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Editorial on the Research Topic 


Plant defense mechanisms in plant-pathogen interactions


Plant pathogens cause serious damage to crop production and pose a threat to agriculture and natural ecosystems. A profound understanding of plant-pathogen interactions is vital for developing innovative disease control and environmental protection strategies in crop production (Bulasag et al.). Despite decades of dedicated research unraveling plant immunity intricacies, comprehending the complex cross-kingdom interactions among diverse hosts and microorganisms remains challenging. This Frontiers e-book on “Plant Defense Mechanisms in Plant pathogen Interactions” provides 19 articles covering research on various mechanisms between plants and pathogens. The aim of this summary is to offer a fresh perspective and new insight into the intricate mechanisms governing plant immunity within a spectrum of plant-pathogen interactions.

Ge et al. conducted a study on the role of the Brrpp1 gene in Plasmodiophora brassicae-infected Chinese cabbage, aiming to understand its significance in combating clubroot disease. This study revealed that Brrpp1 contains the typical TIR-NBS-LRR domain of an R gene. While the gene expression of Brrpp1 remained unaffected by P. brassicae infection, differences in the cDNA and promoter sequences resulted in alterations in protein structure and significant variations in gene expression between resistant and susceptible materials. In another study on the interaction between Cladosporium fulvum and tomato, Peng et al. discovered that several core defense genes and the plant hormone pathways were affected by C. fulvum inoculation.

The antagonistic effects of salicylic acid (SA) and jasmonate acid (JA)-mediated defense signaling pathways during pathogen invasion are well-known (Thaler et al., 2012). The study conducted by Li et al. revealed that the inhibition of WRKY53 resulted in the suppression of the SA pathway and activation of the methyl jasmonate (MeJA) pathway, leading to reduced plant resistance against Verticillium dahliae. This modulation of MeJA pathway-related gene expression has the potential to alter the tolerance of upland cotton towards V. dahliae. The research conducted by Yang et al. revealed that lipopeptide mycosubtilin homologues from Bacillus subtilis BS-Z15 are capable of functioning as inducers to activate the expression of ethylene (ET) and JA-related defense genes, thereby triggering systemic acquired resistance (ISR) in plants. Rice Sheath Flight (ShB) disease poses a significant threat to global rice production. Therefore, understanding the mechanisms that regulate resistance to ShB in rice is crucial for its management. Chen et al. summarizes the regulatory effects of hormones on ShB and the interplay between different hormones.

Sugar is an important nutrient that plants and pathogens both vie for. The competition between plants and microbes occurs in various ways, and Chen et al. briefly reviewed the mechanisms of sugar transport regulation. The competition’s result is influenced by the characteristics and specificities of sucrose and monosaccharide transporters in both the host and pathogen. By studying how proteins responsible for sugar transport function in pathogens with different sugar preferences, we can uncover immune-related regulatory pathways shared by pathogens with similar infection strategies, as well as a wider range of disease resistance strategies. Surprisingly, V. dahliae was found to have a series of sugar transporter genes, including Vdst3 and Vdst12, which are essential for the growth and pathogenicity of V. dahlia (Chen et al.).

In the study by Qi et al., the researchers investigated the interaction between wheat leaf rust and wheat. They discovered that a protein called Pt13024, produced by the leaf rust fungus, effectively suppresses a type of cell death triggered by certain substances. This protein triggers a strong resistance response in the wheat, including the deposition of callose and the release of reactive oxygen species (ROS), resulting in a hypersensitive response. When Pt13024 is silenced, the virulence of another strain of the fungus is enhanced in the wheat. This suggests that Pt13024 is avirulent to the wheat variety TcLr30. In another study by Liu et al., a genome-wide analysis of wheat genes belonging to the LRR-RLK family was conducted after wheat mosaic virus infection. The researchers found that these genes play a role in various processes, indicating that they are important in conferring resistance to virus infestation in wheat through hormonal signaling. Additionally, Mapuranga et al. reviewed the interactions between wheat and a type of fungus called Blumeria graminis f. sp. tritici (Bgt), as well as the defense mechanisms of wheat against Bgt infection. The aim of this review was to provide a comprehensive understanding of controlling Bgt and highlight potential means of improving wheat resistance to this fungus.

