pathogen. The upregulation of PAD3 and CYP81F2 in response to P. cucumerina BMM, and the fact that the later gene is further upregulated in mkp1-1 background, confirm the importance of Trp-derived metabolites in the interaction with this necrotrophic pathogen (Piślewska-Bednarek et al., 2018; Pastorczyk et al., 2020; Sanchez-Vallet et al., 2010) (Figure 7A). The elevated level of SA-regulated PR1 expression also shown in this interaction in the cyp79B2 cyp79B3 double mutant would be rather related to the high increase in pathogen growth supported by this mutant background (Figure 6A), since this marker gene is also induced during pathogen infection with virulent isolates (Uknes et al., 1992; Rogers and Ausubel, 1997). In line with this hypothesis, mkp1-1 cyp79B2 cyp79B3 plants showed lower PR1 expression than cyp79B2 cyp79B3 background in response to these three pathogens (Figure 7) accordingly to their reduced level of infection in comparison to cyp79B2 cyp79B3 mutants (Figure 6).

Several hormones contribute uniquely to the plant’s ability to mount an effective defense against pathogens with diverse lifestyles. An antagonistic relationship between the SA and JA/ET pathways have been documented to mediate defense strategies based on the nature of the pathogen (Pieterse et al., 2012). SA plays a central role in inducing resistance against biotrophic pathogens by activating defense-related genes (Durrant and Dong, 2004). Conversely, JA and ET are primarily associated with defense against necrotrophic pathogens (Lorenzo et al., 2003). In contrast to SA, JA and ET, ABA is generally considered a negative regulator of plant defense, interfering with the activation of the main signaling hormones mediating defenses against these different pathogens (Adie et al., 2007). Even though ABA can enhance plant resistance against certain pathogens by promoting stomatal closure, thereby restricting pathogen entry (Cao et al., 2011). Our resistance analysis together with the defense gene expression studies point to a preeminent role of MKP1 in regulating the production of Trp-derived secondary metabolites that would in turn regulate other signaling elements. In fact, auxins are metabolites derived from Trp that, besides having some effects in disease resistance, also promote susceptibility by antagonizing with other hormones (Navarro et al., 2006; Robert-Seilaniantz et al., 2011). Thus, MKP1 primary regulation of Trp-derived metabolites could interfere with other hormone signaling contributing to broaden the effect mediated by MKP1 on immunity.




4.4 Conclusion

In conclusion, this study reveals the multifaceted role of MKP1 in orchestrating diverse immune responses in Arabidopsis thaliana against pathogens with different lifestyles. Beyond just understanding MKP1’s role in immunity, we also learn how it negatively regulates ROS production and various signaling pathways, providing a basis for strengthening our understanding of plant defenses mechanisms. Manipulating the expression or activity of MKP1 might be a way to generate crop protection against different pathogens. Moreover, deciphering the specificity of MKP1 in modulating different defensive pathways might open avenues for generating crops varieties (e.g. using genome editing technologies) with broad spectrum disease tailored to specific agricultural environments. However, a better understanding of the impact of inactivating MKP1 function on plant fitness would be essential to design enhanced resistance crops that do not show detrimental effect on yield. Notably, various crop species (e.g. tomato) contain several orthologs of MKP1 in their genomes and therefore it might be possible to increase crops broad spectrum disease resistance without compromising yield by impairing just one of MKP1 orthologs. Indeed, a recent article shows that mutations in MKP1 in wheat produce plants that are not only more resistant to two devastating fungal pathogens but also exhibit a higher yield compared to wild-type control plants without infection (Liu et al., 2024).
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Bacterial blight (BB), caused by Xanthomonas oryzae pv. oryzae (Xoo), is a widespread and destructive disease in rice production. Previously, we cloned an executor R gene, Xa7, which confers durable and broad-spectrum resistance to BB. Here, we further confirmed that the transcription activator-like effector (TALE) AvrXa7 in Xoo strains could directly bind to the effector-binding element (EBE) in the promoter of the Xa7 gene. Other executor R genes (Xa7, Xa10, Xa23, and Xa27) driven by the promoter of the Xa7 gene could be activated by AvrXa7 and trigger the hypersensitive response (HR) in tobacco leaves. When the expression of the Xa23 gene was driven by the Xa7 promoter, the transgenic rice plants displayed a similar resistance spectrum as the Xa7 gene, demonstrating that the disease resistance characteristics of executor R genes are mainly determined by their induction patterns. Xa7 gene is induced locally by Xoo in the infected leaves, and its induction not only inhibited the growth of incompatible strains but also enhanced the resistance of rice plants to compatible strains, which overcame the shortcomings of its race-specific resistance. Transcriptome analysis of the Xa7 gene constitutive expression in rice plants displayed that Xa7-mediated disease resistance was related to the biosynthesis of lignin and thus enhanced resistance to Xoo. Overall, our results provided novel insights and important resources for further clarifying the molecular mechanisms of the executor R genes.
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Introduction

Xanthomonas oryzae pv. oryzae (Xoo), the causal agent of bacterial blight (BB) disease in rice (Oryza sativa L.), is a notorious plant pathogenic bacteria that greatly affects global food security (Jiang et al., 2020). The interaction between Xoo strains and rice plants has been regarded as a classic model for studying bacteria–plant interaction (NIÑO-LIU et al., 2006). Xoo strains inject transcription activator-like effectors (TALEs) into rice plant cells through their type III secretion system (T3SS), which is capable of activating the transcription of specific genes. Among them are the susceptibility genes, such as the SWEETs (sugars will eventually be exported transporter) family members, benefiting their own reproduction and invasion, a phenomenon referred to as effector-triggered susceptibility (ETS) (Boch et al., 2014). To combat the attack of Xoo, plants evolved several types of resistance (R) genes that can trap Xoo TALEs and trigger immunity in host cells, which is known as effector-triggered immunity (ETI) (Gu et al., 2005). A typical TALE usually has a secretion signal motif in its N-terminal, a binding domain for target recognition, a transcription factor binding (TFB) domain, highly conserved nuclear localization signals (NLSs), and acidic transcription activator-like domains (AADs) (Szurek et al., 2001). Distinctively, the central repeat domain of TALEs contains a variable number of tandemly arranged 33 to 34 amino acid repeats, and the 12th and 13th, two residues in each repeat called repeat variable di-residues (RVDs), can recognize a specific nucleotide (Boch et al., 2009). Therefore, TALEs can specifically bind to the promoter of R or S genes by recognizing the effector-binding elements (EBEs) and then activating their expression (Schornack et al., 2006)

Executor R genes are regarded as a unique type of disease resistance genes in plants, which can specifically trap TALEs of plant pathogens and trigger strong hypersensitive response (HR) and directly programmed cell death (PCD) in the host. Up to now, six genes belonging to this type have been cloned; among them, Bs3 (Römer et al., 2007) and Bs4C (Strauss et al., 2012) were isolated from pepper (Capsicum frutescens), while Xa27 (Gu et al., 2005), Xa10 (Tian et al., 2014), Xa23 (Wang et al., 2015), and Xa7 (Chen et al., 2021; Luo et al., 2021; Wang et al., 2021) were cloned from rice. Interestingly, each identified executor R gene (except Xa10) has an identical coding sequence (CDS) with its susceptible allele but only differs in the promoter, which has an EBE sequence specifically recognized by a cognate TALE of pathogens, such as AvrBs3, AvrBs4, AvrXa27, AvrXa10, AvrXa23, or AvrXa7 (Ballvora et al., 2001; Szurek et al., 2002; Ji et al., 2022b). Therefore, the executor R genes are usually “silent” and only activated to trigger rapid host-cell death when the invading pathogens are present, effectively preventing further pathogen attacks (Nowack et al., 2022). Evidence has shown that the expression of the executor R genes could trigger cell death in both plant and animal cells (Strauss et al., 2012; Tian et al., 2014; Chen et al., 2021), suggesting that the defense pathway of these executor R genes may be conserved. However, only the executor R gene Bs3 has been known to encode a putative flavin-containing monooxygenase (FMO), which may be involved in the metabolism of reactive oxygen species (Krönauer et al., 2019). Unlike the Bs3 gene, the other five executor R genes encode small unknown proteins, which have 113 to 164 amino acids with two to four transmembrane domains (Ji et al., 2022b; Nowack et al., 2022). In addition, those executor R genes have low similarities in nucleotide sequence and no homology with other R proteins that have been identified. To date, little is known about the molecular mechanisms of the executor R genes.

Recently, we cloned the rice executor R gene Xa7 (Chen et al., 2021; Luo et al., 2021; Wang et al., 2021), which has been confirmed to be a broad-spectrum and durable BB resistance gene (Vera Cruz et al., 2000; White and Yang, 2009). We found that the expression of Xa7 was strongly induced by the incompatible Xoo strains, and a putative EBE sequence (named EBEAvrXa7) in the promoter of Xa7 could be perfectly matched by the RVDs of AvrXa7 (Chen et al., 2021). AvrXa7 has been reported to play dual roles as both virulence factor and avirulence effector in Xoo, which makes the Xa7 gene a broad-spectrum resistance against BB disease (Zhang et al., 2015). To study the disease resistance mechanism of Xa7 gene, here, we confirmed the interaction between AvrXa7 and the EBEAvrXa7, constructed the transgenic plants with different executor R genes driven by the Xa7 promoter to test BB resistance, analyzed the relationship between the expression pattern of Xa7 gene and the infection of Xoo, and explored the defense response pathway of Xa7 gene by RNA-seq. Our results will be helpful and provide novel insights for future research on the molecular mechanisms of the executor R genes.





Materials and methods




Plant materials and growth conditions

IR24 is a susceptible indica rice variety without the Xa7 gene, while IRBB7 is a near-isogenic line of IR24 containing the Xa7 gene. A japonica rice variety Zhonghua11 (ZH11) does not contain the Xa7 gene locus was selected as the wild-type control and transgenic recipient. Transgenic lines constitutively expressing the Xa7 gene (Xa7-OE-1 and Xa7-OE-2) were obtained in our previous research (Chen et al., 2021). The detailed information on rice varieties used in this study is listed in Supplementary Table S3. All rice plants were grown in natural paddy fields during summer in southern China. Tobacco (Nicotiana benthamiana) plants were cultured in a growth chamber at 25°C (16-hour light/8-hour dark).





Yeast one-hybrid assay

A synthetic DNA fragment containing three tandem repeats of the predicted EBEAvrXa7 sequence was inserted into the pLacZ vector (digested with NcoI) via homologous recombination. Subsequently, the engineered pLacZ construct was linearized with NcoI and used for the transformation of the yeast strain YM4271. Positive colonies were able to grow on a nutrient-deficient medium (SD/-Ura) (Breton et al., 2016). A vector expressing the fusion protein of the GAL4 activation domain (AD) and the RVDs of AvrXa7 was constructed using the pGADT7 vector and then transformed into YM4271 harboring the corresponding pLacZ vector. Positive colonies were screened on a nutrient-deficient plate (SD/-Ura/-Leu). β-Galactosidase activity was assessed using a commercially available luminescent β-galactosidase substrate Beta-Glo, which was cleaved and then released d-luciferin for detection using firefly luciferase.





HR assay in tobacco leaves

Constructs of 35S::avrXa7, Xa7pro::Xa7, Xa7pro::Xa10, Xa7pro::Xa23, and Xa7pro::Xa27 were transformed into Agrobacterium tumefaciens strain EHA105 using the heat-shock method. The bacteria were cultured in 20 mL of Lysogeny Broth (LB) liquid medium with 50 mg/L kanamycin and 25 mg/L rifampin until the density reached OD600 = 0.6. The qualified bacterial cells were then collected by centrifugation at 4°C for 10 min at 3,000 rpm and re-suspended in an inoculation medium containing 10 mM MgCl2, 10 mM MES, and 200 μM AS. Leaves of 4-week-old tobacco were inoculated using needleless syringes following the method described by Kay et al. (2007). The inoculated leaves were harvested after 2 days of inoculation and stained using 3,3′-diaminobenzidine (DAB), as described by Daudi and O'Brien (2012).





Vector construction and genetic transformation

The PrimeSTAR HS DNA Polymerase Kit (TaKaRa, Mountain View, CA, USA) was used to amplify the fragments of interest with specific primer pairs listed in Supplementary Table S4. The PCR products were then inserted into the frame vector pCAMBIA1300 using an In-Fusion HD Cloning Kit (TaKaRa). The verified vectors were transformed into the rice japonica variety Zhonghua11 using the Agrobacterium-mediated method, as described previously (Nishimura et al., 2006). DNA sequences of used constructs are shown in Supplementary 5.





Inoculation of Xoo strains

The Xoo strains PXO86 and PXO99 were obtained from the International Rice Research Institute (IRRI) in the Philippines. The engineered strain PXO99avrXa7 was created by our group in the previous research, which contained an avrXa7 overexpression construct in the PXO99 strain (Chen et al., 2021). Among them, PXO86 and PXO99avrXa7 are incompatible strains of the Xa7 gene in the rice variety IRBB7, while PXO99 is a compatible strain of the Xa7 gene in IRBB7. The strains were initially cultured on agar medium containing 20 g/L sucrose, 5 g/L peptone, 0.5 g/L Ca(NO3)2, 0.43 g/L Na2HPO4, and 0.05 g/L FeSO4 at 28°C for 2 days. The bacterial colonies were then eluted with sterile water and diluted to a concentration of OD600 = 1.0 for subsequent inoculation. The leaf-tip clipping method (Kauffman et al., 1973) was used for inoculation of the Xoo strains, and lesions on the inoculated leaves were measured 2 weeks after inoculation to evaluate BB resistance (Yin et al., 2000).





GUS-staining assay

During the amplification of the Xa7 promoter, we obtained a mutated Xa7 promoter, which has two cytosine bases deleted; as a result, the Xa7 gene driven by the mutated Xa7 promoter could not induced by AvrXa7. Thus, we chose this promoter as a native control. We inoculated the leaves of Xa7pro::Gus and Xa7mpro::Gus transgenic plants with PXO86 at the early stage of tillering, and we detected Gus activity by submerging the infected leaves in GUS-staining solution (Zhang et al., 2018).





RT-qPCR assay

Total RNA was extracted from rice leaves using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) and was purified with the RNase-Free DNase Set (Qiagen) in accordance with the manufacturer’s instructions. Synthesis of first-strand cDNAs from the extracted RNA was performed using the M-MLV Reverse Transcriptase Kit (Promega, Madison, WI, USA) according to the manufacturer’s instructions. Real-time PCR (qRT-PCR) was carried out using the Fast SYBR Green Master Mix Reagent (Applied Biosystems, Foster City, CA, USA) on an ABI7500 Real-time PCR System. For qRT-PCR in rice, the housekeeping gene Actin was used as the internal control, while in N. benthamiana, the expression of the NbGAPDH was used as the internal control. The expression of target genes was quantified using the 2−ΔΔCt method (Livak and Schmittgen, 2001). Standard errors were calculated based on a minimum of three biological replicates. The primers used are listed in Supplementary Table S4.





Compatible and incompatible strain treatment assay

The leaves of IRBB7 were inoculated with the positive control strain PXO86 (incompatible), the negative control strain PXO99 (compatible), and a mixed control strain (PXO86+PXO99) at the same time, while the remaining treatments were first inoculated with PXO86 strain simultaneously to induce the expression of the Xa7 gene and then inoculated with PXO99 strain at 1 day, 2 days, and 3 days after the initial inoculation, separately. One-month-old rice plants after transplantation were inoculated with Xoo strains at approximately 1 × 109 cfu/mL using the leaf-clipping method described above.





RNA-seq analysis

Leaves of the transgenic plants of Xa7-OE-1 and Xa7-OE-2, as well as the wild-type control ZH11, were harvested with three biological replicates at the tillering stage (2 months old) and immediately frozen in liquid nitrogen. All samples were sent to the Beijing Genomics Institute (BGI) for RNA-seq using a HiSeq 2500 sequencing system (Illumina, San Diego, CA, USA). The raw data were processed to remove the adaptor sequences and low-quality reads by SOAPnuke (Kawahara et al., 2013). Then, the cleaning reads were mapped onto the reference genome sequence of Nipponbare (http://rice.plantbiology.msu.edu/) by Bowtie2 (Cock et al., 2010; Langmead and Salzberg, 2012). The transcriptional level of expression genes was calculated using RSEM (Li and Dewey, 2011). Differentially expressed genes (DEGs) were identified using DEGseq (Wang et al., 2010) with the Log2FC ≥1 or ≤−1 and significance adjusted at p ≤ 0.05. Enrichment analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of the DEGs was performed on the BGI website (https://report.bgi.com). The raw sequencing data were deposited in the National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/) with the BioProject accession number PRJNA954312.





Determination of lignin content

The leaves of ZH11, Xa7-OE-1, and Xa7-OE-2 at the early stage of tillering were sampled and then ground into powder after fully drying for 96 hours. The powder was filtered using a 40 mesh sieve, and then 5 mg was weighed for the determination of lignin content. The measurement method was carried out according to the handbook of the Lignin Content Assay Kit (JC2203-S, China). The samples were mixed with acetic acid, and absorbance was measured at 280 nm. The content of lignin (%) was calculated using a computed formula with an extinction coefficient of 17.75 mL·mg−1·cm−1 for rice.





Statistical methods and significance analysis

Data plotting and statistical analysis were performed using GraphPad Prism 8.0 software (https://www.graphpad.com/). Data are shown as the means ± SD, and significance analysis was conducted using a two-tailed Student’s t-test or a one-way analysis of variance (ANOVA) with least significant difference (LSD) multiple comparisons test. Asterisks represent statistical significance as *p < 0.05 and **p < 0.01.






Results




AvrXa7 directly binds to the EBEAvrXa7 in the promoter of the Xa7 gene

In a previous study, a 26-bp putative EBEAvrXa7 sequence (ATAACCCCCCCCCCCCCAGATAACCA) was predicted in the promoter of the Xa7 gene, which matched perfectly with the 25.5 RVDs of AvrXa7 based on the recognition principle between TALEs and EBEs (Chen et al., 2021). To confirm that AvrXa7 can indeed interact with EBEAvrXa7, a yeast one-hybrid assay was carried out. In the reporter vector, three tandem repeats of both Xa7-EBEAvrXa7 and SWEET14-EBEAvrXa7 were inserted upstream of the LacZ gene, while the effector vector (AD-RVD) expressed the RVDs of AvrXa7 fused with the GAL4 activation domain (Figure 1A). The yeast strains co-transformed with Xa7-EBEAvrXa7 and AD-RVD grew on a nutrient-deficient medium and showed significant β-gal activity, as detected by blue staining (Figure 1B). These results indicate that AvrXa7 can directly bind to the EBEAvrXa7 sequence in the promoter of the Xa7 gene.




Figure 1 | Identification of the interaction between AvrXa7 and Xa7-EBEAvrXa7. (A) Schematic diagram of the yeast one-hybrid system used in this study. Three tandem repeats of Xa7-EBEAvrXa7 and SWEET14-EBEAvrXa7 were inserted upstream of the LacZ gene. The repeat variable di-residues (RVDs) of AvrXA7 (AD-RVD) were fused with the activation domain (AD) of GAL4. ADH1pro refers to the constitutive ADH1 promoter, which drives the expression of the LacZ gene. (B) The β-gal activity test results of different transformants. The interaction between p53Blue and AD-53m was used as the positive control. pLacZ-EBEAvrXa7 represents the reporter vector, while AD-RVD represents the effector vector.







AvrXa7 activates the executor R genes driven by the Xa7 promoter in tobacco

To investigate whether the promoter of the Xa7 gene can activate other executor R genes by binding with AvrXa7, six constructs were created (Figure 2A) and transiently transferred into tobacco for HR analysis—a plant-specific basic immunity that causes infected cell death via the bursts of reactive oxygen species (ROS; Lorrain et al., 2003). Among them, four constructs containing the executor R gene Xa7, Xa10, Xa23, and Xa27 were driven by the native promoter of Xa7 (Xa7pro). The remaining two constructs were driven by the CaMV35S promoter that constitutively expressed Xa7 or GFP (Figure 2A). The empty vector (EV) was used as a negative control. The results showed that significant cell death and excessive ROS accumulation occurred only when transforming the 35S::Xa7 or co-transforming the Xa7pro::executor (Xa7, Xa10, Xa23, or Xa27) with 35S::avrXa7 in the tobacco leaves. No or only slight (Xa7pro::Xa10) HR phenotype was observed in other situations (Figures 2B–E; Supplementary Figure S1). The above results suggested that the promoter of the Xa7 gene can activate other executor R genes to trigger HR in plants by inoculation with AvrXa7.




Figure 2 | Executor R genes activated by the Xa7 promoter triggered hypersensitive response (HR) in tobacco leaves. (A) Vector diagrams of positive control 35S::Xa7, negative control empty vector (EV), and four executor R genes driven by the Xa7 promoter, named Xa7pro::Xa7, Xa7pro::Xa10, Xa7pro::Xa23, and Xa7pro::Xa27. (B) HR assays in tobacco leaves. Agrobacterium tumefaciens containing different vectors were injected into tobacco leaves using needleless syringes. 35S::Xa7 was selected as the positive control, while EV as the negative control. The infiltrated areas are outlined with dashed circles. (C) The results of 3,3′-diaminobenzidine (DAB) staining assay. The corresponding leaf from (B) was stained with DAB. (D) Phenotype of vectors co-injected with the 35S::AvrXa7 in tobacco leaves. (E) The DAB staining result of corresponding leaves in (D).







The Xa7 gene promoter can endow Xa23 with similar disease resistance characteristics

To further verify whether the executor R gene driven by the Xa7 promoter can enhance the disease resistance of rice plants, the mentioned construct Xa7pro::Xa23 was transformed into a BB-susceptible rice cultivar Zhonghua11 (ZH11). Twenty-five stable transgenic T2 lines were obtained and used for the analysis of the BB resistance (Figure 3A). The transgenic recipient ZH11 was highly susceptible to BB, while the transgenic plants with Xa7pro::Xa23 exhibited a similar disease resistance spectrum of Xa7, instead of Xa23. The Xa7pro::Xa23 transgenic plants were resistant to the Xa7-incompatible strain PXO86 and susceptible to the Xa7-compatible strain PXO99, while rice cultivar CBB23 containing the native Xa23 gene was resistant to both stains (Figures 3B, C). Additionally, the expression of Xa23 gene in those transgenic lines was significantly induced at different time points after PXO86 inoculation (Figure 3D). The above results showed that the executor R gene driven by the promoter of Xa7 gene enhanced host resistance to BB and indicated that the disease resistance characteristics of the executor R genes mainly depend on their promoters.




Figure 3 | The resistance and expression characteristics of Xa7pro::Xa23 transgenic plants. (A) Phenotypes of ZH11 and Xa7pro::Xa23 transgenic plants at mature stage. Bar = 10 cm. (B) Lesions of ZH11, IRBB7, CBB23, and the Xa7pro::Xa23 transgenic plants inoculated with Xoo strains PXO86 and PXO99. Photographs were taken 2 weeks after inoculation with Xoo strains. Bar = 2 cm. (C) Lesion lengths (cm) of ZH11, IRBB7, CBB23, and the Xa7pro::Xa23 transgenic plants. Data are shown as means ± SD; significance analysis was conducted using a two-tailed Student’s t-test. (D) The induced expression characteristics of Xa23 gene in the Xa7pro::Xa23 transgenic plants. Leaves were sampled at 0 hours, 6 hours, 12 hours, 24 hours, 48 hours, and 72 hours after inoculated with PXO86. Data are shown as means ± SD; significance analysis was conducted using ordinary one-way ANOVA with least significant difference (LSD) multiple comparisons test.  * represents significance differences exist at p < 0.05; ** represents significance differences exist at p < 0.01.







Expression of the Xa7 gene is induced locally by its incompatible Xoo strain

To explore the mechanism of Xa7 gene-mediated disease resistance, the expression pattern of the Xa7 gene after inoculation with Xoo strains was analyzed. A native promoter of the Xa7 gene (abbreviated as Xa7pro) and a mutated promoter of the Xa7 gene (abbreviated as Xa7mpro) with two base deletions in the EBEAvrXa7 sequence were constructed upstream of the Gus gene and obtained corresponding transgenic rice plants designated as Xa7pro::Gus and Xa7mpro::Gus. After inoculation with the Xa7 incompatible Xoo strain PXO86, which contains an AvrXa7, GUS activity was significantly detected in leaves of the Xa7pro::Gus transgenic plants, and it was localized around the infection site, while no induced GUS activity was detected in the leaves of the Xa7mpro::Gus transgenic plants (Figure 4A).




Figure 4 | Induction expression characteristics of the Xa7 gene. (A) The GUS staining results of leaves from transgenic plants Xa7pro::Gus and Xa7mpro::Gus. Leaves were stained after inoculated with H2O and Xoo strain PXO86 for 24 hours. (B) Leaves of IRBB7 were inoculated with PXO86 by clipping the leaf tips, and the infected leaves were divided into five different regions away from the clipping site (0–1 cm, 1–2 cm, 2–3 cm, 3–5 cm, and 5–7 cm). (C) Expression of the Xa7 gene in different leaf regions after inoculation with PXO86 and H2O for 24 hours. Gene expression was measured by qRT-PCR, and data are presented as the means of three replicates ± SD; significance analysis was conducted using a two-tailed Student’s t-test; * represents significance differences exist at p < 0.05; ** represents significance differences exist at p < 0.01.



Additionally, leaves from rice cultivar IRBB7 that contain the Xa7 gene were inoculated with PXO86 by clipping the leaf tips. After 24 hours, the infected leaves were collected and divided into five different regions based on distance from the clipping site (0–1 cm, 1–2 cm, 2–3 cm, 3–5 cm, and 5–7 cm) (Figure 4B). The expression level of the Xa7 gene was then analyzed via RT-qPCR. The results showed that expression of the Xa7 gene was strongly induced near the infection site of the leaves (<1 cm) and gradually decreased as the distance increased (Figure 4C). These results suggested that the Xa7 gene was locally induced in the host cells by Xoo infection.





Activation of the Xa7 gene inhibits the growth of incompatible Xoo strain

As the induced expression of the Xa7 gene is localized, it is likely that the pathogen would be controlled locally in the host. To investigate this, the leaves of IR24 and its near-isogenic line IRBB7 were inoculated with PXO86 via leaf-tip clipping, and the growth of Xoo strains was analyzed in the five different regions of the inoculated leaves (Figure 4B) at 1 day, 3 days, 5 days, 9 days, and 14 days after inoculation (DAI) (Figures 5A, B). At 1 DAI, the growth of Xoo was only detected in the 0–1-cm region of the IRBB7 leaves, whereas it was detected in the 0–3-cm region of the IR24 leaves. Subsequently, the growth of Xoo spread on the leaves from the tips of both IRBB7 and IR24. However, the pathogen was limited to the 0–5-cm region of IRBB7 from 5 DAI, while it had spread to areas beyond 7 cm in IR24. Moreover, the amount of Xoo strains in IRBB7 was at least 10-fold lower than that in IR24 over 0–1-cm regions. These results indicated that the induced expression of the Xa7 gene could retard and restrict the growth of Xoo strains.




Figure 5 | Growth quantity of Xoo strains in the leaves of IRBB7 and IR24 after inoculation with PXO86. (A, B) Population number of Xoo strains after inoculation with PXO86 for 1 day, 3 days, 5 days, 9 days, and 14 days in IRBB7 and IR24, respectively. Leaves were sampled from the regions 0–1 cm, 1–2 cm, 2–3 cm, 3–5 cm, and 5–7 cm after inoculated with PXO86.







The induced expression of the Xa7 gene enhances resistance of rice plants to compatible strains

As the induced expression of Xa7 gene inhibited the growth of incompatible strain PXO86, we hypothesized that the activated expression of the Xa7 gene may also enhance the host’s defense against compatible Xoo strains. To test this hypothesis, a frequently used Xoo strain PXO99, which does not contain an AvrXa7 and cannot activate the expression of the Xa7 gene, was selected as a compatible strain of the Xa7 gene (Chen et al., 2021). First, the leaves of IRBB7 were infected with the incompatible strain PXO86 to activate the expression of the Xa7 gene and then further inoculated with the compatible strain PXO99 by clipping closely to the PXO86-infected site at 1 day, 2 days, and 3 days after PXO86 inoculation (<0.5 cm). The lesion lengths on leaves were measured 2 weeks later after Xoo inoculation. The results showed that the lesions of leaves inoculated with combined PXO86 and PXO99 strains were significantly shorter than those only inoculated with PXO99 (Figures 6A, B). To further verify that the observed effect was solely due to AvrXa7-mediated induction of Xa7, the leaves of IRBB7 were infected with PXO99avrXa7, PXO99, and combined strains (PXO99avrXa7 and PXO99 mixed). The lesion lengths were measured 2 weeks later after Xoo inoculation (Supplementary Figure S2), and the results were consistent with those shown in Figure 6. Thus, the induced expression of the Xa7 gene could significantly increase the resistance of host plants to the compatible strains.




Figure 6 | Evaluation of disease resistance to compatible strain PXO99 after induced expression of the Xa7 gene. (A) The lesion phenotype of IRBB7 after inoculation with different races of Xoo strains for 2 weeks. Bar = 1 cm. (B) Statistics of lesion length in panel (A) From left to right, they represent leaves of IRBB7 infected with PXO86, PXO99, PXO86+PXO99 (Mix), and combined inoculation of PXO99 after inoculated with PXO86 for 1 day, 2 days, and 3 days. Data are shown as means ± SD; significance analysis was conducted using ordinary one-way ANOVA with least significant difference (LSD) multiple comparisons test.







Xa7 gene mediates transcriptional reprogramming during disease resistance

To further explore the molecular basis of cell death and defense response mediated by the Xa7 gene, transgenic rice plants constitutively expressing the Xa7 gene that was constructed in our previous study were applied (Chen et al., 2021). Two different lines, named Xa7-OE-1 and Xa7-OE-2, were selected. Compared to the wild-type control ZH11, Xa7-OE-1 plants display normal phenotypes and have low expression levels of the Xa7 gene, while the growth and development of the Xa7-OE-2 plants are obviously inhibited and have significantly higher expression of the Xa7 gene (Figures 7A, B). RNA-seq analysis was performed on both transgenic lines and the wild-type ZH11. Compared to ZH11, 897 and 2,561 DEGs were detected in Xa7-OE-1 and Xa7-OE-2, respectively, and among them, 617 DEGs were shared by the two transgenic lines (Figure 7C), in which 491 genes were collectively upregulated and 87 genes were downregulated (Supplementary Table S1, S2).




Figure 7 | Transcriptome analysis and verification of the Xa7-constitutive expression lines. (A) Phenotypic characterization of ZH11, Xa7-OE-1, and Xa7-OE-2. Bar = 10 cm. (B) qRT-PCR analysis of the relative transcript levels of the Xa7 gene in ZH084, Xa7-OE-1, and Xa7-OE-2 with the absence of Xoo. (C) Venn diagram illustrating the number of differentially expressed genes (DEGs) identified in Xa7-OE-1 and Xa7-OE-2 compared to ZH11. (D) Gene Ontology (GO) enrichment analysis of the DEGs in Xa7-OE-1 and Xa7-OE-2 when compared to ZH11. (E) The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enrichment of the upregulated DEGs between Xa7-OE-1 and Xa7-OE-2 when compared to ZH11. The value on the right side of the column indicates the reliability of the enrichment degree of the pathways (p-value). (F) The heat map of DEGs associated with the phenylpropanoid pathway. Log values of the FPKM of DEGs were used for the display of the heat map. (G) Verification of the relative expression levels of DEGs in rice plants ZH11, Xa7-OE-1, and Xa7-OE-2. Data are shown as means (three independent replicates) ± SD. (H–K) The expression levels of Os4CL5, OsPAL4, OsPRX62, and OsCAD6 in IRBB7 and IR24 at different time points after inoculation with PXO86, respectively. Data are shown with means ± SD. (L) The expression of OsPAL4 and Os4CL5 in different leaf regions 24 hours after IRBB7 inoculated with PXO86. (M) The quantitative determination of lignin content in rice plants ZH11, Xa7-OE-1, and Xa7-OE-2. In panels (B, G–K, M), statistical significance was determined by ordinary one-way ANOVA with least significant difference (LSD) multiple comparisons test. * represents significance differences exist at p < 0.05; ** represents significance differences exist at p < 0.01.



The Gene Ontology (GO) enrichment of the upregulated DEGs showed that genes involved in biological processes and defense response were prevalent (Figure 7D), such as the transcription factor OsWRKY19, which can activate the transcription of PR gene and play an important role in the defense response against pathogens (Du et al., 2021). To further explore Xa7-mediated pathways, KEGG enrichment analysis of the DEGs was performed, and the most enriched pathway was phenylpropanoid biosynthesis (ko00940) (Figure 7E). It has been reported that this pathway is involved in lignin biosynthesis and plays a key role in plant protection under biotic stress (Hamberger et al., 2007; Vogt, 2010). Enzymes such as phenylalanine ammonia-lyase (PAL), 4-coumarate–CoA ligase (4CL), cinnamoyl-CoA reductase (CCR), and cinnamyl alcohol dehydrogenase (CAD) are involved in the biosynthesis of monolignol from phenylalanine (Vanholme et al., 2010; Tianpei et al., 2015), and then laccases (Lac) or peroxidases (POD) oxidize monolignols to monolignol radicals in the cell wall, which subsequently combine in a combinatorial fashion to form lignin (Miedes et al., 2014). In the Xa7-OE lines, genes encoding the enzyme involved in lignin biosynthesis, such as PAL (OsPAL4 and OsPAL6), 4CL (Os4CL5), CAD (OsCAD6), and POD (OsPRX30, OsPRX62, OsPRX115, and OsPRX117), were found to be significantly upregulated (Figure 7F).

The transcription levels of selected genes, including OsPAL4, Os4CL5, OsPRX62, and OsCAD6, were verified via qRT-PCR, and the results were consistent with the RNA-seq data (Figure 7G). Furthermore, the expression of these genes was significantly induced in the leaves of IRBB7 but not in IR24 after inoculation with the PXO86 strain (Figures 7H–K). Moreover, qRT-PCR was selected to detect the expression level of two lignin-related genes in the different regions of IRBB7 after inoculation with PXO86 24 hours, and the results showed that the expression pattern was similar to that of the Xa7 gene. Subsequently, quantitative determination of lignin content in the leaves from ZH11, Xa7-OE-1, and Xa7-OE-2 proved that with the increased expression of Xa7, the lignin content was significantly enriched (Figure 7M). The above results suggested that the executor R gene Xa7 may enhance the resistance of rice plants to Xoo pathogens by increasing lignin synthesis.






Discussion

The identification and cloning of executor R genes from rice and pepper that can specifically trap TALEs of pathogens and trigger defense reactions in host plants have revolutionized our understanding of plant–pathogen interactions (Ji et al., 2022b; Nowack et al., 2022). Among the six executor R genes cloned to date, Xa7 is a newly identified executor R gene of rice that contains a putative AvrXa7-target sequence EBEAvrXa7 in its promoter (Chen et al., 2021; Luo et al., 2021; Wang et al., 2021). Here, we experimentally confirmed that AvrXa7 can directly bind to the EBEAvrXa7, suggesting that Xa7 can be activated by the binding of AvrXa7 to its promoter via EBEAvrXa7 (Figure 1).

In fact, the specific recognition between the EBEs of target genes in the host plant and the RVDs of TALEs plays a critical role in determining disease susceptibility or resistance in plants. Variations in the EBE sequences of S genes in plants decreased their susceptibility to pathogen attack (Antony et al., 2010). Conversely, the TALE-dependent R genes of plants have evolved to specifically interact with TALEs to activate immunity. To date, four executor genes, Xa7, Xa10, Xa23, and Xa27, have been cloned from rice, which confer race-specific disease resistance against Xoo strains carrying TALEs AvrXa7, AvrXa10, AvrXa23, and AvrXa27, respectively (Ji et al., 2022b). In this study, we proved that the disease resistance spectrum of Xa7 is largely determined by its promoter, as the executor R gene Xa23 driven by the Xa7 promoter was found to confer similar disease resistance characteristics to Xa7 rather than Xa23 (Figure 3). Promoter modification of R genes has been proposed as an effective strategy for engineering novel recognition specificity between TALEs and EBEs to gain broad-spectrum resistance to pathogens (Li et al., 2016). For instance, in the transgenic rice plants, six EBE sequences specifically recognized by cognate TALEs of PthXo1, PthXo6, Tal9a, Tal4c, Tal2g, and Tal4a were introduced into the promoter of Xa27 gene to achieve broad-spectrum resistance to both Xoo and Xoc (X. oryzae pv. oryzicola) strains (Hummel et al., 2012). Similarly, an additional 17-bp EBE inserted into the promoter of Xa23 in rice plants also specifically trapped conserved TALEs from multiple Xoc strains, providing an alternative strategy to effectively utilize the executor R genes in disease resistance (Ji et al., 2022a). In the future, as more R genes and TALEs are identified, pyramiding the EBEs of major TALEs from pathogens, such as AvrXa7, AvrXa23, PthXo3, and Tal2g, will be a promising strategy for breeding crops with broad-spectrum disease resistance.

In this research, we were surprised to find that Xa7 was locally activated in infected leaves by the incompatible strain PXO86 (Figure 4), and compared to the rice variety IR24, the bacteria grew to similar levels in the infiltration area and significantly deceased outside of the infection site, finally limited inside of the 5-cm region in IRBB7 (Figure 5). This response was similar to the localized acquired resistance (LAR), which did not suppress pathogen growth at the local site but rather halted pathogen propagation into adjacent regions (Jacob et al., 2023). The mechanism of LAR is distinct from that of systemic acquired resistance (SAR), which primes defense in distal tissues to prevent secondary infections (Ross, 1961). Contrary to SAR, LAR is acute and short-lasting, and the HR triggered by an elicitor was found to activate defense in the surrounding cells without direct contact with the elicitor (Dorey et al., 1997). Moreover, Xa7 expression appeared to occur earlier than the onset of cell death (Figure 4). This raises a possibility that complete cell death may not be necessary to generate cell non-autonomous danger signals that activate LAR. Additionally, both the induced and constitutive expression of Xa7 gene enhanced the resistance of rice plants to Xa7-compatible strain PXO99 (Figure 6; Chen et al., 2021), indicating that the LAR activated by the executor genes has no race specificity. An open question is to identify the immunogenic molecules triggering LAR. Candidates like ROS or calcium signaling released from infection cells are worth investigating.

Groundbreaking research on the Xa10 provided exciting insights into how Xa7 initiated immune signaling. Similar to XA7, XA10 was a compact protein featuring four transmembrane α-helices and localized to the endoplasmic reticulum (ER) membrane of plants, which was coincidental with the ER Ca2+ depletion and the onset of XA10-induced cell death (Tian et al., 2014). The ER is one of the important intracellular Ca2+ stores in eukaryotic cells, and the reduction of ER Ca2+ levels can induce the unfolded protein response, an evolutionarily conserved stress response that can trigger apoptosis (Shore et al., 2011). Additionally, the formation of hexamers of XA10 on the ER membrane was reinforced by the WTS protein, which formed pentameric architecture with a central pore and functioned as a new type of Ca2+ permeable cation-selective channel on the ER membrane (Wang et al., 2023). Based on the results obtained in the study of Xa10 and WTS, we propose that Xa7 may form a calcium channel on the ER membrane and transport Ca2+ from the ER to the cytosolic when the pathogens are present; however, this hypothesis remains to be validated further.

In order to investigate the disease resistance mechanism conferred by the Xa7 gene, RNA-seq was performed. In the present study, several genes encoding key enzymes of lignin synthesis were induced in both the Xa7-overexpression lines and the Xa7-containing rice variety IRBB7 after Xoo inoculation, resulting in the accumulation of lignin (Figure 7). Lignin is the second most abundant component in the cell walls of vascular tissues (Neutelings, 2011) and is often rapidly deposited through the induction of lignin biosynthesis genes in responses to pathogen infection in plants (Malinovsky et al., 2014; Yoon et al., 2015). The lignin-mediated vascular defense was also used by other race-specific R genes against vascular pathogens in the rice–Xoo pathosystem. For example, the Xa21-mediated Xoo resistance was related to lignin accumulation (Shamsunnaher et al., 2020). Similarly, Xa10 stimulated the accumulation of lignin-like phenolic compounds (Reimers and Leach, 1991). Based on these findings, it is possible to speculate that Xa7 may enhance the resistance to Xoo by increasing the biosynthesis of lignin, which could change the mechanical strength of the cell wall and enhance resistance against Xoo. This raises the following question: how does Xa7 gene activate lignin-based vascular-specific immune responses upon perceiving Xoo in rice? This will be worthy of further investigation. All in all, the discovery of the disease resistance mechanism of Xa7 opens the door to investigating how the other executor genes confer resistance to Xoo.
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Plants have evolved distinct defense strategies in response to a diverse range of chewing and sucking insect herbivory. While chewing insect herbivores, exemplified by caterpillars and beetles, cause visible tissue damage and induce jasmonic acid (JA)-mediated defense responses, sucking insects, such as aphids and whiteflies, delicately tap into the phloem sap and elicit salicylic acid (SA)-mediated defense responses. This review aims to highlight the specificity of defense strategies in Brassica plants and associated underlying molecular mechanisms when challenged by herbivorous insects from different feeding guilds (i.e., chewing and sucking insects). To establish such an understanding in Brassica plants, the typical defense responses were categorized into physical, chemical, and metabolic adjustments. Further, the impact of contrasting feeding patterns on Brassica is discussed in context to unique biochemical and molecular modus operandi that governs the resistance against chewing and sucking insect pests. Grasping these interactions is crucial to developing innovative and targeted pest management approaches to ensure ecosystem sustainability and Brassica productivity.
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1 Introduction

The co-evolutionary arms race between plants and herbivorous insects has shaped the fascinating diversity of defense strategies observed in nature (Kareiva, 1999; Fürstenberg-Hägg et al., 2013). Plants have developed sophisticated defense responses to counter insect attacks, adapting to different herbivore feeding guilds. These defense responses are intricately connected to signaling pathways such as Jasmonic acid (JA), Salicylic Acid (SA), and Ethylene (ET) (War et al., 2012). These signaling pathways can regulate direct and indirect plant defense strategies that effectively deter, repel, and combat herbivorous insects (Kunkel and Brooks, 2002; Bari and Jones, 2009; Checker et al., 2018). The coordination of these defense pathways enables plants to deploy tailored and multifaceted responses, enhancing their ability to withstand and adapt to herbivores attack (Rejeb et al., 2014; Checker et al., 2018; Aftab and Roychoudhury, 2021).

Brassica, globally recognized as the second largest oilseed crop after soybean, holds a prominent position in the agricultural landscape (Attia et al., 2021). With an annual global production of around 72 million metric tons, this versatile crop plays a pivotal role in addressing food security, owing to its diverse uses, including oil extraction and as a crucial component in human diets (Mabry et al., 2021; Chen et al., 2023). However, Brassica crops face significant annual losses due to biotic stressors, particularly insect pests (Warwick, 2011; Baldwin et al., 2021). Approximately, 50-60% of Brassica crop production is believed to be susceptible to losses caused by insects and mites (Poveda et al., 2020). The worldwide pest management of crop plants including Brassica plants highly relies on insecticides which poses great environmental risks (Warwick, 2011). The susceptibility of Brassica crops to a multitude of insect pests and concerns regarding insecticide treatments underscore the pressing need for comprehensive understanding and the development of effective and sustainable control strategies to mitigate yield losses and safeguard its economic significance.

The plant immune system plays a pivotal role in shaping the dynamic interplay between plants and insect herbivores (Zhou and Zhang, 2020). As plants have evolved diverse defense strategies in response to varied feeding patterns of chewing and sucking insects, the importance of understanding these intricate molecular mechanisms requires specific attention (War et al., 2018). The ability of plants to discern and mount tailored defense responses, such as JA-mediated defenses against chewing insects and SA-mediated defenses against sucking insects, showcases the sophistication of their immune system (Nguyen et al., 2016; Stroud et al., 2022). Recognizing the specificity of these defense strategies is not only essential for comprehending plant-insect interactions but also holds immense significance for devising targeted pest management strategies (Vega-Álvarez et al., 2023). In the context of Brassica plants, where distinct physical, chemical, and metabolic adjustments contribute to defense (Ahuja et al., 2011), unravelling the intricacies of the plant immune system is key to developing innovative approaches that enhance ecosystem sustainability and ensure the productivity of Brassica crops.

This review primarily focuses on the interactions between herbivorous insects and plants belonging to the Brassica genus. Focusing on Brassica, we aim to provide a comprehensive synthesis of how chewing and sucking behaviors influence the activation of defense strategies mainly relying on involvement of JA and SA, the underlying molecular mechanisms (a specific focus on SA-JA crosstalk), and the impact on physical defense traits. Investigating Brassica’s responses, we highlight valuable insights into the broader mechanisms governing plant-insect interactions and defense strategies. In summary, this review will delve into the intricate interplay between herbivore feeding guilds and plant defense responses, with a specific emphasis on the unique attributes observed in Brassica species. By shedding light on the evolutionary trajectories of defense strategies, this study seeks to contribute to our understanding of the dynamic interactions between insects and plants in shaping the ecological landscape.