The primary function of the root cell wall is to act as an initial physical and protective barrier against pathogens. Quiroz-Figueroa et al. investigated the response of different maize varieties to Fusarium verticillioides (Sacc.) Nirenberg (Fv) infection, revealing a novel maize root mechanism involved in pathogen infection. Similarly, Cai et al. performed RNA-seq on three plum varieties to uncover the defense mechanisms against Armillaria Root Rot (ARR) in Prunus rootstocks. Their findings highlighted several key components contributing to ARR resistance.

In their study, Bulasag et al. found that Botrytis cinerea can distinguish between phytoalexins and trigger specific gene expression, the efflux transporter BcatrB plays a crucial role in enabling B. cinerea to evade innate immune responses in various important crops. Zeng et al. have thoroughly reviewed current research on poplars, which not only serve as a model system for woody plants but also act as hosts for various fungi. Their study specifically investigates poplar’s defensive responses to both necrotrophic and biotrophic fungi. Furthermore, the review provides suggestions for enhancing poplar disease resistance and offers valuable perspectives for future research endeavors.

The research conducted by Wang et al. focuses on exploring the role of ECT9 in regulating plant immunity in Arabidopsis. The study reveals that ECT9 forms condensates with its homolog ECT1, and this condensation plays a crucial role in coordinating their functions. Among the 13 tested YTH family members, only ECT9 forms condensates that decrease in response to SA treatment. However, ECT1 can still be recruited to ECT9 condensates. Interestingly, the ect1/9 double mutant exhibits enhanced immune responses to avirulent pathogens, suggesting that co-condensation serves as a mechanism for redundant functions among members of the RBP family. Phenylalanine ammonia lyase (PAL) is an essential enzyme in phenylpropane metabolism and plays a crucial role in response to biotic and abiotic stress. Zhang et al. investigated the expression of Pal genes in tomatoes when exposed to root-knot nematode infection. This study provides important insights into the notable expression patterns of Pal genes in tomatoes under the influence of biotic stresses, particularly root-knot nematodes.

D’Errico et al. discovered that the Tomato yellow leaf curl Sardinia virus (TYLCSV) has the ability to enhance tomato resistance to drought. The C4 protein of TYLCSV was found to play a crucial role in this resilience. Additionally, when the C4 protein is overexpressed, it also enhances the tomato’s resistance to powdery mildew. This improvement in resistance is likely due to the activation of a pattern-triggered immunity (PTI) response, which is influenced by the TYLCSV-C4 protein. The findings of this study significantly enhanced our understanding of how tomato expressing TYLCSV C4 can develop tolerance to powdery mildew.

Recently, scientists have made significant progress in unraveling the structures and functions of plant NLR proteins, including the Arabidopsis immune receptor ZAR1, a CC domain NLR (CNL) acting as a resistome to initiate immunity and cell death (Wang et al., 2019; Ma et al., 2020; Bi et al., 2021). Similarly, the wheat CNL protein Sr35 forms a resistome-like structure, the effector protein AvrSr35 directly binding to the C-terminal region of the LRR (Förderer et al., 2022). While TNL resistome stimulates the production of pRib-AMP and pRib-ADP, which binding to the EDS1-PAD4 complex to enhance immunity signaling (Huang et al., 2022; Jia et al., 2022). Additionally, TIR domain NLRs (TNLs) can convert RNA and/or DNA to cyclic nucleotide monophosphates (cNMPs) to induce cell death during defense (Yu et al., 2022). These findings imply that plants employ multiple immune mechanisms to adapt to complex environments. The lingering question is how the diverse plant immunity mechanisms could contribute to future advancements in crop production. Therefore, we believe that the utilization of cutting-edge technologies, such as structural biology and comparative analysis utilizing large-scale genome information, will significantly enhance our understanding of plant immunity in the future.

Similarly, all articles related to the Research Topic “Plant defense mechanisms in plant-pathogen interactions” provide insights into how plants combat pathogens and highlight the significance we place on controlling plant pathogens. The diverse strategies employed by plant pathogens to overcome plant defenses underscore the complex and dynamic nature of plant-pathogen interactions. Understanding these interactions and the underlying mechanisms is crucial for developing effective strategies to manage plant diseases in both agricultural and natural ecosystems in the future.




Author contributions

HP: Writing – original draft, Writing – review & editing. HF: Writing – review & editing. TZ: Writing – review & editing. QW: Writing – review & editing.





Funding

This research was supported by the National Natural Science Foundation of China (31972247), and the Science and Technology Innovation Project of the Chinese Academy of Agricultural Sciences (02-IPP-15).




Acknowledgments

We are very grateful to the editors of Frontiers in Plant Science for their strong advocacy and support. Special Issue on the above Research Topic in their Journal and subsequently this e-Book.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Bi, G. Z., Su, M., Li, N., Liang, Y., Dang, S., Xu, J. C., et al. (2021). The ZAR1 resistosome is a calcium-permeable channel. triggering plant immune signaling. Cell 184, 3528–3541. doi: 10.1016/j.cell.2021.05.003

 Förderer, A., Li, E., Lawson, A. W., Deng, Y. N., Sun, Y., Logemann, E., et al. (2022). A wheat resistosome defines common principles of immune receptor channels. Nature 610 (7932), 532–539. doi: 10.1038/s41586-022-05231-w

 Huang, S. J., Jia, A. L., Song, W., Hessler, G., Meng, Y. G., Sun, Y., et al. (2022). Identification and receptor mechanism of TIR-catalyzed small molecules in plant immunity. Science 377 (6605), eabq3297. doi: 10.1126/science.abq3297

 Jia, A. L., Huang, S. J., Song, W., Wang, J. L., Meng, Y. G., Sun, Y., et al. (2022). TIR-catalyzed ADP-ribosylation reactions produce signaling molecules for plant immunity. Science 377 (6605), eabq8180. doi: 10.1126/science.abq8180

 Ma, S. C., Lapin, D., Liu, L., Sun, Y., Song, W., Zhang, X. X., et al. (2020). Direct pathogen-induced assembly of an NLR immune receptor complex to form a holoenzyme. Science 370 (6521), eabe3069. doi: 10.1126/science.abe3069

 Thaler, J. S., Humphrey, P. T., and Whiteman, N. K. (2012). Evolution of jasmonate and salicylate signal crosstalk. Trends Plant Sci. 17 (5), 260–270. doi: 10.1016/j.tplants.2012.02.010

 Wang, J. C., Hu, M. J., Wang, J., Qi, J. F., Han, Z. F., Wang, G. X., et al. (2019). Reconstitution and structure of a plant NLR resistosome conferring immunity. Science 364 (6435), eaav5870. doi: 10.1126/science.aav5870

 Yu, D. L., Song, W., Tan, E. Y. J., Liu, L., Cao, Y., Jirschitzka, J., et al. (2022). TIR domains of plant immune receptors are 2’,3’-cAMP/cGMP synthetases mediating cell death. Cell 185 (13), 2370–2386.e18. doi: 10.1016/j.cell.2022.04.032




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Peng, Feng, Zhang and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 06 December 2022

doi: 10.3389/fpls.2022.1085395

[image: image2]


Physiological and transcriptome profiling revealed defense networks during Cladosporium fulvum and tomato interaction at the early stage


Rong Peng 1, Sheng Sun 1*, Na Li 1,2, Lingjuan Kong 3, Zhifeng Chen 4, Peng Wang 1,2, Lurong Xu 2, Hehe Wang 5 and Xueqing Geng 2*


1 College of Horticulture, Shanxi Agricultural University, Jinzhong, Shanxi, China, 2 School of Agriculture and Biology, Shanghai Jiao Tong University, Shanghai, China, 3 Vegetable Department, Shanghai Agricultural Technology Extension and Service Center, Shanghai, China, 4 College of Biology and Agricultural Technology, Zunyi Normal University, Zunyi, China, 5 Clemson University, Edisto Research and Education Center, Blackville, SC, United States




Edited by: 

Huan Peng, Institute of Plant Protection, Chinese Academy of Agricultural Sciences (CAAS), China

Reviewed by:
 Pengfei Bai, The University of Texas at Austin, United States

Jinxin Gao, New York University, United States

*Correspondence: 