2 Defense responses and their mode of expression in Brassica against herbivorous insects

Plants have been coexisting with and facing endless challenges from herbivorous insects for hundreds of millions of years. Plants, including Brassica species, have evolved an arsenal of defense strategies to combat herbivore attack (Gatehouse, 2002; Ahuja et al., 2010). Plant defenses are broadly classified as direct and indirect defenses. Direct defenses are plant traits (e.g., trichomes, secondary metabolites) that reduce their susceptibility to insect herbivores or negatively affect insect biology or behavior (Chen, 2008; War et al., 2012). Indirect defenses are traits (e.g., herbivore-induced plant volatiles (HIPVs), extrafloral nectaries) that promote the attraction or efficacy of natural enemies of herbivorous insects such as predators and parasitoids (Heil, 2008; Aljbory and Chen, 2018). Both direct and indirect defenses can be expressed constitutively (i.e., always present in plants) or induced following insect attack. The metabolic costs of induced defenses are considered to be lower than constitutive defenses, particularly when insect pressure is sporadic (Karban, 2011), and there could be a trade-off between constitutive and induced defense responses (Zhang et al., 2008). Plant phytohormone signaling networks, particularly JA and SA signaling pathways play crucial roles in optimizing plant defenses against insect herbivores (Verma et al., 2016). In particular, the JA signaling cascade is considered a master regulator of induced plant responses to insect attack (Erb et al., 2012).

Brassica plants show a diverse array of direct physical and chemical defenses against herbivorous insects (Figure 1). Among physical defenses, epicuticular wax and trichomes account for one of the first lines of defenses against herbivores. For example, the presence of epicuticular wax was found to enhance Brassica oleracea resistance to the diamondback moth (Plutella xylostella), flea beetles (Phyllotreta spp.), and cabbage stink bugs (Eurydema spp.) (Bohinc et al., 2014; Silva et al., 2017). Although such morphological structures are constitutive defenses in Brassica plants, trichome density and epicuticular wax composition can be induced when challenged by insect herbivores (Traw and Dawson, 2002; Blenn et al., 2012).




Figure 1 | Outline of Brassica defenses against herbivorous insects. Both direct and indirect defenses can be expressed constitutively or induced following insect attack, or both. While physical defenses are typically expressed constitutively, certain physical defense structures such as trichomes and epicuticular wax could be induced in response to insect attack.



The primary direct chemical defense in Brassica is the production of nitrogen- and sulfur-containing secondary metabolites known as glucosinolates (GS) that negatively affect insect herbivores (Hopkins et al., 2009; Jeschke et al., 2021), specifically generalist insects such as Spodoptera littoralis and Mamestra brassicae (Jeschke et al., 2017). GS are diverse in their structures (i.e., more than 130 known compounds) and are expressed constitutively in Brassica (Hopkins et al., 2009; Agerbirk and Olsen, 2012). The composition of GS in the family Brassicaceae varies depending on plant species, plant organs, ontogenetic stages, agricultural practices, and environmental conditions (Textor and Gershenzon, 2009; Ahuja et al., 2010). Although GSs per se could be toxic to insects (Kim et al., 2008), they become highly toxic when hydrolyzed by a specific enzyme called myrosinase and converted to toxic compounds such as isothiocyanates and nitriles (Agrawal and Kurashige, 2003; Wittstock et al., 2016). Both GSs and myrosinase are stored in adjacent but separate cells and GSs only encounter the enzyme when plant tissues are mechanically damaged by insect feeding (Hopkins et al., 2009).

Even though Brassicaceous plants possess GSs constitutively, their levels, particularly that of indole GSs, in tissues can be induced rapidly and substantially following shoot or root herbivory by insects (van Dam and Raaijmakers, 2006; Travers-Martin and Müller, 2007; Textor and Gershenzon, 2009). Insect attack can cause a redistribution of GSs in different organs or de novo synthesis of GSs in both attacked (i.e., local induction) and non-attacked (i.e., systemic induction) tissues (Hopkins et al., 2009; Touw et al., 2020). Likewise, the levels of myrosinase enzyme in plant tissues might increase upon insect feeding in some cases (Pontoppidan et al., 2003; Travers-Martin and Müller, 2007; Cachapa et al., 2021), although the impacts of such induction on plant defenses remain uncertain (Textor and Gershenzon, 2009).

Considering that some specialist herbivores such as Pieris rapae and P. xylostella can neutralize GS (Ratzka et al., 2002; Wittstock et al., 2004), other secondary metabolites such as phenolic compounds (e.g., flavonoids) and terpenoids (e.g., saponins) can confer direct resistance to specialist insects (Badenes-Perez et al., 2014; Ibrahim et al., 2018; Kovalikova et al., 2019). Moreover, cultivated Brassica plants can produce antioxidant defense enzymes such as polyphenol oxidase (PPO) and peroxidase (POD) and defensive proteins such as trypsin proteinase inhibitors (TPI) to defend specialist insects (Khattab, 2007; Ahmed et al., 2022). All these secondary metabolites and antioxidant enzymes can be present in Brassica constitutively or induced following insect attack, or both (Ibrahim et al., 2018; Kovalikova et al., 2019).

Brassicaceous plants produce herbivore-induced plant volatiles (HIPVs) when attacked by pest herbivores (Figure 1), including glucosinolate breakdown products such as nitriles and isothiocyanates (Uefune et al., 2012; Mathur et al., 2013c; Zhou and Jander, 2022). The emission of HIPVs can deter insect herbivores (Verheggen et al., 2013) and attract their natural enemies, thus facilitating the top-down control of herbivorous insects (Puente et al., 2008; Mathur et al., 2013c) Furthermore, Brassica juncea can produce extrafloral nectaries as an indirect defense, which can be present in plants constitutively, but the amount of nectar production could be induced following insect feeding (Figure 1) (Mathur et al., 2013a). The possession and induction of such nectaries could support natural enemies of herbivores by providing alternative foods (Jamont et al., 2013; Mathur et al., 2013a).




3 Impacts of herbivore feeding patterns on Brassica defense mechanisms



3.1 Jasmonic acid-mediated defenses in response to chewing insects

The majority of all known herbivorous insects belong to the orders, Coleoptera and Lepidoptera, that physically consume the plant tissues with their mouth parts evolved for chewing (Schoonhoven et al., 2005). For example, caterpillars follow a special pattern when feeding, removing uniform pieces of leaf tissue in a highly choreographed and predictable manner (Howe and Jander, 2008). Plants have developed various intricated mechanisms to perceive and respond to damage caused by chewing insects. The direct attack by chewing insects orchestrates a prompt and targeted host plant response, commencing a cascade of molecular events that yields in activation of JA-mediated plant defenses (Walling, 2000; Bari and Jones, 2009). Upon detection of chewing damage, plants release specific signals, such as damage-associated molecular patterns (DAMPs) and herbivore-associated molecular patterns (HAMPs) (Mithofer and Boland, 2008; Stahl et al., 2018; Uemura and Arimura, 2019). These signals are perceived by the plant receptors, triggering a signaling cascade that ultimately leads to the synthesis and accumulation of JA signaling.

As the core signaling pathway, JA is activated in response to herbivore chewing and wounding damage. The biosynthesis and signaling of JA have been reviewed elsewhere in detail (Hou and Tsuda, 2022; Kundu et al., 2023). Briefly, JA biosynthesis exist in various cellular compartments, primarily in the chloroplasts, peroxisomes, and cytosol (Staswick and Tiryaki, 2004; Erb et al., 2012; Wasternack and Hause, 2013). The precursor of JA biosynthesis is the unsaturated fatty acid linolenic acid (LA) which is derived from membrane phospholipids. Lipoxygenase (LOX) oxidize LA to 13-hydroperoxylinolenic acid (13-HPOT) which is afterward converted to 12-oxophytodienoic acid (OPDA) following two oxidation phases, allene oxide synthase (AOS) and allene oxide cyclase (AOC) (Ruan et al., 2019). Following the transportation of OPDA from chloroplast to the peroxisome, enzymatic reactions finally yield JA and its derivatives in cytosol (Erb et al., 2012; Ruan et al., 2019).

JA is perceived by F-box protein coronatine insensitive1 (COI1) which forms the SCF (Skp1-Cullin-F-box) E3 ubiquitin ligase complex, SCFCOI1 (Yan et al., 2013). When JA is absent, jasmonate zim-domain (JAZ) proteins interact with transcription factors (TFs), repressing their activity (Katsir et al., 2008). For example, JAZ deficient mutants lead to increased expression of diverse transcript factors that yielded elevated resistance against the chewing insect Trichoplusia ni (Guo et al., 2018). JA-Ile binding to COI1 triggers the degradation of JAZ through the 26S proteasome (Ruan et al., 2019). This molecular cascade facilitates the activation of the transcription factor MYC2 and its homologs, culminating in the induction of JA-responsive genes harboring the G-box motif (CACATG) (Schweizer et al., 2013). Noteworthy participants in this regulatory network include auxiliary factors, exemplified by the mediator subunit MED25. Another significant transcription factor that is regulated by JAZ, Ethylene Insensitive 3 (EIN3) induces expression of ethylene-responsive TFs (ERFs) such as Octadecanoid-responsive AP2/ERF domain protein 59 (ORA59) (Vos et al., 2013). The MYCs constitute a significant group of TFs in response to chewing insects since they construct a mechanism that prioritize the responses to chewing damage and associated cues (Erb et al., 2012). The evidence clearly suggested that chewing insect feeding causes overexpression of MYC2 branch of JA pathway that activates JA-responsive genes, such as Vegetative Storage Protein 2 (VSP2) (Sheard et al., 2010). Furthermore, other TFs such as MYC3 and 4 interact with MYC2 and activate JA-mediated plant defense mechanisms against the damage by S. littoralis that induces JA accumulation in Arabidopsis (Schweizer et al., 2013; Schmiesing et al., 2016).

The genetic manipulation studies have revealed that several genes in JA signaling are overexpressed and play significant roles in response to chewing insects. For example, several LOX genes, lox2, 3, 4, and 6, despite their distinct spatial expression, are induced upon wound damage (Wasternack and Hause, 2013). The lox Arabidopsis plants become severely susceptible to attack by S. littoralis feeding and artificial wounding with varying results for combinations of lox mutants (Glauser et al., 2008; Chauvin et al., 2013). Similarly, AOS-deficient Arabidopsis plants are susceptible to S. littoralis while AOS-overexpressed plants have enhanced resistance to this pest (Laudert et al., 2000). JA-mediated plant defenses against S. littoralis are completely impaired in coi1 Arabidopsis plants as well (Bodenhausen and Reymond, 2007). Similarly, H. armigera feeding was increased on myc Arabidopsis plants and decreased on MYC2-overexpressed Arabidopsis plants (Dombrecht et al., 2007). Other examples include the knockout of JAR and JOX genes, which results in an impaired JA signaling pathway that could not enhance resistance against wounding and Mamestra brassicae, respectively (Suza and Staswick, 2008; Caarls et al., 2017).

JA-mediated chemical defenses of Brassica plants include several classes of secondary metabolites such GSs, flavonoids, terpenoids, alkaloids, proteinase inhibitors (Howe and Jander, 2008). GSs are the predominant secondary metabolites present in Brassica plants, and most of the genes involved in GS biosynthesis are JA-inducible. The expression of these genes is governed by a functional regulatory module constituted by MYC and MYB TFs (Erb and Reymond, 2019). For instance, Arabidopsis feeding by S. exigua activates the JA pathway, resulting in an enhanced accumulation of GSs (Mewis et al., 2005). Notably, the genes participating in the biosynthetic pathway of GS are induced by JA, facilitated by the involvement of the bHLH TFs MYC2, MYC3, MYC4, and MYC5 (Yang et al., 2011; Schweizer et al., 2013). A coordinated functioning of MYB TFs is responsible for distinct branches of GSs biosynthesis, namely, methionine-derived aliphatic GS (MYB28, MYB29, and MYB76) and tryptophan-derived indole GS (MYB34, MYB51, and MYB122), which directly interact with MYC TFs, conferring resistance against S. littoralis (Gigolashvili, Berger, et al., 2007; Gigolashvili, Yatusevich, et al., 2007; Gigolashvili et al., 2008, 2009; Schweizer et al., 2013). The overexpression profile of MYB TFs such as MYB28 and MYB51 caused increased production of aliphatic and indole GS, respectively both of which adversely affected S. exigua (Gigolashvili, Berger, et al., 2007; Gigolashvili, Yatusevich, et al., 2007). In contrast, a double mutant myb28 myb29 lacking aliphatic GS was more susceptible to the feeding activity by Mamestra brassicae (Beekwilder et al., 2008).

JA-mediated expression of different transcript factors can cause release of other secondary metabolites in addition to GSs. For example, Arabidopsis JAZ proteins interacting with bHLH TF MYB, regulate anthocyanin biosynthesis (Qi et al., 2011). In the presence of JA-Ile, the JAZ proteins are degraded, leading to the accumulation and overexpression of the WD-repeat–bHLH–MYB complex (Goossens et al., 2017). JA and its methyl esters MeJA are key elicitors of terpenoid indole alkaloid (TIA) biosynthesis. The key components of JA, including the JA co-receptor Coronatine Insensitive 1 (COI1) and the five JASMONATE ZIM-domain proteins CrJAZ1/2/3/8/10 have been characterized for their roles in regulating TIA biosynthesis (Patra et al., 2018). Terpenoids and GLVs often comprise a large and diverse portion of the volatile blends emitted by intact as well as damaged Brassica plants (van Poecke et al., 2001; Mumm et al., 2008).

Altogether, JA mediates various plant defenses against multiple attackers, especially herbivorous insects (Zhang et al., 2017). The biosynthetic pathways that lead to specialized metabolites especially secondary compounds such as terpenoids, alkaloids and GSs have been proven to be induced by the JA signaling pathway (De Geyter et al., 2012; Goossens et al., 2017). For example, Arabidopsis plants lacking GS biosynthesis responsive genes are highly susceptible to a wide range of chewing herbivores (Erb et al., 2012). Arabidopsis fah1-7 deficient in the sinapoyl malate enzyme exhibits increased susceptibility to P. brassicae (Onkokesung et al., 2016), whereas reduced levels of kaempferol 3,7-dihamnoside in MYB75 overexpression lines correlate with increased P. brassicae performance.

JA defends plants indirectly by attracting natural enemies of insect pests through volatile emissions (Ozawa et al., 2008; Kappers et al., 2010). Parasitoids exhibit a keen ability to recognize HIPVs that are associated with their specific hosts and host plants. In specialized parasitoids, this ability may be innate (De Moraes et al., 1998), whereas generalist parasitoids learn to distinguish between different HIPV blends (Cardé and Bell, 1995). Natural enemies are responsive to common terpenoids, such as monoterpene (E)-ocimene and the monoterpene alcohol linalool (Dicke et al., 1990; Du et al., 1998), the methylene monoterpene (3E)-4,8-dimethyl-1,3,7-nonatriene, the methylene sesquiterpene (3E,7E)-4,8,12-dimethyl-1,3,7,11-tridectetraene (Dicke et al., 1990; Khan et al., 1997) and the sesquiterpene (E)-β-caryophyllene (Flint et al., 1979; Rasmann et al., 2005; Xiao et al., 2012). The emission levels of HIPVs are changed by P. rapae that attract parasitic wasps Cotesia rubecula (van Poecke et al., 2001; van Poecke and Dicke, 2002). The parasitism of P. rapae caterpillars by C. rubecula enhances plant fitness, increasing plant reproduction (van Loon et al., 2000). The perception ability of natural enemies of HIPVs emitting host plants may highly depend on survival strategy. For example, the specialist Cotesia rubecula can discriminate between induced host plants exposed to the damage by host larvae parasitized by conspecifics, while the generalist C. glomerata was unable to perform such a discrimination (Fatouros et al., 2005).




3.2 Salicylic acid-mediated defenses in response to sap-sucking insects

Sap-sucking insects encompassing a diverse array of pests, including aphids, whiteflies, thrips and so on, have a pivotal position in the functioning network of tropic levels. Sap-sucking insects exhibit distinct mouthpart morphology that are evolved based on their survival strategies. Several groups including aphids, mealybugs, psyllids and whiteflies search for a feeding site in the phloem veins, extending their stylets through cuticle, epidermis, and mesophyll (Walling, 2008). Thrips and mites suck the epidermal and mesophyll cell contents, puncturing using tube-like mouthparts while leafhoppers feed both on phloem and xylem contents (Mewis et al., 2005; Walling, 2008). The sap-sucking mouth parts do not cause a great damage on plant tissues by individual sap-suckers when compared with chewing insects while the sap-sucking damage may still have importance for plant immune system, especially when attacked by a settled population (Schoonhoven et al., 2005; Zhao et al., 2009). The significance of sap-sucking insects to plant immunity is not limited to tissue damage since an array of elicitors may accompany these pests while invading the host plants. Salivary, gut and honeydew endosymbiotic bacteria, salivary and ovipositional components, and associated plant pathogens such viruses may be involved in their attack on host plants (Wari et al., 2019). Once sap-sucking insects launch an attack on plant vascular tissues, plants induce SA-mediated defense responses.

SA is produced via two different signaling pathways; the isochorismate (IC) pathway, located in the chloroplast of plant cells and mediated by IC-synthase (ICS), and the phenylalanine ammonium (PA)-mediated by PA-lyase (PAL) pathways both of which are derived from chorismate (Dempsey et al., 2011). The core metabolite required for both signaling pathways is chorismate which is the main source of SA production in Arabidopsis (Wildermuth et al., 2001). Arabidopsis plants possess two ICS promoters, ICS1 and ICS2 which govern the chorismate-isochorismate conversion (Macaulay et al., 2017). The ICS1 promoter have WRKY and MYB TF binding sites which play roles in plant response against herbivores. These ICS enzymes individually or in combination can yield isochorismate (Strawn et al., 2007). IC amino acid conjugation producing isochorismate-9-glutamate, results in SA accumulation via avrPphB Susceptible3 (PBS3), a process exclusively characterized in Arabidopsis, followed either by spontaneous decomposition or enzymatic conversion via Enhanced Pseudomonas Susceptibility 1 (EPS1) (Jagadeeswaran et al., 2007; Nobuta et al., 2007; Rekhter et al., 2019; Torrens-Spence et al., 2019). The transportation of IC from chloroplast to cytosol requires Enhanced Disease Susceptibility 5 (EDS5) protein, a MATE transporter (Nawrath and Métraux, 1999; Nawrath et al., 2002). The studies with ICS mutants clearly revealed that SA can still be synthesized and accumulated. Further assessments including PAL-deficient plants have demonstrated that this SA biosynthesis in Arabidopsis continues via PAL pathway (Mauch-Mani and Slusarenko, 1996; Hu et al., 2010). However, there is a possible interplay between ICS- and PAL-mediated SA accumulation since a significant reduction was observed in ICS-mediated SA accumulation, when Arabidopsis plants lacked PAL activity. In PAL -mediated SA pathway, chorismate is converted to Phenylalanine that derivates Trans-cinnamic acid (t-CA) and then produces SA via benzoic acid (BA) via Abnormal Inflorescence Meristem 1 (AIM1) functioning (Dempsey et al., 2011).

The involvement of SA signaling in plant defense systems could be either independent of or dependent on NPR1, a master regulator of plant defense mechanisms. In an NPR1-dependent manner, redox signals influence the activity of NPR1. For example, activated THIOREDOXIN h5 can reduce disulfide bonds in NPR1, causing monomerization and nuclear translocation of NPR1 (Figure 2) (Spoel et al., 2009). The NPR1 was first identified in a screening of Arabidopsis mutants that were unable to activate the expression of PR genes or disease resistance (Cao et al., 1994; Delaney et al., 1994; Shah et al., 1997). The promoter region of the NPR1 gene involves W-box sequences, which function as binding sites for WRKY family proteins. The mutations in the W-box sequences impair the expression levels of NPR1 which underscores the significance of WRKY TFs in regulation of SA-NPR1 signaling (Yu et al., 2001). NPR1 functions in two places namely the cytoplasm and the nucleus. The cytosolic NPR1 functioning is more related to its interplay with JA-responsive TFs, that finally yields their SA-JA crosstalk (Figure 2A), while nuclear NPR1 is responsible for resistance development in response to stress factors. NPR1 directly interacts with TGA TFs and NIMIN proteins. The TGA TFs directly interact with PR-1 gene through binding to the activation sequence-1 (as-1) in its promoter region (Lebel et al., 1998). The requirement of SA for interactions between NPR1 and TGA TFs is highly TGA factor-specific. Interestingly, the presence of SA may also induce the expression of NIMIN1, NIMIN2, and NIMIN3 genes while NIMIN1 adversely affects SA-NPR1 signaling (Weigel et al., 2001, 2005). NIMIN1 overexpression has a significant role which causes induction of ETI and SAR, while its reduced regulation enhances the induction of PR-1 gene by SA. NPR1 is not always required for plant defenses. Transcription of several genes such as PR may require NPR1-independent SA signaling. The TFs responsible for SA-dependent and NPR1-independent resistance cover WHIRLY (WIH) and MYB genes. For example, SA can induce the single-stranded DNA binding activity of WHY, in an NPR1-independent manner (Desveaux et al., 2004). Furthermore, MYB30 positively regulates the pathogen-induced HR in an SA-dependent, NPR1-independent manner (Raffaele et al., 2006).




Figure 2 | A schematic representation of SA-JA crosstalks in response to herbivory: (A) An overview of SA and JA induction in response to different feeding guilds depicting that chewing insects are more prone to induce JA-responsive plant defenses and sucking insects exhibits the tendency to trigger SA-responsive plant defenses. The overview of SA-JA cross-talk that is represented by red lines demonstrating the orientation of reciprocal suppression by respective transcription factors (TFs). The proposed models suggest two (cytosolic and nuclear) crosstalks steps between SA and JA via activated NPR1 (carrying a star). NPR1 activation occurs through the induction of a transition from an oligomeric state (NPR without star) to a monomeric state (with star), a prerequisite for its effective functioning. The activated NPR1 may participate directly in crosstalk, either within the cytoplasm or following translocation into the nucleus. The molecular consequences of possible crosstalk models as a function of reciprocal suppression effects of respective TFs. The side by side panels, (B–F) are consisted of three steps, first box showing the basal level of two TFs (boxes with two squares) which means plants are not under attack and the defense mechanisms are not induced, the second box showing the induced TF upon herbivory and the third box showing the suppressive effect of the antagonistic TFs. (B) indicates the suppression of MYC TFs by NPR1 that refers to SA-dependent plant responses are in control. (C) shows the suppression of ERF TFs by NPR1 that refers to SA-dependent plant responses are in control. (D) depicts the suppression of NPR1 by ERF1 and MYC, respectively, that refers to JA-dependent plant responses are in control. (E) shows the suppression of NPR1 by ERF1 and MYC, respectively, that refers to JA-dependent plant responses are in control. (F) depicts the crosstalk within JA signaling pathway which results in suppression of ERF1 by MYC. The arrows in (B–F) panels indicate the direction of working scheme of crosstalks between TFs. The circles in each box (under (B–F) panels) depicts the induction of respective TF while a single circle of suppressed TF is intentionally left in each crosstalk final to show the suppressive effect of the suppressor TF. The colors of squares and circles in (B–F) are based on the colors of TFs (NPR1, MYCs and ERF1 and respective genes) in panels (A) and (B) The background of panels (B–F) are based on SA and JA signaling pathways.



SA-mediated defense networks are interconnected, and the expression of certain genes, such as ACD6, ALD1, PAD4, EDS1, EDS5, EPS1, ICS1/2, AIM1 PAL and PBS3/WIN3, is inducible by SA, suggesting a mechanism of signal amplification involving both upstream and downstream components in the SA pathway. For example, feeding by M. persicae on Arabidopsis rosette leaves significantly induced the overexpression profiles of two genes: NPR1-dependent SA-associated genes PR-1 and BGL2 (Moran and Thompson, 2001). Bemisia tabaci feeding on Arabidopsis plants induced both local (PR1, BGL2, PR5, SID2, EDS5, PAD4) and systemic (PR1, BGL2, PR5) gene induction (Zarate et al., 2007).

The main secondary metabolite group in Brassica plants consists of GSs even when attacked by sap-sucking insects. For example, M. persicae-infested Arabidopsis plants release elevated levels of phenylpropanoid and isochorismate (van Poecke, 2007; Louis et al., 2012), which are highly dependent on and sensitive to the genes involved in SA biosynthesis. Furthermore, aphid infestation on Arabidopsis causes volatile derivatives of indolyl-GS and isothiocyanates (Mewis et al., 2005, 2006). Furthermore, feeding activity by M. persicae can cause Arabidopsis plants to release several terpenoids and the green leaf volatile, methyl salicylate (MESA) (Aharoni et al., 2003; van Poecke, 2007; Tholl and Lee, 2011).

The SA-mediated plant defenses are known to negatively affect the sap-sucking attackers while providing significant cues for foraging natural enemies. Methyl salicylate (MeSA), a volatile analogue of SA, attracts Coccinella septempunctata L. after infestation by the soybean aphid, Aphis glycines Matsumura (Zhu and Park, 2005). Salicylic acid analog, BTH (benzo-(1,2,3)-thiadiazole-7-carbothioic-acid S-methyl ester) enhances the suppression of A. gossypii without negative effects on the predatory larva C. carnea (Moreno-Delafuente et al., 2020).




3.3 The evolution of SA-JA crosstalk in response to herbivore feeding guilds

The induction of plant defense mechanisms commences upon perceiving the herbivore feeding and oviposition associated specific cues including DAMPs and MAMPs (Acevedo et al., 2015). Plants, upon recognition of these patterns, activate several intriguing signaling networks, including mitogen-activated protein kinase (MAPK) such as wound-induced protein kinase (WIPK), SA-induced protein kinase (SIPK) signaling cascades (Seo et al., 1995; Nürnberger and Scheel, 2001; Bonaventure, 2012; Acevedo et al., 2015). These signals are known to both positively or negatively regulate the defense-responsive phytohormones, JA and SA signaling pathways and corresponding downstream transcriptional responses (Jagodzik et al., 2018). These two signaling pathways are among the most significant pathways that are induced following herbivore attack and may frequently crosstalk.

The JA-SA crosstalk is reciprocally antagonistic in which the activation of one signaling pathway inhibits the counterpart (Thaler et al., 2012). This crosstalk is governed by the specific genes inherent to respective pathway that strategically disables the antagonist (Hickman et al., 2019). The crosstalk, as a clear advantage for plants, enhances the strategy of optimal energy and resource allocation for the most effective defense response, therefore, potentially plays a central role in the evolutionary regulation of plant defense mechanisms (Thaler et al., 2012). Therefore, plants have to first perceive the herbivores and associated cues and, afterward, develop the most suitable defense mechanism which are generally subject to crosstalks.

The establishment of defensive plant responses against insects highly depends on the phytohormonal signaling pathway and the regulative involvement of TFs that are central to crosstalks. The most commonly studied TFs involved in plant–insect interactions are MYCs, ERFs, MYBs, and WRKYs (Figure 2A). A growing body of evidence has demonstrated a clear suppression of both MYC and ERF branches of JA in SA-JA crosstalk. The well-known direct targets of JAZ repressors are closely related to bHLH factors, MYC2, MYC3, and MYC4 (Fernández-Calvo et al., 2011). AtMYC2, for example, was reported to act downstream of JA and to regulate JA-dependent herbivore resistance (Dombrecht et al., 2007). These three MYCs, interacting with MYB proteins, regulate defense against insect herbivory by binding to a G-box motif found in the promoter of GS biosynthesis genes (Schweizer et al., 2013). The feeding damage of P. rapae on Arabidopsis plants induced JA pathway through the activation of the transcript factor, MYC2 and JA-responsive marker gene, VSP2 expression (Figure 2B) (De Vos et al., 2005; Verhage et al., 2011; Vos et al., 2015). Furthermore, the feeding of P. rapae on Arabidopsis strongly inhibited the other TFs of JA pathway, ERF-branch which includes the marker gene PDF1.2 (Verhage et al., 2011). The MYC2-branch including VSP2 marker gene is known to regulate the defenses in response to wounding and chewing damage by insects while ERF-branch that covers high expression levels of PDF1.2 contributes plant defense in response to sucking insects (Figure 2B) (De Vos et al., 2005). In Arabidopsis, both of the JA-responsive genes PDF1.2 and VSP2 are highly sensitive to suppression by SA. Therefore, SA-dependent plant defense mechanisms suppresses both MYC and ERF branches of JA pathway (Figures 2A, B). WRKY TFs are considered to be responsible for the regulation of expression of NPR1 and, accordingly, SA-dependent defenses (Bakshi and Oelmüller, 2014). For example, the overexpression of WRKY70 enhances the expression of SA-responsive PR genes which plays suppressive roles against JA-responsive PDF1.2, the complete mechanism of which is NPR1-dependent (Li et al., 2004). Furthermore, the antagonistic effect of SA on JA signaling was shown to be controlled by NPR1 functioning in the cytosol (Spoel et al., 2003; Pieterse and Van Loon, 2004), with very recent findings indicating that NPR1 physically interacts with MYCs for suppression of JA-responsive genes (Figure 2A) (Nomoto et al., 2021). The cytosolic NPR1 suppresses JA signaling in cooperation with other cytosolic factors such as MPK4 and PAD4 while nuclear NPR1 suppresses MYC2 (Figure 2B) (Pieterse et al., 2009; Nomoto et al., 2021).

The chewing insects have to overcome and manipulate the host plant for their own benefit so that they employ some other cues by activating the antagonistic signaling pathway of SA against JA. The compounds in salivary excretion of S. exigua namely, glucose oxidase (GOX), causes suppression of JA-regulated plant defense in Arabidopsis by activation of systemic acquired resistance (Weech et al., 2008). Furthermore, SA inhibited induced resistance of Arabidopsis in response to S. exigua through alteration of JA-dependent defense mechanisms such as defense protein activity and GS induction (Cipollini et al., 2004). Foliar treatment of Arabidopsis plants with egg extracts of two chewing herbivores, P. brassicae and S. littoralis significantly reduced the activation of several JA-responsive marker genes, the majority of which consists of MYC branch, and the employment of SA-deficient sid2-1 plants confirmed this suppression was controlled by SA (Figure 2B) (Bruessow et al., 2010). In comparison with chewing or wounding damage by P. brassicae and S. littoralis that induce accumulation of JA (Bruessow et al., 2010; Onkokesung et al., 2016), the involvement of egg-derived elicitors can cause a reversed induction of plant defenses through SA-JA crosstalk (Bruessow et al., 2010).

Interesting host manipulative engagements by insect pests with different feeding guilds covers a reversed version of crosstalk when compared to the case with chewing insects. These manipulative engagements suggest that JA-SA crosstalk may stem from the suppression of SA-responsive WRKY TFs by MYC branch of JA. For example, a previous study revealed the increased B. brassicae density with simultaneous P. xylostella infestation lowered the expression profile of WRKY and increased the expression profile of MYC2 (Figures 2A, B) (Kroes et al., 2015). Furthermore, the infestation of Brassica napus plants with B. brassicae, exhibiting similar effects with JA treatments, had negative effects on the growth and development of the chewing pest, P. xylostella (Nouri-Ganbalani et al., 2018). The removal of the COI1 receptor and MYC branch of JA resulted in a high-level accumulation of SA (Spoel and Dong, 2008). This manipulation is apparently not only for the benefit of the first attacker but also for the plant itself since they experience more intriguing defense responses. This seems quite phenomenal since a general understanding has suggested that JA mediates plant defenses upon feeding damage by chewing herbivores or artificial wounding and induces direct and indirect responses against the attacker and its natural enemies (Titarenko et al., 1997; Bruinsma et al., 2009).

In contrast to chewing insects, sap-sucking insect-induced plant defenses that are highly dependent on the attacker and feeding damage. For example, sap-sucking insect species associated with higher cell damage are more prone to induce JA-dependent plant responses while those with lower cell damage can induce SA dependent responses. For example, the higher level of JA-responsive marker gene, PDF1.2 and respective plant defense mechanisms of Arabidopsis in response to B. brassicae and F. occidentalis when compared with M. persicae is likely corresponded to relatively greater cell damage during the process of reaching the phloem as a function of distinct probing behavior (Cole, 1997; Moran et al., 2002; De Vos et al., 2005). For aphid species, M. persicae, the crosstalk seems more complex as such SA dependent plant responses with PR-1 and BGL-2 and JA-dependent responses with PDF1.2 and LOX2 constitute a simultaneous expression for both pathways while SA-responsive expression was dominative over JA-responsive marker genes (Moran and Thompson, 2001). However, further factors rather than cell damage can interfere with plant defense responses to sap-sucking insects. In Arabidopsis plants that suffered Eurydema oleracea feeding activity, PDF1.2 gene expression was suppressed by the activation of PR1a and ICS1 (Ederli et al., 2020). Therefore, an attack by E. oleracea clearly activates SA pathway and suppresses JA defenses (Costarelli et al., 2020). Similarly, in response to B. tabaci, the gene transcripts responsive to SA (PR1, BGL2, PR5, SID2, EDS5, PAD4) were activated while those responsive to both MYC2 and ERF branches of JA (PDF1.2, VSP1, FAD2, FAD3, FAD7, THI2.1, COI1) were either suppressed or non-respondent (Kempema et al., 2007; Zarate et al., 2007; Zhang et al., 2013).

In general, one signaling pathway is expected to suppress the other since a crosstalk between JA and SA prioritizes one signaling defense pathway over the other in response to herbivore attack. The expression of marker genes of both signaling pathway may be due to a concentration-dependent degree of crosstalk (Moran and Thompson, 2001; Mur et al., 2006; Spoel et al., 2007).

Insect attack could induce plant defense mechanisms other than JA and SA. For instance, P. brassicae egg deposition in Arabidopsis plants has been shown to cause localized cell death, callose accumulation, and the production of reactive oxygen species (Little et al., 2007). The induction of these defense mechanisms in response to oviposition-associated cues can manipulate host plants defenses for the benefit of the ovipositing pest, preventing other attackers (Orlovskis and Reymond, 2020). Plants facing antagonistic attackers may develop intricate defense systems that hinder their ability to respond effectively to secondary attackers. This complexity arises from the activation of signaling pathways by the primary attackers, rendering it challenging for plants to reversely crosstalk, while protecting the balance of resource allocation, and thereby rendering them more susceptible to subsequent assaults from secondary attackers (Vos et al., 2015). Whether this is the case depends highly on the concentrations and combinations of activated defensive proteins and VOCs upon triggered signaling pathway (Smith and Boyko, 2007; Howe and Jander, 2008).




3.4 Glucosinolate biosynthesis and regulation in Brassica

Glucosinolates are pivotal plant defense compounds in Brassica, exhibiting structural and ecological diversity (Hopkins et al., 2009). The intricate regulatory network governing GS biosynthesis dynamically responds to stress, immune triggers, and herbivory, thereby influencing plant fitness (Zukalová and Vasak, 2002; Bruce, 2014; Mitreiter and Gigolashvili, 2021) (Figure 3). The evolutionary significance of GSs is underscored by the interplay of genes, TFs, and hormonal cues (Schweizer et al., 2013; Mitreiter and Gigolashvili, 2021). Subgroup 12 R2R3 MYB TFs (e.g., MYB28, MYB29) positively regulate GSs, forming complexes with bHLH proteins, while Subgroup IIIe bHLHs (e.g., MYC2, MYC3) modulate GS types in response to phytohormones like jasmonate (Gigolashvili et al., 2008; Seo and Kim, 2017; Millard et al., 2019). Hormonal interactions, especially the JA-SA crosstalk, highlight nuanced control mechanisms governing plant immunity and GS production (Tsuda et al., 2009; Guo et al., 2013). Upon plant damage, GSs initially biologically inert, become potent through myrosinase-driven hydrolysis, yielding compounds responsible for toxicity and herbivore deterrence (Bones and Rossiter, 1996). Over 130 GS structures exist, predominantly within Brassica (Newton et al., 2009; Textor and Gershenzon, 2009). Herbivory induces GS production, with indolic GSs showing a consistent 1.2- to 20-fold increase, irrespective of the herbivore type (Sontowski et al., 2019). The jasmonate signaling cascade activates TFs controlling GS biosynthesis, while the functions of myrosinase-associated proteins remain inadequately studied.




Figure 3 | Salicylic acid- and jasmonic acid-mediated plant defense mechanisms are orchestrated by transcription factors (TFs). The color of each outer box corresponds to the ellipses indicating TFs. Red fonts depict suppression of the mechanisms, whereas the black font means accumulation or production of respective defense mechanism. The arrows indicate direct induction while inhibitory lines suggest negative crosstalks. The TFs in ellipses induce the upregulation of the gene group (most common) attached around.



Insect herbivores from different feeding guilds can influence glucosinolate biosynthesis and regulation in plants (Hopkins et al., 2009; Textor and Gershenzon, 2009). Sucking herbivores, exemplified by aphids, generally induce fewer changes in GSs and associated gene expression compared to chewing insects like beetles and caterpillars (Barth and Jander, 2006; Sato et al., 2019). This distinction is rooted in aphids’ feeding behavior, targeting single phloem cells and spatially separating them from myrosinase, potentially avoiding the trigger for glucosinolate breakdown (Barth and Jander, 2006). Despite the typically low induction of GSs in response to sucking herbivores, recent investigations into M. persicae feeding on Arabidopsis revealed the induction of specific indolic GSs, such as 4-methoxyindol-3-ylmethyl glucosinolate, suggesting a crucial role in insect-host interactions even in the absence of myrosinase (Agerbirk et al., 2009). Another study in Arabidopsis showed that infestation by M. persicae and B. brassicae induces genes associated with indole GSs synthesis (Mewis et al., 2006; Kuśnierczyk et al., 2007), and B. brassicae infestation leads to GSs accumulation (Nouri-Ganbalani et al., 2018). However, contradictory results were observed in B. juncea-fruticulosa introgression lines infested by L. erysimi, with impacts on varying GS content (Palial et al., 2018). In B. juncea, transcripts related to biosynthetic pathways, including GSs, were induced in response to A. craccivora, whereas attenuated by L. erysimi infestation (Duhlian et al., 2020). In B. rapa infested by L. erysimi, the total GS content was enhanced, while those infested by M. persicae released lower levels (Blande et al., 2007). Slight stress by B. brassicae also enhanced leaf growth and increased GS emission in the bulb, the main storage organ of B. rapa (Sotelo et al., 2014). Considering the impact of herbivory on the GS-myrosinase defense system, sucking herbivores are known to trigger an increase in myrosinase enzyme activity or transcript levels (Siemens and Mitchell-Olds, 1998; Pontoppidan et al., 2005) or may have no effect (Travers-Martin and Müller, 2007). A separate study investigating the influence of B. brassicae infestation on the myrosinase-glucosinolate system in B. napus has reported induction of genes associated with this defense system (Pontoppidan et al., 2003). However, contradictory results have also been documented; for instance, in Arabidopsis infested by B. brassicae, a consistent decrease in myrosinase transcript levels was observed (Kuśnierczyk et al., 2007).

Similar to sucking herbivores, chewing herbivores significantly influence the regulation of GSs in plants. For example, generalist S. exigua and specialist P. rapae larvae, two recognized chewing herbivores, play a crucial role in shaping GS concentrations in different ecotypes of Arabidopsis. The impact is observed in both aliphatic and indole GSs, with a more pronounced effect on indole GS, consistent with patterns seen in herbivore-attacked plants (Mewis et al., 2006; Textor and Gershenzon, 2009; Gols et al., 2018). The feeding activity of S. exigua and P. rapae induces similar GS profiles after induction, demonstrating a consistent response to different chewing herbivores (Kos et al., 2012). In B. oleracea, P. rapae induces significant changes, leading to increased foliar concentrations of GSs compared to undamaged plants (Broekgaarden et al., 2007; Poelman et al., 2008). Caterpillar-induced slight stress on young B. rapa plants enhances bulb mass and results in a contrasting regulation of aliphatic and indolic GSs (Sotelo et al., 2014). Chewing herbivores’ impact on GS composition is evident in Arabidopsis, where S. exigua increases aliphatic GS content, and P. rapae slightly induces indole GSs. Additionally, D. radicum larval infestation upregulates indole GS synthesis genes in both low and high GS varieties of B. rapa (Sontowski et al., 2019). Recent studies on primary roots of B. oleracea reveal that leaf herbivores cause an increase in the expression of the indole GS biosynthesis gene CYP81F4, highlighting intricate regulatory mechanisms in plant defense against chewing herbivores (Karssemeijer et al., 2022). In summary, the intricate and varied responses in glucosinolate regulation underscore the specificity of plant-herbivore interactions and the adaptive strategies of Brassica plants to different feeding behaviors of insect herbivores (Supplementary Table 1).




3.5 Physical defenses in Brassica against insect herbivores

Brassica plants employ an array of physical defenses to shield themselves from herbivores and environmental challenges. These defenses encompass various components, including trichomes (Mathur et al., 2011; Hao et al., 2019), the cuticle (Khattab, 2007), the leaf surface (Eigenbrode and Espelie, 1995; Ahuja et al., 2010), and thorns or hairs (Traw, 2002) (Figure 3). It is worth noting that predictions suggest that both physical and chemical defense traits can be induced independently, without necessitating trade-offs. However, it is observed that the induction of physical traits may be comparatively weaker due to higher construction costs and time delays (Barton, 2016). These physical defense mechanisms, when combined with chemical defenses enhance the capacity to deter herbivores, form a comprehensive defense strategy for Brassica plants against herbivory and environmental stressors (Mostafa et al., 2022). Insect feeding patterns exert substantial influence on the physical defense mechanisms of Brassica plants, specifically impacting callose deposition, leaf thickness, and trichome density (Kos et al., 2012; Mathur et al., 2013b; Will et al., 2013; Rubil et al., 2022) (Figure 3). These responses typically manifest as alterations in trichome density, becoming noticeable within a timeframe of days to weeks (Dalin et al., 2008).

The impact of herbivore feeding on the physical defenses of Brassica plants has not been extensively studied. Only a limited number of investigations have been conducted, primarily focusing on chewing herbivores such as the larvae of P. rapae (Agren and Schemske, 1993; Traw, 2002; Traw and Dawson, 2002), Trichoplusia ni (Traw and Dawson, 2002), and Spodoptera species (Mathur et al., 2011). These studies have revealed that herbivore infestation significantly enhances the production of trichomes as a physical defense mechanism in Brassica plants against invading herbivores. In contrast, transcriptomic analysis of sucking herbivores feeding on Brassica plants revealed an induction in the gene expressions responsible for callose deposition [Callose synthase 1 (CALS1), vitamin C defective 2 (VTC2)], cell wall modifications [O-methyltransferase family 2 protein, vitamin C defective 2 (VTC2), and Xylogucan endotransglycosylase 6 (XTH6)], and trichome production [Glabrous 1 (GL1)] (Kempema et al., 2007; Kuśnierczyk et al., 2008; Broekgaarden et al., 2011) Supplementary Table 1.

The alteration of the cell wall, as observed in response to sucking herbivores, could discourage aphids by strengthening the barriers to probing (Thompson and Goggin, 2006). The host preference of M. persicae is impacted by XTH genes in Arabidopsis (Divol et al., 2007). Similarly, O-methyltransferase, found within the phenylpropanoid pathway, plays a role in the synthesis of lignin, a chemical compound known for imparting structural integrity to the cell wall (Whetten and Sederoff, 1995; Zhao et al., 2021). This function potentially serves as a defense mechanism against insects.




3.6 Other secondary metabolites in Brassica

In addition to extensively discussed compounds such as JA, SA, GSs, and physical defense mechanisms against sucking and chewing insect herbivores, it is crucial to acknowledge the significant contributions of other secondary metabolites. The secondary metabolites such as tannins, flavonoids, phenols, glycosides, terpenes, green leaf volatiles, phytoalexins, and camalexins are integral elements in the intricate defense strategies employed by Brassica plants against insect pests and pathogens (Simmonds, 2003; Ahuja et al., 2010; Cartea et al., 2010; Ibrahim et al., 2018). However, insect herbivory can alter their production and content in the plant. Chewing insect infestations, exemplified by flea beetles Phyllotreta nemorum and P. brassicae in B. oleracea, have been linked to an increase in polyphenols (Kovalikova et al., 2019). Additionally, P. brassicae caterpillar infestation in B. oleracea exhibited elevated levels of phenols, condensed tannins, and flavonoids, particularly in JA-treated plants (Ibrahim et al., 2018). The influence of P. brassicae caterpillar infestation on B. nigra resulted in significant alterations to sugars and phenolic compounds, with a specific impact on flavonol glucosides and hydroxycinnamic acid derivatives (Ponzio et al., 2017). Moreover, P. brassicae caterpillar feeding in B. nigra led to the accumulation of TCAs and phenylpropanoids while depleting amino acids (Papazian et al., 2019). Similarly, caterpillar infestation induces the emission of green-leaf volatiles and isothiocyanate in B. rapa (Verheggen et al., 2013).

Sap-sucking insect infestation also alters the secondary metabolite profile of Brassica plants. For example, aphid infestation in Brassica genotypes (B. fruticulosa, B. juncea, B. rapa) consistently led to a reduction in flavonols, total sugars, and free amino acids. Conversely, total phenols exhibited a reversed pattern, with a significant increase in phenol content in Brassica genotypes with minor exception for B. fruticulosa (Palial et al., 2018). Similarly, an induction in camalexin accumulation in A. thaliana has been recorded in response to B. brassicae infestation (Kuśnierczyk et al., 2008). In contrast, aphid B. brassicae feeding on B. oleracea resulted in a significant decrease in sugars, amino acids, and total soluble protein levels, accompanied by increased lipid peroxidation (malondialdehyde content) in infested leaves compared to healthy plants (Khattab, 2007). Notably, another study on B. oleracea found that aphid herbivory, induced by B. brassicae and the generalist M. persicae, did not affect the levels of flavonoids upon infestation (Khan et al., 2011). Additionally, numerous studies have reported an increase in the emission of volatile organic compounds (VOCs) from Brassica sp. plants upon insect herbivore infestation. These emissions differ in quality and quantity depending on the insect feeding guilds (Verheggen et al., 2013). For instance, Brassica sp. plants infested with aphids showed an elevated level of VOCs in blends, including terpenes (monoterpenes and sesquiterpenes), (E)-ß-farnesene, ß-pinene, and (E)-2-hexanol (Verheggen et al., 2013; Najar-Rodriguez et al., 2015). In summary, sap-sucking insect infestation induces complex changes in Brassica plants, affecting secondary metabolites and volatile organic compounds. This nuanced interaction highlights the diverse adaptive strategies employed by plants in response to insect herbivores.

Orchestrating signaling pathways, TFs interplay with the production of defensive compounds and structures in Brassica plants, playing a pivotal role in the intricate network of defense mechanisms against diverse insect feeding guilds. In Brassica, the transcription factors NPR1 and ETR1 are vital for enhancing total GS content in response to insect feeding (Mewis et al., 2005). Moreover, MYB transcription factors, specifically MYB28, MYB29, MYB34, and MYB122, play a pivotal role in elevating the expression of genes within the glucosinolate biosynthetic pathway, contributing to enhanced glucosinolate accumulation (Guo et al., 2013). The MYB/MYC model, involving MYB28, MYB29, MYC2, MYC3, and MYC4, influences aliphatic GS accumulation (Li et al., 2014). MYC2, a transcriptional activator in the MYC2-branch of the JA pathway, contributes to the wound-response and defense against insect herbivores (Verhage et al., 2011). Transcription factors, including MYB, NAC, WRKY, ERF (AtERF38), and MYC (bHLH), are pivotal in regulating secondary metabolites such as flavonoids and terpenoids, and contribute to the synthesis of lignin and cell wall thickening in plants (Owji et al., 2017; Wasternack and Strnad, 2019; Huang et al., 2023). R2R3 MYB, basic helix-loop-helix (bHLH), and WD40 proteins constitute major families regulating flavonoid and anthocyanin biosynthesis in Brassica (Chiu et al., 2010). Key transcription factors from the MYB and bHLH families, such as GLABRA1 (GL1), MYB5, MYB23, GLABRA3 (GL3), ENHANCER OF GLABRA3 (EGL3), and TRANSPARENT TESTA 8 (TT8), play a central role in regulating trichome development in Brassica (Chiu et al., 2010). Overexpressing NAC transcription factors NST1 and NST2 induces secondary wall thickening in Brassica, enhancing physical defense mechanisms (Yang et al., 2020). In conclusion, the interplay of transcription factors in Brassica plants, including NPR1, ETR1, MYBs, MYCs, and others, orchestrates a sophisticated defense network against diverse insect feeding guilds. Their regulatory roles span from glucosinolates and other secondary metabolite biosynthesis to different physical defense mechanisms, establishing a comprehensive and efficient response to biotic challenges.





4 Conclusion and future prospects

In summary, this review highlights the pivotal role of distinct defense mechanisms in Brassica plants when confronting chewing and sucking herbivores, involving JA-mediated pathways for the former and SA-mediated pathways for the latter. Additionally, we discuss how these pathways cross talk under herbivores attack. This specificity may enable the development of targeted pest management strategies, reducing reliance on environmentally harmful insecticides and promoting ecosystem sustainability. Categorizing defense responses into physical, chemical, and metabolic adjustments establishes a comprehensive framework for enhancing resilience to herbivores. The paper underscores the intricate interplay between herbivore feeding patterns and plant defense responses, providing valuable insights into the co-evolutionary dynamics between Brassica plants and insects.

Understanding the impact of insect herbivores’ diverse feeding patterns on plants involves a complex interplay of rapid and slow events at local and systemic levels. Recent findings by Ali et al., (2024), suggest that identifying these pathways enables the artificial induction of plant defense systems through mimicking the damage patterns caused by mechanical damage, thereby providing a controlled and sustainable approach. Investigating cross-talk between JA and SA pathways offers promise for developing a unified approach, allowing for specific adjustments based on insect feeding patterns, contributing to innovative and sustainable pest control methods. Tailoring plant defense strategies based on insights into insect feeding patterns can facilitate the development of resistant cultivars, optimizing plant resistance to prevalent herbivores in specific regions and improving crop success compared to non-resistant varieties. Analysing the relationship between insect herbivore feeding guilds and glucosinolate dynamics offers valuable genetic insights. This understanding can be leveraged to engineer resistant plant varieties through precise genetic modifications, such as gene knockouts or additions. These findings not only contribute to unravelling the plasticity of plant defenses against herbivores but also hold significance for the strategic management of Brassica in agroecosystems.
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Most plants produce large amounts of seeds to disperse their progeny in the environment. Plant viruses have evolved to avoid plant resistance mechanisms and use seeds for their dispersal. The presence of plant pathogenic viruses in seeds and suppression of plant host defenses is a major worldwide concern for producers and seed companies because undetected viruses in the seed can represent a significant threat to yield in many economically important crops. The vertical transmission of plant viruses occurs directly through the embryo or indirectly by getting in pollen grains or ovules. Infection of plant viruses during the early development of the seed embryo can result in morphological or genetic changes that cause poor seed quality and, more importantly, low yields due to the partial or ubiquitous presence of the virus at the earliest stages of seedling development. Understanding transmission of plant viruses and the ability to avoid plant defense mechanisms during seed embryo development will help identify primary inoculum sources, reduce virus spread, decrease severity of negative effects on plant health and productivity, and facilitate the future of plant disease management during seed development in many crops. In this article, we provide an overview of the current knowledge and understanding of plant virus transmission during seed embryo development, including the context of host-virus interaction.
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1 Introduction

Viruses are obligate parasites/pathogens and depend on the host’s cellular machinery for their replication (Hull, 2014). For this reason, they have different replication strategies that allow latency in a suitable host for infection, as well as replication and movement of the virus particles within the host. Viruses can be naturally transmitted from plant to plant in two ways. The first is horizontal transmission (Figure 1A), which can involve assistance from insects, humans, or mechanical spread through agricultural tools or equipment (Maule and Wang, 1996; Hull, 2014). The second is vertical transmission (from plant parent to its offspring, see Figure 1B), which consists of virus transmission via seed, pollen, or ovule (Matsushita et al., 2018; Cobos et al., 2019; Pagán, 2022). Seed transmission of plant viruses represents a huge problem for producers and seed companies (Hull, 2014). One main problem is that the presence of infected or infested seeds might go unnoticed, resulting in outbreaks of viral diseases representing a risk for food security. In addition, infection of plant viruses in the early stages of embryo development might cause negative morphological or even genetic effects that result in yield and economic losses.




Figure 1 | (A) Horizontal transmission of plant viruses is mediated by insects, humans, or contaminated agricultural tools. (B) Vertical transmission of plant viruses is accomplished through two main routes: embryo invasion via infected pollen or gametes (1-2), and direct infection of the seed embryo via virus movement (3) using virus-encoded proteins such as movement proteins. (C) After plant RNA viruses enter the host (1), virus replication begins (2), and Dicer-like (DCL) and RNA-dependent RNA-polymerase (RDR) proteins form complexes with virus-specific long dsRNAs (3) that produce viral small interfering RNAs (siRNA) (4). These complexes are carried by Argonaute (AGO) proteins to form RNA-induced silencing complexes (RISC) that interfere with virus gene transcription and replication (5-6). Viruses can fight back these plant defense mechanisms by using virus suppressors of RNAi (VSR), which can neutralize plant host antiviral pathways (7). Diagrams were created with BioRender.com and are not drawn to scale.



Depending upon the replication strategy of plant viruses, and the age and resistance level of the host, plant viruses can infect seeds at different stages of development, resulting in progeny infection rates ranging from 0.10 to 92% (Table 1). High infection rates of plant viruses have caused many farmers to cease growing various crops due to significant yield losses (Hobbs et al., 2000). The assessment of yield loss is sometimes difficult due to variability in crop yield and damage (Bos, 1982); however, yield loss and damage from plant viruses have been determined using experimental methods that document reductions of physiological parameters such as plant growth and vigor; or commercial and management parameters such as product quality and costs related to disease management (Bos, 1982). Seed transmission plays an important role in survival of viruses from season to season (Johansen et al., 1994). Therefore, transmission of viruses through seed, even at a very low rate, may be important for virus spread, overwintering, and long-range dissemination (Ali and Kobayashi, 2010). In the case of viruses that are vector-transmitted, seed transmission provides an initial source of virus inoculum that may have a considerable impact on crop yield (Ali and Kobayashi, 2010). Several plant viruses present high rates of transmission through seed (Hull, 2014). However, for many plant viruses, evidence of seed transmission is lacking or uncertain. There is limited information regarding host genes that might be involved in preventing virus transmission through seed, or on the contrary, genes that can facilitate the transmission of plant viruses to the seed. Attempts to identify sources of resistance to seed transmission have been studied in crops such as soybean, barley, bean, and the model organism Arabidopsis thaliana (Carroll, 1979; Bowers and Goodman, 1982; Wang et al., 2010; Carrillo-Perdomo et al., 2019; Montes et al., 2021). Understanding transmission mechanisms of plant viruses, especially through seed as a primary inoculum, helps reduce viral spread and the severity of negative effects from plant viruses in many crops. The objective of this mini-review was to provide a brief description of molecular mechanisms of plant virus transmission through seed, particularly during reproductive organ development and within-host virus movement.


Table 1 | Percent seed transmission of selected plant viruses in economically important crops.






2 Seed infection during development

Approximately one-third of plant viruses are seed-transmitted (Maule and Wang, 1996; Hull, 2014; Otulak et al., 2016), causing significant economic consequences in many crops. The presence of plant viruses in seeds might severely affect plant development at very early stages, rendering cell ultrastructure malformation during seedling development and impairing functions of cellular structures such as chloroplast that play an important role in photosynthesis (Harsányi et al., 2002). This impacts the seed industry, which is required to produce virus-free seeds for market release.

The suspensor, which is a long line of cells supporting the developing embryo, is considered one route for direct viral invasion of the embryo; this occurs because the suspensor is one of the first tissues to be infected (Wang and Maule, 1994; Bewley et al., 2013). During the programmed degeneration of the suspensor during embryo development, there may be a transient window for invasion of the embryo (Wang and Maule, 1994), and that is the reason for having a temporal and spatial pattern of accumulation and transmission of plant viruses in the embryo. For instance, the presence of sugar cane mosaic virus (SCMV) in maize depends upon the developmental period of the embryo (Li et al., 2007). Li et al. (2007) summarized the time course of SCMV detection in maize kernels; they noticed that the infection rate might be related to the age of the host. This indicates that late infection of some viruses may not cause transmission through seed due to the absence of the suspensor at this stage of embryonic development.

Although many viruses can be transmitted through seeds, they do not necessarily infect the seed embryo. For example, the well-known group of tobamoviruses, now arranged in the family Virgaviridae (Hull, 2014), causes contamination of the seed coat, which results in a subsequent infection in the germinating seedling (Isogai et al., 2015). However, these viruses can be easily eliminated by different seed treatment methods (i.e., thermotherapy and chemotherapy) as the virus particles infest only the surface of the seed. Among the seed treatment methods, sodium hypochlorite is very common due to its effectiveness and availability. In a recent study, using sodium hypochlorite helped to successfully eliminate apple chlorotic leaf spot virus, apple stem grooving virus, and apple stem pitting virus from the seed coat of maternally-infested apple seeds (Wunsch et al., 2024). Virus particles have also been found in various types of reproductive organs having a negative effect on the seed and pollen development of both tobacco and pepper (Otulak et al., 2016). Performing ultrastructural analyses, Otulak et al. (2017) demonstrated that virions and inclusion bodies of the necrotic strain of potato virus Y were detected in Capsicum annuum (cv Yolo Wonder) reproductive organs including anthers, ovaries, pollen grains, and pollen tubes (Figure 1B). Once the virus reaches the embryo, it has different distribution patterns. In peas, the viral RNA tends to be more distributed in the carpel and integuments in ovary tissues (Wang and Maule, 1994). In immature pea seeds infected with pea seed-borne mosaic virus (PSbMV), the distribution of the virus is located in the testa tissue. Interestingly, the amount of virus particles seems to decrease as seeds mature and distribution of PSbMV is reduced and limited to patches in the testa of older seeds (Wang and Maule, 1994). This pattern may be specific to the type of virus, due to different viral replication strategies, or it might also depend on the host species. In-host virus movement modeling studies suggested lesser virulent viruses might have higher chances of being vertically transmitted (Cobos et al., 2019). This finding suggests a more passive virus-host interaction that seldom activates plant defense mechanisms. Similarly, the effective size of population analysis of PSbMV has demonstrated that seed-transmitted viruses undergo high-level genetic drift during seed transmission compared to horizontal leaf transmission of viruses (Fabre et al., 2014).

Transmission of plant viruses involves different physical and biological properties of both the virus and the host. Maule and Wang (1996) described biological characteristics of seed transmission of plant viruses. They arranged these characteristics in seven sections as follows: i) different cultivars of the same host species may vary in their seed transmission of a single virus isolate, perhaps due to different genetic compositions rendering in different levels of antiviral defense mechanisms; ii) transmission of different isolates of the same virus varies in a single host cultivar; iii) efficiency of transmission is environmentally influenced; iv) seed transmission seldom reaches 100%; v) age of the mother plant might influence seed transmission; vi) except for tobamoviruses, in most cases it is necessary for the embryo to be infected; and vii) seed transmission mostly occurs through infection of the gametes before fertilization, although there might be infection of the embryo after fertilization.




3 Molecular mechanisms of virus seed transmission and plant defense

A seed is structurally composed of several parts: the seed coat, the embryo (including the embryonic axis and one or two cotyledons) (Bewley et al., 2013), and often accompanied by a nutritive tissue, the endosperm, which supports seedling development. The embryo is an important linkage in the transmission of plant viruses because it is structurally connected to other plant tissues via the suspensor, especially during the early stages of seed development (Bewley et al., 2013). These parts can be easy to distinguish in dicotyledonous plants such as soybean and cotton but can be more difficult to distinguish in monocotyledonous plants such as corn and wheat because some parts of the cotyledon undergo structure modifications to form special structures such as the scutellum, coleoptile, radicle, and coleorhiza (Bewley et al., 2013). Viruses depend solely on vectors or mechanical means for transmission from plant to plant (horizontal transmission). On the other hand, the cell-to-cell movement of plant viruses within the plant is via plasmodesmata. This virus movement occurs within the host regardless of whether it is vertically or horizontally transmitted. During this process, viruses reach vascular tissues and move long distances with the aid of movement proteins (Roberts et al., 2003). The latter mode of virus transmission through seed has been suggested to be one of the most efficient means to measure the percentage of seed transmission of plant viruses (Cobos et al., 2019).

Two physical routes for seed embryo invasion of plant viruses have been proposed: i) a direct invasion of the host embryo after fertilization and ii) an indirect invasion of the zygote during fertilization from previously infected gametes (Johansen et al., 1994; Wang and Maule, 1994; Maule and Wang, 1996; Wang and Maule, 1997; Bradamante et al., 2021) (Figure 1B). When these two embryo infection routes were proposed, little information was known about the fate and persistence of viruses in the embryo. Studies investigating host plant resistance to seed entry/transmission have provided information about mechanisms responsible for vertical transmission of viruses. Carroll’s (1979) initial study on the host genetic basis for the interaction between barley stripe mosaic virus and barley suggested that a single recessive gene was involved in the regulation of seed transmission. However, very little was known about other mechanisms involved in transmission of plant viruses through seed and the gene itself. Bowers and Goodman (1982) screened soybean lines to identify resistance to seed transmission of soybean mosaic virus (SMV). Although they reported soybean lines resistant to seed transmission of SMV, molecular bases of resistance were not known.

Recent research has demonstrated that several genes are involved in the control of seed transmission. For instance, chromosomal regions on linkage groups can facilitate seed transmission of SMV in soybean embryos (Domier et al., 2011). The researchers suggested that chromosomal regions associated with seed transmission of SMV contain homologies to Arabidopsis thaliana genes like DCL3 and RDR6, which code for proteins Dicer-like and plant RNA-dependent RNA polymerase 6, respectively (Figure 1C). These two enzymes can have antiviral effects in plants in the form of transcriptional and posttranscriptional gene silencing by a combination of viral small interfering RNAs (vsiRNA) and protein aggregations called RNA-induced silencing complex (RISC) (Wang et al., 2010; Guo et al., 2019; Bradamante et al., 2021). Perhaps one of the most recent studies showing how a single gene can change the fate of resistance to seed transmission was published by Matsushita et al. (2024). In their study, they tested several cultivars of three Solanaceous crops (tomato, bell pepper, and eggplant) with two resistant genes to tomato brown rugose fruit virus (ToBRFV), Tm-22 and L3. They found that bell pepper (cv Miogi) containing the L3 gene produced seeds without detectable levels of ToBRFV; however, these results were not consistent among species and cultivars, confirming that genes conferring resistance to seed transmission have different outcomes depending upon the overall host’s genetics.

Different mechanisms and rates of virus transmission through seeds have been observed depending upon specific virus host interactions and the phenological stage of the host (Table 1). Transmission of some viruses (i.e., potyviruses) depends on the stage of seed development, for example, pea seed-borne mosaic virus (PSbMV) is transmitted during the early stage of seed development in pea seeds (Roberts et al., 2003). It was recently shown that PSbMV protein HC-Pro, acts as viral suppressors of RNAi (VSR) and mediates vertical transmission by neutralizing the host antiviral RNAi pathway through Argonaute (AGO) protein depletion during early seed development (Johansen et al., 1996; Incarbone and Dunoyer, 2013; Csorba et al., 2015; Bradamante et al., 2021) (Figure 1C). Other VSR proteins such as 12K of pea early browning virus and γb of barley stripe mosaic virus can play important roles in viral infection (Edwards, 1995; Wang et al., 1997). Using GWAS analysis, several genes including HSP20-like, ZAT8, and LURP1, GMD1, PLL18, P4H11, RTFL13, ORTHL, CIPK2, and MAC5C, related to biotic and abiotic stress response, were identified in A. thaliana after infection of cucumber mosaic virus (Montes et al., 2021). These genes are involved in cell wall metabolism and response to abiotic and biotic stresses from pathogens and their overexpression made the authors hypothesize that they could play an important role in regulating virus transmission to the progeny, although further functional analysis needs to be performed to confirm these results. These preliminary data indicate that biotic or abiotic stress-related genes play an important role in changing and perhaps strengthening seed structures to counteract virus movement to seed structures (Montes et al., 2021). The identification of more genes involved in virus transmission to the embryo, as well as the elucidation of the respective metabolic pathways of gene products, will help develop cultivars with inserted genes and prevent or attenuate transmission of plant viruses to the seed embryo.

Research has been conducted to understand transmission of plant viruses through seeds and thus develop a concise way to control this form of virus transmission. Many genes are potentially involved in preventing transmission of plant viruses through seeds (Wang and Maule, 1994; Montes et al., 2021). Wang and Maule (1994) suggested that seed-transmitted virus in peas and other legumes, such as pea seed-borne mosaic virus, invades pea embryos early in development. They suggested that the infection process is controlled by maternal genes and found a cultivar (cv Progreta) that shows no seed transmission (Wang and Maule, 1994). In this case, virus transmission may have been prevented through the action of multiple host genes segregating as quantitative trait loci. These genes might control the ability of the virus to spread into and multiply in nonvascular testa tissues, hence, preventing the virus from crossing the link between maternal and progeny tissues (Wang and Maule, 1994).




4 Future directions

Understanding the transmission of plant viruses in different stages of embryo development will help to better control plant viruses. Similarly, the identification of more host genes involved in the prevention of invasion of plant viruses in the embryo, as well as the identification of metabolic pathways of gene products, will aide in development of resistant cultivars with genes that prevent virus transmission to the seed embryo. Despite numerous research to characterize viruses transmitted through seed, few studies have been performed to understand physiological and molecular host-virus interactions during seed transmission. This leaves a gap in knowledge on the biology of seed transmission, making it a complex topic. However, advancements in next-generation sequencing technologies that allow studying specific sites or tissues (i.e., spatial transcriptomics and single-cell sequencing) rather than bulk tissues will possibly help to better understand plant defense mechanisms to control seed-transmitted viruses that can be further implemented in breeding programs.
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Verticillium wilt, caused by Verticillium dahliae, is a soil-borne disease affecting eggplant. Wild eggplant, recognized as an excellent disease-resistant resource against verticillium wilt, plays a pivotal role in grafting and breeding for disease resistance. However, the underlying resistance mechanisms of wild eggplant remain poorly understood. This study compared two wild eggplant varieties, LC-2 (high resistance) and LC-7 (sensitive) at the phenotypic, transcriptomic, and metabolomic levels to determine the molecular basis of their resistance to verticillium wilt. These two varieties exhibit substantial phenotypic differences in petal color, leaf spines, and fruit traits. Following inoculation with V. dahliae, LC-2 demonstrated significantly higher activities of polyphenol oxidase, superoxide dismutase, peroxidase, phenylalanine ammonia lyase, β-1,3 glucanase, and chitinase than did LC-7. RNA sequencing revealed 4,017 differentially expressed genes (DEGs), with a significant portion implicated in processes associated with disease resistance and growth. These processes encompassed defense responses, cell wall biogenesis, developmental processes, and biosynthesis of spermidine, cinnamic acid, and cutin. A gene co-expression analysis identified 13 transcription factors as hub genes in modules related to plant defense response. Some genes exhibited distinct expression patterns between LC-2 and LC-7, suggesting their crucial roles in responding to infection. Further, metabolome analysis identified 549 differentially accumulated metabolites (DAMs) between LC-2 and LC-7, primarily consisting of compounds such as flavonoids, phenolic acids, lipids, and other metabolites. Integrated transcriptome and metabolome analyses revealed the association of 35 gene–metabolite pairs in modules related to the plant defense response, highlighting the interconnected processes underlying the plant defense response. These findings characterize the molecular basis of LC-2 resistance to verticillium wilt and thus have potential value for future breeding of wilt-resistant eggplant varieties.
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Introduction

Verticillium dahliae (V. dahliae), a worldwide soil-borne fungus causing verticillium wilt, is one of the major diseases that harm agricultural production (Klosterman et al., 2009). Studies have shown that the pathogenic fungi overwinter through microsclerotia that are stress resistant, surviving in the soil for long periods and thus playing an important role in the disease cycle (Tzima et al., 2010). The hyphae enter host plants by formation of an infection structure that develops into conidia and expands upward from the roots during transpiration, entering the stems and leaves of plants and resulting in leaf curl, necrosis, defoliation, and discoloration, ultimately leading to plant withering and death (Sink and Grey, 1999). Verticillium wilt can occur throughout the entire growth period of eggplant, usually occurring during the fruiting period. In China 20%–40% of the eggplant fields are affected by V. dahliae, causing large-scale reductions in yield (Fradin and Thomma, 2006). V. dahliae contains multiple transposons and repetitive genes as well as genes involved in metabolic regulation and signal transmission (Zhang et al., 2020; Feng et al., 2023). This demonstration of genetic variation suggested that the mechanisms of pathogenicity may be diverse, and thus further analysis of disease resistance mechanisms is needed.

Researchers have isolated and cloned many genes related to the resistance to verticillium wilt from different plant species (Song et al., 2020). For example, the transient silencing of GhNDR1 and GhMKK2 by Agrobacterium-mediated VIGS in cotton (Gossypium hirsutum) led to increased sensitivity of cotton to V. dahliae, while silencing of GhNPR1 had no significant effect on antagonism toward the pathogen (Gao et al., 2011). In addition, GbNRX1 can regulate cotton resistance by clearing extracellular ROS (Li et al., 2016). VdMKK1 is significantly upregulated during the invasion of host cotton by V. dahliae, and it plays a crucial role in the invasion process by regulating the expression of cell wall synthesis genes and thereby maintaining the integrity of cell walls (Li et al., 2023). GbHyPRP1 negatively regulates the resistance of cotton plants to V. dahliae by regulating cell wall structures and ROS levels (Yang et al., 2018). In addition to defense-related proteins, further studies have been conducted on the role of transcription factors in Verticillium resistance (Song et al., 2020). A full-length cDNA library and expressed sequence tag (EST) sequencing in cotton inoculated with V. dahliae screened two ethylene-related genes, GbERF1 and GbERF2; overexpression of GbERF2 induced the expression of related genes and PR proteins by regulating the ethylene pathway and enhancing the resistance of tobacco (Zuo et al., 2007). GhWRKY1 enhanced resistance to verticillium wilt by increasing lignification (Hu et al., 2021). VdMRTF1 can mediate cotton resistance to V. dahliae by regulating various processes, including melanin biosynthesis, development of microsclerotia, and resistance to elevated Ca2+ levels (Lai et al., 2022). An NAC transcription factor, GhATAF1, and GhMYB108 were both induced by V. dahliae infection and promoted defense responses (Cheng et al., 2016; He et al., 2016). Some oxidoreductases and hydrolases, including peroxidase and cell wall proteolytic enzymes, play important roles in the resistance response to verticillium wilt. Several studies of cotton resistance to verticillium wilt have isolated these protease genes (Zuo et al., 2005; Xu et al., 2011a), and related studies have shown that after inoculation with pathogens, the peroxidase activity of resistant varieties is significantly higher than that of susceptible varieties (Gayoso et al., 2010; Xu et al., 2011a). In addition, hydrolytic enzymes such as chitinase and glucanase are involved in the resistance to verticillium wilt by degrading fungal cell walls (Dubery and Slater, 1997).

The mechanism of resistance to verticillium wilt has been extensively studied in the Solanaceae (Kawchuk et al., 2001; Kruijt et al., 2005). The Ve genes, including Ve1 and Ve2, were early discovered genes for resistance to verticillium wilt. The genes encode leucine-rich repetitive (LRR) proteins (Kruijt et al., 2005). When these two Ve genes were expressed separately in susceptible potato varieties, both produced resistance to isolated strains of V. dahliae (Kawchuk et al., 2001). Similar resistance mechanisms have also been found in homologous gene phenotypes of Ve in other Solanaceae crops, including tomato (Chai et al., 2003) and eggplant (Liu et al., 2012). Jue et al. (2014) cloned two genes conferring strong resistance to verticillium wilt, StoNPR1 and StoWRKY6, from wild eggplant Torubam. The genes enhanced the resistance of eggplant to verticillium wilt by synthesizing proteins that mediated the salicylic acid signaling pathway. The interaction between miR482e and nucleotide binding sites (NBS) and leucine-rich repeat (LRR) motifs in potatoes led to increased severity of V. dahliae infection (Yang et al., 2015).

Although various genes have been identified in the resistance system to verticillium wilt, little is known about the complex molecular mechanisms underlying defense responses in eggplant. In recent years, the rise of genome, transcriptome, metabolome, and proteome analyses has resulted in an in-depth understanding of the resistance mechanisms toward verticillium wilt (Zhang et al., 2020; Feng et al., 2023). Xu et al. (2011a) identified 3,442 defense-responsive genes from the transcriptomic profiles of V. dahliae-infected cotton using RNA-seq technology. Further research on these differentially expressed genes revealed the key role of lignin metabolism in the resistance of cotton to verticillium wilt (Xu et al., 2011b). A comprehensive analysis utilizing transcriptome and metabolome revealed the intrinsic components and DEGs in Arabidopsis inoculated with V. dahliae (Su et al., 2018). In eggplant, Tomah et al. (2023) identified genes encoding enzymes involved in microsclerotia degradation based on the analysis of transcriptomics. Differentially expressed genes between the V. dahliae infected and uninfected samples identified 10 different gene network modules and 22 hub genes with potential roles in regulating cotton defense against V. dahliae infection (Xiong et al., 2021).

To better understand the molecular networks of plant–pathogen interactions in eggplant, we investigated two wild eggplant varieties with different resistance phenotypes, LC-2 (high resistance) and LC-7 (sensitive) and analyzed the differences in enzyme activity associated with resistance. We identified transcriptome changes occurring during the process of V. dahliae infection in order to characterize the biological processes involved based on Gene Ontology (GO) terms of the differentially expressed genes using RNA-seq technology. A co-expression analysis identified key hub genes involved in regulating the resistance pathways of eggplant to verticillium wilt. Additionally, a metabolomic analysis identified key differential metabolites. A correlation analysis between transcriptome and metabolome was used to explore the relationship between differentially expressed genes and metabolic components, thereby providing a theoretical basis for the in-depth study of the mechanism of action of eggplant against verticillium wilt.





Materials and methods




Plant material and Verticillium dahliae infection treatment

Eggplant (Solanum melongena L.) local varieties LC-2 and LC-7 were collected from Langcang County, Pu’er City, Yunnan Province. V. dahliae was provided by the Institute of Vegetables and Flowers, Chinese Academy of Agricultural Sciences. Seeds of each variety were soaked in 600 mg·L-1 gibberellic acid for germination and sown in a plug containing a substrate (perlite:peat soil = 1:2 V/V). The plug was placed in a constant temperature incubator with a temperature of 30°C during the day and 22°C at night, with a light/dark cycle of 14 h/10 h. After 5–6 true leaves had grown, the V. dahliae was artificially inoculated at a concentration of 1×108 cfu·mL-1 using the root–injury–root immersion and root irrigation methods. The fibrous roots of the seedlings were cut off at 0.2 cm, immersed in the V. dahliae solution for 20 min, and planted in plastic pots. Each pot was transferred back to the constant temperature incubator under the same conditions as before and irrigated with 20 mL V. dahliae solution every two days. Uninoculated individuals were used as controls, the leaves of three plants were randomly selected and sampled, each plant was taken as a biological replicate. In the treatment group, two time points were selected at 20 days and 40 days after inoculation, three biological replicates were set at each inoculation time point for LC-2 and LC-7, with one biological replicate investigating 20 plants.





Identification of the disease resistance level

The classification of disease level was as follows: Level 0: asymptomatic; Level 1: less than 25% of the leaves turning yellow; Level 2: 25%–50% of the leaves turning yellow; Level 3: more than 50% of the leaves turning yellow with some diseased leaves fall off; Level 4: the leaves of the whole plant are yellow, and even the whole plant dies.

Disease index (DI) = (disease level × number of plants in this disease level)/(highest disease level × number of investigated plants)×100

High resistance (HR): DI = 0; Resistance (R): 0 < DI ≤ 20; Moderate Resistance (MR): 20 < DI ≤ 40; Susceptibility (S): 40 < DI ≤ 60; High susceptibility (HS): DI>60.





Measurement of enzyme activities

The third and fourth leaves from the top were selected as experimental materials. Experiments were conducted with three biological replicates by spectrophotometry. The kits were purchased from Beijing Boxbio Science & Technology Co., Ltd., and the determination of each index was performed according to the manufacturer’s instructions. A total of six physiological indicators were measured, including polyphenol oxidase (PPO, kit code: AKAO004C), superoxide dismutase (SOD, kit code: AKAO001C), peroxidase (POD, kit code: AKAO005C), phenylalanine ammonia lyase (PAL, kit code: AKAM012U), β-1,3 glucanase (GUN, kit code: AKSU038C), and chitinase (CHT, kit code: AKSU045C). The activities were normalized by the weight of leaf. The change of light absorption value of A410nm of the reaction system by 0.005 per minute per g tissue was defined as a unit of enzyme activity of PPO. When the inhibition rate of xanthine oxidase coupling reaction system in each g tissue was 50%, the activity of SOD in the reaction system was defined as an enzyme activity unit at 560 nm. The change of A470nm per minute by 0.01 per g tissue per mL system was one unit of enzyme activity of POD. One enzyme activity of PAL was defined as a 0.1 change in absorbance value at 290 nm per minute per g of tissue per mL of the reaction system unit. The production of 1 mg of reducing sugar per g of tissue sample per hour was defined as a unit of enzyme activity of GUN at 540 nm. The production of 1 μg of N-acetylglucosamine per g of tissue per hour was defined as a unit of enzyme activity of CHT at 585 nm.





Metabolomic analysis

The 18 LC-2 and LC-7 leaf samples (two varieties × three biological replicates × three time points) of treatment and control groups at 0, 20, and 40 days were freeze-dried and crushed into powder using a mixer mill (MM 400, Retsch). Three biological replicates were set for each sample. Metabolite profiling was performed using a widely targeted metabolome method by Wuhan Metware Biotechnology Co., Ltd. (Wuhan, China) (http://www.metware.cn/). The samples were obtained from a total of 100 mg of powder extracted at 4°C overnight with 1.0 ml of 70% aqueous methanol and then centrifuged at 10,000 × g for 10 min. The extracts were detected by UPLC-ESI-MS/MS (UPLC: SHIMADZU Nexera X2; MS: Applied Biosystems 4500 QTRAP). The following method was employed for metabolite quantification and analysis. Scans using both Linear ion trap (LIT) and triple quadrupole (QQQ) were acquired on a triple quadrupole-linear ion trap mass spectrometer (API 4500 Q TRAP LC/MS/MS System) equipped with an ESI Turbo Ion-Spray interface. Multiple-reaction monitoring (MRM) was utilized in conjunction with a self-compiled database (Metware database, MWDB) to perform metabolite quantification. Differences between LC-2 and LC-7 samples at the same time point were analyzed using orthogonal partial least-squares discrimination analysis (OPLS-DA) and variable importance in projection (VIP). Identification of differential metabolites was performed within and between the local varieties. Within each local variety, samples from the 0-day of each variety (representing the initial state) were used as controls to identify differentially accumulated metabolites (DAMs) at 20 and 40 days. Between local varieties, LC-7 was used as a control to identify DAMs between LC-2 and LC-7 at the same treatment time point. Metabolites with significant differences in content were set with thresholds of variable importance in projection (VIP) ≥ 1 and fold change ≥ 2 or ≤ 0.5 (Guo et al., 2022). The Kyoto Encyclopedia of Genes and Genomes (KEGG) compound database (http://www.kegg.jp/kegg/compound/) was utilized for metabolite annotation.





Transcriptome sequencing and data analysis

Transcriptome sequencing was performed by using the leaf samples as for the metabolomic analysis, and three biological replicates in each sample were set. Total RNA was extracted from the samples using Trizol reagent (Invitrogen, USA), and RNA quality was assessed through 1% agarose gel electrophoresis. A NanoDrop 2000 (NanoDrop Technologies, Wilmington, DE, United States) and an Agilent 2100 Bioanalyzer (Agilent Technologies, USA) were used to determine the RNA concentration and purity, respectively. High-quality RNAs were then used for RNA sequencing by Wuhan Metware Biotechnology Co., Ltd. (Wuhan, China) (http://www.metware.cn/) using the Illumina HiSeq platform (Illumina Inc., San Diego, CA, USA). After a standard library construction process (Li et al., 2022a), clean reads were aligned to the eggplant reference genome (http://eggplant-hq.cn/Eggplant/home/index) using the Hisat2 program. The mapped reads of each sample were assembled by StringTie, and featureCounts v1.5.0-p3 was used to count the number of reads mapped to each gene to calculate FPKM. Differentially expressed genes (DEGs) were identified within and between local varieties by using the same comparison strategy as used in the DAMs identification. DESeq2 software was used to identify the differentially expressed genes using the criteria absolute value of the log2 fold change ≥ 1 and false discovery rate (FDR) < 0.05. The Gene ontology enrichment for DEGs was visualized using WEGO (https://wego.genomics.cn/) and REVIGO (http://revigo.irb.hr/). The Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.genome.jp/kegg/) was used to analyze the pathways of DEGs.





Gene co-expression network analysis

A gene co-expression network was constructed by using the WGCNA R package. The FPKM values of DEGs were normalized by using the limma R package. According to the results of multiple soft thresholding powers calculation (Supplementary Figure S1), the network was constructed by setting a power of 18, a minModuleSize of 30, and a mergeCutHeight of 0.25. Module eigengenes (MEs) were defined as the first principal component of the expression matrix of the corresponding module and were calculated by using the moduleEigengenes function with default parameters for each module. After network construction, the top 30% of weighted edges were analyzed, as millions of edges were generated. The module hub genes were identified as the nodes with the top 10% degree in each module.





Correlation analysis of metabolome and transcriptome data

The potential associations between the transcriptome and metabolome data were identified by assessing the correlations between metabolite content and the expression pattern of each gene and the ME of each gene co-expression module. Briefly, Pearson’s correlation coefficient (PCC) for the content of DAMs and the expression of DEGs was calculated using the “cor” function in R, and significant correlations were screened using a criterion of an absolute value greater than 0.80 and a p-value less than 0.05. The PCC was also calculated between metabolite content and ME using the “moduleEigengenes” function in the WGCNA R package. Considering the capacity of ME to partially represent the average expression of module genes, it is important to note that the average per se may mask some of the correlations between genes and metabolites. Therefore, a lower criterion than DAMs-DEGs correlation was used, with absolute coefficients greater than 0.6 and p-values less than 0.05 considered as indicating a significant correlation between metabolites and gene modules. Finally, metabolites that demonstrated significant correlations with both the modules and the genes within the modules were selectively filtered, thereby establishing a comprehensive association between the metabolome and transcriptome.





Quantitative real-time PCR (qRT-PCR) validation

To validate gene expression patterns discovered by transcriptome sequencing, 13 transcription factors were randomly selected, and their expression patterns were validated by qRT-PCR. Total RNA of each LC-2 and LC-7 sample was reverse transcribed into cDNA using a PrimeScriptTM RT reagent kit (Takara, Dalian, China). The qRT-PCR reaction was performed using TB GreenTM Premix Ex TaqTM II (Takara, Dalian, China) on a Roche LightCycler 96 system (Roche) following the manufacturers’ instructions. Relative quantitative analysis of data was performed by the 2−ΔΔCT method, with GAPDH as the reference gene (Zhao et al., 2013; Zhou et al., 2014). The primers used for RT-qPCR are listed in Supplementary Table S1. Three independent biological samples of eggplant plants of LC-2 and LC-7 under the same treatment were used, which were different from the transcriptome samples.






Results




LC-2 exhibits greater resistance and physiology shifts in response to V. dahliae than LC-7

LC-2 and LC-7 were grown in a facility greenhouse to ensure consistent environmental conditions. Agronomic traits were investigated when the respective first panicle fruits were ripe. LC-22 and LC-7 showed significant differences in main stem color, main stem prickle, leaf spines, corolla color, single fruit weight, fruit shape, and fruit surface furrows (Figure 1; Supplementary Table S2).




Figure 1 | Performance of typical agronomic traits of LC-2 and LC-7 in the field, including petal color, leaf spines, and fruit traits.



To clarify the differences in resistance between LC-2 and LC-7, the resistance level was identified at 20 and 40 days after V. dahliae inoculation. The results showed that the overall resistance of LC-2 was stronger than that of LC-7. Specifically, 20 days after inoculation, LC-2 showed high resistance and LC-7 showed moderate resistance to V. dahliae, and 40 days after inoculation, LC-2 showed susceptibility, while LC-7 showed high susceptibility (Figure 2).




Figure 2 | Performance and resistance levels of LC-2 and LC-7 inoculated with V. dahliae. Control: uninoculated, 20 d: 20 d after inoculation, 40 d: 40 d after inoculation., HR, High Resistance; R, Resistance; MR, Moderate Resistance; S, Susceptibility; HS, High susceptibility. The results are means of three biological replicates ± standard deviation (SD).



To analyze the characteristics of changes in the enzymes related to disease resistance in LC-2 and LC-7, the six indices PPO, SOD, POD, PAL, GUN, and CHT were measured in leaves at 20 and 40 days after V. dahliae inoculation. The results showed that the six activities demonstrated gradually increasing trends with time after inoculation with V. dahliae. The values of the six indexes in LC-2 were higher than those in LC-7 under normal growth conditions. All six indices were positively correlated with resistance to V. dahliae (Table 1).


Table 1 | Changes in enzyme activities associated with disease resistance at different times (20 d and 40 d) after inoculation of V. dahliae.







The DAMs of LC-2 and LC-7 in response to V. dahliae infection

To gain a better understanding of the differences in metabolites between LC-2 and LC-7 in response to V. dahliae infection, metabolic profiling was conducted using samples from the treatment and control groups of LC-2 and LC-7 at 0, 20, and 40 days. A total of 840 metabolites were detected; these included flavonoids (175), phenolic acids (142), lipids (130), alkaloids (85), amino acids and derivatives (60), organic acids (58), nucleotides and derivatives (38), terpenoids (31), lignans and coumarins (27), steroids (16), quinones (3), and other metabolites (75). A principal component analysis (PCA) revealed that the three biological replicates of each sample tended to group together. The 0 d and 20 d samples had a closer distance between cultivars in the 2D PCA analysis, while the 40 d sample had a greater distance between LC-2 and LC-7 (Figure 3A).




Figure 3 | Summary of the metabolomes of LC-2 and LC-7. (A) Principal component analysis (PCA) of LC-2 and LC-7 samples. (B) The numbers of differentially accumulated metabolites (DAMs) in LC-2 and LC-7. (C, D) The statistics of KEGG enrichment of DAMs of LC-2 vs. LC-7 at 20 days (C) and 40 days (D).



Within each variety, differential accumulation of metabolites was compared between 20-day and 0-day samples as well as between 40-day and 0-day time points. Totals of 593 and 600 DAMs were identified in LC-2 and LC-7, respectively (Supplementary Table S3). Based on the differential expression patterns at the two time points, we classified the expression patterns of the DAMs into eight categories: 20up_40NA, 20down_40NA, 20NA_40up, 20NA_40down, 20up_40up, 20down_40up, 20up_40down, and 20down_40down (“Up,” “down,” and “NA” represent upregulation, downregulation, and no differential expression at that time point, respectively). The results showed that LC-2 had the most 20up_40up-type metabolites, followed by 20up_40NA-type metabolites (Figure 3B), indicating that many metabolites in LC-2 responded to V. dahliae infection and increased in content at 20 days. In contrast, LC-7 had the largest number of differential metabolites in the 20NA_40 up category (Figure 3B), suggesting that metabolites in LC-7 responded to V. dahliae infection and began to accumulate at 40 days. A comparison of LC-2 and LC-7 identified 549 DAMs between local varieties. A total of 346 DAMs (176 upregulated and 170 downregulated) were identified at the 20-day time point, with the most common metabolites being flavonoids (96), phenolic acids (63), and lipids (49) (Supplementary Figure S2A). These DAMs were significantly enriched in pathways such as flavone and flavonol biosynthesis, lysine degradation, and tryptophan metabolism (Figure 3C). At the 40-day time point, there were 399 DAMs (180 upregulated and 219 downregulated) between LC-2 and LC-7, with the most common being phenolic acids (85), flavonoids (77), and lipids (65) (Supplementary Figure S2B). These DAMs were significantly enriched in pathways such as biosynthesis of secondary metabolites, flavone and flavonol biosynthesis, and cysteine and methionine metabolism (Figure 3D).





Transcriptomic signatures of LC-2 and LC-7 in response to V. dahliae infection

After raw data filtering and examination of the sequencing error rate and the distribution of GC content, an average of 6.74 Gb of clean data was generated for each library. The average error rate was 0.03; the average Q30 was 92.59%, and the GC content ranged from 42.13% to 46.54% (Supplementary Table S4). The difference in genetic background led to distinct average mapping rates for LC-2 and LC-7: LC-2 achieved 81.28%, while LC-7 attained 70.26%, with fluctuations within 3% for each library. The lower mapping rate in LC-7 is not attributed to contamination by V. dahliae, as samples without infection also displayed mapping rates similar to other samples. For the sequences mapped to the reference genome, 85.42%–89.78% of the clean reads were mapped to exon regions, and approximately 3.90%–6.31% of the clean reads were mapped to intron regions (Supplementary Table S5). Finally, 36568 transcripts were identified.

The temporal expression pattern of each gene was determined by comparing 20-day vs. 0-day and 40-day vs. 0-day levels within each variety. Using the criteria for identifying DEGs, 6,878 and 7,814 DEGs were identified in LC-2 and LC-7, respectively. The DEGs in LC-2 were predominantly distributed among the 20down_40NA, 20up_40NA, 20NA_40up, and 20up_40up categories, with a similar number of DEGs in each category (Figure 4A). In contrast, the DEGs in LC-7 were largely distributed in the 20NA_40up and 20NA_40down categories (Figure 4A). These findings suggest that the response of LC-7 to V. dahliae infection occurred later than that of LC-2.




Figure 4 | The expression and functional characteristics of V. dahliae-responsive genes in LC-2 and LC-7. (A) The numbers of differentially expressed genes (DEGs) in LC-2 and LC-7. (B) The GO enrichment results and corresponding numbers of genes for DEGs in LC-2 and LC-7. (C) Comparison and distribution of DEGs in 20-day and 40-day samples of LC-2 and LC-7, using 0-day samples as a control. (D–G) Expression profiles of 4017 LC-2-specific DEGs (D), 4953 LC-7-specific DEGs (E), 351 DEGs with similar expression patterns between LC-2 and LC-7 (F), and 2861 DEGs with different expression patterns between LC-2 and LC-7 (G). The color of the heatmap represents the log2 fold change of the comparison between pairs. Red and blue respectively represent positive and negative fold change values, with higher saturation indicating higher absolute values.



The comparative analysis of biological processes associated with DEGs revealed significant differences between LC-2 and LC-7. The percentage of genes enriched in developmental processes, cell wall organization or biogenesis, and regulation of biosynthetic processes was substantially higher in LC-2 than in LC-7. Conversely, the percentage of genes enriched in processes related to response to fungus was similar between the two varieties (Figure 4B).