Sheng Sun
 sunsheng_2004@126.com 

Xueqing Geng
 xqgeng@sjtu.edu.cn

Specialty section: 
 This article was submitted to Plant Pathogen Interactions, a section of the journal Frontiers in Plant Science


Received: 31 October 2022

Accepted: 21 November 2022

Published: 06 December 2022

Citation:
Peng R, Sun S, Li N, Kong L, Chen Z, Wang P, Xu L, Wang H and Geng X (2022) Physiological and transcriptome profiling revealed defense networks during Cladosporium fulvum and tomato interaction at the early stage. Front. Plant Sci. 13:1085395. doi: 10.3389/fpls.2022.1085395



Tomato leaf mold caused by Cladosporium fulvum (C. fulvum) is a serious fungal disease which results in huge yield losses in tomato cultivation worldwide. In our study, we discovered that ROS (reactive oxygen species) burst was triggered by C. fulvum treatment in tomato leaves. RNA-sequencing was used to identify differentially expressed genes (DEGs) induced by C. fulvum inoculation at the early stage of invasion in susceptible tomato plants. Gene ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases were used to annotate functions of DEGs in tomato plants. Based on our comparative analysis, DEGs related to plant-pathogen interaction pathway, plant hormone signal transduction pathway and the plant phenylpropanoid pathway were further analyzed. Our results discovered that a number of core defense genes against fungal invasion were induced and plant hormone signal transduction pathways were impacted by C. fulvum inoculation. Further, our results showed that SA (salicylic acid) and ABA (abscisic acid) contents were accumulated while JA (jasmonic acid) content decreased after C. fulvum inoculation in comparison with control, and quantitative real-time PCR to detect the relative expression of genes involved in SA, ABA and JA signaling pathway further confirmed our results. Together, results will contribute to understanding the mechanisms of C. fulvum and tomato interaction in future.




Keywords: Cladosporium fulvum, tomato, RNA-seq, plant hormones, defense responses, differentially expressed genes (DEGs)



Introduction

Tomato (Solanum lycopersicum) is one of the most economically valuable vegetable crops in the world (Krishna et al., 2016). Tomato leaf mold caused by the biotrophic pathogen Cladosporium fulvum (C. fulvum) is a fungal disease which affects the quality and yield of tomato production severely (Griffiths et al., 2018). In China, yield losses due to tomato leaf mold are typically in the range of 10-25% and may exceed 50% when the disease is severe (Wang et al., 2018). Symptoms of tomato leaf mold usually appear in the leaf adaxial surface with irregular yellowish spots and the leaf abaxial surface with white mold layer at the early onset stage. As the disease develops, the spots become yellow-brown, the leaves curled and withered (Iida et al., 2010). As a model system to investigate the mechanism of tomato and C. fulvum interaction, a total of ten C. fulvum effector proteins have been identified, including four avriulence effector proteins (Avr2, Avr4, Avr3E and Avr9) and six extracellular proteins (Ecp1, Ecp2, Ecp4, Ecp5, Ecp6, and Ecp7) (Van Kan et al., 1991; Van Den Ackerveken et al., 1993; Joosten et al., 1994; Lauge et al., 2000; Luderer et al., 2002; Westerink et al., 2004; Bolton et al., 2008). Race-specific resistance responses against C. fulvum follow the typical gene-for-gene hypothesis. Once the avriulence effector was recognized by the dominant C. fulvum (Cf) resistance genes, the host activates the immune response against the pathogen (Rivas, 2005). To date, at least 24 Cf resistance genes have been discovered and applied in resistance breeding of tomato (Jiang et al., 2022b).