The comparison of DEGs between LC-2 and LC-7 revealed that LC-2 and LC-7 had 4,017 and 4,953 unique DEGs, respectively (Figure 4C). These genes exhibited variety-specific differential expression patterns (Figures 4D, E). Among these, a total of 2,861 DEGs were common to both LC-2 and LC-7 (Figure 4C). Further analysis of their expression patterns at the same time points between varieties (LC-2 vs. LC-7) revealed that 351 genes did not meet the criteria for differential expression between varieties and exhibited similar expression patterns over time (Figure 4F). The remaining 2,510 genes showed completely different expression patterns between LC-2 and LC-7 (Figure 4G).





Diverse types of DEGs were involved in various biological processes

The DEGs of each type were subjected to Gene Ontology (GO) enrichment analysis. The analysis showed that among the 4017 LC-2-specific DEGs, the genes were involved in defense response, biological synthesis processes (such as cell wall biogenesis, spermidine biosynthetic process, cinnamic acid biosynthetic process, and regulation of cutin biosynthetic process), and developmental processes (Supplementary Figure S3A). In contrast, the 4953 LC-7-specific DEGs were primarily involved in defense response to other organisms, plant hormone biosynthetic process, and metabolic processes (such as abscisic acid and salicylic acid) (Supplementary Figure S3B). The 351 DEGs with similar expression patterns between varieties were involved in defense response, plant hormone response processes (such as salicylic acid and abscisic acid), and compound biosynthesis processes (Supplementary Figure S3C). Moreover, the 2510 genes that were shared between varieties but with different expression patterns were involved in defense response and antibiotic metabolic and response processes as well as other processes such as sterol biosynthetic process and cell wall organization (Supplementary Figure S3D). Moreover, a total of 408 DEGs were involved in the plant–pathogen interaction pathway (ko04626, Figure 5A) and the disease resistance-related pathway in plant hormone signal transduction (ko04075, Figure 5B). Most of these genes in these two pathways showed different expression patterns between LC-2 and LC-7 (Figures 5A, B). Supplementary Table S6 provides detailed information on these genes.




Figure 5 | DEGs in KEGG pathways related to the pathogen defense response. (A) Plant–pathogen interaction (ko04626). (B) Disease resistance-related pathways in plant hormone signal transduction (ko04075). The blue rectangles represent genes, and the heatmap beside each gene shows the log2 fold change of 20- and 40-day samples for LC-2 and LC-7, respectively. The 0-day samples of LC-2 and LC-7 were used as controls to calculate the fold change for each variety.







Gene co-expression modules related to defense response against V. dahliae infection

The co-expression network analysis resulted in the identification of 29 modules that encompassed a total of 6,258 nodes. To confirm the genes associated with defense response, we analyzed the distribution of genes related to the plant–pathogen interaction pathway (ko04626) and the disease resistance-related pathway in plant hormone signal transduction (ko04075) across different modules. The findings revealed that 72% of the disease resistance-related genes were recruited in the turquoise, green, tan, blue, and yellow modules, which collectively accounted for 49.1% of the total nodes in the network. Thus, these five modules were considered to be associated with the defense response against V. dahliae infection. A closer examination of the network’s topological structure revealed that the blue, turquoise, tan, and green modules exhibited a transitional connection structure, and the blue module was linked to the yellow module through several co-expression genes (Figure 6A). The functional analysis demonstrated that the genes in the blue module were primarily involved in biological processes such as growth and development, epigenetic regulation, and compound biosynthetic processes (Figure 6B). In contrast, the turquoise, tan, green, and yellow modules were enriched with genes related to defense response, hormone signaling pathway, and stress response processes (Figures 6C–F). The green module was notably enriched with a large number of genes related to cell wall biogenesis and thickening (Figure 6F).




Figure 6 | Topological structure and functional relevance of gene co-expression modules. (A) Gene co-expression sub-network constructed by five key modules (blue, green, tan, turquoise and yellow). Modules are represented by node genes with different colors. (B–F) Biological processes of blue (B), turquoise (C), yellow (D), tan (E), and green (F) modules. Biological processes are represented by nodes with module colors, and biological processes with similar functions are categorized in red circles and summarized by tags.



Module hub genes were identified by selecting nodes with the top 10% degree in each module. A total of 332 hub genes were screened in the five key modules (Supplementary Table S7), including 13 transcription factors (TFs) from the AP2, Bhlh, GRAS, NAC, NF-YA, RWP-RK, HB-HD-ZIP, GARP-G2-like, and other TF families (Table 2). KEGG pathway annotation revealed that some of these TFs were involved in plant–pathogen interactions, plant hormone transduction, and other pathways related to pathogen resistance. Additionally, there were some unannotated transcription factors whose functions and roles in biological stress required further research and verification. These 13 key transcription factors were co-expressed with genes of hormone response pathways, defense response pathways, and defense-related metabolite synthesis. Furthermore, their neighboring genes in the network were co-expressed with cell wall thickening genes (Figure 7A). The analysis of the expression patterns of these key TFs revealed that some had different response patterns during V. dahliae infection between LC-2 and LC-7. For example, the transcription factors Smechr0101299 and Smechr0802554 of the HB-HD-ZIP family, and Smechr0303661 of the GRAS family were induced in expression in the LC-2 after 20 days of V. dahliae infection treatment, while they were continuously downregulated in expression in LC-7 (Figure 7B). The differences in these key transcription factors between LC-2 and LC-7 may be one of the important reasons for the difference in disease resistance.


Table 2 | Transcription factors that act as hub genes in key modules.






Figure 7 | Characterization of thirteen key hub transcription factors. (A) In the sub-network consisting of key modules, 13 key transcription factors were co-expressed with genes involved in pathways including plant hormone signaling, defense response to biotic stress, and synthesis of compounds related to defense response. They were also indirectly co-expressed with cell wall reinforcement pathway genes through network neighbors. (B) Differential expression patterns (log2 fold change) of the 13 key transcription factors The first four columns represent comparisons within the strain, using the 0-day samples of LC-2 and LC-7 as controls, while the last three columns represent comparisons between strains, using LC-7 as the control. The color saturation indicates the degree of change in fold change values.







Correlations of module genes and metabolites

The correlation analysis revealed that 236065 DEG–DAM pairs were significantly correlated, whereas only 460 metabolites were significantly correlated with the ME of the five key modules. By combining these two results, we identified 261 metabolites significantly associated with 1190 genes in key modules, as well as with the MEs of the key modules (Figure 8A). We further screened the metabolites and related genes to check whether they participated in the same biological pathways. This led to the identification of 35 pairs of gene–metabolite combinations in the key modules, where metabolites and related genes were involved in the same processes related to defense response. These processes included flavonoid biosynthesis, tropane, piperidine and pyridine alkaloid biosynthesis, biosynthesis of various antibiotics, cutin, suberine and wax biosynthesis, plant hormone signal transduction, neomycin, kanamycin, and gentamicin biosynthesis (Figure 8B). Additional information regarding these 35 gene–metabolite combinations in the key modules is provided in Supplementary Table S8.




Figure 8 | Metabolites and their associations with key modules and genes within the modules. (A) Correlations between metabolites detected in the metabolome and the five key modules. The heatmap shows Pearson correlation coefficients. (B) Genes in the key modules were significantly associated with related metabolites and participated in the same pathways. Circles represent genes; squares represent metabolites, and different colors represent different pathways: yellow represents flavonoid biosynthesis (ko00941), blue represents cutin, suberine, and wax biosynthesis (ko00073); green represents tropane, piperidine, and pyridine alkaloid biosynthesis (ko00960); cyan represents plant hormone signal transduction (ko04075), red represents neomycin, kanamycin and gentamicin biosynthesis (ko00524), and gray represents involvement in two or more of the above pathways. The red line indicates a significant positive correlation, while the blue line indicates a significant negative correlation.







Confirmation of the transcriptome data using RT−qPCR

Expression levels of 13 genes were validated using RT-qPCR assays. The results of RT-qPCR assays were consistent with the transcriptome analysis, and demonstrated the accuracy of RNAseq in this study. Notably, three of the 13 transcription factors (Smechr0303661 Smechr0101299, and Smechr0802554) were induced in LC-2 and suppressed in LC-7 (Figure 9). These results indicated that these three genes play potentially important roles in disease resistance to V. dahliae.




Figure 9 | V. dahliae-response patterns of the 13 transcription factors in LC-2 and LC-7. The unstressed expression level (Control: uninoculated) was assigned a value of 1. The error bar on each column represents the standard deviation (SD) of the three biological replicates (Student’s t-test). 20 d: 20 d after inoculation, 40 d: 40 d after inoculation.








Discussion

In recent years, eggplant production in China has become increasingly industrialized, and continuous cropping has led to increasingly severe eggplant wilt disease, causing serious losses in eggplant production (Pisuttu et al., 2020). The research on the resistance mechanism of verticillium wilt has made breakthroughs in crops such as cotton (Gao et al., 2011), tomato (Chai et al., 2003; Fu et al., 2016), and potato (Yan et al., 2022), but little is known about the mechanism of resistance to verticillium wilt in eggplant. The rapid development of molecular biology technology has provided a foundation for the in-depth exploration of the mechanism of resistance to wilt disease in eggplant. Wild eggplant resources show excellent resistance to verticillium wilt. There are abundant species of wild eggplant in Yunnan, China. Our research group had collected more than 40 kinds of wild eggplant in Yunnan Province. The genetic relationship of these resources and their resistance to vegetable soil-borne diseases were identified (unpublished). Two eggplant species LC-2 and LC-7 from Lancang County, Puer City, Yunnan Province showed different resistance to verticillium wilt and closer genetic relationship compared with other eggplant resources. Therefore, LC-2 and LC-7 were selected as experimental materials for the combined transcriptome and metabolome analysis.

Plants activate defense mechanisms to protect themselves when attacked by pathogens, responding quickly with either direct or indirect reactions. The degree of curling of plant leaf epidermis (Singkaravanit-Ogawa et al., 2021), thickness of stratum corneum (Kempel et al., 2011) and structure of cell wall (Bacete et al., 2018), can serve as physical barriers for defense. Plants may attempt to limit the invasion and spread of pathogens by curling. In our study, a significant difference in the degree of leaf curling between LC-2 and LC-7 was observed (Figure 1), indicating potential differences in their defense mechanisms against diseases. The defense of eggplant not only rely on physical defense but also on innate defense mechanisms like antioxidative systems. When plants are infected with pathogens, they produce reactive oxygen species. Previous studies have shown that the accumulation of reactive oxygen species is closely related to plant disease resistance (Gayoso et al., 2010; Xu et al., 2011a). However, high levels of reactive oxygen species can have adverse effects on plant growth, and thus the expression levels of various antioxidant enzymes such as SOD, POD, and CAT will also change accordingly to protect plants from oxidative damage (Asadi et al., 2017; Huang et al., 2019). The enhanced activities of antioxidant enzymes can effectively scavenge harmful reactive oxygen species to maintain the stability of plant defense systems (Mittler et al., 2022). In tomato seedlings, the enzyme activities of the defense-related antioxidants CAT, SOD, POD, and PAL significantly increased upon inoculation with V. dahliae compared to controls (Pei et al., 2022). The activities of POD and PAL in cotton increased due to the infection of the V991 strain (Xu et al., 2011a). There were positive correlations between POD, PAL, and PPO activities and resistance to verticillium wilt in eggplant caused by V. dahliae (Zhou, 2012). In this study, we found that the six indexes of PPO, SOD, POD, PAL, GUN, and CHT in LC-2 and LC-7 showed gradually increasing trends with time after inoculation with V. dahliae. Furthermore, the values of the six indexes in LC-2 were higher than those in LC-7 under normal growth conditions and inoculation with V. dahliae (Table 1). This was similar to a previous research report (Zhou, 2012).

Cultivated crop wild relatives provide valuable genetic resources for crop improvement (Bohra et al., 2022). LC-2, as a wild relative of cultivated eggplant, may possess verticillium wilt resistance as a result of the combined action of multiple resistance-associated genes, given that plant disease resistance itself is a complex phenotype. Identifying genes that potentially play a role in its resistance is one of the key objectives of this study. Genetic background differences can manifest as differences in gene content, including variations in copy number and sequence. However, regardless of the form, the action of disease-resistant genes must be realized through expression in response to V. dahliae infection.

From a transcriptomic standpoint, LC-2 and LC-7 exhibit notable differences in gene expression in response to V. dahliae infection. While both strains possess a similar number of genes associated with fungal/pathogen defense mechanisms, LC-2 demonstrates a significant portion of DEGs responding to V. dahliae infection at an early stage (20d), whereas LC-7 exhibits a higher concentration of DEGs in the later stages of infection (40d) (Figure 4A). This suggests that LC-2 initiates a quicker response to V. dahliae infection, establishing the groundwork for its heightened resistance. Additionally, LC-2 displays a greater enrichment of genes involved in tissue development compared to LC-7 (Figure 4B), indicating a lesser impact of V. dahliae infection on the growth and development processes of LC-2. Moreover, genes associated with cell wall biogenesis and organization, serving as a dynamic barrier against pathogen invasion (Underwood, 2012), are more abundant in LC-2 than in LC-7. These findings indirectly support the superior verticillium wilt resistance observed in LC-2.

Numerous studies have indicated that co-regulated genes are often functionally related, and simultaneously recruited in co-expression network modules participating in various biological processes (van Noort et al., 2003; Romero-Campero et al., 2013; Li et al., 2022a). Here, we observed that the majority of disease resistance pathway genes are concentrated within 5 gene co-expression network modules, which are interconnected in terms of network topology and exhibit transitional functional patterns (Figure 6). Functional analysis revealed that these modules are involved in plant hormone signal transduction, activation of defense response genes and stress-responsive genes, cell wall biogenesis and thickening, and the synthesis of various compounds. This suggests that the response of eggplant to V. dahliae is the result of the integrated action of multiple processes, consistent with previous transcriptome analyses of cotton response to V. dahliae infection (Zhang et al., 2020; Xiong et al., 2021; Feng et al., 2023). Additionally, correlation analysis of the metabolome and transcriptome revealed associations between metabolites and co-expression network modules. We detected 261 metabolites that are simultaneously associated with module eigengenes and genes within key modules, involving multiple disease resistance-related pathways. Some metabolites have been shown to play roles in plant disease resistance, such as flavonoids, isoquinoline alkaloids, and cutin (Serrano et al., 2014; Zhang et al., 2022; Zhuang et al., 2023). Significant associations were observed between module genes and metabolites from the same pathway. These results indicate the reliability of the disease resistance-related modules obtained through gene co-expression network analysis.

The analysis of gene expression in plant-pathogen interaction pathways revealed significant expression differences in many disease resistance-related genes between LC-2 and LC-7. These differences reflect variations in the direct responses of the two strains to V. dahliae infection. For example, pathogenesis-related protein 1 (PR1) is known to be closely associated with plant pathogen resistance (Han et al., 2023). Among the five transcripts annotated as PR1, only one exhibits a similar differential expression pattern between LC-2 and LC-7 (Figure 5). Additionally, several members of the WRKY transcription factor family (including WRKY29, WRKY33, etc.) exhibit differential expression patterns between varieties. Numerous studies have demonstrated the crucial roles of WRKY family transcription factors in plant immunity and defense signaling processes (Eulgem and Somssich, 2007; Pandey and Somssich, 2009; Wani et al., 2021). The differential expression of these disease resistance-related genes between LC-2 and LC-7 likely contributes to the observed disparity in verticillium wilt resistance between LC-2 and LC-7.

Furthermore, the co-expression network analysis also revealed 13 key TFs that play potentially important roles in resistance (Table 2). These TFs belong to various families including AP2/ERF, bHLH, GRAS, NAC, NF-YA, RWP-RK, HB-HD-ZIP, GARP-G2-like, and others. Serving as hub genes within the network modules, they exhibit co-expression with genes involved in plant hormone signaling pathways, defense compound biosynthesis, and defense responses (Figure 7), implying potential associations of these TFs with various biological processes underlying disease resistance. Notably, the roles of some TFs in verticillium wilt resistance have been validated. For instance, an AP2/ERF gene, GhTINY2, is strongly induced by V. dahliae in cotton, directly activating WRKY51 expression and promoting salicylic acid accumulation and signal transduction, thereby enhancing resistance to V. dahliae (Xiao et al., 2021). In this study, the AP2/ERF gene ERF72 (SMECHR0902114) serves as the hub gene of the turquoise module, and its homolog has been demonstrated in Arabidopsis to act as a positive regulator mediating resistance to the necrotrophic pathogen Botrytis cinerea (Li et al., 2022b). Similarly, GhPAS1, a bHLH TF, is highly upregulated in cotton roots in response to V. dahliae invasion, and overexpression of GhPAS1 improves resistance to V. dahliae (Zhang et al., 2023). Two bHLH TF (SMECHR0902653 and SMECHR0400739) act in jasmonic acid were also identified as potential resistance genes in this study. Furthermore, the GRAS TF SCL14 (SMECHR0603017) were proved to play a key role in cis-jasmone induced indirect defense (Matthes et al., 2010). These findings underscore the effectiveness of our data mining approach. Furthermore, the roles of some TFs, such as the two HB-HD-ZIP family TFs Smechr0101299 and Smechr0802554, in disease resistance processes remain unclear. These transcription factors exhibit significant expression differences between LC-2 and LC-7 in response to V. dahliae. For instance, theSmechr0101299 is induced and upregulated in LC-2 upon V. dahliae infection at 20 days, whereas it remains downregulated in LC-7 (Figure 7B). Such differential expression patterns may contribute to the observed differences in disease resistance. Further investigation through methods such as transgenic approaches is needed to elucidate their roles in eggplant verticillium wilt resistance.





Conclusion

In short, our study has characterized the transcriptome and metabolome of V. dahliae in eggplant varieties with different degrees of resistance. V. dahliae infection affected the enzyme activities associated with disease resistance and altered the gene expression patterns and metabolite contents. The verticillium wilt-resistant variety LC-2 exhibits higher activities of resistance-related enzymes compared to the sensitive variety LC-7. The identified DEGs and DAMs were primarily enriched in defense response, antibiotic metabolic response processes, sterol biosynthetic process, cell wall organization, plant–pathogen interaction pathways, and the disease resistance-related pathway in plant hormone signal transduction. We further identified 13 key transcription factors using a co-expression analysis. These results provide valuable insights into the molecular mechanism of eggplant resistance to verticillium wilt.
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Kiwifruit bacterial canker, caused by Pseudomonas syringae pv. actinidiae (PSA), poses a grave threat to the global kiwifruit industry. In this study, we examined the role of microRNAs (miRNAs) in kiwifruit’s response to PSA. Kiwifruit seedlings subjected to PSA treatment showed significant changes in both miRNA and gene expression compared to the control group. We identified 364 differentially expressed miRNAs (DEMs) and 7170 differentially expressed genes (DEGs). Further analysis revealed 180 miRNAs negatively regulating 641 mRNAs. Notably, two miRNAs from the miRNA482 family, miRNA-215-3p and miRNA-29-3p, were found to increase kiwifruit’s sensitivity to PSA when overexpressed. These miRNAs were linked to the regulation of NBS-LRR target genes, shedding light on their role in kiwifruit’s defence against PSA. This study offers insights into the miRNA482-NBS-LRR network as a crucial component in enhancing kiwifruit bioresistance to PSA infestation and provides promising candidate genes for further research.
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1 Introduction

Kiwifruit (Actinidia spp.) is a highly nutritious fruit crop widely cultivated worldwide. It is renowned for its richness in vitamin C, dietary fibre, and other essential nutrients, and its unique flavour and health benefits have led to increased popularity in recent years. However, kiwifruit bacterial canker, caused by the gram-negative bacterium Pseudomonas syringae pv. actinidiae (PSA), has emerged as a significant threat to the kiwifruit industry (Butler et al., 2013; Kim et al., 2016; Balestra et al., 2018). PSA can result in substantial economic losses due to reduced fruit yield and quality, as well as the expenses associated with control measures (Vanneste, 2017; Li et al., 2021). Additionally, PSA has severe ecological consequences, as it can be dispersed by wind, water, and insects, contributing to the disease’s spread and potential habitat destruction (Accolti, 2015; Spinelli, 2018). First identified in Japan in 1989, PSA has since spread to numerous other countries, including Italy, Chile, New Zealand, and China, among others (Yuichi et al., 1989; Balestra et al., 2011; Scortichini et al., 2012; Vanneste, 2012; Liu et al., 2016). The pathogen can infect all parts of the kiwifruit plant, including leaves, shoots, fruit, and canes, causing symptoms such as leaf wilting, stem cankers, and fruit rot (Donati et al., 2014; Zhou et al., 2015). The disease is highly contagious and can spread rapidly, particularly in conditions of high humidity and temperature. Currently, the primary method for controlling PSA infection relies on the use of copper-based bactericides. However, these can be detrimental to the environment and may lead to the development of copper-resistant strains of the pathogen (Holmes et al., 2014; Pereira et al., 2021). Consequently, the development of resistant cultivars is considered the most cost-effective and environmentally friendly approach to managing this disease.

Plant growth is frequently affected by a variety of pathogenic microorganisms. Unlike vertebrates, plants lack mobile immune cells and an adaptive immune system. They rely primarily on two interrelated layers of the innate immune system to sense and respond to pathogen infections (Jones and Dangl, 2006; Boller and Felix, 2009; Thomma et al., 2011; Spoel and Dong, 2012). One uses cell surface pattern-recognition receptors (PRRs) to recognize microbe-associated molecular patterns (MAMPs) present in a large group of microbes and host-derived damage-associated molecular patterns (DAMPs) (Boller and Felix, 2009), and the other class utilizes disease-resistant (R) proteins to respond to effector molecules secreted by pathogens to help establish a successful infection and suppress plant immunity (Upson et al., 2018). The perception of MAMPs or DAMPs by PRRs activates defence against invading pathogens, termed as pattern-triggered immunity (PTI) (Jones and Dangl, 2006). for successful infection, pathogens have evolved a variety of effectors that are delivered to plant cells to interfere with PTI (Jones and Dangl, 2006; Boller and Felix, 2009). Under such conditions, a plant’s effector-triggered immune (ETI) response is initiated, wherein the pathogen’s effector proteins are recognised and neutralized by proteins encoded by resistance (R) genes (Kourelis and van der Hoorn, 2018). These R genes typically trigger robust and specific responses, such as the hypersensitive response (HR), which induces cell death at the infection site, thereby impeding pathogen proliferation. Most plant R genes encode intracellular nucleotide binding-site leucine-rich repeat (NLR, also known as NBS-LRR) proteins (Han, 2019). Additionally, phytohormones such as salicylic acid (SA), ethylene (ET), jasmonic acid (JA), and abscisic acid (ABA) play crucial roles in enhancing resistance to pathogen-induced stress and extensively utilized by plants (Baldrich et al., 2015).

A pivotal aspect in maintaining plant fitness is the regulation of gene expression via RNA silencing, predominantly mediated by small RNAs (smRNAs). Two main classes of smRNAs are recognized: microRNAs (miRNAs) and short interfering RNAs (siRNAs) (Mallory and Vaucheret, 2006). miRNAs, a subset of small non-coding RNAs, exert significant influence on post-transcriptional gene regulation by binding to complementary sequences on target mRNAs. While considerable research has been dedicated to understanding miRNA responses to abiotic stresses such like drought, cold and salt stress (Yang et al., 2013; Chen et al., 2015; Balyan et al., 2017), comparatively fewer studies have explored miRNA responses to biotic stresses and pathogen infections. Some studies have underscored the importance of miRNAs as essential transcriptional regulators in controlling the expression of various disease-resistant genes. For instance, miRNAs can modulate both the immune response initiated by pathogen-associated molecular patterns and the immune response triggered by effector factors, often containing NBS-LRR-type disease resistance genes (Li et al., 2012), peroxidases, cytochalasin oxidase-encoding genes, MYB, and ARF, among others., which participate in diverse biological pathways (Li et al., 2010; Zhao et al., 2012).

For example, it has been demonstrated in several plants that the target gene of miR482 is the NBS-LRR gene, influencing plant resistance (Lu et al., 2005; de Vries et al., 2015; Zhang et al., 2016). Arabidopsis miRNA393 can be induced by flg22 and negatively regulate plant growth hormones by targeting growth hormone receptor genes TIR1, AFB2, and AFB3, crucial in plant defence against bacterial infestation (Navarro et al., 2006). Additionally, the bacterial flagellin-derived peptide can induce changes in the expression of various miRNAs and their target genes, such as miRNA156, miRNA160, miRNA398, miRNA391, etc. These miRNAs respond to flg22 regulation by modulating the involvement of the target genes in pathways like growth hormone signalling, reactive oxygen species metabolism, and DNA methylation (Li et al., 2010). Ehya et al (Ehya et al., 2013). discovered that ‘Candidatus phyplasma aurantifolia’ infestation in Mexican lemon trees led to elevated levels of growth hormones and specific miRNAs (miRNA159, miRNA160, miRNA166) in lemon trees. These miRNAs, along with miRNA156, miRNA166, miRNA167, and their target genes corresponding to ARF and MYB, play pivotal roles in the plant hormone metabolic pathway (Ehya et al., 2013). In a notable study, Zhang et al (Zhang et al., 2016). proposed a coevolution model for plant miRNAs and disease-resistant genes. This model involved the analysis of disease-resistant genes across 70 terrestrial plants combined with extensive miRNA data. Their findings revealed that different miRNAs regulate the expression of disease-resistant genes by targeting conserved structural domains within these genes.

With the continuous advancements in high-throughput sequencing technology and bioinformatics analysis, an increasing number of miRNAs have been discovered in various plants, such as maize, rice, Arabidopsis, soybean, grape, apple, and tomato. These miRNAs play widespread roles in the regulation of pathogen infections caused by bacteria, fungi, and viruses (Bazzini et al., 2007; Naqvi et al., 2010; Chen et al., 2012; Yin et al., 2013; Tianzhong, 2014; Wu et al., 2016; Zhou et al., 2016; Yang et al., 2021). Therefore, the identification of miRNAs in kiwifruit in response to PSA and the study of their molecular regulatory mechanisms with target genes hold the potential to provide deeper insights into the molecular mechanisms governing plant-bacteria interactions. This research may also facilitate the development of PSA-resistant kiwifruit varieties.

In this study, we employed high-throughput sequencing technology to examine the expression profiles of miRNAs and mRNAs in kiwifruit seedlings under both normal growth conditions and PSA infection. We conducted a comprehensive genome-wide analysis of the miRNA-mRNA relationships to unveil the specific regulatory mechanisms in kiwifruit during PSA stress, followed by differential expression analysis. Ultimately, we identified two miRNAs that play a role in the response to PSA by regulating NBS-LRR genes. Our study’s findings will contribute to a deeper understanding of the molecular mechanisms governing the interaction between kiwifruit and PSA, and will facilitate the development of PSA-resistant kiwifruit varieties.




2 Materials and methods



2.1 Materials and plant growth conditions

In this research, we utilized ‘Hongyang’ kiwifruit (Actinidia chinensis) seeds. These seeds were first washed with 5% sodium hypochlorite for 10 minutes and then rinsed 4-5 times with water. Filter paper moistened with a 500 mg/L gibberellin solution was used to sow the seeds when the moisture content was between 20% and 30%. The soil used for sowing was pre-autoclaved. We employed a permeable seedling tray as a seedbed, spread fine soil evenly on the seedbed, and watered it slowly until the water had penetrated. Subsequently, we sowed the seeds onto the seedbed, covering them with a layer of fine soil approximately 4-6 mm thick. After gently flattening the soil, we covered it with cling film and left it outdoors until the seedlings emerged for subsequent transplanting.

Following transplanting, the kiwifruit seedlings were cultivated in plastic seedling trays (53 × 27.5 × 4.5 cm) filled with substrate (Pindstrup, Denmark) within an artificial climate chamber. The chamber maintained a temperature of 25 ± 1°C during the day and 22 ± 1°C at night, with a relative humidity of 65 ± 5% and a photoperiod of 14 hours. Initially, each group contained 100 seeds. Four weeks after sowing, we selected 60 uniform seedlings, each with two fully expanded leaves, and transplanted them into 7 × 7 × 8 cm black plastic pots filled with substrate (Pindstrup, Denmark). The plants were spaced 10-13 cm apart. For the first four weeks, we irrigated them with a half-dose of Yamazaki nutrient solution (pH 6.5 ± 0.5, EC 1.0 ± 0.2 mS/cm), after which we doubled the dose (EC 2.0 ± 0.5 mS/cm), maintaining this regimen until the end of the experiment.




2.2 PSA inoculation

In this study, the PSA strain was isolated from a kiwifruit plantation in Chengdu, China. Referring to the previous method, DNA was extracted and five pairs of specific primers were applied, and the strain was identified as Biovar 3, designated M221 (Andersen et al., 2018), known for its high virulence. To prepare the inoculum, an overnight culture of M221 was introduced into KB liquid medium at a 1% ratio. The culture was shaken at 25°C, 180 revolutions per minute until the OD600 reached a range of 0.4-0.6. Subsequently, the OD600 culture was resuspended using fresh KB liquid medium and adjusted to 0.2. This suspension was drawn up with a sterile 1 ml syringe and grown until the true leaves of the seedlings had fully expanded and exhibited uniform growth. The inoculation involved the injection of leaves from seedlings with fully expanded and uniform growth. Each plant was injected in two leaves, and there were at least 12 plants per treatment. The inoculated plants were placed in a greenhouse with a 12-hour light cycle, daytime temperatures of 25°C, night-time temperatures of 20°C, and humidity levels maintained at 70% or higher. After 48 hours of PSA inoculation, we selected the two true leaves from each plant for miRNA/mRNA-seq analysis.




2.3 RNA extraction and illumina sequencing

Total RNAs were extracted from freshly frozen kiwifruit leaves using the MiPure Cell/Tissue miRNA Kit (Vazyme Biotech Co., Ltd, China) for miRNA and the EASYspin Plus Kit (Aidlab Biotechnologies Co. Ltd., Beijing, China) for mRNA, following the manufacturer’s instructions. To assess the quality and quantity of the extracted RNAs, we employed agar gel electrophoresis and a Nanodrop micro spectrophotometer (Thermo Scientific, Wilmington, DE, USA).

For High-throughput sequencing, we combined RNAs from three biological replicates (0.5 g per sample), each derived from at least five plants with the same concentration and volume. We used the MGIEasy Small RNA kit and the NEBNext Ultra RNA library prep kit (NEB#E7530, New England Biolabs, Ipswich, MA, USA) to construct libraries for miRNA and mRNA, respectively. The quality of the cDNA library was assessed using the DNA 1000 assay Kit (5067-1504, Agilent Technologies, Santa Clara, CA, USA) before sequencing. The sequencing was performed on MGI-2000 and Illumina HiSeq TM 2500 platforms by Gene De novo Biotechnology Co. (Guangzhou, China). The data were downloaded from the SRA database (accession number: PRJNA1009887 and PRJNA1009946).




2.4 Sequencing data analysis

The raw sequencing data were filtered to obtain clean reads for bioinformatics analysis. First, reads with 10% or higher unknown N bases and reads without the 3′adaptor or insert sequences were removed. Then, the 3′ adaptor sequences and reads < 18 nt or > 30 nt were removed. Bowtie (Langmead et al., 2009) was used to BLAST the clean reads against four databases: SILVA, GtRNAdb, Rfam, and Repbase. Candidate miRNAs were obtained by filtering out reads that were identified as ribosomal RNA (rRNA), translocation RNA (tRNA), small nuclear RNA (snRNA), small nucleolar RNA (snoRNA), or repetitive sequences.




2.5 Identification of known and novel miRNAs

We used the miRDeep-P2 (1.1.2) (Kuang et al., 2018) to compare reads that were aligned to the kiwifruit reference genome (Actinidia_chinensis_var.chinensis) (Wu et al., 2019) with known miRNA precursor sequences in the miRbase database. Reads that were identical to sequences in miRBase were considered to be known miRNAs. Potential miRNA precursor sequences were obtained by aligning the reads to the kiwifruit genome sequence. Reads that did not find matches in miRBase were identified as novel miRNAs by Bayesian model grading based on the location of the reads in the precursor sequence (including mature, star, and loop) and the energy of the precursor structure determined by RNAfold randfold. The reparameterized miRDeep2 is invoked. The length of sequences for predicting RNA secondary structure is set to 250, and a plant-specific scoring system is added to miRDeep2 (Kuang et al., 2018). Although miRDeep2 has been used mainly to identify animal miRNAs, it has been used to identify plant miRNAs after adjusting the parameters and grading system (Zhang et al., 2015).




2.6 Differential expression analysis of miRNAs

We calculated miRNA expression level using Transcripts Per Kilobase Million (TPM), which helps mitigate sequencing discrepancy ('t Hoen et al., 2008). The differential expression of miRNA between two sets of samples was analysed by DESeq2 (Wang et al., 2010; Love et al., 2014). We considered miRNAs to be differentially expressed when the log2 fold change ≥1.0 and the p-value was less than 0.001. We calculated TPM and fold change as previously described (Yu et al., 2015).




2.7 Prediction of miRNA targets and enrichment analysis

To predict the putative targets of differentially expressed known and novel miRNA candidates, we used PsRobot and TargetFinder software, following the relevant references (Allen et al., 2005; Schwab et al., 2005; Wu et al., 2012). All target genes were subjected to enrichment analysis of Gene Ontology (GO) functions and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. In GO enrichment analysis, we identified all GO terms significantly enriched in the target genes compared to the genome background. We mapped all target genes to GO terms in the Gene Ontology database (http://www.geneontology.org/). Significantly enriched GO terms (FDR corrected p-value ≤0.05) were identified using the hypergeometric test, comparing them with the genome background. For pathway enrichment analysis, we utilized the KEGG database. Pathways with FDR-corrected p-values ≤ 0.05 were considered significantly enriched pathways within the target genes.




2.8 miRNA-mRNA differential co-expression analysis

We established the association between miRNAs and their target genes by calculating Pearson correlation coefficients using the R package, based on previous research methods (Wang et al., 2019). In general, miRNA-mRNA pairs are negatively correlated because miRNAs function to downregulate their target mRNAs. Pearson correlation coefficients were calculated between each miRNA and its target mRNA. The mRNAs that are significantly inversely correlated with a particular miRNA were selected, and the P value of the correlation coefficient should be less than 0.05, and subsequently re-ran the GO functions and KEGG pathways enrichment analyses.




2.9 Expression analysis of miRNAs and predicted target genes using qRT-PCR

We employed stem-loop quantitative reverse transcription PCR (qRT-PCR) to analyse the expression of candidate miRNAs. First, we designed 25 stem-loop reverse transcription (RT) primers and forward primers specific to the selected miRNAs based on their mature sequences. These primers were designed following the instructions provided by the miRNA 1st Strand cDNA Synthesis Kit (Vazyme, China, Nanjing), which can be found at https://www.vazyme.com. For all qRT-PCR reactions, we used universal reverse primers with the sequence AGTGCAGGGTCCGAGGTATT, and Ac-AcUin (FG520231) served as the endogenous reference gene.

To validate the expression of miRNAs and target genes through qRT-PCR, we generated first-strand cDNA using the HiScript II 1st Strand cDNA Synthesis Kit (Vazyme, Nanjing, China). The primer sequences for the validation of miRNA and target gene expression are listed in Supplementary Tables S1, S2, respectively. The qRT-PCR analysis was carried out on a 7900HT Fast Real-Time PCR System (Applied Biosystems, USA) using SYBR qPCR Mix (Invitrogen). The PCR conditions involved an initial step at 95°C for 2 minutes, followed by 40 cycles of 94°C for 20 seconds, 60°C for 20 seconds, and 72°C for 30 seconds. For each qRT-PCR, we ran triplicate technical replicates, and we confirmed amplification products by analysing the melting curve and gel electrophoresis. The relative expression of miRNAs and target genes was calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001; Jiang et al., 2023).




2.10 PCR amplification and plant expression vectors construction

We applied the primers in Supplementary Table S3 to amplify these five miRNA precursors by PCR, including pre-miRNA-131-3p, pre-miRNA-29-3p, pre-miRNA-107-5p, pre-miRNA-95-3p, and pre-miRNA-215-3p (Precursor coordinates and sequences in Supplementary Table S4). The PCR products were gel purified, ligated to pMD18-T vector (Takara), and transformed into competent cells of Escherichia coli DH5α (Sambrook and Russell, 2001). Three to five independent clones were selected from each amplicon and used for DNA sequencing (Sangon Biotech, Shanghai, China). Using the In-Fusion® PCR Cloning System (Clontech), the sequenced correct miRNA precursor was cloned into the KpnI site in the pCAMBIA1305-eYGFPuv vector to form the 35S::pre-miRNA-eYGFPuv construct.




2.11 Transient expression analysis of five miRNAs

The Agrobacterium tumefaciens strain GV3101 carrying the 35S::pre-miRNA-eYGFPuv construct was cultured at 28°C on Luria-Bertani (LB) medium containing the appropriate selection antibiotic. Next, we transferred 500 μL of the culture to a new LB liquid selection medium containing 10 mM 2-(N-morpholino)-ethanesulfonic acid (MES; pH 5.6) and 40 μM acetosyringone and incubated it at 28°C in a shaker. When the bacterial culture reached an OD600 greater than 2.0, we centrifuged the cultures at 4,500 rpm for 10 minutes. The resulting precipitate was resuspended in an infiltration buffer (10 mM MES, 150 μM acetosyringone, 10 mM MgCl2), and the bacteria were incubated for 3 hours at room temperature. Subsequently, they were individually injected into 3 mature leaves from a plantlet of annual, uniformly growing kiwifruit, refer to previous methods (Wang et al., 2017; Jiang et al., 2020), using water as a control. The plants were kept at 25 °C for 5 days and inoculated with the PSA pathogens separately, referring to the method 2.2 above. After inoculation, the plants were placed in a greenhouse with a 12-hour light cycle, maintaining a temperature of 25°C during the day and 20°C at night, with humidity levels kept above 70%.

We recorded necrotic areas and disease indices at 8 days post-inoculation (dpi) following established methods (Li et al., 2015). Disease grade (DG) was evaluated according to previous reports (Luan et al., 2016). Subsequently kiwifruit leaves were rinsed with deionized water and immersed in Tepan blue staining solution (consisting of 10 ml deionized water, 10 ml lactic acid, 10 ml glycerol, 10 ml water-saturated phenol, and 10 mg of Tepan blue dye) in a boiling water bath for 1 minute. Afterward, they were placed at room temperature, protected from light, and allowed to stain overnight. The leaves that had been stained overnight were then transferred to 95% ethanol and boiled in a water bath for 10 minutes to remove excess stain. After cooling, they were placed in a new 95% ethanol solution, stored at room temperature, and photographed. Images of the leaves were captured, and spot diameters were measured.




2.12 Agrobacterium tumefaciens-mediated genetic transformation of kiwifruit

The method of Agrobacterium tumefaciens-mediated genetic transformation of kiwifruit was mainly referred to the previous reports (Uematsu et al., 1991; Herath et al., 2020; Yao et al., 2023), and the detailed steps were as follows:

Colonies of Agrobacterium tumefaciens GV3101 carrying expression vectors were selected and cultured in LB medium at 28°C and 220 rpm overnight. The organisms were collected by centrifugation at 5000 g for 10 minutes, and then re-suspended in 1/2 MS liquid medium (containing 20 g/L sucrose and 100 µM acetosyringone, pH 5.6), with the OD600 adjusted to 0.5.

New leaves of aseptic kiwifruit seedlings were cut into leaf discs approximately 0.5 cm in size, with the leaf dorsal side facing down. These leaf discs were then cultured on a pre-culture medium MS (containing 2 mg/L 6-BA + 0.2 mg/L NAA + 30 g/L sucrose + 7 g/L agar) in darkness for 3 days. At the end of the pre-culture period, the leaf discs were soaked in an Agrobacterium infestation solution for 10 minutes. Subsequently, the bacterial solution was removed by blotting with sterile filter paper, and the leaves were incubated dorsal side down in the dark on a co-culture medium MS (containing 2 mg/L 6-BA + 0.2 mg/L NAA + 100 µM acetosyringone + 30 g/L sucrose + 7 g/L agar) for 2 days.

At the end of the co-culture period, the explants were washed with sterile water, blotted on filter paper, and placed on a screening medium MS (containing 2 mg/L 6-BA + 0.2 mg/L NAA + 250 mg/L Carbenicillin + 10 mg/L Hygromycin B + 30 g/L sucrose + 7 g/L agar) to induce resistant buds. The medium was changed approximately every 20 days during this period. Resistant regeneration buds were obtained after 35 days, and in about 30 days, when the resistant buds grew to about 2-3 cm in size, they were excised and inoculated into a rooting medium 1/2 MS (containing 0.7 mg/L IBA + 250 mg/L Carbenicillin + 10 mg/L Hygromycin B + 30 g/L Sucrose + 7 g/L agar) to induce rooting, and after 2 month, the well-rooted plants were transplanted to the substrate and the genomic DNA of the leaves was extracted. The presence of the transgene in the regenerated plants was further confirmed by PCR using a pair of primers specific for hygromycin (R) and eYGFPuv (Supplementary Table S3). qRT-PCR was used to detect the abundance of miRNA-215-3P and miRNA-29-3P in selected positive overexpression lines. 8 months later, 3-6 branches of transgene-positive plants were grafted onto 3-year-old “Hongyang” kiwifruit rootstocks for further growth, and one year later, the transgenic plants were analysed for disease resistance.




2.13 Resistance analysis of miRNAs transgenic kiwifruit to PSA

Branches of WT and miRNA transgenic kiwifruit plants, with similar thickness, were inoculated with 20 μL of PSA suspension in the phloem of the branches. Three branches from each plant were selected for the injection experiments, and at least six plants were inoculated with each material.

Following inoculation, the plants were placed in a greenhouse with conditions set at 20 ± 1°C and 16 hours of light per day. Necrotic areas and disease indices were recorded at 14 dpi, following established protocols (Li et al., 2015). Disease grade (DG) was evaluated as previously described (Luan et al., 2016).

The abundance of PSA growth was determined by measuring the expression levels of the PSA bacterium avrE1 gene in kiwifruit leaves using qRT-PCR (Jayaraman et al., 2020). Branch images were taken, and the area of infection was calculated and analysed using the software ImageJ (http://imagej.net). Additionally, leaves were collected to measure the content of malonaldehyde (MDA), as described in previous studies (Li et al., 2015).





3 Results



3.1 Identification and transcriptome analysis of miRNAs under PSA infection

We first applied M221 to infest red sun kiwifruit leaves to verify its virulence, and found that kiwifruit leaves began to be affected at 2 days of PSA treatment and were most severely affected at 14 days, compared to the control (image not shown). Subsequently, we initiated high-throughput sequencing of kiwifruit leaf samples subjected to PSA infection and control samples. The results indicated that the effective data yield for both groups of samples ranged from 24.50 million to 24.93 million reads. The comparison rate with the kiwifruit reference genome (Wu et al., 2019) was between 73.12% and 80.06%. Reads annotated to the non-coding RNA database accounted for 13.89% to 9.80% of the total, and 442 miRNAs were identified, with lengths mainly in the range of 21-24 bases, with 24 bases being the most common length (Supplementary Figure S1B).

A total of 430 miRNAs were identified in all control samples, with 28 of them absent from the PSA samples. In the PSA samples, 414 miRNAs were identified with 12 of them absent from the control samples (Supplementary Figure S1C). Among all identified miRNAs, some conserved structural domains were found at positions 18-24 (Supplementary Figure S1D).

Further analysis revealed 364 differentially expressed miRNAs (DEMs) with a log2 value of ≥1.5-fold difference and a p-value less than 0.001. These included 251 up-regulated and 113 down-regulated expressions (Supplementary Table S4). In parallel, RNA-seq analysis identified 7170 differentially expressed genes (DEGs), comprising 2419 up-regulated and 4751 down-regulated genes (Supplementary Table S5).

The miRNA-mRNA differential co-expression analysis unveiled that 133 miRNAs had up-regulated expression, corresponding to 625 target genes with down-regulated expression (Supplementary Figure S1E). Additionally, 47 miRNAs exhibited down-regulated expression, corresponding to 16 genes with up-regulated expression (Supplementary Figure S1E; Supplementary Table S6).




3.2 Target gene prediction of DEMs

Using two different software programs, target gene prediction for DEMs revealed that 364 miRNAs corresponded to 31039 target genes (Supplementary Figure S2A). Previous studies have reported that resistance genes typically include several highly conserved structural domains, such as the Nucleotide-binding site (NBS) structural domain, Leucine-rich repeat (LRR) structural domain, Toll/Interleukin-1 Receptor-like (TIR), Coiled-coil (CC), and RPW8 (resistance to powdery mildew 8) (Marone et al., 2013; Shao et al., 2016). It’s noteworthy that over 80% of the plant resistance genes identified to date belong to the NBS-LRR protein family (Shao et al., 2016). Additionally, WRKY transcription factors (Jimmy and Babu, 2015; Xu et al., 2015) and E3 ubiquitin ligases (Yu et al., 2013; You et al., 2016) have been frequently associated with plant disease resistance responses, Furthermore, it has been shown that key genes regulating processes such as auxin signal transduction, reactive oxygen species metabolism and DNA methylation, such as the MYB transcription factor and the growth hormone response factor ARF, are highly involved in miRNA-mediated plant-bacteria interactions (Dunoyer et al., 2006; Li et al., 2010).

In this study, we assessed the target genes of DEMs containing the mentioned domains. Our findings showed that among the target genes, 377 contained LRR domains (Involving 319 miRNAs), 167 contained NBS-LRR domains (Involving 322 miRNAs), 9 had NBS domains (Involving 64 miRNAs), 46 contained CC domains (Involving 226 miRNAs), 3 had CC-NBS domains only (Involving 49 miRNAs), 1 contained the Rx_N-NBS domain (Involving 16 miRNAs), 1 contained the RPW8-NBS domain (Involving 15 miRNAs). Additionally, we identified 114 WRKY transcription factors (Involving 246 miRNAs), 673 E3 ubiquitin ligases (Involving 334 miRNAs), 5 genes containing TIR structural domains (Involving 12 miRNAs), 151 MYB transcription factors (Involving 284 miRNAs) and 167 ARF (Involving 271 miRNAs) (Supplementary Figure S2B; Supplementary Table S7).