Plant hormones play key regulation roles not only in plant growth and development processes but also in plant responses to a wide range of biotic and abiotic stresses (Benoit and Patrick, 2016). More and more evidence has demonstrated that multiple hormones have been involved in plant and pathogen interactions (Denance et al., 2013; Li et al., 2019a; Liu et al., 2021). In general, salicylic acid (SA) signaling regulates plant defense against biotrophic pathogens, while the jasmonic acid (JA)/ethylene (ET) pathway normally defends against necrotrophic pathogens and herbivorous insects (Jane, 2005; Bari and Jones Jonathan, 2009). It has been documented that SA- and JA/ET-mediated defense signaling pathways synergistically or antagonistically depending on different pathogens and plants interaction (Jia et al., 2013; Yang et al., 2015; Li et al., 2019a). Plants were treated with low concentrations of SA and JA resulting in synergistic expression of both the SA target gene PR1 and the JA marker gene PDF1.2, but the antagonism effect was observed when plants were treated with higher concentrations of SA and JA resulting to the antagonistic expression of these genes (Mur et al., 2006). When tomato plants were infected by the pathogen Alternaria alternata f. sp. Lycopersici, SA, JA and ET-dependent pathways synergistically activated the defense pathway (Jia et al., 2013). And the antagonistic mechanism between SA and JA has been demonstrated in many gymnosperm and angiosperm species (Yang et al., 2015). Recently, the synergistic action of SA and JA pathways was found to enhance plant resistance to herbivores in tea plants (Jiao et al., 2022). Abscisic acid (ABA) plays the multifaceted role in disease resistance, a general pattern is that ABA plays a stimulatory role in plant defense during early stages of pathogen invasion (Ton et al., 2009).

Sequencing of RNAs (RNA-seq) has been widely applied in many biological analyses including host and pathogen interaction (Gao and Chen, 2018; Li et al., 2018; Gao and Chen, 2021; Zhang et al., 2022). For examples, it has been conducted RNA-seq to study the mechanism of the interaction between gray leaf spot fungi and tomato (Zhang et al., 2022); it discovered the potential defense pathway of cucumber against downy mildew through RNA-seq (Gao et al., 2021). Previously, the transcriptome profiling analysis has been performed to study the interaction mechanism of C. fulvum and tomato carrying the resistance gene Cf16 (Zhang et al., 2020). In our study, we used a universally susceptible cultivar moneymaker model plant which lacks any Cf resistance gene. We wondering the plant early defenses responses with fungal invasion in order to provide some theoretical basis for biocontrol of leaf mold disease at the early stage in future. Therefore, we analyze the transcriptome change during C. fulvum and tomato interaction at the time point of 24 hours which can be defined the early interaction period that a pathogen completes the invasion of a host plant (Shen et al., 2017). Gene ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases have been used to annotate functions of differentially expressed genes (DEGs) in tomato after C. fulvum inoculation. We first focused on analysis of DEGs involved in plant-pathogen interaction pathways. As we expected, a set of genes related to plant defense have been induced. Next, we sought to identify DEGs involved in plant hormone signal transduction pathways and DEGs related with secondary metabolism. Further, our results showed that SA and ABA contents increased while JA contents decreased after C. fulvum invasion, which are consistent results with the relative expression level of genes involved in SA, JA and ABA dependent signaling pathways. Together, our results will broaden our understanding for investigating the mechanism of C. fulvum and tomato interaction.



Materials and methods


Plant materials and Cladosporium fulvum infection

The tomato (Solanum lycopersicum) cultivar Moneymaker which is susceptible to C. fulvum was used in this work. All tomato plants were grown in pots containing nutrient soil in a plant growth incubator with photoperiod conditions of 16h/8h, control temperatures of 26°C/18°C, and humidity set at 75%. Cladosporium fulvum was kindly provided by the Institute of Plant Protection, Chinese Academy of Agricultural Sciences. Conidia of C. fulvum were harvested from one-week-old PDA plates with distilled water, and adjust the spore suspensions concentration to 1× 106 conidia/ml (de Wit et al., 2012). Tomato plants grown in soil at 3 weeks old were sprayed with a conidial suspension (1× 106 conidia/ml) on both adaxial and abaxial sides of the leaves (Van Esse et al., 2007). After 24 h of inoculation, the third leaves below the growing point were collected from treated and control plants separately, rapidly frozen in liquid nitrogen, and stored at -80°C (Yu et al., 2015). Remaining plants were monitored for disease progression for up to 20 days. Three biological replicates were performed.



RNA extraction, library preparation, and sequencing

Leaf surface sprayed with C. fulvum (1× 106 conidia/ml) or sterile water. At 24 h after inoculation (hai), leaf samples were harvested and total RNA was isolated using the Trizol method (Meng and Feldman, 2010; Gao et al., 2014a). The RNA concentration was quantified by a NanoDrop-2000 nucleic acid spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). After detecting the RNA integrity in 1% agarose gel, mRNA was enriched from a pool of RNA by Oligo-dT magnetic beads. Based on the manufacturer’s instructions, RNA was sheared into small pieces by using RNA fragmentation kit (Illumina, San Diego, CA, USA). cDNA was synthesized by reverse transcription with N6 primers. The cDNA fragments were subjected to end repair and adapter ligation. Following the PCR amplification, the PCR products were used to generate cDNA libraries. Quality control and library construction were entrusted to Huada Gene Technology Company (Wuhan, Hubei, China). The cDNA sequencing was carried out with BGISEQ-500 platform for generating raw reads. The RNA-seq data for C. fulvum inoculated samples (accession no: SRR21437047、SRR21437048、SRR21437049) and control-inoculated samples (accession no: SRR21437044、SRR21437045、SRR21437046) are available at the NCBI gene expression omnibus server (https://www.ncbi.nlm.nih.gov/geo/).



Processing of sequencing data

Raw data obtained from BGISEQ-500 platform are subsequently subjected to quality control (QC) to determine whether the sequencing data are suitable for further analysis. The filtering is performed by SOAPnuke software as follows: first, remove the reads containing junction (junction contamination); second, remove the reads with unknown base N content greater than 5%; finally, reads with over half of the component bases with a quality score below 15 were defined as low-quality reads and subsequently removed. After quality control, the filtered clean reads were mapped to the reference genome sequence (GCF_000188115.3_SL2.50, https://www.ncbi.nlm.nih.gov/assembly/GCF_000188115.3/) using HISAT (Hierarchical Indexing for Spliced Alignment of Transcripts). After the alignment, the comparison result is judged by the statistics of the mapping rate and the distribution of reads on the reference sequence to pass the second QC of alignment. The dataset analysis was performed after meeting the requirement.



Functional annotation and enrichment pathway analyses of DEGs

DEGs with |Log2 Fold Change| ≥ 1 and Q-value ≤ 0.05 were functionally classified and enriched using the phyper function in R software to calculate P- value, False discovery rate (FDR) correction was then performed to obtain a normalized P-value, also known as Q-value. Gene Ontology (GO, http://geneontology.org/) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG, https://www.genome.jp/kegg/) pathway enrichment were used to analysis DEGs. KEGG pathways with an adjusted Q-value of ≤0.05 were regarded as significantly enriched (Gao et al., 2014b).



Quantitative real-time PCR

A total of randomly selected 10 genes were used for the measurement of transcript abundance by quantitative real-time PCR to verify the reliability of the transcriptome data. Total RNA was extracted from frozen leaf tissue using Trizol reagent according to the manufacturer’s instructions. The integrity of RNA was analyzed by 1% (w/v) agarose gel electrophoresis (Gao et al., 2017). The reverse transcription was performed using the All-in-One First-Strand Synthesis MasterMix Kit (with dsDNase) (Lablead, Beijing,China), while qRT-PCR analysis was conducted using the TB GreenTM Premix Ex TaqTM kit (TaKaRa, Shanghai, China) with a RealTime PCR System (Bio-Rad, Hercules, CA, USA). The PCR running procedure was as follows: a pre-denaturation at 95°C for 30 seconds, 40 cycles with each cycle employing a denaturation temperature at 95°C for 5 seconds and an annealing/extension temperature at 60°C for 30 seconds, followed by melt curve analysis. For each biological sample, three technical replicates were used and there was a total of three biological replicates. Relative quantification of genes was carried out using the 2-ΔΔCT method. The primer sequences for the ten genes are listed in Table 1. SlACTIN (LOC101260631) served as an internal control. The same method was used to detect the relative expression of six genes related to plant hormones signaling pathway with specific primers listed in Table 2. This experiment was done in three independent biological replicates.


Table 1 | Primer sequences used for qRT-PCR validation in this study.




Table 2 | Primer sequences for verification of gene expression related to plant hormones signaling pathways used in this study.