3.3 GO enrichment analysis of target genes

Performing GO enrichment analysis on the predicted target genes can provide valuable insights into the functions of miRNAs. In the biological process aspect, it was observed that the majority of ;the target genes were associated with cellular processes (8563 genes), metabolic processes (7913 genes), bioregulation (2694 genes), bioprocess regulation (2458 genes), response to stimuli (1659 genes), localization (1544 genes), and organization of cellular components or biogenesis (1488 genes) (Supplementary Figure S2C). In the cellular component aspect, most of the target genes were linked to cell membrane components (9146 genes), cell membrane components (8747 genes), cells (7446 genes), and organelles (5962 genes) (Supplementary Figure S2C). Regarding the molecular function aspect, a significant number of genes were associated with connectivity (12617) and catalytic activity (11927) (Supplementary Figure S2C; SupplementaryTable S8).




3.4 Determination of miRNAs in response to PSA treatment

We used qRT-PCR to further assess the expression levels of miRNAs under PSA treatment. Considering the miRNA families and their expression patterns, we selected 25 miRNAs, which included 3 miRNA156, 1 miRNA159, 1 miRNA160, 1 miRNA164, 2 miRNA166, 2 miRNA167, 1 miRNA171, 1 miRNA172, 1 miRNA390, 2 miRNA393, 1 miRNA396, 1 miRNA397, 2 miRNA398, 3 miRNA399, 1 miRNA408, and 2 miRNA482 family miRNAs. The results indicated that after 12 and 48 hours of PSA treatment, two miRNAs showed a significant down-regulation in expression, while three miRNAs exhibited a noticeable up-regulated in expression. These findings were consistent with the results obtained through high-throughput sequencing (Figure 1).




Figure 1 | Screening of PSA-responsive miRNAs. Expression levels of 25 miRNAs were examined by qRT-PCR under PSA treatment for 12 h and 48 h. The expression level of each miRNA was calculated relative to that of the respective untreated control samples. Kiwi Ac-AcUin (FG520231) was used as an internal control to normalise the expression data. Different colours represent different treatments. X-axis red markers represent screened candidate PSA-responsive miRNAs and error bars represent standard deviations calculated based on three biological replicates.






3.5 Functional validation of miRNAs in response to PSA

To further confirm the functions of these five miRNAs, we constructed five transient overexpression vectors under the control of the 35S promoter (Figure 2A). We subsequently transiently overexpressed these vectors in kiwifruit leaves and detected changes in the expression levels of the 5 miRNAs by qRT-PCR, and found that the expression levels of the 5 miRNAs increased 6-10-fold after 5 days (Figure 2B), at which time PSA treatment was performed. We evaluated disease indices, relative lesion diameters, and the number of dead cells in kiwifruit leaves on the 8th day after PSA treatment. The results showed that the disease index, relative lesion diameter, and number of dead cells in kiwifruit leaves overexpressing miRNA-215-3p and miRNA-29-3p were significantly higher compared to those in WT plants (Figures 2C–J). This indicates that the overexpression of miRNA-215-3p and miRNA-29-3p increased the plant’s susceptibility to PSA. These miRNAs may play a role in the kiwifruit’s response to PSA infection.




Figure 2 | Validation of 5 miRNAs for PSA response functions by transient overexpression analysis in kiwifruit leaves. (A) Schematic diagram of the gene cassette used for the overexpression of 5 miRNAs in kiwifruit. (B) The relative expression level of the 5 miRNA was calculated relative to the expression in the respective untreated control samples (0 h). Kiwifruit Ac-AcUin (FG520231) was used as an internal control to normalize the expression data. Different colours represent different treatments. The error bars represent the standard deviation calculated based on three biological replicates. (C–H) After transient overexpression of the 5 miRNAs in kiwifruit leaves, photographs of plant leaves after placenta blue staining and decolourisation were performed on the 8th day after PSA treatment. Scale bars = 1 cm. (I) Disease index (%) at 8 days after PSA inoculation. Control: transient overexpression of empty vector. (J) Relative lesion diameter. Data are mean ± SE of three independent experiments. Double asterisks indicate highly significant differences between samples.






3.6 Functional identification of miRNA-215-3p and miRNA-29-3p

To understand the functions of miRNA-215-3p and miRNA-29-3p, we constructed transgenic plants for these two miRNAs separately. Four-week-old kiwifruit seedlings, including both the WT and three representative positive transgenic lines, were transferred to pots and allowed to grow for an additional 2 weeks before genetic testing. After this 2-week growth period, we conducted qRT-PCR analysis to assess the expression levels of miRNA-215-3p and miRNA-29-3p in their leaf tissues. The results showed that miRNA-29-3p was approximately 7.2, 6.9, and 7.4 times more abundant in all overexpression lines compared to WT plants (Figure 3A), while miRNA-215-3p was around 7.9, 7.4, and 8.1 times more abundant in all overexpression lines compared to WT plants (Figure 3B). Subsequently, after 14 days of PSA treatment, all overexpression plants of miRNA-215-3p and miRNA-29-3p exhibited more severe infections compared to WT plants (Figures 3C–I). This observation aligns with the results of the transient overexpression PSA treatments of these two miRNAs (Figures 2B–I). Further examination of PSA replication abundance confirmed higher PSA concentrations in all overexpression plants of miRNA-215-3p and miRNA-29-3p after 24h post-inoculation (Figure 3M). Additionally, the MDA content was higher in all overexpression plants relative to the WT-shaped plants, indicating severe damage. In summary, these findings suggest that miRNA-215-3p and miRNA-29-3p act as negative regulators of the kiwifruit’s response to PSA.




Figure 3 | Functional validation of miRNA-29-3p and miRNA-215-3p transgenic kiwifruit against PSA infection. (A, B) Quantitative real-time PCR analysis of the abundance of miRNA-29-3p and miRNA-215-3p in WT, miRNA-29-3p overexpressing (A), and miRNA-215-3p overexpressing (B) kiwifruit lines. (C–J) The stem phloem of 1-year-old transgenic plants was treated with PSA, and after 14 days, the phloem tissue was scraped off to take photographs (scale bar = 1 cm). (K, L) Infection site assays on kiwifruit plants 14 days after infection with PSA showed that WT and overexpressing kiwifruit lines had disease indices and relative lesion diameter. (M) Transcript accumulation of PSA avrE1 gene in these inoculated plants 24 h after inoculation with PSA. (N) MDA content of the leaves from WT, and overexpressing lines at 14 days after inoculation with PSA. Data are the means ± SEs from three independent experiments. Double asterisks indicate highly significant differences between samples.






3.7 Identification of candidate target genes

Both miRNA-215-3p and miRNA-29-3p belong to the plant miR482/2118 microRNA superfamily. miRNAs from this family have frequently been linked to plant pathogenicity, with many members known to target NBS-LRR resistance genes, thereby influencing plant resistance (de Vries et al., 2015; Zhang et al., 2016).

In this study, we identified 29 and 7 potential NBS-LRR target genes designated as DRP (Disease resistance protein), for miRNA-215-3p and miRNA-29-3p, respectively. Intriguingly, we found that these two miRNAs shared 5 common DRPs (Figure 4A; Supplementary Tables S7, S9). Suggesting that miRNA-215-3p and miRNA-29-3p may be involved in multiple pathogenic microbial stress responses through extensive regulation of DRPs, and they may have functional redundancy and co-regulate 5 DRP-like target genes involved in PSA stress response. Firstly, we examined the expression levels of the 5 DRP target genes co-regulated by both of them by qRT-PCR, which revealed significant down-regulation of DRP1, DRP2, and DRP12 in miRNA-215-3p and miRNA-29-3p overexpressed lines. Additionally, DRP9 was down-regulated exclusively in miRNA-215-3p overexpressed plants, while DRP10 remained unaffected (Figures 4B–F). Secondly, we analysed the expression patterns of these four DRP genes in response to PSA treatment, and the expression levels of all four DRPs were significantly reduced on the first and second days after PSA treatment (Figures 5A–D). This behaviour contrasts with the expression trends of miRNA-215-3p and miRNA-29-3p (Figure 1), providing additional evidence supporting the interaction between miRNA-215-3p, miRNA-29-3p, and these 4 target genes.




Figure 4 | Screening of NBS-LRR target genes (named disease resistance protein, DRP) regulated by miRNA-215-3p and miRNA-29-3p. (A) Prediction of DRPs regulated by miRNA-215-3p and miRNA-29-3p, and they regulate 29 and 7 potential DRPs (blue), respectively, and co-regulate 5 DRPs (red). (B–F) Expression of 5 DRPs was analysed by qRT-PCR in overexpressing miRNA-215-3p and miRNA-29-3p strains 24 h after inoculation with PSA. The relative expression levels of each DRP were calculated relative to the expression levels of the WT samples. Kiwi Ac-AcUin (FG520231) was used as an internal control to normalise the expression data. Error bars represent standard deviations calculated based on three biological replicates. Double asterisks indicate highly significant differences between samples.






Figure 5 | Expression pattern analyse of these four DRPs under PSA treatment. (A–D) The expression levels of the four DRPs in kiwifruit leaves were measured by qRT-PCR from 1 to 5 dpi after PSA spraying. Data are means ± SE of three independent experiments; single asterisks indicate significant differences between samples, and double asterisks indicate highly significant differences between samples.



The results imply that miRNA-215-3p and miRNA-29-3p do have functional redundancy and divergence, and are involved in plant response to PSA pathogens, either jointly or individually, by regulating multiple DRPs. In addition, there should be many more potential DRPs involved in a wide range of pathogenic microbial stress responses to be further explored. The present study provides insights into the critical role of miRNA482-NBS-LRR network in enhancing biotic resistance to PSA infestation in kiwifruit, and provides promising candidate genes for further studies.





4 Discussion

Kiwifruit, an economically significant fruit globally, faces a formidable challenge in the form of bacterial canker disease caused by Pseudomonas syringae pv. actinidiae (PSA). This disease profoundly hinders the sustainable growth of the global kiwi industry. The pathogen was initially identified in the Hayward variety (A. chinensis var. deliciosa) in Japan in 1989 (Yuichi et al., 1989), and has since surfaced in other countries (Koh, 1994; Mazarei and Mostofipour, 1994; Scortichini, 1994; Ferrante and Scortichini, 2009). Bacterial canker disease, known for its robust transmission capabilities, has progressively evolved into an epidemic, causing symptoms like wood tissue cankers, leaf spots, bud rot, and, in severe cases, plant fatality and orchard devastation. What adds to the gravity of the situation is that virtually all major kiwifruit varieties are susceptible to PSA infection. Notably, the kiwifruit variety ‘Hort16A’ (Actinidia chinensis var. chinensis ‘Hort16A’), which garnered considerable attention and investment in the early 21st century, fell prey to PSA susceptibility. Since November 2010, ‘Hort16A’ kiwifruit has been grappling with a widespread bacterial canker disease outbreak, inflicting substantial economic losses upon New Zealand in just a few years (Vanneste, 2017). Following extensive exploration of diverse control methods, researchers have concurred that one of the most economically viable measures entails selecting PSA-resistant kiwifruit varieties (Beatrice et al., 2017; Vanneste, 2017). However, there is a dearth of reports concerning resistance-related genes in kiwifruit. Therefore, the identification and development of these genes in kiwifruit assume paramount importance.

The discovery of miRNA represents a pivotal advancement in the field of RNA research, unveiling a regulatory mechanism inherent in non-coding regions. As vital small RNA molecules deeply implicated in post-transcriptional regulation, miRNAs identify target genes through complementary pairing with plant mRNAs. This recognition triggers the degradation of target mRNAs or inhibits gene translation, ultimately suppressing the expression of these target genes (Bartel, 2009). miRNAs actively partake in the orchestration of plant growth, development, hormone signal transduction, and responses to biotic and abiotic stresses.

However, it’s worth noting that current miRNA research predominantly revolves around model crops and staple cereals like Arabidopsis, tobacco, rice, wheat, soybean, and maize. Fruit trees, on the other hand, have received comparatively limited attention. Most investigations in the realm of fruit trees have centred on the identification of miRNAs and the prediction of their target genes. Research thus far has indicated that most of the plant and fruit tree miRNAs are evolutionarily conserved, with the identified fruit tree miRNAs often aligning with established microRNA families. Nonetheless, a substantial number of conserved and non-conserved miRNAs, as well as fruit tree-specific miRNAs, remain to be unearthed and characterized. Fruit trees, characterized by protracted growth cycles and intricate genetic mechanisms, present unique challenges in terms of obtaining transgenic plants. Therefore, it becomes imperative to redouble efforts aimed at exploring and comprehending the roles of miRNAs in fruit tree growth, development, and stress resilience.

Despite significant breakthroughs in the study of plant miRNAs, encompassing miRNA identification, target gene prediction, and their roles in plant growth and stress response, there are still several unresolved issues persist (Chen, 2009). These include:

	The synthesis and regulation of specific miRNAs.

	The mechanism by which miRNAs select between inhibiting target gene expression or gene cleavage.

	The limitations of current methods for predicting miRNA target genes based solely on base complementarity.

	The origin of miRNAs and their significance in biological evolution.

	The existence of multiple cross-regulatory mechanisms in miRNA-mediated gene regulation.



These challenges have constrained the functional study of plant miRNAs, with only a small fraction having had their functions discovered relative to the total number of miRNAs. In the future, unravelling the regulatory mechanisms of miRNAs on their target genes and identifying the functions of miRNAs involved in plant disease resistance will stand as pivotal themes in miRNA research.

In this study, our focus was on exploring the miRNAs involved in the immune response triggered by the pathogen-associated molecular patterns (PAMPs) of PSA in kiwifruit plants and identifying the target genes related to disease resistance. Firstly, we identified and analysed the miRNAs and transcriptome under PSA infection, resulting in the discovery of 442 miRNAs and 4332 siRNAs. Among these miRNAs, 175 belonged to known miRNA families and 267 were newly identified miRNAs. Differential expression analysis revealed that 364 miRNAs exhibited more than a 2-fold difference in expression between PSA-infected and control samples (Supplementary Table S4). RNA-seq analysis, on the other hand, identified 7170 differentially expressed genes (DEGs), comprising 2419 up-regulated and 4751 down-regulated genes (Supplementary Table S5). Co-expression analysis of miRNA-mRNA revealed that 180 miRNAs were associated with 641 down-regulated target genes (Supplementary Table S6). However, it is important to note that the differentially expressed mRNAs identified through RNA-seq analysis did not always match the predicted miRNA target genes, potentially due to the prediction methods and parameters employed for target gene prediction.

It’s well-established that miRNAs can regulate immune responses triggered by PAMPs of plant pathogens, as well as immune responses initiated by effector proteins. Notably, DRP class disease resistance genes serve as primary targets (Li et al., 2012). For instance, miR159a, miR172a, miR172b, and miR845a have been reported to participate in disease resistance and induce programmed cell death in various plants, including Arabidopsis (Mica et al., 2009). Building on this knowledge, Zhang et al. (2016) proposed a co-evolution model of plant miRNAs and disease resistance genes, based on a comprehensive analysis of disease resistance genes and an extensive dataset of miRNA data from 70 land plants, and found that different miRNAs regulate the expression of disease resistance genes through conserved domains (Zhang et al., 2016). To better explore PSA-responsive miRNAs, we classified target genes based on their domains, with a specific focus on NBS-LRR domain genes. As a result, we identified 364 miRNAs that targeted 167 genes containing DRP domains. However, it’s important to note that our RNA-seq data did not detect the expression of many DRP genes, warranting further analysis to understand the underlying reasons for this observation.

Literature reports have shown that miRNAs such as miR393, miR156, miR159, miR160, miR166, miR167, miR391, and miR398 play crucial roles in the plant immune response to bacterial infection (Dunoyer et al., 2006; Navarro et al., 2006; Li et al., 2010). This study represents the first report of miRNAs involved in plant bacterial infection in kiwifruit, as we confirmed the response of five miRNAs to PSA infection using qRT-PCR. However, our analysis was limited to time points at 12- and 48-hours post PSA infection, possibly missing some PSA-responsive miRNAs. Notably, we observed a significant down-regulation of miRNA198-3p following PSA treatment, which contradicted the high-throughput sequencing results. Subsequently, we validated the involvement of two miRNA482 family miRNAs, miRNA-215-3p and miRNA-29-3p, in the kiwifruit immune response to PSA by regulating several DRP resistance genes. These findings lay a robust foundation for dissecting the mechanism of PSA resistance in kiwifruit.
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Supplementary Figure 1 | Identification and characterization of differentially expressed miRNAs (DEMs) and genes (DEGs) between CK and PSA treatment samples. (A) Statistical data of the RNA-Seq reads for two groups of 6 samples. (B) The distribution of repeat group lengths is plotted. The X-axis represents the different lengths of Clean Reads, and the Y-axis represents the corresponding number of Clean Reads bars. Each colour represents a repeat group, and black line segments inside the bars indicate the maximum and minimum values of the number of copies for reads of that length in samples corresponding to that group. (C) A Venn diagram shows DEMs commonly expressed in both CK and PSA treatment samples, as well as those specifically expressed in one but not the other. (D) Predicted distribution of nucleotides in miRNAs. Distribution charts of the first nucleotide and each position for miRNAs with different lengths, where larger bars indicate higher proportions. (E) Analysis of DEMs, DEGs, and differential co-expression of miRNA-mRNA.

Supplementary Figure 2 | Prediction of target genes regulated by DEMs and GO enrichment analysis. (A) The number of target genes regulated by DEMs predicted by different software. (B) Classification of target genes according to the conserved structural domains in their protein sequences. (C) GO enrichment analysis of target genes regulated by DEMs. The x-axis represents the number of genes, and the y-axis represents the GO functional classification. The horizontal coordinate is the number of differentially small RNA target genes (the number is squared for graphical appearance), and the vertical coordinate represents GO terms; there are three categories of GO terms in total, marked with different colours.
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The Sogatella furcifera (Horváth) (Homoptera: Delphacidae) is a white-backed planthopper (WBPH) that causes “hopper burn” in rice, resulting in severe yield loss. Gamma-aminobutyric acid (GABA) is a well-known neurotransmitter that inhibits neurotransmission in insects by binding to specific receptors. In this study, we investigated the potential role of GABA in modulating rice resistance to WBPH and evaluated possible defense mechanisms. The experiment was conducted in green house in pots consist of four groups: control, GABA-treated, WBPH-infested, and WBPH-infested treated with GABA. Among the various tested concentration of GABA, 15 mM GABA was applied as a single treatment in water. The treatment was administered one week before WBPH infestation. The results revealed that 15 mM GABA treatment strongly increased WBPH resistance. A plate-based assay indicated that direct application of 15 mM GABA increased the mortality rate of WBPH and increased the damage recovery rate in rice plants. We found that GABA treatment increased the activation of antioxidant enzymes and reduced the reactive oxygen species content and malondialdehyde contents, and reduced the damage rate caused by WBPH. Interestingly, GABA-supplemented plants infested with WBPH exhibited increased phenylalanine ammonia-lyase and pathogenesis-related (PR) genes expression levels. GABA induced the accumulation of abscisic acid (ABA) and salicylic acid (SA) and enhanced the stomata closure and reduced leaf vessels to reduce water conductance during WBPH stress. Furthermore, we found that GABA application to the plant induced the expression of Jasmonic acid (JA) biosynthesis genes (LOX, AOS, AOC, and OPR) and melatonin biosynthesis-related genes (TDC, T5H, ASMT, and SNAT). Our study suggested that GABA increases resistance against WBPH infestation by regulating antioxidant defense system, TCA cycle regulation, phytohormonal signaling, and PR gene regulation.
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1 Introduction

In Asia, the white-backed planthopper (Sogatella furcifera; WBPH) is the most abundant and detrimental pest found in rice fields (Horgan et al., 2020). This insect ingests plant cell sap, causing “hopper burn” and severely infests paddy fields and reduces yield (Suri and Singh, 2011). In plants, WBPH infestation causes dwarfism and is marked by a reduction in leaf area, dry matter, nitrogen concentration in stems and leaves, and photosynthesis rate (Prasad et al., 2010). WBPH can also indirectly damage rice by acting as a vector for viruses such as rice black streak dwarf virus-2 and southern rice black streak dwarf virus (Zhang et al., 2008; Zhou et al., 2008). The WBPH has emerged as a significant threat to rice yields, capable of causing considerable damage and reducing crop yield significantly, with reported losses in Japan ranging from 10 to 90% depending on the severity of infestation (Khatri et al., 1983). It has been reported in 1983 that the infestation of WBPH at levels ranging from 15 to 200 insects per rice hill resulted in percentage losses of paddy rice ranging from 11-37% across different growth stages and exposure periods, with the lowest population level of 15 insects per hill causing 13-37% loss depending on the growth stage and duration of exposure (Khatri et al., 1983). In South Korea, WBPH migrates from Southern China between the end of June and beginning of July, when rice is at the seedling stage and most susceptible (Kim et al., 2021). This pest induces stress in plants through generation of reactive oxygen species (ROS), which leads to cellular damage, programmed cell death, and reduced plant yield.

Gamma-aminobutyric acid (GABA) is a non-proteinogenic amino acid found in all plants. It is a four-carbon amino acid synthesized by decarboxylation of glutamate in the cytosol and plastid and plays an important role in plant growth and development (Scholz et al., 2015; Jalil et al., 2019; Du et al., 2020). It synthesized from glutamate through a series of reactions (GABA shunt), catalyzed by glutamate decarboxylase (GAD) followed by conversion to succinate through two reactions catalyzed by GABA transaminase (GABA-T) and succinic semialdehyde dehydrogenase (SSADH) (Khan et al., 2021b). Succinic acid is not involved directly in stress resilience, however studies have shown that it is involved in TCA cycle and enhance plant energy during environmental stress. It is reported that exogenous GABA enhanced indigenous GABA level which is metabolize to succinic acid and fed into the TCA cycle (Hijaz and Killiny, 2019). GABA is involved in plant defense systems against both abiotic and biotic stress. Commonly, plants induce calcium ion (Ca2+) production in response to stress, resulting in the formation of a Ca2+/calmodulin complex. This complex is recognized by GAD in the cytosol, triggering accumulation of GABA. GABA can then enter into the tricarboxylic acid (TCA) cycle and maintain carbon and nitrogen equilibrium, or it can inhibit ROS generation via activation of antioxidant enzymes (Li et al., 2021b). GABA may also act as a signaling molecule for activation of biomolecules in plants against various stresses. Briefly, abiotic and biotic stress induces GABA accumulation in plants, which enhance tolerance to stress.

The stresses that induce GABA accumulation are; low O2, low and high temperature, drought stress, salt stress, heavy metal stress, pests infestation, bacteria, and fungi infection (Shelp et al., 2021). Therefore, some studies propose that GABA might control various pathways in cell metabolism and stress responses simultaneously however, these mechanisms are not fully understood yet (Kumar et al., 2017). Several studies have reported that both genetic manipulation of endogenous GABA and application of exogenous GABA modulate plant stress tolerance. For instance, tobacco and Arabidopsis with endogenously elevated GABA display enhanced tolerance to attack by Agrobacterium, Pseudomonas, insect larva, and root-knot nematode compared to wild plants (Lancien and Roberts, 2006; Eisenach et al., 2017; Van Kleeff et al., 2018; Saito and Uozumi, 2019; Kar et al., 2021). However, tomato plants with low GABA levels showed reduced tolerance to Ralstonia infection (Chen et al., 2013). A recent study also reported that GAD mutation, which reduces GABA, glutamine, and alanine levels in Arabidopsis resulted in Pst and Pst-avrRpt2 susceptibility (Deng et al., 2020). Many studies have reported that GABA accumulates in plants during mechanical stimulation and tissue damage, which is likely a component of the plant defense system against herbivorous insects (Wallace et al., 1984; Ramputh and Bown, 1996; Bown et al., 2006; Huang et al., 2011; Mithöfer and Boland, 2012). GABA is known to target the nervous system of invertebrates; therefore, high concentrations could inhibit the neuronal transmission of insect nervous system and act as a defense tool against herbivorous insects (Huang et al., 2011; Tarkowski et al., 2020). It has been reported by Irving et al., 1979, that GABA inhibit the neuromuscular junction of the insects and causes insect paralysis (Irving et al., 1979). They injected different compounds including GABA into Lucilia sericata larva by using specialized Agla syringe fitted with a Gillette 26G hypodermic needle. However, there was a lack of specific concentrations for each compound mentioned. Nevertheless, it was noted that the effective concentration of the injected doses was sufficiently low to be physiologically relevant. Additionally, Casida and Durkin, 2015 explained that, GABA helps regulate muscle activity. When a pesticides act as GABA agonists, they mimic GABA and activate the Cl- channels, causing an excessive flow of chloride ions. On the other hand, when a pesticides act as GABA antagonists, they block the Cl-channels, preventing chloride ions from moving. Both actions disrupt the normal muscle activity of the pests, which can lead to insect paralysis and death (Casida and Durkin, 2015). Exogenous application of GABA also increases endogenous GABA levels in plants and enhances tolerance to several abiotic stresses (Shelp et al., 2021). Plant generates ROS in the form of free radicle during stress condition which causes oxidative stress. Previous study demonstrated that GABA has the capability to scavenge the free radicle and reduce the ROS which results into reduced oxidative stress (Smirnoff and Cumbes, 1989). GABA on the other hand reduces ROS indirectly by enhancing antioxidant enzymes such as SOD, glutathione (GSH) and GPX. These enzymes also scavenge free radical and reduce oxidative stress. Another study demonstrated that increased endogenous GABA accumulation regulates non-enzymatic antioxidants (ascorbic acid, reduced glutathione, and phenol), enzymatic antioxidants (superoxide dismutase, ascorbate peroxidase, glutathione reductase, glutathione peroxidase, glutathione S-transferase, and catalase), and osmolytes including amino acids (Shelp et al., 2021). Furthermore, studies have shown that application of GABA to tomato and pear plants reduces biotic stress from fungal pathogens via induction of catalase and peroxidase antioxidant enzymes and inhibits plant cell death caused by ROS (Yu et al., 2014; Fu et al., 2017; Yang et al., 2017). Several studies have also reported that GABA increases nitric oxide, which is linked with the antioxidant defense system and regulation of gene expression (Kalhor et al., 2018; Tang et al., 2020; Ageeva-Kieferle et al., 2021). GABA induces stress tolerance through regulation of hormonal pathways, such as abscisic acid (ABA), salicylic acid (SA), and jasmonic acid (JA), which control expression of stress related genes and transcriptional factors (Renault et al., 2011; Scholz et al., 2015; Li et al., 2019; Podlešáková et al., 2019). Overall, the existing literature suggests that GABA reduces ROS generation, lipid peroxidation, and electrolytic leakage (restoring ion homeostasis), and that it enhances membrane stability. Therefore, there is strong evidence supporting the involvement of GABA in the plant defense system.

One of many potential pathways by which GABA regulates the plant defense system is via modulation of melatonin and JA. GABA is known to enhance the biosynthesis of melatonin in animals, although it is unclear if this occurs directly or indirectly (Kazula et al., 1993). In plants, GABA has been shown to have a synergistic association with melatonin; however, its precise effect on melatonin biosynthesis is not yet known (Lv et al., 2023). Application of melatonin to plants increases defense-related enzyme activity, reduces oxidative stress via antioxidant enzyme activation, and enhances jasmonate content (Liu et al., 2019). Jasmonates, including JA, are important hormone regulators of plant growth and development and are known to enhance resistance against necrotrophs via regulation of defense-related genes (Norman-Setterblad et al., 2000; Fonseca et al., 2009; Sherif et al., 2016).

The effect of exogenous GABA treatment on the stress response induced by WBPH infestation in rice plants has not yet been investigated. Therefore, the present study aimed to quantify GABA induced WBPH resistance in rice plants and evaluate its possible mechanisms. The main focus of the study was to explore the role of GABA in regulation of the antioxidant defense system, TCA cycle enzymes, phytohormone signaling, and water conductance in the setting of WBPH infestation. We hypothesized that exogenous application of GABA induces melatonin biosynthesis, leading to production of JA that regulates expression of pathogenesis-related (PR) genes.




2 Materials and methods



2.1 Plant material and experimental design

Rice cultivar Ilmi (wild type), obtained from the Plant Molecular Breeding Lab, Kyungpook National University (South Korea) was used as experimental material in this study. The Ilmi rice population was maintained in the Gunwi field, a territory of Kyungpook National University, Daegu, South Korea. All experiments were conducted in the greenhouse in pots. Greenhouse conditions were maintained at 16/8 h dark/light photoperiod, 28°C/26°C temperature, and 60% humidity (Park et al., 2022). The greenhouse used in this study was tent shape, made up of transparent class and the length was 10.2 m, width was 6.6 m, height from side was 2.6 m, and at the middle height was 3.5 m. WBPH, used as herbivorous pest, was provided by the Rural Development Administration of Jeonju, South Korea. The WBPH population was maintained in the insectarium at Kyungpook National University, South Korea. WBPH were kept in separate room in the greenhouse where they were maintained under the same environmental and light conditions as the greenhouse itself. GABA, used as pest stress inhibitor, was obtained from Sigma-Aldrich, (Steinheim, Germany). Uniformly sized seeds of Ilmi rice were soaked in Spotak fungicide (Hankooksamgong, Seoul, South Korea), then placed in an incubator at 33°C for 3 days under dark conditions, as previously described (Kim et al., 2022). The soaked and sprouted seeds were transferred to plastic tray of 50 wholes, (specialized tray for rice growth), and after 30 days, the seedlings were transferred to pots. The plants were grown in specialized soil (Doobaena Plus) provided by Nongkyung Co. Ltd, Korea. The experiment was designed with three biological replicates, each consisting of four groups: control plants, GABA-treated plants, WBPH infested plants, and WBPH infested plants treated with GABA (WBPH+GABA). To identify the optimal GABA concentration, various concentrations (5 mM, 10 mM, and 15 mM) were pre-screened for their effects on seed germination and seedling growth on a plate base. The rice seeds were placed on a three-layered paper within the petri plate, and 5 mL of each GABA concentration in solution were added and then covered the petri plate with lid and grow the seedling for ten days (Supplementary Figure S1). Plants were treated with 15 mM GABA (GABA mixed in water and applied as a solution directly as a single treatment) one week before WBPH infestation. The WBPH and WBPH+GABA-treated plants were separately kept in insectarium and infested with100 WBPH per plant.




2.2 Histochemical staining and quantitative H2O2 and O2•- assays

In situ staining for hydrogen peroxide (H2O2) was performed by using 3,3-diaminobenzidine (DAB) solution, as described previously (Jan et al., 2021c). Briefly, leaves were excised after one week of infestation, immediately submerged in DAB solution, and incubated for 24 h at 27°C (Chao et al., 2010). The stained leaves were decolorized in boiling ethanol (95% v/v) until brown spots were clearly visualized. After cooling, the leaves were transferred to a solution of lactic acid, phenol, and water (1:1:1, v/v/v) and photographed immediately. For in situ superoxide anion (O2•-) staining, leaves were excised after one week of WBPH infestation, soaked in the trypan blue solution and incubated for 6 h at 25°C. The leaves were de-stained in boiling ethanol (95% v/v), transferred to a solution of lactic acid, phenol, and water (1:1:1, v/v/v) and photographed immediately. For H2O2 and O2•- quantification, excised leaf samples were immediately frozen in liquid nitrogen and stored at −80°C until further use. H2O2 concentration was measured based on the change in titanium peroxide complex absorbance at 412 nm, as described previously (Willekens et al., 1997). Simultaneously, the O2•- generation rate was determined on the basis of nitrite formation from hydroxylamine in the presence of O2•- at 530 nm, as described previously (Elstner and Heupel, 1976).




2.3 Electrolyte Leakage measurement

Rice leaves were collected after one week of WBPH infestation, and electrolytic leakage was measured as previously described (Khan et al., 2021a). Briefly, fresh rice leaves (0.2 g) were collected after one week of infestation and cut into 5 mm pieces and washed with deionized water to remove surface electrolytes. Thereafter, the samples were kept in a test tube with 10 mL deionized water for 6 h at room temperature. The conductivity of electrolytes (EC1) was measured with a conductivity meter (HURIBA Twin Cond B-173, Japan). The samples were then autoclaved for 15 min at 120°C and cooled to room temperature, at which point electrolyte conductivity (EC2) was measured again. The leakage of ions was calculated using the formula percent electrolytic leakage (EL) = EC1/EC2 × 100.




2.4 Relative water and chlorophyll content measurement

To determine the relative water content (RWC), fully mature leaves were randomly collected after one week of infestation and the fresh weight (FW) was measured immediately. Thereafter, the leaves were submerged in distilled water in petri plates for 3 h, to their full turgidity, and the weight was measured again (turgid weight; TW). The same leaves were then dried at 70°C for 48 h and the weight was again measured (dried weight; DW). The relative water content was calculated using the formula RWC (%) = [(FW−DW)/(TW−DW)] × 100.

Chlorophyll content was measured after one month of WBPH infestation using a portable chlorophyll meter (SPAD-502, Konica Minolta, Japan). The second last fully mature leaf was selected for chlorophyll measurement, and readings were taken from the leaf base, middle, and near the tip at the same time. Five leaves were measured from each treatment group, and measurements were averaged to obtain the SPAD value, as described previously (Asif et al., 2022a).




2.5 Assays to determine iron, magnesium, and calcium ion accumulation

To evaluate iron (Fe+), magnesium (Mg+), and calcium (Ca+2) ion accumulation, leaf samples were collected after one week of WBPH infestation and immediately lyophilized in freeze drier. About 0.5 g sample was powdered in liquid nitrogen and homogenized in 7 mL 65% nitric acid (HNO3) with 1 mL 30% H2O2, microwaved for 20 min at 180°C, then cooled for 30 min as described previously (Jan et al., 2022). The solvent was further quantified for the presence of the ions by using inductively coupled plasma mass spectrometry (9ICP-MS; Optima 7900DV, Perkin-Elmer, Waltham, MA, USA).




2.6 Quantification of ABA and SA

Leaf samples were collected after one week of WBPH infestation and freeze-dried for further use. Dried samples were powdered in liquid nitrogen, and SA and ABA were extracted and quantified by using Sialic Acid (SA) Elisa Kit from LifeSpan BioSciences and Plant Abscisic Acid Elisa Kit from LifeSpan BioSciences, 2401 Fourth Avenue, Suite 900, Seattle. Both the SA and ABA were quantified by using method mentioned in user manual.




2.7 RNA isolation and qPCR analysis

Total RNA was extracted from fresh leaves after 12 h of WBPH infestation using an RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s instructions. Using RNA as a template, cDNA was synthesized using an UltraScript 2.0 cDNA synthesis Kit following the manufacturer’s instructions. To evaluate selected gene expression levels, qRT-PCR was performed using a qPCRBIO SYBR Green Kit and an Eco Real-Time (Illumina, Singapore) machine. The reaction was performed in 20 µL as previously described (Asif et al., 2022b), and the conditions were as follows: incubation at 95°C for 2 min, followed by 40 cycles at 94°C for 10 s, 60°C for 10 s, and 72°C for 40 s. Actin was used as a reference gene and the reaction was performed in three technical repeats. To validate the actin expression stability, we investigated the expression of actin under all the treatments using three independent biological replicates (Supplementary Figure S2). The data was calculated using the ΔΔCT method.




2.8 Free amino acid quantification

Free amino acids were quantified after one week of WBPH infestation. About 500 mg of fresh leaf sample was powdered in liquid nitrogen and homogenized in 70% methanol (10 mL). The homogenate was shaken at room temperature for 24 h. The free amino acid content was determined using an EZ: faast amino acid analysis kit (Phenomex, Santa Clara, CA, USA) following the manufacturer’s instructions. Further, the amino acid content was analyzed by GC-MS using a Hewlett-Packard 6890N/5975 instrument (Agilent Technologies, Torrance, CA, USA) and a ZB-AAA (10 m × 0.25 mm) amino acid analysis column with constant carrier gas flow and an oven temperature program as previously described (Pavlík et al., 2012).




2.9 Antioxidant enzyme and lipid peroxidation analysis

For lipid peroxidation and antioxidant enzyme analysis, fresh leaves were collected from each treatment group after one week of WBPH infestation. We used a lipid peroxidation kit from Sigma Korea for the analysis of lipid peroxidation, and the detailed protocol is described in our previous study (Jan et al., 2021a). Meanwhile, ascorbate peroxidase (APX) activity was determined via evaluation of ascorbic acid oxidation as described in detail previously (Imran et al., 2021). 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS), chloramphenicol acetyltransferase (CAT), glutathione peroxidase (GPx), superoxide dismutase (SOD), and peroxidase POD activity were evaluated according to the recent protocols (Adhikari et al., 2019; Lubna et al., 2022).




2.10 NADPH quantification

Nicotinamide adenine dinucleotide phosphate (NADPH) was quantified using a NADP/NADPH quantification kit from Sigma-Aldrich (Spruce street, St. Louis, USA), following the user manual. Briefly, 50 mg leaf sample was collected after one week of infestation with WBPH and washed with cold PBS (Phosphate-Buffered Saline), then crushed into fine powder in liquid nitrogen. Samples were homogenized in 500 µL NADP/NADPH extraction buffer by freezing and thawing. The homogenate was kept on ice for 10 min, and then centrifuged at 10,000 × g for 10 min. The supernatant (containing extracted NADP/NADPH) was transferred to another tube. Samples were de-proteinized by filtration through a 10 kDa cutoff spin filter. To detect NADP (NADPtotal), approximately 50 µL extracted sample was transferred into a 96-well plate. To detect NADPH, NADP was decomposed by aliquoting 200 µL of extracted sample into microcentrifuge tubes and heating to 60°C for 30 min in a water bath. Samples were cooled and centrifuged; 50 µL of supernatant containing the decomposed sample was then transferred into the 96-well plate. After addition to 100 µL of master reaction mixture (98 µL NADP cyclin buffer and 2 µL NADP cyclin enzyme mix) to each well, the plate was mixed well and incubated at 25°C for 5 min to convert NADP to NADPH. Developer (10 µL) was added into each well and incubated at room temperature for 1 h. To generate NADPH standard, wells with 0, 2, 4, 6, 8, and 10 µL of 10 pmole/µL standard solution were also added to the plate, and the volume of each was brought up to 50 µL with NADP/NADPH extraction buffer. The absorbance was measured at 450 nm (A450); readings were taken five times and reactions were run in three technical replicates. The ratio of NADP/NADPH in a sample was determined by the formula ratio = (NADPtotal – NADPH)/NADPH. The concentration of NADPH was expressed in nmole/mg FW.




2.11 Extraction and derivatization of GABA

For GABA extraction, plant samples were collected after one week of WBPH infestation and analyzed as previously described (Weckwerth et al., 2004). GABA was extracted using 300 mg of ground leaves in liquid nitrogen, homogenized in 2 mL chilled solvent containing methanol, chloroform, and water (5:2:1, v/v/v), and stored at −20°C overnight. The homogenate was then shaken for 30 min on ice and centrifuged at 12,000 rpm for 10 min. The supernatant (1.5 mL) was collected carefully and dissolved in 2 mL deionized water and chloroform (2:1). Thereafter, the solution was vortexed vigorously and centrifuged at 12,000 rpm for 2 min. The upper phase was vacuum-dried. GABA was further isolated from the vacuum-dried samples as described previously (Sobolevsky et al., 2003). Briefly, 100 µL acetonitrile and methyl tert-butyldimethylsilyl trifluoroacetamide each were added to each dried sample. Samples were heated for 30 min at 70°C and then 1 µL of each was subjected to gas chromatography (GC Model 7890 A) with BP-5 capillary column. The injector and detector temperatures were kept at 280°C; the oven temperature was maintained at 70°C for 2 min and then increased by 5°C/min to 300°C.




2.12 Succinate quantification

Succinate was quantified using Succinate Colorimetric Assay Kit (Sigma-Aldrich, Spruce street, St. Louis, USA), following the manufacturer’s instructions. Briefly, the ground rice leaf tissue (10 mg) from each treatment group was homogenized on ice in succinate assay buffer (100 µL), and then centrifuged at 10,000 × g for 5 min. The supernatant was added directly to a 96-well plate. A final volume of 50 µL per well was maintained by adding succinate assay buffer. Samples from each treatment group were added to 96-well plates in five technical replicates to obtain more accurate results. Wells were mixed by pipetting following addition of 50 µL reaction mix (see Supplementary Table 1). The plate was incubated at 37°C for 30 min in dark conditions, and absorbance was then measured at 450 nm (A450). Wells were prepared with 0, 2, 4, 6, 8, and 10 µL of 1 nmole/µL succinate standard solution in a total volume of 50 µL succinate assay buffer to generate a standard curve. The absorbance value of the blank well was subtracted from all samples and the succinate concentration (C) was calculated using the following formula: C = (Sa/Sv) × 118.09)]

Where:

C is the concentration of final succinate, where Sa is the amount of succinate added in the well, Sv is the volume of sample in the well, and 118.09 is the molecular weight of succinate.




2.13 Statistical analysis

Statistical analysis was performed on all data using GraphPad Prism software (version 5.01; GraphPad, San Diego, CA, USA). The dataset underwent analysis with a one-way analysis of variance (ANOVA) followed by the Bonferroni post-hoc test and DMRT. Three independent biological replicates were included in the analysis, and means were subjected to comparison through Bonferroni post hoc tests. Significance levels were denoted as follows: *P < 0.05, **P < 0.01, and ***P < 0.001.





3 Results



3.1 GABA promotes plant growth and reduces WBPH damage

We investigated the effects of GABA on rice plant growth under normal conditions and when challenged with WBPH infestation. A plate-based study showed that increasing the concentration of GABA significantly (P < 0.05) increased germination percentage, as well as the dry and fresh weight of shoots and roots (Supplementary Figure S1). The same trend of increased growth and development was also observed after 45 days of GABA supplementation to the pots (Supplementary Figure S3). These results show that application of exogenous GABA generally enhances rice plant growth and biomass significantly (P < 0.05). Further, we investigated the growth parameters of GABA-supplemented rice plants under WBPH stress after one month (Figure 1). GABA significantly (P < 0.05) increased the shoot length (15.4%), root length (18.2%), leaf width (32%), and root weight (23.3%) in rice plants under WBPH stress, compared to untreated infested plants. These results indicate that GABA reduces pest stress in rice and promotes plant growth.




Figure 1 | Application of GABA enhance rice plant growth against WBPH stress. The rice seedlings were first treated with GABA and after one week of treatment the plants were infested with WBPH for one month. After one month of infestation, the data presented in this figure was recorded. (A, B) shows pictorial and graphical representation of GABA effects on shoot length under WBPH stress. (C, D) shows pictorial and graphical representation of GABA effects on root under WBPH stress. (E, F) shows pictorial and graphical representation of GABA effects on leaf width under WBPH stress. (G, H) shows effect of GABA on shoot and root fresh weight respectively, under WBPH stress. Data represented in graphs were analyzed as a mean of three independent biological replicates ± SD. Different letters on the bars shows significant differences (p ¾ 0.05) as evaluated by DMRT test.






3.2 GABA inhibits WBPH infestation effects and reduces WBPH population

We next evaluated the spread rate of WBPH infestation in the GABA-treated and non-treated rice plants (Figure 2). The plants were infested in the insectarium after one week of supplementation of 5, 10, and 15 mM of GABA. After ten days of infestation, WBPH-damaged leaves and stems of approximately the same size were collected in triplicate, and the damaged area was analyzed by ImageJ software (version 1.8.0). Plants that had been treated with GABA had smaller areas of total damage compared to untreated infested plants. Leaves of non-treated plants exhibited 43% total surface area damage, while this number decreased to 11% in plants treated with 15 mM GABA treatment (Figure 2A). Meanwhile, 66% of the stem surface area showed damage in untreated plants, but only 9% of the stem surface was damaged following 15 mM GABA treatment (Figure 2B). These results confirmed that GABA supplementation significantly (P < 0.05) reduces the effects of WBPH damage in rice plants. To determine the direct effect of GABA on WBPH, 20 insects were subjected to GABA (5, 10, or 15 mM) on plates after two hours of starvation (Figure 3A). The GABA was sprayed on tissue paper and put in the plate and then the insects were put into the plate and covered with cotton cloth and the mortality rate was determined after three hours. Dosing the insects directly is not necessarily representative of allowing the insects to feed on plants treated with these concentrations, However, the result showed that WBPH mortality increased with increasing concentrations of GABA (Figure 3B), demonstrating that GABA application affects WBPH viability directly. We also evaluated the deterrent effect of GABA on WBPH by applying different concentrations to plants one week prior to WBPH infestation. Approximately 15-20 plants per tray were treated with 5, 10, and 15 mM GABA separately in one insectarium and 150 insect were infested with in the same insectarium and the data related to insect population in each tray of different concentrations of GABA were collected after each day until five days, (Figure 3C). Fewer insects were found on plants treated with 15 mM of GABA followed by 10 mM and 5 mM treated plants, than on control plants (Figure 3D). The same trend was also observed when plants were infested with WBPH after 45 days of GABA supplementation (Supplementary Figure S4). Moreover, we investigated plant recovery rate and rate of infestation spread with different concentrations of GABA supplementation. Overall, we observed that GABA reduced infestation efficiency and induced plant recovery after infestation (Supplementary Figure S5). These results indicate that GABA enhances the plant defense system in response to pest stress from WBPH.