Detection of reactive oxygen species burst

Leaves were taken from 3-week-old plant, and a hole punch was used to make a 6 mm diameter round sample from the same part of every leave. The round leave samples were placed in a container with distilled water for 9 h at room temperature to get rid of the mechanical damage for the leaves. Horseradish peroxidase (Shenggong, Shanghai, China) was dissolved in sterile water to make a working solution with a final concentration of 10 mg/ml. C. fulvum were maintained on potato dextrose agar (PDA) at 22°C prior to use, and diluted the spore suspensions in sterile water to 1×106 conidia/ml (de Wit et al., 2012). Mixed solution with 1μl horseradish peroxidase working solution, 1μl conidial suspension (1×106 conidia/ml) as treatment or 1μl sterile water as the control, and 98μl of ECL (enhanced chemiluminescence) solution (Shenggong, Shanghai, China) was as ROS determination solution. For ROS measurement, the cut leaves were removed from water container and put in ROS determination solution immediately. The machine used to measure ROS production is Glomax microplate luminometer (Promega, Wisconsin, USA). One value was detected every 10 seconds, for a total of 160 values per sample. The trend of the values indicates the degree of ROS accumulation (Robineau et al., 2020). The results are presented as means ± SE of three biological and three technical replicates.



Determination of SA, ABA and JA contents

Spore suspensions with C. fulvum (1×106 conidia/ml) were sprayed uniformly on the adaxial and abaxial surfaces of leaves, using sterile water as a control. At 24 h after inoculation, 3-4 leaf samples were taken from three plants for each treatment. The collected samples were immediately frozen in liquid nitrogen and stored at -80°C. The contents of SA, ABA and JA were determined simultaneously by ultra performance liquid chromatography (UPLC) LC-30A coupled with a triple quadrupole mass spectrometer LCMS-8040 (Waters, Massachusetts, USA). The leaf samples prepared in advance were placed on ice and transferred to the rapid nucleic acid extractor. Rapid nucleic acid extraction reagent (900 mg) and 1 ml of ethyl acetate extraction reagent were added and shaken for 45 seconds. The resulting solution was centrifuged at 4°C for 20 min at 16000 g and the supernatant was extracted and evaporated at 30°C under reduced pressure. The dried sample was dissolved in 0.5 ml of 70% methanol solution and centrifuged at 16000 g for 20 min. The supernatant obtained was filtered and put on the machine. The mobile phase consisted of binary gradients of acetonitrile with 0.01% (v/v) formic acid and 0.01% (v/v) aqueous formic acid, with a flowing speed at 0.5 ml/min. A 20 µL portion of each sample was injected into the UPLC-ESI-MS/MS system (Simura et al., 2018; Xin et al., 2020). The results are presented as means ± SE of three biological replicates and every biological repeat includes three technical replicates.




Results


Symptoms induced by Cladosporium fulvum inoculation in tomato plants

In order to observe the symptoms induced by C. fulvum, a suspension of spores containing the leaf mold pathogen (1× 106 conidia/ml) was sprayed on tomato leaves. Compared to the control group, pathogen-inoculated leaves with yellow spots at 7 days after inoculation. At 20 days after inoculation, yellow spotted area expanded; mold layer can be observed in the abaxial side of leaves and when severe leaves were obviously curled (Figure 1). These symptoms indicated successful infection of C. fulvum and the plant materials we taken at the time point of 24 hours were reliable for experiments.




Figure 1 | Symptoms after tomato leaves infected by Cladosporium fulvum. Tomato leaves were sprayed exogenously with a conidial suspension (1×106 conidia/ml) of C. fulvum on the adaxial and abaxial sides of the leaves, water as a control treatment. Pictures were taken from 0 days, 7 days and 20 days after inoculation. The left half of the figure is the adaxial side of the leaves. The right half of the figure is the abaxial side of the leaves. The disease symptoms are more obvious in the places marked by red circles. dai: days after inoculation.