Figure 2 | GABA reduces WBPH damagein rice stem and leaves. (A, B) shows original picture of leaf and stem respectively. (C, D) shows the ImageJ analyzed picture of leaf and stem respectively, indicating the damage induced by WBPH infestation. (E, F) shows the quantitative analysis of the leaf and stem damage induced by WBPH, respectively. ** indicates p < 0.01, and *** indicates p < 0.001.






Figure 3 | GABA inhibit WBPH survival and reduces their population in rice plant. (A, B) shows pictorial and graphical representation of effect of direct application of GABA different concentration on WBPH survival. (A) represent dead insects while red arrow in (C) indicate presence of WBPH on plants. (C, D) shows effect of WBPH population percentage in plants supplemented with different concentrations of GABA. All the control plants, 5mM, 10mM, and 15mM GABA supplemented plants were grown in the same insectarium and were infested seven days after GABA supplementation. DATA in the graphs were presented in percentage. * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001.






3.3 GABA reduces oxidative stress and regulates ion homeostasis during WBPH infestation

To further evaluate the effect of GABA treatment on rice plants under WBPH stress, we investigated the level of oxidative stress induced by insect infestation (Figure 4). Oxidative stress occurs due to generation of ROS such as H2O2 and O2•- under stress conditions. We quantified H2O2 and O2•- production by visualizing it via DAB and trypan blue staining and observed that WBPH infestation increased their accumulation; this effect was mitigated in the GABA-treated plants (Figures 4A, B). Quantitative analysis of H2O2 and O2•- also revealed that WBPH infested plants showed significant accumulation of both ROS species (P < 0.05 compared to un-infested plants), whereas GABA supplementation reduced H2O2 by 12% and O2•- by 17% (P < 0.05; Figures 4C, D). These results indicate that GABA application significantly mitigates oxidative stress induced by WBPH via reduction of ROS generation.




Figure 4 | Application of GABA reduces oxidative stress, induced by WBPH infestation in rice plants and regulate ions homeostasis. (A, B) shows in situ detection of oxidative stress caused by generation of ROS during WBPH stress, using DAB and trypan blue staining respectively. (C-E) shows H2O2, O2.−, and electrolytic leakage. (F-H) shows Fe2+, Mg+, and Ca+ contents. Data represented in graphs were analyzed as a mean of three independent biological replicates ± SD. Different letters on the bars shows significant differences (p ¾ 0.05) as evaluated by DMRT test.



The generation of ROS in plants is typically accompanied by electrolyte leakage and programmed cell death. We observed that electrolyte leakage also reduced by 37% in WBPH+GABA plants compared with WBPH infested plants (Figure 4E), which strongly suggest that electrolytic leakage and ROS are correlated. We extended our investigation to determine changes in accumulation of Fe+, Mg+, and Ca+ ions with GABA supplementation in response to WBPH stress (Figures 4F–H). GABA application significantly (P < 0.05) increased the total concentration of Fe+, Mg+, and Ca+ ions by 237, 100, and 23respectively compared with WBPH infested plants. Interestingly, Ca+ in WBPH treated plants increased 317% compared with control plants, which shows that WBPH also induces Ca+ accumulation in rice plants. These results suggested that GABA regulates ion homeostasis under WBPH stress in rice plants. Furthermore, compared to control plants, GABA-treated plants also showed reduced ROS and electrolyte leakage in normal condition, while enhancing Fe+, Mg+, and Ca+ ions accumulation. These results suggested that in normal situation, GABA reduces ROS and induces ions (Fe+, Mg+, and Ca+) accumulation in rice plants.




3.4 GABA regulates succinate and NADPH levels via shunt pathway genes under WBPH stress

We next evaluated levels of endogenous GABA, succinate, NADPH, and GABA shunt pathway genes (GAD, GABA-T, SSADH) in rice plants in response to challenge with WBPH (Figure 5). We first quantified endogenous GABA content in rice roots and shoots following WBPH infestation (Figures 5A, B). Our results showed that a significantly higher amount of GABA accumulated in roots and shoots in the GABA-supplemented plants (GABA, GABA+WBPH) compared with control plants. However, GABA accumulation in the shoots reduced by 34% in WBPH infested plants compared with control plants and by 51% in GABA+WBPH plants compared with un-infested GABA-supplemented plants (Figure 5A). The same trend was found in the roots, whereas GABA was reduced by 27% in WBPH infested plants compared to control plants and by 51% in GABA+WBPH plants compared with un-infested GABA-supplemented plants (Figure 5B). The concentration of succinate and NADPH in both the roots and shoots of rice plants followed the same trend, decreasing in response to WBPH infestation but increasing with GABA treatment (Figures 5C–F). Succinate concentration increased 356% in GABA-treated plant leaf compared with control plant and 354% in WBPH+GABA plant leaf compared with WBPH infested plants (Figure 5C). In the roots, the increase in succinate concentration with GABA treatment was more pronounced in infested plants (275%) than un-infested plants (74%; Figure 5D). NADPH activity was also enhanced by GABA application and reduced by WBPH infestation in both shoots and roots (Figures 5E, F).




Figure 5 | Exogenous application of GABA regulate TCA cycle in rice plant. (A, B) shows accumulation of GABA in rice shoot and roots respectively. (C, D) shows accumulation of succinate in leaf and root respectively. (E, F) shows accumulation of NADPH in shoot and root respectively. (G-I) shows the expression of GABA shunt genes i.e GAD, GABA-T, and SSADH respectively. (J) shows schematic representation of GABA shunt and TCA cycle pathway. Data represented in graphs were analyzed as a mean of three independent biological replicates ± SD. Different letters and on the bars shows significant differences (p ¾ 0.05) as evaluated by DMRT test. Asterisks on bars shown in (G-I) represent significant differences (p ¾ 0.05) as evaluated by Bonferroni post-hoc test.



GABA shunt is mainly composed of three enzymes: GAD, GABA-T, and SSDHA (Bouché et al., 2003). We next evaluated the expression of genes in the GABA shunt pathway following GABA supplementation and WBPH infestation in rice plants. We found that the expression of GAD increased significantly (88%; P < 0.05) by GABA treatment following WBPH infestation (Figure 5G). The same trend was seen with expression of GABA-T and SSADH (Figures 5H, I). The expression of GABA-T enhanced 172% in GABA+WBPH plants compared with untreated WBPH infested plants (Figure 5H). Meanwhile, expression of SSADH was significantly enhanced (107%) in GABA-supplemented plants compared with controls, and 16% increased with GABA treatment in infested plants compared with control plants (Figure 5I). Together, these results reveal that application of GABA reduces WBPH stress via regulation of succinate concentration, NADPH activity, and shunt pathway gene expression.




3.5 GABA induces pathogen defense-related genes and ABA and SA hormones

In most plants, pathogenesis-related (PR) genes accumulate in response to pathogen infection and are used as marker genes for systemic acquired resistance. Here, we evaluated the expression of phenylalanine ammonia-lyase (PAL) and some PR genes, together with ABA and SA (Figure 6). We investigated the expression pattern of PAL, PR1, PR2, PR3, PR4A, PR8A, and PR8B in GABA-supplemented rice plants challenged with WBPH stress. The results showed that, although WBPH infestation decreased expression of PR1 and PR8A, GABA treatment ultimately increased the expression of PAL, PR1, PR2, PR3, and PR4A (P < 0.05) during WBPH-induced stress (Figure 6). We also found that GABA induces PAL, PR1, PR2, PR4A, and PR8A expression in normal conditions, without pest infestation. However, GABA had no apparent effect on PR8A and PR8B in the setting of WBPH stress (Figures 6F, G). Overall, these results show that GABA application significantly regulates certain PR genes in response to WBPH-induced stress.




Figure 6 | GABA induces Phenylalanine ammonia-lyase, pathogenesis related genes and phytohormons in rice under WBPH stress. (A) represent PAL gene expression level. (B-G) represent gene expression of PR1, PR2, PR3, PR4A, PR8A, and PR8B respectively. (H, I) shows the accumulation of ABA and SA hormones respectively. Data represented in graphs were analyzed as a mean of three independent biological replicates ± SD. Asterisks on bars shown in (G-I) represent significant differences (p ¾ 0.05) as evaluated by Bonferroni post-hoc test.



ABA and SA are stress hormones that accumulate under both abiotic and biotic stress to provide protection (Bharath et al., 2021; Nadarajah et al., 2021). Here, we investigated the trend of SA and ABA accumulation in GABA-treated plants during WBPH-induced stress (Figures 6H, I). We found that exogenous GABA enhances ABA and SA accumulation in normal conditions as well as during WBPH-induced stress. Under normal conditions, GABA increased ABA and SA accumulation by 413% and 69%, respectively. In WBPH infested plants, GABA treatment induced respective ABA and SA increases of 352% and 57%. Overall, our results indicate that GABA has a more pronounced effect on ABA accumulation.

Maintenance of water content via stomata control and leaf vessel distribution is an important component of the plant stress response. Our analysis demonstrated that GABA application regulates stomata opening and closing and water use efficiency of the plants. The results showed that GABA inhibit stomata opening in GABA and GABA+WBPH treated plants (Figure 7A), which is in line with ABA accumulation (Figure 6H) as ABA induces stomata closing. Further, we predicted that GABA application could regulate water use efficiency due to reducing leaf vessel cell size. As expected, we found that GABA application reduced leaf vessel size under both normal and WBPH infestation conditions (Figure 7B). It has been reported previously that smaller vessel cell size reduces water conductivity, resulting in less water evaporation (Apgaua et al., 2017). Overall, these results indicate that GABA application induces ABA accumulation, ultimately resulting in water conservation that helps to promote stress resistance.




Figure 7 | Exogenous application of GABA regulates rice leaf stomata closure and leaf vessels reduction. (A) shows stomata opening and closure and (B) shows vessels dimeter variations. Red arrows shows stomata while yellow arrows shows vessels in leaf lamina.






3.6 GABA reduces WBPH-mediated oxidative stress via regulation of the antioxidant system

To understand the mechanism of WBPH-induced stress inhibition by GABA application in rice plants, we observed the activity of antioxidant enzymes. First, we used lipid peroxidation, measured by malondialdehyde (MDA) content, to assess membrane damage induced by WBPH infestation (Figure 8A). Our results revealed that GABA application reduced MDA content by 291% in WBPH+GABA plants compared WBPH infested plants. In addition, we investigated the activity of antioxidant enzymes (APX), glutathione peroxidase (GPx), CAT, POD, SOD, ABTS, and DPPH. All of these increased significantly (P < 0.05) in the GABA+WBPH plants compared with untreated, un-infested control plants. The activities of GPx, POD, and SOD increased significantly (P < 0.05) by the application of GABA in both normal and WBPH infested plants, suggesting that exogenous application of GABA alone upregulates the activity of these enzymes. Furthermore, our results showed that ABTS and DPPH activity was significantly higher in WBPH and GABA+WBPH plants compared with control plants. However, the activity of both the enzymes increased by 29% and 12%, respectively, in GABA+WBPH plants than that of WBPH plants. In this study we also found that in normal condition, GABA application significantly (P < 0.05) reduces ABTS activity (about 90%) compared with control plants, whereas in WBPH stress and WBPH stress supplemented with GABA showed enhance ABTS activity (Figure 8G). Our results suggest that GABA reduces ABTS activity in normal conditions, but increases its activity when plants undergo stress.




Figure 8 | GABA application induces antioxidant defense system in rice plant against WBPH stress. (A) shows MDA contents, (B) shows APX activity, (C) shows GPx activity, (D) shows CAT activit, (E) shows POD activity, (F) shows SOD activity, (G) shows ABTS activity, and (H) shows DPPH activity. Data represented in graphs were analyzed as a mean of three independent biological replicates ± SD. Asterisks on bars shown in (G–H) represent significant differences (p ¾ 0.05) as evaluated by Bonferroni post-hoc test.






3.7 GABA induces melatonin biosynthesis genes in response to pest stress

GABA and melatonin are plant endogenous molecule that are synergistically associated to take part in regulation of plant responses to stress conditions. Therefore, we next evaluated the effect of exogenous GABA application on expression of melatonin biosynthesis genes tryptophan decarboxylase (TDC), tryptamine 5-hydroxylase (T5H), acetyl-serotonin methyltransferase (ASMT), and serotonin N-acetyl transferase (SNAT) in response to WBPH-induced stress. Generally, TDC and T5H regulate the production of serotonin from tryptophan, and ASMT and SNAT produce melatonin from serotonin (Bhowal et al., 2021). Figure 9C shows the melatonin biosynthesis pathway in plants. We studied differential expression of all the four genes and found that all transcript levels were significantly expressed in the plants supplemented with GABA (Figure 9). TDC and ASMT were significantly (P < 0.05) reduced, by 52% and 43%, respectively, in WBPH infested plants compared with control plants (Figures 9A, C). However, GABA application in WBPH infested plants increased their respective transcript levels by 186% and 337%. These results indicate that exogenous GABA application rescues and overcompensates for decreased transcription of TDC and ASMT caused by WBPH infestation. Similarly, GABA application significantly increased the expression of T5H and SNAT in the setting of WBPH infestation compared with normal WBPH infested plants (Figures 9B, D). As all four genes related to melatonin biosynthesis are significantly upregulated by GABA in the setting of WBPH stress, enhancement of melatonin accumulation by GABA may represent a potential stress protection mechanism.




Figure 9 | GABA induces melatonin biosynthesis in response to WBPH stress. (A–D) shows the transcript level of melatonin biosynthesis pathway genes i.e. TDC, T5H, ASMT, and SNAT respectively. (E) shows the general pathway of melatonin and their genes. Data represented in graphs were analyzed as a mean of three independent biological replicates ± SD. Asterisks on bars shown in (A–D) represent significant differences (p ¾ 0.05) as evaluated by Bonferroni post-hoc test.






3.8 GABA regulates JA pathway genes under pest stress

The transcript levels of genes related to the JA biosynthesis pathway (LOX, AOS, AOC, OPR) were assessed in WBPH infested plants (Figure 10). LOX is a marker gene for JA biosynthesis pathway and express against pest infestation (Shrestha and Huang, 2022). AOS and AOC play a key role in transforming the product generated by LOX, specifically hydroperoxyoctadecatrienoic acid (HPOT). This process leads to the creation of the intermediate known as 12-oxo-phytodienoic acid (OPDA). This intermediate (OPDA) exhibits independent signaling activity (Taki et al., 2005). Nevertheless, in the process of synthesizing jasmonic acid (JA), it undergoes transportation from the chloroplast to the peroxisomes. Within the peroxisomes, OPR facilitates its reduction, followed by a series of steps involving β-oxidation to shorten the side chain (Shrestha and Huang, 2022). The ultimate outcome within the peroxisomes is JA, and it has the ability to move freely into the cytosol. Figure 10E shows the general pathway of JA biosynthesis in plants. The expression levels of all four genes showed significant (P < 0.05) increases in the GABA-supplemented, WBPH infested plants compared with untreated, un-infested control plants. Expression levels of LOX, AOS, AOC, and OPR were increased in response to WBPH stress in untreated plants. With GABA treatment, LOX, AOS, AOC, and OPR expression further increased by 78%, 17%, 187%, and 21%, respectively. Overall, these results indicate that LOX, AOS, AOC, and OPR genes are transcribed in response to WBPH stress, leading to JA accumulation, and that the upregulation is enhanced by treatment with exogenous GABA.




Figure 10 | GABA induces JA biosynthesis pathway in response to WBPH stress. (A–D) shows the transcript level of JA biosynthesis pathway genes i.e. LOX, AOS, AOC, and OPR respectively. (E) shows the general pathway of JA and their genes. Data represented in graphs were analyzed as a mean of three independent biological replicates ± SD. Asterisks on bars shown in (G–I) represent significant differences (p ¾ 0.05) as evaluated by Bonferroni post-hoc test.






3.9 GABA application reduces WBPH stress via regulation of free amino acid biosynthesis

Amino acids play a crucial role in pest–plant interaction. They are important components of plant primary metabolites and function as precursors for the synthesis of important metabolites. To quantify changes in the free amino acid content of GABA-supplemented rice plants undergoing WBPH stress, leaf samples were collected after one week of WBPH infestation and amino acids were quantified through GC-MS. WBPH infestation and GABA supplementation both significantly (P < 0.05) affected the free amino acid content (Supplementary Figure 6). GABA application to non-infested plants increased the concentration of most amino acids. However, WBPH infested plants demonstrated overall reduced free amino acid content compared to control plants, even when treated with GABA. Compared to control, infested plants and GABA-treated plants showed an increased accumulation of free amino acids. Specifically, GABA treatment increased aspartic acid, alanine, arginine, and proline by 11%, 8%, 24%, and 12%, respectively, compared to control plants. However, WBPH infestation significantly (P < 0.05) reduced the accumulation of aspartic acid, alanine, arginine, proline and total amino acid approximately to 30%, 34%, 23%, 26%, and 62% respectively compared to control plants. Comparing free amino acids of WBPH infested and WBPH+GABA plants, most of them were significantly enhanced in WBPH+GABA plants. In particular, aspartic acid, glutamic acid, alanine, leucine, arginine, proline and total amino acids were increased approximately to 24%, 18%, 25%, 27%, 27%, 31%, and 99% respectively, in WBPH+GABA plant compared to WBPH infested plants. This result revealed that these free amino acids are inhibited by WBPH stress, whereas they are induced by GABA to reduce the WBPH-induced stress in rice plants.





4 Discussion

The data presented here demonstrate a possible mechanism by which GABA regulates plant tolerance against WBPH infestation (simplified model presented in Figure 11). We found that GABA regulates several stress tolerance pathways, including antioxidant enzyme activity, the TCA cycle, phytohormones, melatonin biosynthesis-related genes, JA biosynthesis-related genes, ion concentration, stomata opening and closing, and water conductance.




Figure 11 | Schematic representation of GABA shunt and its associated pathways regulated during WBPH stress in rice plant. ABA, Adenosine triphosphate; ABTS, Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid; ADP, Adenin di-phosphate; AOC, Allene oxide cyclase; AOS, Allene oxide synthase; APX, Ascorbate peroxidase; ASMT, Acetyl-serotonin methyltransferase; ATP, Adenin tri-phosphate; Ca2+, Calcium Ion; CaM, Calmodulin; CAT, Ahloramphenicol acetyltransferase; DPPH, 2,2-diphenyl-1-picrylhydrazyl; EOT, Epoxyoctadecatrienoic acid; GABA, Gamma-aminobutyric acid; GABA-T, GABA transaminase; GAD, Glutamate decarboxylase; GHB, γ-Hydroxybutyric acid; GPx, Glutathione peroxidase; H2O2, Hydrogen peroxide; HPOT, Hydroperoxyoctadecatrienoic acid; JA, Jasmonic acid; LOX, Lipoxygenase; MDA, Malondialdehyde; NAD+, Nicotinamide adenine dinucleotide; NADP+, Nicotinamide adenine dinucleotide phosphate; NADH, Nicotinamide adenine dinucleotide+hydrogen; NADK, NAD+ kinase; NADPH, Nicotinamide adenine dinucleotide phosphate+hydrogen; NADPOX, NADPH oxidase; O2 •−, Superoxide radical; OPC, Oxo-phytodienoic acid; OPDA, Oxophytodienoic acid; OPR, Oxo-phytodienoic acid reductases; PAL, Phenylalanine ammonia-lyase; POD, Peroxidase; PR, Pathogenesis related; ROS, Reactive oxygen species; SAR, Systemic acquired resistance; SNAT, Serotonin N-acetyl transferase; SOD, Superoxide dismutase; SSADH, Semialdehyde dehydrogenase; SSR, Succinic semialdehyde reductase; T5H, Tryptamine 5-hydroxylase; TDC, Tryptophan decarboxylase.



GABA is known as a metabolic signaling amino acid that accumulates in response to biotic and abiotic stress in plants [35,53,54]. To the best of our knowledge, no other study has explored the potential of exogenous GABA application to enhance the tolerance of rice against WBPH. The plate and pot-based results of this study show that increasing concentrations of GABA significantly improved rice seedling growth parameters compared to control plants (Supplementary Figure S1, Supplementary Figure S3). It also enhanced rice growth when applied exogenously during WBPH infestation, which normally inhibits plant growth (Figure 1). However, an overall decline in growth was still observed in GABA+WBPH plants compared to control plants, indicating an inability for GABA application to fully rescue plants from infestation. Plants produce very low levels of GABA at baseline; however, its production increases promptly when plants are subjected to stress (Kinnersley and Turano, 2000). It has been reported that GABA promotes tomato growth via regulation of photosynthetic machinery, gas exchange capacity, chlorophyll biosynthesis, enzymatic and non-enzymatic responses, and membrane stability during stress conditions (Luo et al., 2011). Our previous and current studies demonstrated that WBPH infestation has a severe effect on rice plant growth attributes (Jan et al., 2021b). This investigation showed that exogenous GABA reduces the area of WBPH-induced damage, enhances plant recovery rate after WBPH attack, and discourages WBPH infestation of rice plants (Figures 2, 3; Supplementary Figure S5). Presumably, GABA application either increases the insect deterrent effects of the plant or directly affects insects. Our results are supported by previous studies reporting that GABA acts as a key factor in the plant defense against herbivorous insects, and that insects feeding on GABA show a reduced performance (Scholz et al., 2017). Additionally, a GABA-supplemented diet reduced the growth and survival of another herbivorous insect, Choristoneura rosaceana cv Harris, and delayed its life cycle progression; while its attack on soybean leaves increased GABA accumulation (Ramputh and Bown, 1996). A similar study reported recently that Spodoptera littoralis larvae fed with a GABA-supplemented diet showed reduced weight compared to control larvae groups, whereas their infested plants showed increased levels of GABA accumulation (Scholz et al., 2015). The feeding of S. littoralis larvae on Arabidopsis and mechanical wounding of the plant with a robotic caterpillar both increased endogenous GABA, by two and ten-fold, respectively (MithoüFer et al., 2005; Scholz et al., 2015). Another study reported that GABA production was induced locally in tobacco and soybean leaves when challenged with insect damage (Bown et al., 2002). In support of previous studies, our results reveal that GABA is involved in the plant defense system against herbivorous insects.

In this study, we found that exogenous GABA treatment induced endogenous GABA accumulation in both roots and shoots. Non-treated plants infested with WBPH also showed enhanced levels of GABA accumulation compared to control plants, showing that WBPH attack induces a GABA biosynthesis pathway. GABA is mainly produced by decarboxylation of glutamate, catalyzed by GAD, and degraded by GABA-T in plants (Shelp et al., 2012b). GAD and GABA-T expression levels were highest in WBPH+GABA plants compared to WBPH infested plants; simultaneously, both the genes were also significantly upregulated in WBPH infested plants compared to controls (Figure 5). GAD activity is Ca2+ dependent and is induced by plant cell injury. We found that Ca2+ contents were increased after the non-treated plants were infested with WBPH and WBPH+GABA plants showed more Ca2+ contents than the WBPH infested normal plants (Figure 4), which shows that Ca2+ and GABA has synergistic association. It is reported that GAD is activated in one of two ways: (i) in intact plant tissue and neutral pH; GAD activity is stimulated in a Ca2+-dependent manner by the binding of calmodulin (CAM) to the CAM-binding site, or (ii) after wounding of plant cells, the vacuolar content is released and the cytosol is acidified, leading to a Ca2+-independent activation of GAD (Carroll et al., 1994; Snedden et al., 1995). Our results are at par with previous studies, suggesting an elevation of Ca2+ under herbivorous attack in Arabidopsis (Dengler, 2006; Kiep et al., 2015). Therefore, it is likely that without GABA application, wounding of rice plant leaves also induces Ca2+ upregulation sufficient for GAD activation, ultimately resulting in GABA accumulation.

The application of GABA prior to WBPH infestation limited plant cell death and generation of ROS such as H2O2 and O2•- (Figure 4). Here, we demonstrated that GABA application significantly overcame the oxidative stress induced by WBPH, as MDA content was greatly reduced in GABA+WBPH plants compared to untreated plants infested with WBPH (Figure 8A). The simultaneous increase of antioxidant enzymes (APX, GPx, CAT, POD, SOD, ABTS, and DPPH) (Figure 8) in the GABA+WBPH plants suggested that GABA stimulates the antioxidant system and reduces the generation of ROS during WBPH stress. To date, there are no known observations reported showing that GABA treatment induces antioxidant enzymes against WBPH in rice plants. However, recent studies demonstrated that tomato and pear plants treated with exogenous GABA prior to pathogenic fungus infection showed increased antioxidant enzyme activity and reduced oxidative stress (Yu et al., 2014; Fu et al., 2017; Yang et al., 2017). Recently, it was reported that exogenous GABA increases CAT and SOD activity, which results in a significant reduction in H2O2, O2•-, and MDA content in response to heavy metal stress (Seifikalhor et al., 2020). Reduction of ROS by exogenous GABA is likely one of the main strategies used to overcome the oxidative stress induced by WBPH infestation. Here, our finding of ROS reduction was paralleled by increased antioxidant enzyme activity after GABA application. Additionally, our study revealed that the GABA shunt reactions were activated in response to WBPH stress in rice plants. The expression levels of GAD, GABA-T, and SSADH were upregulated in WBPH+GABA plants compared to only WBPH infested plants while only GABA application alone also led to an increased level of all three genes (Figure 5). These results were in line with a previously reported study reporting that exogenous GABA increased the expression of GABA-T and SSADH in citrus plants (Hijaz and Killiny, 2019). Furthermore, our study found higher accumulation of NADPH and succinate in GABA+WBPH plants compared to only WBPH infested plants, while WBPH infested plants reduced NADPH and succinate accumulation when compared with control plants (Figure 5). However, we found that succinate was reduced in WBPH infested plants compared with control plants; however, the expression level of SSADH was higher in WBPH infested plants compared to the control plants. There was non-significant increase in SSADH expression level in WBPH infested-plants compared to control plants. SSADH provide succinate into TCA cycle by conversion of succinate semialdehyde (SSA) into succinate (Shelp et al., 2021). Succinate provides a carbon skeleton and NADH through the TCA cycle, which produces ATP through an electron transport chain, which prevents the accumulation of ROS (Tuin and Shelp, 1994; Fait et al., 2005; Hijaz and Killiny, 2019). Here, we infer that exogenous application of GABA promotes GABA shunt activation during stress conditions, maintaining an adequate ATP supply and reducing ROS generation.

Notably, the accumulation of free amino acids, particularly proline, arginine, aspartic acid, and glutamic acid, was inhibited by WBPH stress but increased by GABA supplementation (Supplementary Figure S6). These amino acids collectively reduces oxidative stress in rice plant by enhancing various biochemical and physiological processes. Proline is an important osmo-protectant that accumulates in response to various stressors (Che-Othman et al., 2020). Being an ROS scavenger and an influencer of ion homeostasis, proline interacts with hydroxyl radicals and is considered a GABA precursor (Cuin and Shabala, 2005; Kaul et al., 2008; Signorelli et al., 2015). In addition to proline, there was accumulation of arginine and glutamic acid, which are glutamate derivatives; their accumulation was consistent with the induction of GABA shunt. The interaction between proline and the NADP+/NADPH ratio has also been reported in several studies (Kohl et al., 1988; Hare and Cress, 1997; Strizhov et al., 1997). Proline oxidizes NADPH and is reduced by H2O2 for redox regulation and prevention of H2O2 toxicity (Seifikalhor et al., 2020). The accumulation of free amino acids induced by exogenous GABA is likely involved in the control of oxidative stress.

In-depth characterization of the effects of exogenous GABA treatment can allow for a better understanding of WBPH stress inhibition mechanisms in rice plant. Regarding gene expression and phytohormonal regulation induced by GABA, we found that PAL expression, PR gene expression, and accumulation of ABA and SA were significantly increased in GABA-supplemented plants (in both infested with WBPH and non-infested plants) (Figure 6). Recent reports are in line with our findings, demonstrating that GABA treatment induces PAL and PR1 gene expression significantly in plants (Abd Elbar et al., 2021; Mejri et al., 2023). PAL is an important enzyme of the phenylpropanoid pathway that catalyzes the transition of phenylalanine into precursors of phenolic compounds such as flavonoids, lignins, and SA (La Camera et al., 2004; Vogt, 2010). Furthermore, our investigation showed that expression of JA biosynthesis-related genes (LOX, AOS, AOC, and OPR) were significantly induced in GABA-treated plants infested with WBPH (Figure 10), indicating both SA and JA are important signals involved in the GABA-mediated WBPH defense response. Research has shown that the SA and JA pathways can have additive or synergistic effects, particularly in rice plants infested by pests. However our results shows that SA and JA some time act in complementary manner. For instance SA and JA pathways was observed complementary in rice infested with WBPH (Kanno et al., 2012). The induction of PR genes by GABA, under the regulation of SA, might be part of a broader defense mechanism that is also effective against insect pests like WBPH. This could be due to the complex interactions between the SA and jasmonic acid (JA) pathways, which are not exclusively antagonistic but can sometimes work together to enhance the plant’s resistance to various stressors. The significance lies in the potential for these PR genes to contribute to a defense response that is relevant to the specific stress caused by WBPH, despite the traditional association of SA with pathogen defense. We further hypothesized another possible mechanism of GABA-mediated defense against WBPH, via regulation of melatonin. We found that melatonin biosynthesis-related genes (TDC, T5H, ASMT, and SNAT) were significantly induced by GABA in both infested and non-infested plants (Figure 9). There are two possible ways that the melatonin biosynthesis pathway is being induced in this case: either GABA induces melatonin biosynthesis-related genes directly, or it causes accumulation of JA that leads to melatonin production. This inference is based on a previous study, which showed that GABA and melatonin have a synergistic function in response to multiple types of stress (Shomali et al., 2021). It has also been reported that methyl jasmonate induces melatonin biosynthesis in watermelon (Li et al., 2021a). Additionally, melatonin treatment increases methyl jasmonate via induction of LOX and AOC expression, resulting in regulation of antioxidant enzymes and reduction of H2O2 (Liu et al., 2019). These reports show that melatonin and methyl jasmonate are part of a positive feedback loop, and work synergistically in the stress response. Considering these previous studies, our results suggest that melatonin synthesis, mediated by GABA and JA, inhibits WBPH -induced stress in rice.

GABA exhibits interactions with phytohormones such as auxins, cytokinins, abscisic acid, and ethylene, suggesting a potential contribution to stress tolerance in plants (Podlešáková et al., 2019). It is reported that, IAA and ABA induced aluminum-activated malate transporter (ALMT) family genes which is responsible for GABA regulation under stress condition (Podlešáková et al., 2019). Another study demonstrated the functional link between GABA and cytokinins in barley, where transgenic lines overexpressing the Arabidopsis cytokinin dehydrogenase 1 gene (AtCKX1) resulted in the upregulation of GABA-related genes GAD and ALMT in roots (Pospíšilová et al., 2016). Exogenous application of GABA also increased ethylene by regulation of 1-aminocyclopropane-1-carboxylic acid (ACC) synthase which is an evidence of GABA and ethylene interaction (Kathiresan et al., 1997). Interestingly, GABA application enhanced the accumulation of ABA in both normal and infested plants which regulate stomata closing, and reduced water conductance via leaf vessel size inhibition (Figure 6, 7). The closing of stomata is consistent with ABA accumulation, as ABA induces stomata opening during stress conditions to reduce water loss. We infer that GABA induces ABA accumulation, which results in closing of stomata and reduced water conductance under stress conditions. There is clear evidence from a previous study that GABA application plays a key role in stomata closure (Mekonnen et al., 2016). Another study focused on drought stress also demonstrated that ABA accumulation induces Ca2+ flux and the Ca2+/calmodulin complex further activates GAD, resulting in GABA synthesis (Shelp et al., 2012a; Daszkowska-Golec and Szarejko, 2013). The GAD1 mutant of Arabidopsis shows higher transpiration even in drought stress conditions, but ABA supplementation leads to closing of stomata and reduced water loss (Ward and Schroeder, 1994; Meyer et al., 2010). This result supports our finding that GABA plays a pivotal role in stomata closure and water conductance via induction of ABA accumulation. In plants, the accumulation of γ-aminobutyric acid (GABA) is a rapid response to environmental stress, and changes in its internal levels impact plant growth. Applying GABA externally has been found to enhance stress tolerance by influencing the expression of genes related to plant signaling, transcriptional regulation, hormone production, reactive oxygen species generation, and polyamine metabolism.

Undoubtedly, the primary benefit of enhancing the GABA content in crops and food matrices lies in its significant potential to positively impact human health, and consumers are already acquiring tomatoes with genetically enhanced GABA (Ahmar et al., 2023a, Ahmar et al, 2023b). However, there are pros and cons of increasing dietary intake of GABA in long term and it is predicted that it might prevent and alleviate high blood pressure effects (Gramazio et al., 2020). In term of plants, it is reported that high accumulation of GABA has the potential to disrupt the balance of amino acids within cells, resulting in abnormal phenotypes (Gramazio et al., 2020). Recently, it is reported that transgenic tomato increased GABA accumulation up to 19 fold but the plants scarcely produced fruits, with some exhibiting teratogenic effects, displayed pronounced dwarfism, pale green, and curled compound leaves, along with necrosis on both leaves and buds (Lee et al., 2018). In the study conducted by (Koike et al., 2013), the successful elevation of GABA levels was achieved through the suppression of SlGABA-T1 using RNA interference. However, the resultant transgenic plants exhibited dwarf phenotypes, with heights less than half of the wild type (WT), and infertility, accompanied by significant flower abscission. Similarly, the GABA-T-deficient mutant pop2 in Arabidopsis demonstrated deficiencies in pollen tube growth, as well as impaired cell elongation in hypocotyls and primary roots, as observed in studies by (Palanivelu et al., 2003; Renault et al., 2011). According to our knowledge, there is insufficient information exists on the effect of long-term use of GABA on agricultural. It is crucial to investigate whether continuous or extended use of GABA may lead to unintended consequences, such as altered plant physiology, changes in soil microbial communities, or potential ecological impacts.




5 Conclusion

The current study concludes that WBPH infestation significantly inhibits the growth and development of rice plants, while exogenous GABA application increased WBPH stress tolerance and enhanced rice growth. GABA application either has a direct effect on WBPH, or is involved in triggering a downstream defense reaction in the infested plants. It is evident from our study that GABA mitigated WBPH stress via regulation of the TCA cycle, which results in reduction of ROS generated by pest infestation. Another possible mechanism of GABA-mediated WBPH stress reduction in rice is associated with PAL gene regulation, which is responsible for activation of PR genes and SA hormone biosynthesis. Moreover, GABA induced antioxidant-related enzyme activity, which increased ROS scavenging and reduced WBPH-induced stress. Our study also suggests that GABA enhances ABA accumulation, which results in stomata closure and reduction of water loss. Additionally, GABA reduces oxidative stress via enhanced accumulation of melatonin and upregulates JA biosynthesis pathway, which is a defense signaling pathway in pathogen resistance. Overall, our study found that GABA inhibits WBPH stress in rice plants through regulation of several defensive mechanisms, which merit further molecular evaluation.
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White rust disease caused by a biotrophic oomycete Albugo candida is one of the most serious impediments in realizing the production potential of Brassica juncea. Due to the obligate nature of the pathogen, R-gene-based resistance is unstable as the newer virulent races emerge quickly. For this, a deep understanding of the molecular basis of resistance is essential for developing durable resistant varieties. In this study, we selected one susceptible cultivar, ‘Pusa Jaikisan’ and its single R gene based resistant NIL, ‘Pusa Jaikisan WRR as the source of understanding the defense mechanism in B. juncea against A. candida. Comparative histochemical analysis at 12 dpi showed higher callose deposition in the resistant cultivar than in the susceptible which hints towards its possible role in defense mechanism. Based on the biochemical markers observation, total protein was found to have a negative correlation with the resistance. The antioxidant enzymes (POX, CAT, and SOD) and non-enzymatic ROS scavenging compounds such as polyphenols and proline showed a positive correlation with the white rust resistance. Polyphenol Oxidase (PPO) total chlorophyll and total carotenoids were also found to be more abundant in the ‘Pusa Jaikisan WRR’. Based on the heat map analysis, PAL was identified to be the comparatively most induced enzyme involved in the defense mechanism. The polyphenol oxidase, total chlorophyll and total carotenoids were also found to show higher activity in the ‘Pusa Jaikisan WRR’. Furthermore, to study the defense response of ‘Pusa Jaikisan WRR’ compared to ‘Pusa Jaikisan’ against A. candida infection, the gene expression analyses of salicylic acid (SA)-marker PR protein genes (PR1 and PR2) and jasmonic acid (JA)-marker PR protein genes (PR3 and PR12) were done by qRT-PCR. Based on the results, PR2 emerged as the best possible gene for defense against A. candida followed by PR1. PR3 and PR12 also showed positive correlation with the disease resistance which may be due to the JA pathway acting complementary to the SA pathway in case of B. juncea-A. candida interaction. This provides evidence for the JA-SA hormonal crosstalk to be synergistic in case of the white rust resistance.
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1 Introduction

Regarding economic significance, oilseeds are second only to cereal crops. The global trends of area, production, and yield in the year 2021-22 were 41.95 mha, 88.35 mt and 2110 kg/ha, respectively (ICAR-DRMR, 2023). In India, rapeseed mustard has a share of one-fourth of total edible oil production and cultivated area. Out of this, Indian mustard [Brassica juncea (L.) Czern. And Coss.] has the lion’s share (about 36%) in India’s edible oil kitty (ICAR-DRMR, 2023). India imported 1.3 mt of edible oil in June 2023, which is alarming (The Solvent Extractors’ Association of India, 2023). On the other hand, many biotic and abiotic stresses are serious impediments to realizing the potential production of B. juncea. Among all these, white rust disease caused by Albugo candida is a globally important problem. It is known to cause losses ranging from 1% to 90% which depends on a multitude of factors such as plant population, host genotype, nutrition (Saharan and Verma, 1992). Chemicals such as Mancozeb and a combination of metalaxyl and mancozeb have proven to be quick and effective methods of disease management but they come with their own set of economically and environmentally negative spillovers (Gairola and Tewari, 2019). Breeding for disease resistance is the best strategy for managing the disease (Ren et al., 2016). A. candida being an obligate biotroph shares a strong co-evolutionary relationship with the host and this enables quick racial evolution and breaks the already existing R gene-based resistance. Given these factors, genetic engineering for the broad-spectrum non-host resistance (NHR) genes such as pathogenesis-related protein (PRs) genes is the most apt method for managing the dreaded white rust (Grover, 2012; Rai et al., 2023). Their expression pattern can be useful in identifying their role in resistance and future use. Further, a set of biochemical markers such as antioxidant enzymes, act as surrogate measures of resistance. These can be coupled with the histochemical parameters such as callose deposition in the inner walls which acts as determinants of resistance activation (Kaur et al., 1984). Together these three can be utilized for developing a thorough understanding of the defense mechanism against A. candida and developing durable transgenics.

As plants are sessile, they have evolved an array of mechanisms to thwart the growth of pathogens upon invasion. Among these, callose deposition, induction of pathogenesis related proteins (PR), catalase, superoxide dismutase and peroxidase, production of phenolics, and reactive oxygen species (ROS) are the foremost (Torres et al., 2006; Doughari, 2015). When a plant encounters the pathogen, it initiates a two-fold resistance response. The primary or basal response is mediated by recognizing the pathogen-associated molecular patterns (PAMPs) through the PAMP recognition receptors (PRRs). This is termed as the PAMP-triggered immunity (PTI) (Jones and Dangl, 2006). PTI induces the production of PR proteins, ROS, cell wall reinforcement and antimicrobial compounds produced through the mitogen-activated protein kinases (MAPKs) mediated signaling pathways (Bigeard et al., 2015). Cell death caused by ROS is usually favored by the pathogen in plant-necrotroph interaction but is an important component of disease resistance in the case of plant-biotroph interaction (Govrin and Levine, 2000; Pietrowska et al., 2015. Cell death is a necessary process, but too much can be detrimental to the plant itself. Hydrogen peroxide (H2O2) is one of the most important components of ROS and accumulates after the plant recognizes the pathogen. Hydrogen peroxide is converted into water and oxygen in peroxisome by catalase (CAT) (EC 1.11.1.6) (Afiyanti and Chen, 2014), whereas peroxidases (POX) (EC 1.11.1.7) reduce H2O2 along with many phenolics and non-phenolics substrates. Superoxide dismutase (SOD) (EC 1.15.1.1) negates the harmful effect of superoxide radicals by dismutation into oxygen and water (Bittner et al., 2017). The polyphenols play an important role by neutralizing the ROS, while polyphenol oxidase (PPO) (EC 1.10.3.2) catalyzes the oxygen-dependent oxidation of polyphenols to quinones. Together these two maintain ROS-homeostasis, which helps in plant defense (Arora et al., 2000; Kaur et al., 2017). Proline is an important non-enzymatic antioxidant that can also neutralize ROS and act as a balancing wheel (Verbruggen and Hermans, 2008). Phenylalanine ammonia-lyase (PAL) (EC 4.3.1.24) is one of the most crucial enzymes in the defense pathway. It catalyzes the deamination process of phenylalanine into secondary phenylpropanoid metabolism (Hahlbrock and Scheel, 1989). For producing these enzymes, the protein is broken down hence decreasing its concentration upon resistance activation (Bolwell and Wojtaszek, 1997). The relationship of chlorophyll and carotenoids with resistance have not been strongly ascertained and need future studies.

PR proteins along with hormonal responses induced by complex signaling pathways are the major determinants of plant resistance and are strongly induced upon pathogen inoculation (van Loon et al., 2006; Grover, 2012). These are small proteins which are accumulated and induced in response to an array of biotic and abiotic stresses (Ebrahim et al., 2011). At present, PR proteins are classified into 17 families and among them, the major ones are PR1 (antifungal), PR2 (β-1,3-glucanase), PR3 (chitinase), PR5 (thaumatin-like protein), PR9 (peroxidases), PR12 (plant defensin), PR13 (thionins) (van Loon et al., 2006). Regarding hormonal signaling-mediated resistance, salicylic acid (SA) and jasmonic acid/ethylene (JA/ET) are important components. They are thought to be mutually antagonistic. The JA/ET pathway is initiated upon attack by a necrotroph while in the case of a biotroph, the SA pathway is predominant. Multiple reports hint at a positive role of JA/ET in the case of biotroph attacks where they complement the SA pathway (Glazebrook, 2005). PR1, PR2 and PR5 are the SA-marker genes, while PR3, PR12 and PR13 are the JA/ET-marker genes (Thomma et al., 2001). As, B. juncea suffers from a heterogeneous group of pathogens which includes both biotrophs and necrotrophs, the signaling pathway genes may help in developing broad-spectrum durable resistance. Several transgenic plants over-expressing PR genes have been developed against B. juncea pathogens imparting disease resistance (Huang et al., 2016; Dong et al., 2017; Ali et al., 2018).

A comparative study of the disease resistance factors in resistant and susceptible cultivars of B. juncea is essential to develop durable transgenics. Here we have chosen B. juncea cv. Pusa Jaikisan (susceptible) and B. juncea cv. Pusa Jaikisan WRR (resistant) (Arora et al., 2019) source for white rust resistance and studied the disease progression, callose deposition after infection, defense-related enzymes and non-enzymatic compounds, and the role of PR genes as markers of the hormonal signaling pathway in resistance against A. candida.




2 Materials and methods



2.1 Plant materials and fungal materials

Two cultivars of Indian mustard (B. juncea), ‘Pusa Jaikisan’ and ‘Pusa Jaikisan WRR’ were used as plant materials and the seeds were obtained from the ICAR-Directorate of Rapeseed Mustard Research, Bharatpur (India). These experiments were carried out from November 2022 to March 2023 at the Division of Plant Pathology, ICAR- Indian Agricultural Research Institute, New Delhi (India). The research complied with the institutional, national, and international guidelines and legislation.

Albugo candida of New Delhi isolate Ac-Dli was originally isolated from ‘Pusa Jaikisan’ (B. juncea) from the field of Division of Genetics, ICAR- Indian Agricultural Research Institute. For maintaining the Ac-Dli isolate, seedlings of ‘Pusa Jaikisan’ were used. Seven-day-old plants were inoculated by spraying Ac-Dli with the concentration of 1 X 105 zoosporangia/ml, followed by incubating in a moist chamber for 24 h at 220C under the dark conditions and then in a growth chamber for 16 h light and 8 h dark at 210C, with regular irrigation. The process was repeated sufficiently for maintenance. The isolate Ac-Dli was maintained in the Division of Plant Pathology, ICAR- Indian Agricultural Research Institute.




2.2 Inoculation test

Seeds of ‘Pusa Jaikisan’ and ‘Pusa Jaikisan WRR’ were sown in trays in three replications each and were kept under 16 h light alternated with 8 h dark at 210C. Seven-day-old plants were inoculated by spraying Ac-Dli with a concentration of 1 X 105 zoosporangia/ml. To confirm the successful inoculation, plants were incubated in a dark growth chamber for 24 h at 220C under dark conditions and then in a growth chamber for 16 h light and 8 h dark at 210C, with regular irrigation. After 12 days, ‘Pusa Jaikisan’ showed characteristic white-colored zoosporangial pustules on both the adaxial and abaxial surface of the cotyledons, while no symptoms were seen on the ‘Pusa Jaikisan WRR’ on either side.

The susceptibility of ‘Pusa Jaikisan’ and resistance of ‘Pusa Jaikisan WRR’ were confirmed by maintaining the plants in a dark growth chamber for 24 h at 220C with 100% humidity. The plants were then moved into a growth chamber and provided controlled conditions for 16 h light and 8 h dark at 210C, with regular irrigation. For gene expression profiling and biochemical assays, 14-day-old seedlings were inoculated by spraying Ac-Dli with a concentration of 1 X 105 zoosporangia/ml. The infected leaf samples were harvested from ‘Pusa Jaikisan’ and ‘Pusa Jaikisan WRR’ at 12, 24, 48, 72 and 96 hpi, snap chilled in liquid nitrogen and stored at -800C for further analyses.




2.3 Disease parameters

Disease resistance or susceptibility were assayed on the leaves of the three plants at 12 dpi. A white rust disease scoring scale of 0 to 9 was used to characterize the plants in which 0, 1, 3, 5, 7 and 9 correspond to 0, <5, 5-10, 11-25, 26-50 and >50% diseased area, respectively (Bits et al., 2018). The diseased area comprised white-colored zoosporangial pustules. The experiment was carried out in three replications and for a single replication, five leaves were taken from each plant.




2.4 Confocal microscopy

Callose deposition near plasmodesmata was observed according to Zavaliev and Epel (2014). For tissue staining and sample preparation, the leaf sample was collected at 12 dpi from both ‘Pusa Jaikisan’ and ‘Pusa Jaikisan WRR’. The entire leaf was cut by holding it along the petiole and submerged in 96% ethanol solution. The container having the sample was covered and sealed with parafilm. Incubation was done at room temperature (RT) to bleach the sample. The bleached leaf was removed from the ethanol solution. The leaf was placed on a flat surface and cut strips 5 mm wide using a razor blade. Utmost care was taken to sample the same regions of both leaves as there may be differences in callose deposition in different regions. The sample was then rehydrated by sinking the strips with the help of DDW with 0.01% Tween-20 followed by incubation at RT for 1h. Strips were removed from DDW and placed in a 25 ml glass tube filled to 1/3 with aniline blue solution by using a wire loop. The vacuum desiccator was used for 10 min to get good dye penetration. Tubes were wrapped with aluminum foil and incubated at RT for 2 h. Specimens were then taken for microscopy and were mounted on microscopic slides and observed under a confocal microscope at ICAR- Indian Agricultural Research Institute. (Model: Leica TCS SP52). Configuration of confocal microscopy was built in a single-track mode. The 405 nm diode laser was used for excitation, while the 475-525 nm band-passed emission filter for the aniline blue fluorescence. A white pseudo color was used for aniline blue emission. The important area under the microscope showing disease progression was captured by a camera mounted on the system and photomicrographs were processed in Image J software (Collins, 2007).




2.5 Biochemical assays

The biochemical assay was carried out from the infected sample at 0, 12, 24, 48, 72 and 96 hpi. The enzyme extract was prepared by homogenizing 200 mg of leaf sample in liquid Nitrogen. Ice cold 1.5 ml of 50mM Sodium phosphate buffer (pH 7.0), 2mM EDTA, 5mM β-mercaptoethanol and 4% Polyvinylpyrrolidone (PVP) were added to the homogenized powder (except for TPC where no PVP was used). The homogenate was centrifuged at 3000 rpm for 30 min at 40C. The supernatant was stored in aliquots at -400C. This enzyme extract was used for total protein, polyphenols, PPO, PAL, CAT, SOD, and POX estimation.



2.5.1 Protein content

The total protein content was determined by using the Bradford's approach (1976). The bovine serum albumin served as the standard. The assay combination included 2 ml Bradford reagent, 990 µl water, and 10 µl enzyme extract. The absorbance was recorded at 595 nm by using a UV-visible spectrophotometer. Total protein content was expressed as mg/g dry weight.




2.5.2 POX activity

The POX activity was determined by following the Chance and Maehly (1955) methodology. In this, three solutions; Solution A; Sodium phosphate buffer (100mM, pH 7.0), Solution B: 10 mM H2O2 solution and Solution C: 20mM guaiacols were freshly prepared. 1.5 ml Solution A and 0.12 ml Solution B were taken in a cuvette. Absorbance increment was recorded at 470 nm wavelength for 3 min at intervals of 1 min each. The reaction mixture without enzyme served as blank. Tetra guaiacol (26.6 mM-1cm-1) was used as the extinction coefficient of the oxidation product.




2.5.3 CAT activity

CAT activity was determined by following the methodology described by Aebi (1984). 0.1 ml enzyme extract was mixed with 1.5 ml solution A and 0.4 ml distilled water. The decrease in absorbance was recorded for 3 min at 30 s intervals at 240 nm just after the addition of 1ml solution B. The extinction coefficient of H2O2 (39.4 mM-1 cm-1) was used for quantification.




2.5.4 Superoxide dismutase activity

Superoxide dismutase activity was measured following the Beauchamp and Fridovich (1971) method. The assay solution contained 27 ml of 50 mM sodium phosphate buffer (pH 7.8), 1 ml of 1.72 mM nitroblue tetrazolium (NBT), 1.5 ml of 201 mM methionine, and 0.75 ml of 1% Triton X-100. To prepare the enzyme extract, plant tissues were homogenized in the sodium phosphate buffer and centrifuged at 10,000 g for 15 minutes at 4°C. The supernatant was used for the assay. For the assay, 1 ml of the solution mix, 0.1 ml of enzyme extract, and 0.03 ml of 20 μM riboflavin were combined in a test tube and incubated in a foil-lined box with a 40W fluorescent bulb for 10 minutes. The reaction was terminated by switching off the light, and absorbance was measured at 560 nm. A reaction mixture without the enzyme extract served as the blank, representing 100% NBT reduction.




2.5.5 Total polyphenol content

The total polyphenol content was determined by Singleton and Rossi (1965) method. A diluted test sample (0.5 ml) was reacted with 0.2 ml Folin-Ciocalteau reagent, and the reaction was neutralized with sodium carbonate (0.5 ml). 10 ml distilled water was used to make up the volume. The absorbance of the blue color was measured at 760 nm. The gallic acid standard curve was used for quantification.




2.5.6 PPO activity

Polyphenol oxidase activity was measured following Meyer et al. (1998) method. Fresh leaves (0.2 g) were homogenized in 2 ml of pH 6.5 0.1 M sodium phosphate buffer and centrifuged at 16,000 rpm for 15 min at 40C. The enzyme was obtained from the supernatant. 200 µl of enzyme extract and 1.5 ml of 0.1 phosphate buffer (pH 6.5) were used for the process. The reaction was started by using 200 µl of 0.01 M catechol, and the enzyme activity was measured at 495 nm/min/mg protein.




2.5.7 PAL activity

PAL activity was measured following the methodology described by Edward and Kessmann (1992). 25 mM tris buffer (pH 8.8) was used as the homogenization buffer. After adding 0.1 ml of enzyme extract and 0.4 ml of 0.05 M tris HCL buffer (PH 8.8) having 0.2 mM phenylalanine, the reaction mixture was incubated in a water bath at 370C for 60 min. To stop the reaction, 0.1 ml of 0.5 N HCL was added. 2 ml of toluene was used to extract the trans-cinnamic acid. The absorbance was measured at 412 nm followed by calculating enzymatic activity.




2.5.8 Proline content

The total proline content was calculated following the methodology described by Koca et al. (2007). 0.2 g of fresh leaf sample was homogenized in 2 ml of 3% w/v distilled water sulfosalicylic acid and centrifuged at 10,000 rpm for 30 min at 4°C. 1 ml of supernatant was combined with 1 ml of glacial acetic acid and 1 ml of acid ninhydrin reagent and incubated for 1 hour at 100°C in a water bath before being immediately plunged into an ice bath to stop the reaction. 2 ml of toluene was after that transferred to each reaction mixture tube. The chromophore was finally extracted by vigorously swirling on a vortex mixer. A spectrophotometer was used to measure the absorbance of the chromophore-comprising toluene layer at 520 nm.




2.5.9 Chlorophyll content

The chlorophyll content ( mg/g fresh weight) was calculated by placing the 10 mg of fresh tissue in a 2 µl microcentrifuge and 700 ul of preheated DMSO was added to the tube containing the leaf tissue. For 30 min, the tube was placed in a 650C water bath. Following incubation, 300 µl of DMSO was added to achieve a volume of 1 ml. The absorbance was measured at three different wavelengths: 470 nm, 645 nm, and 663 nm. Arnon’s equations were used to calculate the chlorophyll content (Richardson et al., 2002). Lichtenthaler and Welburn’s (1983) methodology was used to determine the total carotenoid content (mg/g fresh weight) by using the same enzyme extract.





2.6 Gene expression profiling

For the gene expression profiling, RNA was isolated from the infected samples at 0, 12, 24, 48, 72 and 96 hpi by RNeasy® Plant Mini Kit QIAGEN (Germany) as described by the manufacturer’s protocol. For determining the purity and concentration of RNA, the Nanodrop spectrophotometer (NanoDrop2000 Thermo Scientific, Wilmington, DE) was used. First-strand cDNA was synthesized using total RNA isolated from the leaf samples by Promega ImProm-IITM Reverse Transcription system (USA) following the manufacturer’s protocol. The oligoanalyzer software was used for designing the primers of PR1, PR2, PR3 and PR12 genes. For this purpose, the conserved regions were used (Table 1). The genes PR1 and PR2 are SA-marker genes, while PR3 and PR12 are JA/ET-marker genes and are used for ascertaining their role in the defense pathway of B. juncea-A. candida interaction. The qRT-PCR reaction mixture contained 2 µl of cDNA, 5 µl of SYBR green qRT-PCR master mix (Takara kit, Japan) and 0.5 µl of each primer. Thermal conditions were kept at 940C for 3 min, followed by 40 cycles of 940C for 30 s, 600C for 30 s, and 720C for 30 s. Alpha-tubulin was used as the housekeeping gene which acted as internal control. The reactions were performed in triplicates and repeated using three biological replicates and the delta CT method was used to analyze the relative expression level of each gene (Livak and Schmittgen, 2001). Fold changes with p ≤ 0.05 were taken as the significant level of expression.


Table 1 | List of primers used for the qRT-PCR analysis of PR1, PR2, PR3 and PR12 genes at 0, 12, 24, 48, 72 and 96 hpi.






2.7 Statistical analyses

A complete randomized design was set up for the experiment and the disease was scored by taking three replicates from each infected plant. The results were analyzed by using the one-way analysis of variance (ANOVA) p ≤ 0.05 level of significance through Microsoft Excel.





3 Results



3.1 Disease severity

Disease severity was recorded at 12 dpi. ‘Pusa Jaikisan’ was found to be highly susceptible with more than 50% area covered by pustules and a rating score of 9, while ‘Pusa Jaikisan WRR’ had no pustules on both adaxial and abaxial surface with 0% leaf area covered and rating of 0 on the 0-9 scale (Figure 1) (Bits et al., 2018). Disease reaction was found to be immune in the case of ‘Pusa Jaikisan WRR’. A susceptible disease reaction was found in ‘Pusa Jaikisan’.




Figure 1 | Comparative disease parameters in B. juncea cv. Pusa Jaikisan and B. juncea cv. Pusa Jaikisan WRR. The experiment was carried out in three replications Diseased area was more than 50% in the case of ‘Pusa Jaikisan WRR’, while it was 0% for ‘Pusa Jaikisan’.






3.2 Comparative callose deposition

Callose deposition is an important determinant of resistance and was histochemically analyzed through aniline blue staining. Based on the confocal microscopic examinations of both the specimens at 12 dpi, i.e., infected ‘Pusa Jaikisan’ and ‘Pusa Jaikisan WRR’, we found the callose to be deposited at plasmodesmata, between the plant cell wall and plasma membrane, and on other plant tissues. The callose deposition was observed at different scales i.e., 250 μm and 100 μm for ‘Pusa Jaikisan WRR’ and 250 μm and 75 μm in the case of ‘Pusa Jaikisan’. The quantum of callose deposition at the site of pathogen intrusion was found to be way higher in the case of ‘Pusa Jaikisan WRR’ as compared to ‘Pusa Jaikisan’ (Figure 2). This hinted towards its possible role in the defense against white rust.




Figure 2 | Comparative callose deposition in B. juncea cv. Pusa Jaikisan and B. juncea cv. Pusa Jaikisan WRR. The aniline blue-based histochemical analysis yielded that the callose deposition was higher in ‘Pusa Jaikisan WRR’ than in the ‘Pusa Jaikisan’.






3.3 Comparative estimation of defense-related biochemical parameters

Total protein content was higher in ‘Pusa Jaikisan’ than in the ‘Pusa Jaikisan WRR’ at all the time points. Across the time intervals, it reduced gradually in ‘Pusa Jaikisan’ but in the case of ‘Pusa Jaikisan WRR’, it decreased till 48 hpi and increased after that at both 72 hpi and 96 hpi. However, the protein content of the latter remained lower than the former (Figure 3A). Peroxidase was found to be higher in ‘Pusa Jaikisan WRR’ as compared to the ‘Pusa Jaikisan’ at all-time intervals. It gradually increased in Pusa Jaikisan from 12 to 96 hpi. But in the case of ‘Pusa Jaikisan WRR’, it attained its peak activity at 48 hpi and decreased thereafter (Figure 3B). The CAT was observed to be increased in the ‘Pusa Jaikisan WRR’ as compared to ‘Pusa Jaikisan’ at all-time intervals. In the case of ‘Pusa Jaikisan WRR’, CAT activity was recorded to be highest at 48 hpi and decreased thereafter. It saw a steady rise in the case of ‘Pusa Jaikisan’ (Figure 3C). SOD activity was recorded to be higher in ‘Pusa Jaikisan WRR’ as compared to ‘Pusa Jaikisan’ at all-time intervals. In the case of ‘Pusa Jaikisan WRR’, enzyme activity reached its maximum quantum at 48 hpi and then saw a gradual decline, whereas it kept on increasing at a steady pace in Pusa Jaikisan (Figure 3D).




Figure 3 | Changes in the biochemical markers in the leaves of ‘Pusa Jaikisan WRR’ and ‘Pusa Jaikisan’ after A. candida infection at 0, 12, 24, 48, 72 and 96 hpi. Values are mean of three replicates ± SE and indicating significant difference against 0 hpi (p<0.05). The biochemical parameters are (A) Total protein; (B) POX; (C) CAT; (D) SOD; (E) PAL; (F) PPO; (G) Total polyphenols; (H) Total proline; (I) Total chlorophyll; (J) Total carotenoids.



PAL activity was recorded to be higher in the ‘Pusa Jaikisan WRR’ as compared to ‘Pusa Jaikisan” at all the time intervals. The enzyme activity was found to be maximum at 72 hpi in the case of ‘Pusa Jaikisan WRR’ and decreased at 96 hpi. However, a steady rise in the activity of PAL was seen in ‘Pusa Jaikisan’ (Figure 3E). The PPO was recorded to be higher in ‘Pusa Jaikisan WRR’ at 12, 24 and 48 hpi, whereas it was slightly higher in ‘Pusa Jaikisan’ at 72 hpi and 96 hpi than the former. The maximum PPO activity in ‘Pusa Jaikisan WRR’ was shown at 48 hpi, and a steady decline was seen thereafter. It kept on increasing across all the time points in ‘Pusa Jaikisan’ (Figure 3F). In the case of total polyphenol, the activity was found higher in the ‘Pusa Jaikisan WRR’ as compared to the ‘Pusa Jaikisan’ at all the time intervals. The activity was found to be maximum at 72 hpi in the case of ‘Pusa Jaikisan WRR’ and it decreased at 96 hpi. There was a steady rise in ‘Pusa Jaikisan across all the time points (Figure 3G).

The proline content was found to be higher in the ‘Pusa Jaikisan WRR’ as compared to the ‘Pusa Jaikisan’. There was a huge difference in the enzyme activity of the 0 hpi sample of both cultivars. In the case of ‘Pusa Jaikisan WRR’, the maximum value was attained at 48 hpi followed by a steady decline. It kept on increasing till 72 hpi in ‘Pusa Jaikisan’ and there was a slight decline at 96 hpi (Figure 3H). Total chlorophyll content was found to be higher in ‘Pusa Jaikisan WRR’ than in ‘Pusa Jaikisan’ at all the time intervals. In the case of Pusa Jaikisan’, the activity increased up to 48 hpi and then decreased from 72 hpi, whereas there was an increment up to 48 hpi followed by a decline at 72 hpi and then again, an increase at 96 hpi in the case of ‘Pusa Jaikisan WRR’ (Figure 3I). The total carotenoid content was recorded to be higher in ‘Pusa Jaikisan WRR’ as compared to the ‘Pusa Jaikisan’ at all the time intervals. In the case of ‘Pusa Jaikisan’, it kept on increasing across the time intervals, whereas in ‘Pusa Jaikisan WRR’ it attained the peak value at 72 hpi and decreased thereafter (Figure 3J).

The above findings hint towards a positive correlation between resistance and that of antioxidant enzymes (POX, CAT, and SOD), PAL, PPO, polyphenols, proline, chlorophyll, and carotenoids. However, a negative correlation of total protein with disease resistance was observed, which may be due to the breaking down of proteins to produce defense-related enzymes, thereby decreasing protein concentration in plants. Heat map analysis was done for different time intervals against 0 hpi to determine the enzyme with the highest response and best time interval for resistance induction (Figure 4). Among all the biochemical markers, SOD, PAL, total polyphenols, and total carotenoids showed a higher quantum of jump as compared to the others. Most of the markers had their highest activity at 48 hpi or 72 hpi. So, these time intervals were the most promising ones for defense response.




Figure 4 | Heatmap analysis of biochemical markers at different time intervals.






3.4 Comparative PR gene expression

PR proteins are an important part of the plant’s stress response machinery. PR1 and PR2 are the SA pathway genes which play a vital role in defense against the Biotrophs. The PR3 and PR12 are JA/ET pathway genes, which have a positive role in defense against necrotrophic pathogens. A higher expression of the PR1 gene was found in the ‘Pusa Jaikisan WRR’ as compared to the ‘Pusa Jaikisan’ at all time intervals. In ‘Pusa Jaikisan WRR’, the maximum expression (4.24-fold) of PR1 occurred at 48 hpi. Thereafter, it gradually decreased (2.97-fold at 72 hpi and 2.84-fold at 96 hpi). In ‘Pusa Jaikisan’, the expression was found to be nearly the same at all the time intervals which hovered from a range of 1.41-fold to 1.63-fold (Figure 5A). In the case of PR2 gene expression, ‘Pusa Jaikisan WRR’ showed a higher expression at all the time intervals except at 12 hpi as compared to the ‘Pusa Jaikisan’. The highest expression in ‘Pusa Jaikisan WRR was seen at 72 hpi (7.82-fold) and decreased at 96 hpi to 5.66-fold. In Pusa Jaikisan, there was not a significant change and the maximum expression occurred at 24 hpi (Figure 5B). There was an interesting trend in the JA/ET-marker PR3 gene expression, where the expression was higher in ‘Pusa Jaikisan WRR’ at 12, 24 and 72 hpi, whereas it was reversed at 48 and 96 hpi. In the case of ‘Pusa Jaikisan WRR’, maximum expression was seen at 12 hpi (3.49-fold) and 24 hpi (2.84-fold), while for ‘Pusa Jaikisan’ it occurred at 48 hpi (2.84-fold). At 96 hpi, the expression was similar in both cultivars (Figure 5C). The expression pattern of PR12 didn’t show much fluctuation in ‘Pusa Jaikisan’ and hovered around 1.32-fold to 1.62-fold. In ‘Pusa Jaikisan WRR’, the highest expression (2.53-fold) occurred at 48 hpi. The resistant cultivar had higher expression at all the time intervals except at 12 hpi. Both the cultivars had at par expression at 96 hpi (Figure 5D). The findings of this study hint towards a positive role of PR1 and PR2 against A. candida. Also, the higher expression of PR3 in the initial stages and higher expression of PR12 in ‘Pusa Jaikisan WRR’ may be due to their complementary role in resistance to the SA-marker genes. This shows a possible synergistic role of both SA and JA/ET signaling pathways in white rust resistance. Heat map analysis was done for different time intervals against 0 hpi to determine the PR gene with the highest response and best time interval for resistance induction (Figure 6). Among all the four genes, PR2 showed the highest relative expression. As with the biochemical markers, gene expression analysis also showed that 48 hpi and 72 hpi are the most active time intervals for defense-response.




Figure 5 | Differential gene expression of PR1 (A), PR2 (B), PR3 (C), and PR12 (D) genes in the leaves of ‘Pusa Jaikisan WRR’ and ‘Pusa Jaikisan’ after A. candida infection at 0, 12, 24, 48, 72 and 96 hpi. Values are mean of three biological replicates ± SE and indicating significant difference against 0 hpi at p < 0.05. The relative expression levels of each gene were analyzed by delta CT method.






Figure 6 | Heat map analysis of PR protein genes at different time intervals.







4 Discussion

The host-pathogen interaction is the most important aspect of any study on plant disease as disease is termed as the manifestation of the interaction between the two entities in a conducive environment. The interaction may be compatible or incompatible based on certain factors out of which host resistance is the foremost. Histological studies are the primary method to establish this binary outcome. The current study emphasizes the role of callose, biochemical markers and PR protein genes in plant defense. In present study deposition of callose in both resistant and susceptible cultivars was observed, but the quantum of deposition was higher in the resistant one. Similar conclusions were made by Kaur et al., 1984, who reported activation of resistance due to the deposition of callose on inner walls. However, there is still a lack of evidence of callose being an important determinant of resistance, as the role may be ascertained due to its easily detectable nature.

The plant-pathogen interaction is characterized by a very well-organized and structured response by the plants to counter the pathogen. Reactive oxygen species (ROS) hold a very important place in B. juncea-A. candida interaction as the pathogen is an obligate biotroph and the resultant cell death due to the ROS favors the plant. The resistant cultivar ‘Pusa Jaikisan WRR’ varied only for a single R gene and whatever differential response it showed was due to the transferred gene. Different biochemical parameters were taken viz., total protein, POX, CAT, SOD, PAL, PPO, total polyphenols, total proline, total chlorophyll, and total carotenoids. The total protein and disease resistance in mustard is quite well-studied. Bolwell and coworkers suggested a relationship between the cell wall-invading pathogen and protein content in plants (Bolwell and Wojtaszek, 1997). In our study, we observed the total protein content to be lower in ‘Pusa Jaikisan WRR’ as compared to the ‘Pusa Jaikisan’. Similar reports have been made by many researchers. Mishra et al. (2009) evaluated the biochemical response of Brassica genotypes against A. candida and observed a negative correlation between disease and total proteins. The protein content was maximum in the cotyledonary leaves of susceptible cultivars. Chatterjee et al. (2022) also found fluctuation of significant biochemical parameters such as total proteins, sugars, and phenols, superoxide dismutase, and hydrogen peroxide during the A. candida infection in B. juncea.

POX catalyzes the oxidation of a variety of phenolic and non-phenolic electron donor substrates with H2O2 breakdown and is among the first enzymes to show differential response upon induction of biotic stress (Kozłowska et al., 2001). In this study, we observed the POX activity to be higher in the ‘Pusa Jaikisan WRR’ than in ‘Pusa Jaikisan’ at all the time intervals. In the resistant cultivar, the maximum activity was seen at 48 hpi followed by a gradual decline. Singh et al. (2011) reported an increment in POX concentration when inoculated with A. candida. Faizal canola, a resistant cultivar was found to harbor increased POX activity (Asif et al., 2018). Upadhyay et al. (2023) observed a significant increase in the POX concentration at 48 hpi in all the cultivars upon A. candida inoculation. Donskaja, a resistant cultivar showed maximum increase while the susceptible cultivars such as Pusa Bold and Varuna showed a minimal increment. CAT converts the excess H2O2 produced during developmental and environmental stresses in peroxisome into water and oxygen in all aerobic species. In the present study, CAT activity was found higher in ‘Pusa Jaikisan WRR’ than in ‘Pusa Jaikisan’ at all the time intervals. The peak in resistant cultivar was seen at 48 hpi. Similar observations have been made by other researchers. Sapna et al. (2009) found CAT to be higher in the resistant genotype, RH 781 as compared to the susceptible, Varuna upon A. candida inoculation. Asif et al. (2018) also noted higher CAT activity in the resistant cultivar, Faisal Canola when challenged with A. candida. SOD is an important antioxidant enzyme as it dismutates superoxide radicals into O2 and H2O2. In the present study, the SOD activity was seen to be higher in the resistant cultivar than in susceptible cultivar at all the time intervals. Like the previous antioxidant enzymes, maximum activity in resistant cultivar was seen at 48 hpi. Asif et al. (2018) observed similar results in the resistant cultivars, Faisal canola and Punjab Canola.

PAL catalyzes the deamination process of phenylalanine from the primary metabolism into the crucial secondary phenylpropanoid metabolism in plants. In present study a higher PAL activity was observed in ‘Pusa Jaikisan WRR’ than in ‘Pusa Jaikisan’ at all the time intervals. Maximum enzymatic activity was seen at 72 hpi in the ‘Pusa Jaikisan WRR’. Singh et al. (1999) had similar findings in which they documented that upon A. candida inoculation, B. juncea accumulates the PAL. Awasthi (2011) elucidated the positive role of PAL in resistance against white rust as the PAL activity was higher in incompatible reactions as compared to the compatible ones. A negative correlation was also established between PAL concentration and disease severity in the case of Alternaria leaf blight and white rust (Kaur et al., 2020). PPO catalyzes the oxygen-dependent oxidation of phenols to quinone and contributes to the plant defense against plant disease and insect pests. A higher PPO activity was observed in ‘Pusa Jaikisan WRR’ than in ‘Pusa Jaikisan’ at 12, 24 and 48 hpi whereas a reverse trend was seen at 72 and 96 hpi. The present findings are in line with Tirmali and Kolte (2013) who concluded that PPO has a positive correlation with the induction of host resistance in otherwise susceptible cultivar, EC-399301 against white rust. Banga et al. (2004) observed a similar trend where they introduced white rust resistance genes into B. juncea cv. RL 1359 from B. napus, B. carinata and B. tournefortii. They observed PPO to be positively associated with the white rust-resistant trait.

Phenols are thought to play diverse functions in stressed plants, including the neutralization of ROS, cell wall lignification, and anti-nutritional activity. In the present study total polyphenols content was found to be more in ‘Pusa Jaikisan WRR’ than in ‘Pusa Jaikisan’ at all the time intervals. Maximum activity was seen in ‘Pusa Jaikisan WRR’ at 72 hpi. Many researchers have reported similar trends. Yadav et al. (1996) found that total phenols and other phenolic compounds such as polyphenols have a positive role in the Indian mustard against white rust. Phenolic compounds and polyphenols lead to increased deposition of waxes on the leaf surface of B. juncea cultivars, and this acted as a structural barrier against the invading A. candida. Upadhyay et al. (2023) also showed that the total polyphenols content rises with the disease progression. Donskaja had the maximum polyphenol activity at 24 hpi. Proline is thought to be a potent non-enzymatic antioxidant that can neutralize the detrimental effects of several ROS members. Plants accumulate high amounts of proline in response to stress (Verbruggen and Hermans, 2008). We recorded a higher proline content in ‘Pusa Jaikisan WRR’ as compared to the ‘Pusa Jaikisan’ at all the time intervals. There was a huge difference between both cultivars in the proline content at 0 hpi. This hints towards a possible role of proline as an in-built resistance compound. The proline content was highest at 72 hpi and 48 hpi in ‘Pusa Jaikisan’ and ‘Pusa Jaikisan WRR’ respectively. Similar reports were also made by Tasleem et al. (2017), where they assessed tolerance to Alternaria blight disease by measuring the activity of oxidative enzymes in a transgenic line (BjV5) of B. juncea. Chaurasia et al. (2019) found that in the case of resistant cultivars, A. brassicae triggers proteolysis and generates cell-protecting antioxidants as seen in variety, PM-30. This results in higher proline accumulation in this genotype.

In the present study, total chlorophyll content was more in ‘Pusa Jaikisan WRR’ as compared to the ‘Pusa Jaikisan’ at all the time intervals. In ‘Pusa Jaikisan’, the activity saw an increment up to 48 hpi and then gradually declined. For ‘Pusa Jaikisan WRR’, the activity increased up to 48 hpi, then decreased at 72 hpi and again increased at 96 hpi. These findings are in line with former studies where Gupta et al. (1997) concluded a positive impact of chlorophyll on white rust resistance, and it should be a factor of consideration when screening for white rust resistance genotypes. We recorded and analyzed carotenoid content in both the resistant and susceptible cultivars and found it to be higher in the former at all time intervals. The maximum activity in the resistant cultivar, ‘Pusa Jaikisan WRR’ was seen at 72 hpi. Gupta et al. (2012) reported a positive relationship between total carotenoids and the disease intensity in Alternaria brassicae infected plants.

The above findings indicate a positive correlation between resistance and that of antioxidant enzymes (POX, CAT, and SOD), PAL, PPO, polyphenols, proline, chlorophyll, and carotenoids. The antioxidant enzymes such as POX, CAT, and SOD and the non-enzymatic ROS scavenging compounds such as polyphenols and proline increase in both resistant and susceptible cultivars, but the quantum of increase is much higher in the former. This may stem from the fact that ROS is an important determinant of cell death, and it occurs much more quickly in resistant cultivars, which ultimately necessitates faster scavenging of ROS to save the plants from excessive cell death. PAL is the first committed enzyme of the cinnamate-related secondary metabolism and is instrumental in resistance. Thus, it was found higher in the resistant cultivars. PPO was found to be increased in the resistant cultivars due to the role it plays in converting the phenols into toxic quinones which further stops the growth of the pathogen. Chlorophyll was reported to increase significantly in both the cultivars. This may be due to the induction of “green islands” by A. candida, which can fix 5 times more CO2 than uninfected plants (Harding et al., 1968). Carotenoids were found in higher concentrations in the resistant cultivar due to the reason that they are potent ROS scavengers. We also reported a negative correlation of total protein with disease resistance. A possible reason may be that for the synthesis of most of the defense-related enzymes, the proteins are broken down thus decreasing their concentration in plants.

PR proteins are an important component of disease resistance along with the hormonal responses that are induced by complex signaling and networking. The PR-protein induction has been reported in many plant-fungi interactions (Grover, 2012). Salicylic acid (SA) and Jasmonic acid (JA)/Ethylene (ET) are two important pillars of hormonal signaling-mediated resistance. Both these are generally thought to be antagonistic. In the case of biotrophs, the SA-mediated resistance is activated while in the case of necrotrophic attack, there is an induction of the JA/ET pathway. The gene-for-gene concept is positively applied to the biotrophs where the interaction between an Avr gene and an R gene results in resistance. This is further manifested by the activation of SAR and SA-dependent signaling. For this reason, both the concepts were integrated and PR1 and PR2 were taken as SA-marker genes and PR3 and PR12 were taken as JA/ET-marker genes to check whether both pathways are synergistic or antagonistic and which set of PR genes play a positive role in white rust resistance against B. juncea.

We found that the resistant cultivar ‘Pusa Jaikisan WRR’ had a higher expression of the PR1 gene at all the time intervals as compared to the susceptible one. In the resistant cultivar, the maximum expression occurred at 48 hpi. Thereafter, it gradually declined. In the case of ‘Pusa Jaikisan’, the expression was found to be similar at all the time intervals. Similar findings were observed by other workers such as Niderman et al. (1995) reported the PR1 protein isolated from tobacco and other solanaceous plants effectively reduced spore germination and pathogen growth in the plants. Overexpression of numerous PR1 genes in various plant species increased resistance to oomycetes (Broekaert et al., 2000), but the effect on other pathogens taxa is unknown. PR1 has recently been demonstrated to bind sterols, indicating a protective mode of action based on the limitation of this key nutrient for oomycetes (Gamir et al., 2017). In the case of PR2 gene expression, the ‘Pusa Jaikisan WRR’ showed a higher relative expression than in ‘Pusa Jaikisan’ at all the time intervals except at 12 hpi. Maximum expression in ‘Pusa Jaikisan WRR’ occurred at 72 hpi. There was not much significant rise in the ‘Pusa Jaikisan’ and the expression was relatively the same throughout. Several incidences of improved resistance to oomycetes in plants overexpressing PR2 have been documented since oomycetes have β-1,3-Glucanase in their cell walls (Broekaert et al., 2000).

Chitinase (PR3) catalyzes the hydrolytic cleavage of chitin (the planet’s second most prevalent biopolymer after cellulose) and is a significant antifungal enzyme We saw a very interesting trend in PR3 gene expression where it was more in ‘Pusa Jaikisan WRR’ at 12,24 and 72 hpi, while at 48 and 96 hpi it was more in the susceptible cultivar, ‘Pusa Jaikisan’. Maximum expression in ‘Pusa Jaikisan WRR’ occurred in the initial stages at 12 and 24 hpi. For the ‘Pusa Jaikisan WRR’, the peak was observed at 48 hpi. At 96 hpi both had a very similar expression. PR12 (also known as ‘plant defensin’) are the most important PR proteins for necrotrophic pathogen resistance. The expression pattern of PR12 in the current study didn’t show much fluctuation in the ‘Pusa Jaikisan’. In ‘Pusa Jaikisan WRR’, the peak expression was seen at 48 hpi. The ‘Pusa Jaikisan WRR’ had higher expression at all time points except at 12 hpi. At 96 hpi, just like the PR3, PR12 also had similar expression in both the cultivars. The role of PR3 and PR12 in disease resistance was elucidated by Yadav et al. (2020) as they conducted a gene expression analysis that revealed upregulation of PR3 and PR12 genes only in C. sativa and S. alba as compared to B. juncea, implying their role in Alternaria resistance. This may hint towards the involvement of PR3 in general resistance mechanism against both biotrophs and necrotrophs.

The above findings indicate a positive role of PR1 and PR2 genes in the white rust resistance of B. juncea. Also, the higher expression of PR3 in the initial stages and higher expression of PR12 in the resistant cultivar may be due to the positive role of JA/ET signaling that acts complementary to the SA pathway. Due to the tendency of SA and JA/ET signaling to be antagonistic to one another, JA/ET signaling is anticipated to negatively impact resistance to these pathogens. These findings are in line with the observation of Glazebrook (2005), who reported that the SA signaling is crucial for resistance against biotrophs such as Peronospora parasitica, Erysiphe species and Pseudomonas syringae. However, JA/ET signaling may also be instrumental in resistance if it is active, particularly in the case of P. parasitica and Erysiphe species. The biotrophs are generally known to be stopped by SA signaling and JA/ET acts against necrotrophs and insects. These two pathways are thought to be antagonistic but there is a lot of evidence that the JA/ET pathway is potentiating the SA pathway in resistance against the biotrophs as well. Incompatible reaction in Plasmopara viticola, a biotrophic oomycete was mediated through the JA pathway (Guerreiro et al., 2016). This may be the case with A. candida- B. juncea interaction, where both pathways possibly play synergistic roles.




5 Conclusion

B. juncea is one of the most important edible oilseed crops and A. candida is a serious impediment in realizing its production potential. Given the pathogen’s status of being an obligate biotroph, the R gene based resistance is easily overcome by more virulent races. So, to develop durable resistant varieties, we need to explore the factors behind resistance. In the present study, we studied the morphological, histochemical, biochemical, and molecular parameters and their role in white rust resistance in resistant (Pusa Jaikisan WRR) and susceptible (Pusa Jaikisan) cultivars of B. juncea. Morphological studies confirmed the resistant nature of ‘Pusa Jaikisan WRR’ as there was no spot on either the adaxial or abaxial surface. Histochemical studies hinted towards a positive role of callose deposition in resistance as it was deposited in a higher quantum in ‘Pusa Jaikisan WRR’. Biochemical studies established a positive correlation between resistance and POX, CAT, SOD, PAL, PPO, polyphenols, proline, chlorophyll, and carotenoids, while there was a negative correlation between total protein and white rust resistance. In addition to these, the gene expression analysis revealed that the SA-marker genes played a crucial role in resistance, while the JA-responsive genes may also have a positive role in the white rust defense mechanism. The comparative histochemical, biochemical, and molecular studies showed that the ‘Pusa Jaikisan WRR’ activated defense response by early detection of the pathogen. Results obtained in this study will pave the way for developing strategies to induce resistance against biotrophic pathogens in susceptible cultivars by developing transgenic plants over-expressing the PR1 and PR2 genes. The role of PR3 and PR12 should also be established in the case of other biotrophic pathogens of B. juncea such as Erysiphe polygoni and Hyaloperonospora parasitica. If the role of these JA-marker genes is positive in these cases as well, then these genes can be utilized by over-expression for a broad-spectrum resistance against both biotrophic and necrotrophic pathogen complexes of B. juncea.
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The black currant (Ribes nigrum L.), a member of the Saxifragaceae family’s Ribes genus, has gained consumer and grower acceptance due to its high nutritional value and economic potential. However, powdery mildew, the primary leaf disease affecting black currants, significantly impacts growers and the industry. Developing varieties highly resistant to powdery mildew is currently considered the most scientifically sound solution. However, the black currant’s physiological and disease resistance mechanisms post-infection by powdery mildew remain understudied, thereby impeding further breeding efforts. Therefore, this study aimed to elucidate the pathogenesis of powdery mildew in various susceptible varieties, post-infection physiological changes, and molecular mechanisms related to powdery mildew. This was achieved through phenotypic observation, physiological data analysis, transcriptomic analysis, and qRT-PCR-mediated gene expression analysis.
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1 Introduction

Blackcurrant (Ribes nigrum L.), a perennial deciduous shrub in the Saxifragaceae family (Weigend, 2007), is one of over 160 Ribes species worldwide, with 59 species found in China. It thrives in cooler climates around the 45°N latitude, such as Northern Europe, North America, Northeast China, and Xinjiang. Blackcurrant is highly nutritious and widely popular, with most varieties containing over 250 mg/g fresh weight (FW) (Rune and Haavard, 2002) of anthocyanin. Mature black currant fruits have vitamin C content ranging from 120-280 mg/100 FWg (Qing et al., 2021). Additionally, blackcurrants are rich in flavonoids like lutein, quercetin, and carsonic acid, which help combat inflammation and neurodegeneration (Tímea et al., 2023). The seeds are high in γ-linolenic acid (Joanna et al., 2021), known for its anti-cardiovascular and anti-cancer properties (Farag Mohammed et al., 2023). However, blackcurrants are vulnerable to powdery mildew infection caused by Podosphaera mors-uvae, leading to brittle, wrinkled leaves that eventually die, thus significantly impacting production in China and causing substantial economic losses for growers.

Malondialdehyde accumulation can disrupt plant cell membrane structure and function, causing cell contents to leak and relative conductivity to rise, thereby serving as a membrane damage indicator (QiuFen et al., 2023). Furthermore, the accumulation increases in wild grapes post-powdery mildew infection (Yingqiang et al., 2012). Plants have a complex antioxidant system, comprising non-enzymatic antioxidants like ascorbic acid, flavonoid, and carotenoid, and enzymatic antioxidants such as catalase (CAT) (Jun et al., 2023), phenylalanine ammoniase (PAL) (Shuwu et al., 2021), peroxidase (POD) (Álvaro et al., 2019), polyphenol oxidase (PPO) (Zhijun et al., 2023), and superoxide dismutase (SOD) (Bhonwong et al., 2009). These antioxidants collaboratively regulate reactive oxygen species (ROS) production and scavenging, thereby shielding plant cells from oxidative damage (Ashikhmin et al., 2023). This protective mechanism is further enhanced by endogenous hormones, including (indole-3-acetic acid) IAA, gibberellic acid (GA3), abscisic acid (ABA) and salicylic acid (SA), which significantly affect plant resistance post-powdery mildew infection in watermelon (Vivek et al., 2022), barley (Chen et al., 2013), strawberry (Jun et al., 2020a), and grape (Neetu et al., 2021). In previous studies, it was found that the Sph2 gene (Keep, 1977) determined the resistance of Ojebyn to powdery mildew, while the complementary genes M1 and M2 enhanced the powdery mildew resistance in Brodtorp (Rousi, 1966).




2 Materials and methods



2.1 Plant materials

Based on the blackcurrant mildew infestation over the past two years, 10 blackcurrant varieties were selected as experimental varieties. The mildew resistant varieties were Ojebyn, Brodtrop, TianMi, 16A, and C19. The susceptible varieties included LiangYe, Binhai Minzhu, Jinian, Zhong 15, and Ben Lomond. The experimental plant materials were sourced from the Small Berry Germplasm Resources Nursery at the College of Horticulture and Landscape Architecture, Northeast Agricultural University, Harbin. The sampling occurred from May to August. High temperature and humidity are conducive to the spread of powdery mildew. All plant material was infected in its natural state, from which the causative agent was isolated and identified as Podosphaera mors-uvae by the subject. As temperature and humidity increased, powdery mildew infections became more severe, and were divided into five periods: healthy, beginning, middle, flourishing, and terminal infection. Leaves were cut, cleaned with 70% alcohol, placed in freeze-thaw tubes, rapidly frozen in liquid nitrogen, and stored at -80°C. Each group had three biological replicates.




2.2 Spray treatments

For the LiangYe varieties in the early stage of infestation, treat powdery mildew by spraying triadimefon (800x dilution) with spray cans in the afternoon during calm, dry weather, ensuring no rain for three hours post-application. Spraying was repeated after 12 days. When spraying drugs, plastic film was used to prevent the drug from affecting the powdery mildew disease of other plants.




2.3 Classification of powdery mildew infestation periods

Healthy: The leaf surface appears healthy, without any white powder.

Beginning infestation: White powder is visible on the back of leaves.

Middle infestation: Over 25% of the leaf blade’s back is infested with the powdery mildew pathogen, with small amounts visible on the front.

Flourishing infestation: Both sides of the leaf blade are heavily infested, causing wrinkling due to the pathogen infestation.

Terminal of infestation: Many leaves are crumpled or withered from severe powdery mildew infestation.

Specific levels are illustrated in Figure 7 in the Appendix.




2.4 Measurement of photosynthetic indexes

The measured values include: maximum photochemical efficiency (Fv/Fm); electron transfer per unit reaction center (ETo/RC); energy absorbed per unit reaction center (ABS/RC); energy captured per unit reaction center (TRo/RC); energy absorbed per unit reaction center (ABS/CSm); photosystem II performance index (PI abs); photosystem II total performance (PI total); and five quantum yield data [phi(po), psi(Eo), delta(Ro), phi(Ro), Phi(Eo)]. Relative chlorophyll content (SPAD) was also measured. Chlorophyll fluorescence data were obtained using a Portable Photosynthetic Efficiency Analyzer (PEA, Hansatech Inc. Co., UK) on a clear, windless morning. Leaves selected for each plant were of similar color and size, with five measurements conducted per plant. Relative chlorophyll content (SPAD value) of upper leaves of black currant plants was determined using a SPAD chlorophyll meter.




2.5 MDA and five antioxidant enzyme activity assays

For malondialdehyde determination, leaves were ground with trichloroacetic acid (TCA), centrifuged to collect the supernatant, mixed with thiobarbituric acid (TBA), and boiled in a water bath. Absorbance values were measured at 532 nm and 450 nm (Zhaorong et al., 2023).

For antioxidant enzyme activity measurement, leaves were homogenized in phosphate buffer solution (PBS), centrifuged at 10000 g at 4°C for 20 min (Jinhua et al., 2022), and the supernatant was used. The activity of superoxide dismutase (SOD), polyphenol oxidase (PPO), peroxidase (POD), and catalase (CAT) was determined spectrophotometrically using the nitroblue tetrazolium (NBT) method, guaiacol assay, H2O2 (Lifeng et al., 2014), and pyrogallic acid method, respectively.

The phenylalanine deaminase (PAL) assay, adapted from Sellamuthu (Sellamuthu et al., 2013) with modifications, involves the following procedure. Begin by weighing 0.5 g of leaves, adding 5 mL of 0.1 mol/L boric acid buffer, and homogenizing by grinding. Centrifuge the mixture at 120,000 g/min at 4°C for 20 minutes to obtain the supernatant, which is then incubated in a 37°C water bath for 30 minutes. To 1 mL of this enzyme solution, add L-phenylalanine (0.02 mol/L) and boric acid buffer. Measure the absorbance at 290 nm.




2.6 HPLC determination of endogenous hormones

The leaves were first crushed into a powder using liquid nitrogen, then dissolved in 80% methanol. Next, the mixture was sonicated and macerated at -20°C for 16 h. The leaves were extracted with petroleum ether and the supernatant was decolorized by removing residual color with additional petroleum ether. The decolorized supernatant was then evaporated to dryness, and redissolved in 2 mL of HPLC-grade methanol, filtered through a 0.22 μm membrane, and transferred to a brown injection vial for analysis.

The mobile phase included chromatography-grade methanol (phase A) and an aqueous acetic acid solution at pH 3.6 (phase B). The chromatographic column used was a Waters XBridge C18 5 μm (4.6×250 mm). Diode array detection (DAD) was set at 254 nm for IAA, GA3, and ABA determination, with an elution procedure of 1–12 min (A, 55%; B, 45%). For SA determination, the wavelength was 290 nm, with the elution procedure: 0 min (A, 0%), 0–3 min (A, 28%), 3–6 min (A, 45%), 6–9 min (A, 60%), 9–10 min (A, 45%), and 10–15 min (A, 0%).




2.7 Leaves RNA extraction and sequencing

The RNAprep Pure Total RNA Extraction Kit (Tiangen Biotech Co.,Ltd., Beijing, China) was used for polysaccharide and polyphenol-rich plants. For reverse transcription, the TOYOBO ReverTra ACE qPCR RT Master Mix with gDNA Remover Kit was used.

BMK conducted library construction and transcriptome analysis. RNA purity and concentration were measured with a NanoDrop 2000 spectrophotometer, and RNA integrity was assessed using the Agient 2100/LabChip GX Sequencing was performed on an Illumina NovaSeq 6000 platform with a PE150 pattern.

LiangYe was introduced into northeast China from present-day Belarus by Russian expatriates and was given the name LiangYe after domestication, but it disappeared due to severe powdery mildew infection. Therefore, LiangYe was selected as a drug spray treatment and as a variety for transcriptome sequencing.

Transcriptome data were categorized into three groups: LYH (LiangYe healthy), LYI (LiangYe powdery mildew infested), and LYM (LiangYe sprayed with medication control). The transcriptome data has been published at NCBI as https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1142740/.




2.8 Quantitative real-time PCR

To validate physiological data, enzyme activity and endogenous hormone-related genes showing \ opposing trends and significant changes in transcriptomic data were screened during infection and recovery compared to controls (Table 1). Finally, their relative expression was determined using quantitative reverse transcription polymerase chain reaction (qRT-PCR). The qRT-PCR reaction Mixture system is presented in Table 2.


Table 1 | Primer sequences used for qRT-PCR.




Table 2 | qRT-PCR reaction Mixture system.






2.9 Statistical analysis

Data statistical processing and correlation analysis were performed using Microsoft Excel and SPSS 22.0, while plotting was done with Microsoft Excel and Origin software. RNA-seq data analysis was conducted using BMKCloud.





3 Results and analysis



3.1 Survey of the timing of the onset of black currant

The experiment documented the onset date of each infection stage for ten black currant varieties. In this study year (2023), black currant mildew was particularly severe in Harbin. Powdery mildew first appeared in late May and naturally subsided by mid-August. The flourishing infection from June to July. Resistant varieties typically experienced each stage later than susceptible ones, resulting in lesser impacts on plant growth. Table 3 shows that JiNian and Bin Haimingzhu entered the initial infection stage 29 days earlier than Ojebyn, the last variety to do so. The five susceptible varieties reached flourishing infection on June 22, while the five resistant varieties reached flourishing infection at least 14 days later.


Table 3 | Timetable of 10 blackcurrant varieties entering each infestation period.






3.2 Differences in photosynthetic indexes between resistant and susceptible varieties



3.2.1 Differences in SPAD values between resistant and susceptible varieties

Powdery mildew significantly impacted black currant leaf photosynthesis, with the relative chlorophyll content (SPAD) indicating changes in leaf chlorophyll levels. Figure 1A shows that the average SPAD value of susceptible varieties initially increased, then decreased, peaking at the flourishing infection stage. Resistant varieties had a higher peak SPAD value (42.12) compared to susceptible ones (41.24). Throughout the infestation, the SPAD content of resistant varieties remained higher, with a notable 14.9% difference at the terminal stage.




Figure 1 | Line graphs and radar plots of changes in photosynthetic indicators. (A) Line chart of SPAD value change of susceptible varieties post-powdery mildew infection; (B1–B5). The chlorophyll fluorescence radar map of the healthy, beginning of infestation, middle infestation, flourishing infestation, and terminal of infestation periods, respectively. (C) Line chart of Fv/Fm changes after infection of susceptible varieties with powdery mildew. The average of resistant and susceptible varieties in (A, C) was calculated from five biological replicates and three technical replicates. The coordinates represent the infection period (horizontal) and its corresponding value (vertical).






3.2.2 Differences in chlorophyll fluorescence between resistant and susceptible varieties

During the healthy period, resistant varieties ABS/RC and TRo/RC exhibited greater resistance compared to susceptible varieties (Figure 1B1). However, ETo/RC demonstrated significant resistance against susceptible varieties, indicating that the leaf efficiency of susceptible varieties exceeded that of resistant ones during this phase. At the onset of infestation, resistant varieties, except ABS/RC, showed higher leaf work efficiency than susceptible varieties (Figure 1B2), suggesting a stronger leaf work efficiency in resistant varieties. At the flourishing of infestation, the differences in the three parameters (PI abs, PI total, and ETo/RC) between resistant and susceptible varieties increased further (Figure 1B4). During this period, only PI abs and Fv/Fm were higher in resistant varieties, while most other parameters were similar to those of susceptible varieties. This indicates significant damage to the physiological function of resistant leaves during flourishing infestation. By the terminal stage of infestation, all parameters of resistant varieties, except ABS/RC, significantly decreased and aligned with those of susceptible varieties (Figure 1B5). This suggests severe damage to the photosynthetic system in both resistant and susceptible varieties post-powdery mildew infestation. The maximum photochemical efficiency (Fv/Fm) reflects the photosynthetic efficiency of leaves and thus the degree of leaf damage. As shown in Figure 1C, resistant and susceptible varieties exhibited the lowest values at the terminal of infestation, only 82.7% and 83.7% of the peak value. These results indicate severely reduced photosynthetic efficiency and significant damage to the photosynthetic system in black currant leaves at the infestation’s terminal stage. This further confirms the irreversible effects of powdery mildew on black currant leaves at this stage. Figures 1B1–B5 shows that ABS/RC parameters were higher in susceptible varieties than in resistant ones during all periods, except the healthy period, and increased sharply at the terminal infestation. This suggests a positive correlation between ABS/RC and the severity of powdery mildew infection. Although black currant resistant varieties can delay powdery mildew infection more effectively than susceptible varieties, they cannot completely eliminate or resist the pathogen.





3.3 Differences in resistance enzyme activity between resistant and susceptible varieties

As shown in Figure 2 (B1, D1, F1), after infestation with powdery mildew, the CAT, PAL, and SOD activities initially increased and then decreased. In contrast, PPO activity consistently decreased (Figure 2C1). The POD activity of resistant and susceptible varieties exhibited different trends: resistant varieties showed an increase followed by a decline, while susceptible varieties decreased, then increased, and finally decreased again (Figure 2A1).




Figure 2 | Line and bar graphs of changes in resistance enzyme activity. The columns labelled 1, 2, and 3 in Figures 1, 2 and 3, respectively, represent line graphs of the mean activity of resistant and susceptible varieties, histograms of the activity of resistant varieties, and histograms of the activity of susceptible varieties. (A–E) represent the POD, CAT, PPO, PAL, and SOD activities, respectively. The horizontal and vertical coordinates indicate the infestation period and enzyme activity values, respectively.



During the flourishing infestation period, the POD activity of resistant varieties reached 241.266 U·g-1·min-1, but declined to 122.632 U·g-1·min-1 by the terminal infestation (Figures 2A2, A3). In contrast, susceptible varieties initially decreased to 9.775 U·g-1·min-1, increased to 82.162 U·g-1·min-1 during flourishing infestation, and then rapidly decreased. Throughout the infestation, POD activity in resistant varieties remained higher than in susceptible varieties, peaking at 2.9 times higher. Figures 2B2, B3 showed that CAT activity in resistant varieties peaked at 4.127 U·g-1FW·min-1during middle infestation and 1.259 U·g-1FW·min-1 during flourishing infestation, which was 3.28 times higher than in susceptible varieties. However, after middle infestation, CAT activity decreased in both resistant and susceptible varieties, possibly due to organellar damage. By the terminal infestation, CAT activity of resistant and susceptible varieties had declined to 1.024 U·g-1FW·min-1 and 0.044 U·g-1FW·min-1, respectively. As shown in Figures 2C2, C3, the peak PPO activity of resistant varieties occurred during the healthy period, with values of 411.141 U/g and 315.172 U/g, which were 30.45% higher than those of susceptible varieties. However, both resistant and susceptible varieties exhibited an overall decreasing trend, with the lowest values of 41.653 U/g and 19.169 U/g, respectively, by the terminal infestation. Throughout the infestation, PPO activity in resistant varieties was consistently 1.17 times higher than in susceptible varieties, except at the beginning. Figures 2D2, D3 illustrates the trend of PAL activity, showing an increase and subsequent decrease in resistant varieties, whereas susceptible varieties first decreased, then increased, and decreased again. The peak PAL activities for resistant and susceptible varieties occurred during the middle of the infestation, with values of 12.267 U·g-1FW·min-1 and 7.122 U·g-1FW·min-1, respectively. Notably, during the healthy period, PAL activity in susceptible varieties (7.05 U·g-1FW·min-1) surpassed that in resistant varieties (5.785 U·g-1FW·min-1) However, except at the beginning of the infestation, PAL activity in resistant varieties was consistently higher than in susceptible varieties. Figures 2E2, E3 shows that SOD activities in both resistant and susceptible varieties remained high during the infestation period. The average peak activities for resistant and susceptible varieties were observed at the beginning of the infestation (757.035 U/g and 751.116 U/g), indicating a rapid response. Overall, mean SOD activity in resistant varieties was higher than in susceptible varieties, except during the healthy period, when susceptible varieties exhibited greater average SOD activity.




3.4 Determination of endogenous hormone content using HPLC

As shown in Figure 3, after being infested with powdery mildew, the resistant black currant varieties exhibited fluctuating levels of endogenous IAA, ABA, and SA, with an initial decrease, followed by an increase, and another decrease. The endogenous GA3 levels consistently decreased. ABA, GA3, and SA were found to positively regulate powdery mildew resistance, whereas IAA negatively affected resistance.




Figure 3 | Line graph of endogenous hormone changes. Change of endogenous hormone content post-powdery mildew infection. The horizontal and vertical coordinates indicate the onset period and the endogenous hormone content, respectively. (A) Changes of endogenous IAA content; (B) Changes of endogenous ABA content; (C) Changes of endogenous GA3 content; (D) Changes of endogenous SA content.



As shown in Figure 3A, endogenous IAA peaked in resistant varieties during the healthy period and in susceptible varieties at the midpoint of infestation. In resistant varieties, IAA levels were higher during both the healthy period and the flourishing of infestation, while in susceptible varieties, levels were higher during the middle of infestation. During the healthy period, IAA primarily influenced plant growth and development, which may explain the faster growth observed in resistant varieties compared to susceptible ones. However, post-infestation, increased IAA levels were inversely related to resistance, suggesting that elevated IAA made the plant more susceptible to further infestation. The low endogenous IAA levels throughout the infestation period might have resulted from the pathogen’s destruction of the IAA synthesis pathway. As depicted in Figure 3B, endogenous ABA levels in resistant and susceptible varieties peaked at 31.122 μg/g and 10.984 μg/g, during middle infestation. During flourishing infestation, susceptible varieties exhibited higher levels of ABA than resistant varieties, whereas at other times, levels were either lower or equal. This indicates that ABA responds to powdery mildew later and accumulates significantly during middle infestation. Endogenous ABA levels were very low during healthy and early infested periods. As shown in Figure 3C, following powdery mildew infestation, endogenous GA3 levels in resistant varieties decreased and eventually reached 0 μg/g. During the healthy period, resistant varieties had much higher GA3 levels (73.22 μg/g) compared to susceptible varieties (12.94 μg/g), a difference of 5.66 times. Endogenous GA3 levels were lower in the early and late stages of infestation. As shown in Figure 3D, endogenous SA levels in resistant varieties peaked early during infestation, accumulating rapidly to combat the pathogen. The peak values were 145.076 μg/g and 76.105 μg/g for resistant and susceptible varieties, respectively, a difference of 1.91 times. The mean endogenous SA levels in resistant varieties were higher than in susceptible varieties at all times except the beginning of infestation, where they remained low. This suggests that SA primarily functions as a signaling molecule to activate the plant’s defense system.




3.5 Transcriptome analysis of black currant leaves

Nine samples underwent transcriptome sequencing, producing 57.80 GB of clean reads post-quality control. Each sample yielded 5.99 GB of clean data, with a base percentage between 92.74% and 94.01%. These results meet the requirements for subsequent data assembly and analysis. A total of 45,918 Unigenes were assembled, with an N50 coefficient of 1946, aligning with Illumina sequencing expectations. The group transfer integrity also meets further analysis requirements. Using BLAST with an E-value ≤ 1e-5 and HMMER with an E-value ≤ 1e-10, 24,579 annotated Unigenes were identified. As shown in Figures 4A1–A3, the LiangYe LYH group of black currant exhibited 2,721 up-regulated and 3,021 down-regulated differentially expressed genes (DEGs) compared to the LYI group, with more down-regulated DEGs. The LiangYe LYI group had 2,940 up-regulated and 2,001 down-regulated DEGs compared to the LYM group, with more up-regulated DEGs. The LiangYe LYH group had 1,337 up-regulated and 1,780 down-regulated DEGs compared to the LYM group, with more down-regulated DEGs. The number of up- and down-regulated DEGs in LYH vs LYM group was significantly less than in the other two groups. From the Venn diagram (Figure 4B), it is observable that the three groups share 542 DEGs. It can be hypothesized that these DEGs are not strongly correlated with powdery mildew infestation and spray drug treatment, and might be closely related to the growth, development, and self-regulation of the black currant. As shown in Figures 4C1–C3, the GO enrichment results for both LYI vs LYH, LYI vs LYM groups, and LYH vs LYM groups were similar, with 55 subcategories enriched across the three main categories: biological process, cellular component, and molecular function. In the biological process category, key subcategories included metabolic process, cellular process, single-organism process, biological regulation, and response to stimulus. The cellular component category primarily included cell, cell part, membrane, organelle, and macromolecular complex. The molecular function category focused on binding, catalytic activity, and transporter activity.




Figure 4 | Volcano, bar and bubble plots of transcriptome data. (A1, C1, D1, E1) represent LYH vs LYI group; (A2, C2, D2, E2) represents LYI vs LYM group respectively; (A3, C3, D3, E3) represents LYH vs LYM group respectively. (A1, A2, A3) The volcano indicates the DEGs. (B) The Venn diagram of LYH, LYI, LYM. (C1, C2, C3) GO analysis of DEGs classified as biological, cellular, or molecular functions. (D1, D2, D3) Analysis of DEGs classified as cellular processes, environmental information processing, metabolism and organismal systems. (E1, E2, E3) Enrichment analysis of DEGs pathway. The X and Y-axis represent enrichment factor and pathway names, respectively. A colored bubble represents q-value, and Rich Factor refers to the value of enrichment factor, which is the quotient of foreground value (the number of DEGs).



As shown in Figure 4D1, the LYH vs LYI group exhibited the highest number of enriched Unigenes in cellular processes, specifically in endocytosis, accounting for 2.87% of all Unigenes and including 53 DEGs). In environmental signaling, plant hormone signal transduction had the most enriched Unigenes, constituting 6.78% of all unigenes and 125 DEGs. The MAPK signaling pathway-Plant followed, with 5.58% of all Unigenes and 103 DEGs. For genetic information processing, the ribosome pathway was the most enriched, representing 9.00% of all unigenes and 166 DEGs. Among metabolites, the most enriched pathway was the biosynthesis of amino acids, accounting for 4.34% of all unigenes and 80 DEGs. This was followed by pentose and glucuronate interconversions, and starch and sucrose metabolism, both at 4.17% of all unigenes. The top five pathways also included carbon metabolism and phenylpropanoid biosynthesis. In biological systems, the plant-pathogen interaction pathway was the most enriched, comprising 9.92% of all Unigenes and 188 DEGs.

As shown in Figure 4D2, endocytosis was the most enriched unigene in the LYI vs LYM group, representing 3.32% of all Unigenes and 49 DEGs, which is lower compared to the LYH vs LYI group. In environmental signal processing, plant hormone signal transduction was the most enriched unigene, accounting for 8.39% of all Unigenes and 124 DEGs. For genetic information processing, ribosome and protein processing in the endoplasmic reticulum were the most enriched, representing 3.32% of all unigenes and 49 DEGs, which were significantly lower than the LYH vs LYI group. In terms of metabolite-enriched substances, starch and sucrose metabolism was the most enriched, accounting for 4.80% of all unigenes and 71 DEGs, lower than the LYI vs LYM group. This was followed by phenylpropanoid biosynthesis, accounting for 4.53% of all unigenes and 67 DEGs, which was higher than the LYI vs LYM group. Other enriched pathways included pentose and glucuronate interconversions, biosynthesis of amino acids, amino sugar and nucleotide sugar metabolism, and carbon metabolism. In biological systems, plant-pathogen interaction was the most enriched, representing 11.84% of all unigenes and 175 DEGs, which is lower than the LYH vs LYI group.

It is imperative to direct particular attention to the ribosome depicted in Figures 4D3, E3, in addition to the elevated Rich factor of Phenylalanine tyrosine and tryptophan biosynthesis and porphyrin and chlorophyII metabolism.

After conducting KEGG enrichment analysis on the differentially expressed genes between the LYI and LYH groups and between the LYI and LYM groups, we visualized the top 20 significantly enriched KEGG pathways (Figures 4E1, E2). Among these, 13 pathways were common to both comparisons: glucosinolate biosynthesis, brassinosteroid biosynthesis, photosynthesis-antenna proteins, benzoxazinoid biosynthesis, secondary metabolite biosynthesis, glycosphingolipid biosynthesis (lacto and neolacto series), galactose metabolism, cyanoamino acid metabolism, cutin, suberine, and wax biosynthesis, monoterpenoid biosynthesis, flavonoid biosynthesis, plant hormone signal transduction, and pentose and glucuronate interconversions. Among these, monoterpenoid biosynthesis, flavonoid biosynthesis, plant hormone signal transduction, and pentose and glucuronate interconversions exhibited higher levels of enrichment.




3.6 Analysis of signal pathways related to LiangYe powdery mildew in blackcurrant varieties



3.6.1 Monoterpenoid biosynthetic pathway

During both powdery mildew infestation and control, the monoterpene biosynthesis pathway exhibited a higher concentration of differentially regulated genes (Figures 5A1, A2). Specifically, 8-hydroxygeraniol dehydrogenase and (E)-8-carboxylinalool synthase genes were up-regulated by 5.13- and 3.06-fold in FPKM values, respectively, while alpha-terpineol synthase genes were down-regulated by 2.33-fold.




Figure 5 | Diagram of the synthetic pathway shared by LYH vs LYI and LYI vs LYM. Red and green indicate up and down regulated expression, respectively, while blue indicates up-down regulated expression. (A1) Pathway map of Group LYH vs LYI Monoterpenoid biosynthetic pathway, (A2) Pathway map of Group LYI vs LYM flavonoid biosynthesis pathway. (B1) Pathway map of Group LYH vs LYI Flavonoid biosynthesis pathway, (B2) Pathway map of Group LYI vs LYM flavonoid biosynthesis pathway. (C1) Pathway map of Group LYH vs LYI Plant hormone signaling pathways, (C2) Pathway map of Group LYI vs LYM Plant hormone signaling pathways. (D1) Pathway map of Group LYH vs LYI Conversion pathway of pentose and hexuronic acid, (D2) Pathway map of Group LYI vs LYM Conversion pathway of pentose and hexuronic acid.



Upon artificial spraying of powdery mildew for control, alpha-terpineol synthase genes were up-regulated, contrasting with the down-regulation of 8-hydroxygeraniol dehydrogenase genes. Although (3S)-linalool synthase-related genes showed no significant change during infestation, they were up-regulated during control, albeit with low FPKM values. This suggests a positive correlation between the up-regulation of 8-hydroxygeraniol dehydrogenase and (E)-8-carboxylinalool synthase genes and powdery mildew severity, as their expression decreased post-control. Similarly, alpha-terpineol synthase genes showed a positive correlation, with up-regulation during infestation and decrease post-control. Conversely, alpha-terpineol synthase-related genes exhibited a negative correlation, with down-regulation during infestation and up-regulation post-control.




3.6.2 Flavonoid biosynthesis pathway

The flavonoid biosynthesis pathway also exhibited significant gene expression changes during powdery mildew infestation and control (Figures 5B1, B2). Specifically, anthocyanidin reductase-related genes were up-regulated during infestation, whereas 11 related genes were down-regulated. These included trans-cinnamate 4-monooxygenase, caffeoyl-CoA O-methyltransferase, 5-O-(4-coumaroyl)-D-quinate 3’-monooxygenase, flavonol synthase, bifunctional dihydroflavonol 4-reductase/flavanone 4-reductase, flavone synthase II, flavonoid 3’,5’-hydroxylase, anthocyanidin synthase, leucoanthocyanidin reductase, chalcone synthase, and flavonoid 3’-monooxygenase. Additionally, phlorizin synthase-related genes exhibited both up- and down-regulation.

The regulation of genes following powdery mildew spraying for control exhibited an opposite trend to that observed during infestation, except for flavone synthase II. Down-regulated genes during control included those related to anthocyanidin reductase. Conversely, eight genes were up-regulated, including trans-cinnamate 4-monooxygenase, caffeoyl-CoA O-methyltransferase, 5-O-(4-coumaroyl)-D-quinate 3’-monooxygenase, flavonol synthase, bifunctional dihydroflavonol 4-reductase/flavanone 4-reductase, flavonoid 3’,5’-hydroxylase, anthocyanidin synthase, and leucoanthocyanidin reductase. Additionally, nine genes, such as chalcone synthase, chalcone isomerase, flavonoid 3’-monooxygenase, phlorizin synthase, and shikimate O-hydroxycinnamoyltransferase, showed differential regulation. Notably, these five genes exhibited opposite trends during infestation and control.




3.6.3 Plant hormone signaling pathways

Figures 5C1, C2 illustrates the high number of genes involved in phytohormone signaling pathways during powdery mildew infestation and control. Specifically, six genes were up-regulated during infestation, including histidine-containing phosphotransfer protein, phytochrome-interacting factor 3, ABA responsive element binding factor, ethylene receptor, ethylene-responsive transcription factor 1, and jasmonate ZIM domain-containing protein. Conversely, eight genes were down-regulated, namely abscisic acid receptor PYR/PYL family, mitogen-activated protein kinase kinase 4/5, BRI1 kinase inhibitor 1, BR-signaling kinase, protein brassinosteroid insensitive 2, brassinosteroid resistant 1/2, xyloglucan:xyloglucosyl transferase TCH4, and cyclin D3. Notably, up-regulated genes outnumbered down-regulated ones, totaling 17 related genes. Among these, pathogenesis-related protein 1 showed a significant increase in FPKM value, with a 35.83-fold increase.

After controlling powdery mildew growth through spraying, 13 genes were up-regulated. Notably, brassinosteroid resistant 1/2 and cyclin D3-related genes exhibited significant increases in FPKM values, changing by 5.74-fold and 5.45-fold, respectively. Conversely nine genes were down-regulated, with the FPKM value of DN2265_c0_g2 showing the most substantial decrease, from 15.65 to 0. This change is closely associated with powdery mildew control. Overall, the control process revealed a higher number of up-regulated genes (12) compared to the infestation process, which also had 12 down-regulated genes.




3.6.4 Conversion pathway of pentose and hexuronic acid

Following powdery mildew infestation, only genes related to L-iditol 2-dehydrogenase showed increased expression (Figures 5D1, D2). Three other related genes, glucuronokinase, UDP-glucose 6-dehydrogenase, and xylulokinase, were down-regulated. Five additional genes, including pectinesterase, pectate lyase, polygalacturonase, galacturan 1,4-alpha-galacturonidase, and UDP-sugar pyrophosphorylase, exhibited either up- or down-regulation.

In total, four genes were up-regulated, with the pectate lyase-related gene (DN8_c0_g1) showing the highest increase in expression at 41.64-fold. Notably, this gene also decreased by 7.25-fold during infestation, indicating a significant response to powdery mildew. Three genes, L-iditol 2-dehydrogenase, UTP-glucose-1-phosphate uridylyltransferase, and D-xylose reductase, were down-regulated, albeit with minimal expression changes. Dehydrogenase-related genes increased during infestation, displaying varying trends between infested and control samples. Additionally, three other genes, pectinesterase, galacturan 1,4-alpha-galacturonidase, and UDP-sugar pyrophosphorylase, exhibited either up- or down-regulation, with the pectinesterase-related gene (DN13145_c0_g1) showing the highest increase at 43.19-fold.





3.7 qRT-PCR analysis

Eight genes related to physiological indicators were individually screened, and their relative expressions were determined. In Figures 6A, C, F–H, the relative expressions of POD, PAL, ABA, GA3, and SA generally decreased, peaking during the healthy period. Notably, these peak relative expressions were higher in the susceptible variety, LiangYe, than in Ojebyn. This disparity may stem from powdery mildew presence during the healthy period, prompting earlier regulation and higher expression of these indicator-related genes in Ojebyn. The relative expressions of SOD-related genes (Figure 6D) decreased then increased, peaking during the healthy period in both varieties (1.02 and 1.09, respectively). Similarly, the relative expressions of CAT and IAA-related genes (Figures 6B, E) decreased, with Ojebyn exhibiting 1.57 times higher expression than LiangYe, peaking middle infestation period (92.48 and 58.89, respectively). The relative expression of IAA-related genes in Ojebyn decreased post-infestation, whereas in LiangYe, it increased before decreasing, peaking at 122.21 middle infestation. Overall, the relative expressions of CAT and IAA genes aligned with their respective physiological data, with both Ojebyn and LiangYe peaking middle infestation. However, Ojebyn’s peak expression of CAT was 1.57 times higher than in LiangYe. Post-infestation, the relative expression of IAA genes decreased in Ojebyn, while in LiangYe, it increased before decreasing, with a peak of 122.21 middle infestation.




Figure 6 | Changes in relative expression of genes associated with physiological data. The horizontal and vertical axes represents the infection duration, and the relative gene expression level, respectively. (A) Changes of POD-related gene DN7123_c0_g1 expression; (B) Changes of CAT-related gene DN8590_c0_g3 expression; (C) Changes of PAL-related gene DN2082_c0_g1 expression; (D) Changes of SOD-related gene DN64_c0_g2 expression; (E) Changes of IAA-related gene DN4946_c0_g1 expression; (F) Changes of ABA-related gene DN12960_c1_g3 expression; (G) Changes of GA3-related gene DN14115_c1_g1 expression; (H) Changes of SA-related gene DN6918_c1_g1 expression.



As shown in Figures 6A, C, D, F–H, the peaks of POD, PAL, SOD, ABA, GA3, and SA occurred during the healthy period, indicating an early response of related genes to powdery mildew infestation. The relative expression of CAT-related genes gradually increased from this period to the medium stage of infestation. Throughout, the relative expression of Ojebyn exceeded that of LiangYe, suggesting that this gene positively regulates CAT activity and enhances resistance to powdery mildew. However, post-medium infestation, the expression of CAT-related genes decreased, signaling a weakened resistance capacity. Furthermore, while endogenous IAA promotes plant growth during the healthy period, high IAA concentrations post-infestation may not aid in resistance. Notably, resistant varieties enhanced powdery mildew resistance by reducing endogenous IAA levels.





4 Discussion

Plant disease resistance arises from complex physiological, biochemical, and molecular mechanisms. Understanding the interaction mechanisms of powdery mildew resistance will provide a foundation for effectively utilizing powdery mildew-resistant black currant materials to develop new, disease-resistant, high-quality varieties.



4.1 Effect of powdery mildew of blackcurrant on photosynthetic indices

SPAD values are commonly used to assess biotic stress in plants due to their simplicity and rapid measurement. Studies have shown that tobacco (Shengnan et al., 2022) plants exhibit a swift decrease in SPAD values following powdery mildew infestation. As shown in Figure 1A, the SPAD of black currant leaves infested with powdery mildew initially increased and then decreased in both resistant and susceptible varieties. However, throughout the experiment, the SPAD values of resistant varieties remained consistently higher than those of susceptible varieties. This pattern mirrors observations in apple leaves (Xiaomin et al., 2019) infested with powdery mildew, where chlorophyll content initially increases due to the plant’s self-regulation but then declines as the infestation intensifies. The decline is more significant in susceptible varieties due to their weaker regulatory capacity compared to resistant varieties.




4.2 Effect of black currant powdery mildew on resistance enzyme activity and MDA

POD, CAT, PPO, PAL, and SOD are crucial for plant resistance to biotic stress (Khodadadi et al., 2020) (Singh et al., 2020). These enzymes scavenge reactive oxygen radicals (Feng et al., 2023), inhibit membrane lipid peroxidation, enhance reactive oxygen metabolism, produce quinones to counteract pathogenic bacterial infestations (Junhong et al., 2014), and directly scavenge oxygen radicals. In tobacco plants inoculated with powdery mildew, POD activity initially increased and then decreased. The resistant varieties exhibited higher POD activity than susceptible varieties (LanJun and Degang, 2023). Similarly, in tobacco plants infested with powdery mildew (Zhijun et al., 2023), CAT activity was greater in resistant varieties compared to susceptible ones. In chili pepper (Capsicum annuum L.) plants (Hussein et al., 2023), PPO activity increased after powdery mildew infestation, with probiotics further enhancing PPO activity to a higher peak than the control. This pattern was also observed in grapes (Shimizu and Mazzafera, 2007). In pumpkin seedlings (Bihua et al., 2020), PAL activity rose and then fell following powdery mildew infestation, with PAL positively regulating resistance. Gerbera (Minerva and Kumar, 2019) and grape plants (Zhen et al., 2023) also displayed an increasing and then decreasing trend in SOD activity after infestation, with resistant varieties showing stronger SOD activity than susceptible ones.

Figure 2 illustrates that all enzymes, except PPO, initially increased and then decreased after powdery mildew infestation. However, in black currant leaves, PPO activity decreased post-infestation, which contrasts with most research findings. Conversely, PPO activity in pumpkin plants showed an overall decrease after infestation, consistent with this experiment’s results. This discrepancy suggests that PPO response mechanisms may vary among plant species against different types of powdery mildew. Despite the varying trends in the five resistance enzyme activities measured in this experiment, resistant varieties consistently exhibited higher enzyme levels than susceptible ones, indicating these enzymes positively regulate powdery mildew resistance.




4.3 Effect of powdery mildew of blackcurrant on endogenous hormones

In recent years, some studies have further subdivided endogenous hormones from metabolomics, terming them “endogenous hormone genomics” (Ondřej and Petr, 2023), highlighting their significance. Elevated levels of endogenous IAA or enhanced signaling of its transduction promote plant pathogen infestation (Kunkel and Haeper, 2018). Endogenous IAA has been found to negatively regulate powdery mildew resistance in both wild melon (Ondřej and Petr, 2023) and Arabidopsis thaliana (Wang et al., 2007) infested with fungal diseases. Additionally, IAA has been shown to antagonize SA (Yue et al., 2023), reducing powdery mildew resistance. However, another perspective suggests that endogenous IAA growth does not directly oppose the SA-mediated defense system, with SA levels remaining largely unaffected by overexpression of the IAA synthesis gene (Andrew et al., 2013). Rute suggested that the combination of SA and IAA responds more quickly to powdery mildew pathogen E. necator, with IAA serving as an early marker (Rute et al., 2022). As shown in Figure 3, endogenous IAA and SA contents are negatively correlated in resistant varieties and positively correlated in susceptible varieties. The endogenous IAA content in resistant varieties is much higher than in susceptible varieties during the healthy period and decreased rapidly after infestation. However, in susceptible varieties, endogenous IAA levels were significantly higher than in resistant varieties during the middle infested period. This suggests that while higher endogenous IAA content benefits plant growth and development during healthy periods, it increased significantly after powdery mildew infestation in susceptible varieties, indicating a negative correlation between endogenous IAA content and disease resistance. Additionally, the relative expression of endogenous IAA-related genes (DN4946_c0_g1) in resistant varieties was high in the early stages but rapidly declined after powdery mildew infestation. Conversely, in susceptible varieties, the expression of DN4946_c0_g1 (Figure 6E) peaked in the middle stage of infestation, facilitating the spread of powdery mildew pathogens. This demonstrates that endogenous IAA’s role in responding to powdery mildew in blackcurrant varies across different time periods.

Previous studies indicated that susceptible grape varieties maintain high endogenous ABA levels, whereas tolerant varieties exhibited low levels, suggesting that ABA negatively regulates plant resistance to powdery mildew (Rute et al., 2022). ABA regulates stomatal opening, facilitating fungal invasion and enhancing pathogenic bacteria virulence (Grant and Jones, 2009). However, ABA positively regulates tomato resistance to biotic stress by participating in the lutein (Ton et al., 2009), ascorbic acid, and glutathione cycles (Bob et al., 2007). In this experiment, endogenous ABA levels in both resistant and susceptible grape varieties initially increased, then decreased after powdery mildew infestation. A similar trend was observed in melon powdery mildew studies (Ondřej and Petr, 2023), where increased ABA levels in callus triggered ROS production, thereby positively regulating defense gene expression. Furthermore, endogenous ABA levels in resistant black spiked currant varieties infested with powdery mildew were significantly higher than in susceptible varieties, indicating ABA’s crucial role in positively regulating resistance to powdery mildew in black currant leaves. This is consistent with findings in barley (Chen et al., 2013) post-infestation with powdery mildew. Thus, ABA’s effectiveness in enhancing plant resistance may vary depending on plant species, pathogen type, and infestation mode.

GA3 is associated with resistance to biotic stress (Zhe et al., 2022). However, in barley (Jovaras et al., 2024) and pea (Bhosle et al., 2019), the major synthesizing genes and endogenous GA3 content decreased This trend aligns with our experiment, where endogenous GA3 content in black currant leaves declined rapidly after powdery mildew infestation and then fluctuated at lower levels. Bryan (Bryan and Michela, 2020) found that exogenous GA3 spraying on grapes significantly enhanced resistance to biotic stresses. In our study, the GA3 content in resistant varieties was significantly higher than in susceptible varieties during the uninfested period, suggesting that GA3 may regulate powdery mildew resistance in black currant.

Endogenous SA content increases after plants are stressed by pathogenic bacteria. For example, in tobacco (QiuFen et al., 2023) and Arabidopsis thaliana (Wildermuth et al., 2001), endogenous SA increased following powdery mildew infestation. SA acts as a signaling molecule to induce systemic resistance and enhance biotic stress tolerance. In octoploid strawberries, SA signaling activation significantly enhanced resistance to powdery mildew (Wildermuth et al., 2001). Similarly, exogenous SA spraying enhanced powdery mildew resistance in roses (Fazhong et al., 2022). In our experiment, endogenous SA content in all resistant varieties increased significantly after powdery mildew infestation, consistent with the response observed in other plants. Additionally, the endogenous SA content in resistant black currant varieties was higher than in susceptible ones post-infestation, further supporting the positive correlation between endogenous SA content and disease resistance. This suggests that SA may also regulate powdery mildew resistance in black currant.




4.4 Transcriptome analysis of blackcurrant infested with powdery mildew

Previously, genetic studies of black currant disease focused on the black currant retrovirus (BRV). Brennan’s study (Brennan et al., 2008) localized the Ce gene using AFLP, SSR, SNP, and transcriptome analyses. Mažeikienė (Mažeikienė et al., 2022) screened 221 and 850 BRV-related DEGs from 2dpi and 4dpi,respectively, and analyzed the phenylpropanoid biosynthesis pathways, cutin, suberine and wax biosynthesis pathways for BRV activation. However, fungal diseases have been less studied at the gene level. This study will analyze four important pathways in detail using transcriptome master data.

The phytohormone synthesis pathway is enriched in almost any crop infested with powdery mildew, such as Tibetan hull-less barley (Hongjun et al., 2018), tobacco (Rong et al., 2023) and watermelon (Vivek et al., 2022). In this experiment, many transcription factors were up- and down-regulated in the phytohormone synthesis pathway, with the highest number of gene changes in the oleoresin lactone synthesis pathway. The alterations in genes associated with the oleoresin lactone synthesis pathway in response to powdery mildew in grapes (Bhatia et al., 2021) were comparable to those observed in this study. The authors concluded that boosting this pathway could enhance resistance to powdery mildew in grapes. Several studies have shown that oleuropein lactones can enhance resistance to fungal diseases. For instance, in Eucalyptus megacephalus (Shae et al., 2021), the resistant varieties had significantly more active oleuropein lactone pathways than in susceptible ones post-rust infestation. In another study, bananas (Yunhao et al., 2021) reportedly improved resistance to endophytic Bacillus subtilis TR21 by up-regulating the oleuropein lactone synthesis pathway. The present experiment found that relevant oleoresin lactone synthesis pathway genes, like BR signal kinase, protein steroid-insensitive type 2, and xylose: xylosyltransferase TCH4, were significantly down-regulated during the infestation process. However, medication significantly up-regulated these genes, suggesting that drug control may enhance resistance to powdery mildew fungus in black currant by up-regulating the oleoresin lactone synthesis pathway. Methyl jasmonate consistently up-regulated genes related to JAZ proteins, structural domains of jasmonic acid, throughout infestation and control processes. Notably, the JAZ4 gene, derived from wild grapes, significantly enhances resistance to powdery mildew in Arabidopsis (Guofeng et al., 2019). Thus, the methyl jasmonate synthesis pathway in black currant leaves is likely related to powdery mildew resistance. Several studies have demonstrated that the PR1 gene induces a hypersensitive response in plants, leading to systemic acquired resistance and playing a crucial role in resistance to biotic stresses (Jingru et al., 2021). As shown in Figure 5A, PR1-related genes were quickly up-regulated following powdery mildew infestation in this experiment, suggesting that PR1 in black currant leaves initiated a hypersensitive response during the early stages of infestation, positively regulating powdery mildew resistance. Previous studies have shown that TGA, a gene in the salicylic acid synthesis pathway, enhances strawberry (Jun et al., 2020b) resistance to powdery mildew. In this experiment, TGA-related genes were up-regulated after treatment, indicating that the activation of the TGA gene and the enhancement of endogenous SA synthesis through TGA ultimately improved powdery mildew resistance.

Flavonoids, secondary metabolites with potent antioxidant and free radical scavenging properties, bolster plant resistance by preventing pathogen invasion (Rong et al., 2023). The flavonoid content in wine grape varieties typically increases following powdery mildew infestation (Huan et al., 2022), indicating that these compounds, key products of phenylpropane metabolism, are positively linked to plant disease resistance. In our experiment, differential genes were enriched in the flavonoid metabolism pathway after powdery mildew infestation in both the susceptible black currant variety, LiangYe, and tobacco (Jun et al., 2020b). In powdery mildew-infested leaves, the expression of F3H (flavanone 3-hydroxylase), DFR (dihydroflavonol reductase), C3H (5-O-(4-coumaroyl)-D-quinate 3’-monooxygenase), and CYP73A (trans-cinnamate 4-monooxygenase) was down-regulated, while ANR (anthocyanidin reductase) was up-regulated. Conversely, drug control spraying reversed this trend. A study on cassava resistance against cassava cotton mealybug (Yue et al., 2023) found a positive correlation between F3H, DFR, and resistance, suggesting that the up-regulation of F3H and DFR-related genes observed after control in our experiment positively regulates powdery mildew resistance in black currant. Previous research has shown that ANR reduces salt stress tolerance in apple by modulating osmoregulatory substances (Wang et al., 2023), explaining the up-regulation of ANR after powdery mildew infestation and its down-regulation after control in our experiment. Thus, it is hypothesized that ANR expression in black cohosh currant leaves may facilitate pathogen infestation and weaken resistance to powdery mildew.

After infestation with powdery mildew, black currant exhibited up-regulation of the 8-carboxyestosterol dehydrogenase and 8-carboxyaromannan synthase genes in the enriched monoterpene synthesis pathways. In contrast, the linalool synthase gene was differentially regulated in wheat; it was up-regulated in resistant wheat but down-regulated in susceptible wheat three hours post-infestation (Yue et al., 2023), implicating its role in pre-existing defense against wheat powdery mildew. In the current study, the susceptible wheat variety Leafy did not exhibit significant changes in the linalool synthase gene during powdery mildew infestation. However, up-regulation was induced by powdery mildew treatment. This suggests that the treatment used to control powdery mildew activates the linalool synthase gene in the monoterpene synthesis pathway, thereby contributing to powdery mildew control.

Sugars are vital carbon sources that sustain fungal survival and promote reproduction during fungal disease infestation. Pathways converting pentose and hexanedioxylic acid were enriched in comparisons of powdery mildew-infested black currant leaves and controls treated with powdery mildew spray. During infestation, genes encoding glucuronide kinase, uridine diphosphate glucose 6-dehydrogenase, and xylitol kinase were significantly down-regulated, while those encoding D-xylulose reductol and L-methylulose 2-dehydrogenase were up-regulated. The powdery mildew fungus utilized glucuronides and xylitol, metabolized by these genes, as carbon sources to sustain its activity and further infestation. Following the application of powdery mildew control, genes for glucuronide kinase and uridine diphosphate glucose 6-dehydrogenase were up-regulated. Consequently, the utilization of UDP-DD glucuronide decreased as the powdery mildew fungus was inhibited. Additionally, genes for sucrose phosphatase and polygalacturonase were up-regulated. Polygalacturonase possibly facilitated restoration of the physical and physiological structure of the leaves (Josip et al., 2023). Although polygalacturonase is known to degrade cell walls, enhancing virulence (Garima et al., 2022), fruit softening (López-Casado et al., 2023), and promoting fungal disease infestation, the up-regulated polygalacturonase gene in this study may positively regulate powdery mildew resistance (Figure 5D). Similar findings were reported in strawberry fruit studies, where polygalacturonase enhanced grey mold resistance by inhibiting the protein (Pingjing et al., 2024).





5 Conclusion

	(1) Powdery mildew infection of black currant leaves damages the photosynthetic capacity of susceptible varieties more severely than that of resistant varieties.

	(2) The POD, PPO, CAT, PAL, and SOD enzymes positively regulated powdery mildew resistance; thus, enhancing their activity can bolster black currant resistance to powdery mildew.

	(3) Powdery mildew resistance can be achieved by elevating endogenous ABA, GA3, and SA content, and by inhibiting endogenous IAA during the early stage of disease susceptibility.

	(4) During powdery mildew infection and control in black currant, differentially expressed genes were co-enriched in several pathways: monoterpene synthesis, pentose and hexanedioic acid conversion, flavonoid biosynthesis, and phytohormone synthesis. Notably, flavanone 3-hydroxylase (F3H) and dihydroflavonol reductase (DFR) positively regulated powdery mildew resistance, while anthocyanin reductase (ANR) and polygalacturonase (PG) negatively regulated it. Future studies should prioritize these transcription factors to regulate powdery mildew resistance in black currant.
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Appendix




Figure 7 | Photographs of various periods of powdery mildew infestation of blackcurrant. (A) Beginning of infestation; (B) Middle infestation; (C) Flourishing of infestation; (D) Terminal of infestation.
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DN64_c0_g2 TTAACAATGCTGCCCAGGTA ACCCAGCCAGAGCCAAAT
DN6918_cl_gl ATTTAGGATATGTGCGTTGA AGGGAAGTAATGGAGGGA
DN12960_cl_g3 GCTTCTCCACGACGGGTAT GCGCTGGTGACGCAACTA
DN4946_c0_gl GGTTTCGGCAGAGTCAGT CTCATACCCGTTGTCCAG
DN14115_cl_gl CAAGGCGGTCGTTGTATC TTTAAGGGCAGTCCATCC

TCAACTATGTTCCCTGGTATTGC CTCCCTTGGAAATCCACATCTG

actin
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Gene Gene ID Gene Gene Annotation log,FC P
groups (F_vesca_v4.0) Name adjusted

Signaling and transcription factors:

FvH4_6g20130.1 NHL10 protein YLS9-like 2.333 0.00013
FvH4_6g53770.1 WRKY75  probable WRKY transcription factor 75 4.957 44E-36
FvH4_6g20840.1 CPK1 transferring phosphorus-containing groups; calcium/calmodulin-dependent 3.292 7.8E-18
protein kinase
FvH4_4g26910.1 Lr10 probable receptor-like protein kinase At1g67000 1.231 0.0012
FvH4_4g07370.1 SLP3 subtilisin-like protease SBT2.5 -2.602 5.6E-10
FvH4_4g35230.1 ARR3 two-component response regulator ARRS 2919 15E-39
FvH4_2g17220.1 PHOT2 putative LOV domain-containing protein -2.049 1.7E-16
FvH4_2g20290.1 DSLPR ‘WD repeat-containing protein 70
Pathogenesis related:
FvH4_2g02920.1 PR1 pathogenesis-related protein 1-like -1.374 0.0013
FvH4_3g05950.1 PR4 pathogenesis-related protein PR-4-like 3.887 7.7E-15
FvH4_6g16950.1 PR5.3 thaumatin-like protein 2.195 3.3E-05
FvH4_3g28390.1 BG2-1 glucan endo-1,3-beta-glucosidase-like 3.092 6.3E-21
FvH4_4g19500.1 BG2-3 glucan endo-1,3-beta-glucosidase, basic vacuolar isoform 4.885 5.9E-39
FvH4_6g22790.1 PGIP1 polygalacturonase-inhibiting protein 1.728 7.2E-11
FvH4_4g05760.1 PecLyl probable pectate lyase 8 -4.456 1.9E-26
Secondary metabolite and hormone pathways:
Salicylic acid FvH4_7g19130.1 PAL2 phenylalanine ammonia-lyase 25539 45E-15
Salicylic acid FvH4_3g03130.1 SCMT salicylate carboxymethyltransferase-like -2.784 3.2E-13
Terpenoids FvH4_6g11440.1 GDS (-)-germacrene D synthase-like 6279 3.1E-48
Terpenoids FvH4_6g36500.1 BAS beta-amyrin synthase 3.485 8.2E-07
Flavonoids FvH4_6g16460.1 4CL7 4-coumarate-CoA ligase-like 7 6.767 34E-20
Jasmonic acid FvH4_5g32630.1 120R2 putative 12-oxophytodienoate reductase 11 2.773 1.9E-22
Ethylene FvH4_5g19290.1 ACCox1 1-aminocyclopropane-1-carboxylate oxidase homolog 1-like 2.881 1.0E-32
Gibberellin FvH4_2¢23440.1 ECDS ent-copalyl diphosphate synthase, chloroplastic-like 6.814 94E-55

The genes are grouped after their annotated function according to the Fragaria vesca 4.0.a1 annotation. Log,-fold change values (Log,FC) and adjusted P-values are from the Botrytis cinerea
infected RNA-seq dataset presented in this publication (Supplementary Table 1).
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