ROS production triggered by Cladosporium fulvum treatment

Detection of high levels of ROS, a signal substance, can reflect the ability of the plant to resist pathogen at some extent (Hernandez et al., 2016). The leave samples were firstly put in distilled water up to 9 hours to avoid impact caused by mechanical damage, then we measured the ROS level of tomato leaves treated with C. fulvum. Results showed that the timing and accumulation of ROS production in tomato leaves in response to C. fulvum were different compared with control treatment. Tomato leaves treated with C. fulvum produced a peak of ROS accumulation and the overall value was higher than the control (Figure 2). This indicates that C. fulvum infection activates an early ROS burst in leaves.




Figure 2 | Production of reactive oxygen species (ROS) in tomato leaf disks after treatment with Cladosporium fulvum. Tomato leaf disks were treated with C. fulvum at the concentration of 1×106 conidia/ml and water as control. ROS production was measured using the chemiluminescence of luminol and photon counts were expressed as relative luminescence units (RLUs). The X-axis indicates time, and the instrument measures one value every 10 s, for a total of 160 values, Y-axis indicates the level of ROS accumulation by relative luminescence units. The results are presented as means ± SE of three biological and three technical replicates.





Overview of the Solanum lycopersicum transcriptome

Tomato infected by C. fulvum was used as the treatment group and sterile water treatment was used as the control group for transcriptome sequencing. Three biological repeats were performed for each group. A total of six samples were sequenced using the DNBSEQ platform, and each sample yielded an average of 1.19G of data. We obtained an average of 23.81 M high-quality reads per sample, accounting for > 99% of the raw reads for each sample. The reads with a quality value of 30 accounted for > 95% of the total reads and a quality value of 20 account for > 98% of the total reads, indicating that the sequencing reads are of high quality (Table 3). Hierarchical Indexing for Spliced Alignment of Transcripts (HISAT) was used to align the clean reads to the reference genome sequence (http://daehwankimlab.github.io/hisat2/) after obtaining the clean reads. The average alignment rate to the reference genome of Solanum lycopersicum was 97.54%, indicating the high quality of the data, guaranteeing the reliability of subsequent differentially expressed genes (DEGs) analysis.


Table 3 | Quantitative analysis and comparison ratio of raw RNA-seq data.



Clean reads were compared to reference gene sequences by Bowtie2 software, and then gene expression levels of individual samples were calculated using RNA-Seq by Expectation-Maximization (RSEM) (deweylab.github.io), followed by DEGs screening according to the method described by Michael (Love et al., 2014). The significant DEGs were determined based on the criteria of |Log2 Fold Change| ≥ 1 and Q-value ≤0.05, the distribution of DEGs based on degree of difference and the significance of the difference were visualized with a volcanic plot (Figure 3). Compared to the control, C. fulvum inoculation plants induced 1909 upregulated DEGs and 2090 downregulated DEGs (Tables S1, S2).




Figure 3 | Volcano plot of upregulated and downregulated differentially expressed genes (DEGs) after Cladosporium fulvum inoculation. X-axis represents log2 transformed difference multiplier values and Y-axis represents -log10 transformed significance values. Red dots represent upregulated DEGs, green dots represent downregulated DEGs, and gray dots represent that were not significantly different between C.fulvum and control treatment.





Gene ontology enrichment analysis of differentially expressed genes

Gene Ontology (GO) is an international standardized gene function classification system. Based on GO terms, DEGs were classified into three major categories: biological process, cellular component, and molecular function. Within the broad GO category of biological process, a total of 2693 DEGs were involved in 24 GO terms (Figure 4). According to previous reports, terms with “cellular process”, “metabolic process”, “biological regulation”, “regulation of biological process”, “response to stimulus” were associated with plant disease resistance (Zhang et al., 2020). In the classification of cellular component, there were 3280 DEGs involving 16 GO terms (Figure 4), DEGs mainly concentrated in the integral component of membrane. In the molecular function category, more than 85% of the 2346 DEGs were mainly enriched in the “catalytic activity” and “binding” (Figure 4). The enrichment of DEGs in these two terms has been found to associate with the induction of many genes involved in plant hormone signal transduction pathway (Zhang et al., 2020; Singh et al., 2021).




Figure 4 | Gene ontology (GO) annotations for differentially expressed genes (DEGs) in Cladosporium fulvum inoculated tomato leaves vs control treatment. (A) GO classifications of differential genes in C fulvum vs control treatment. Pie charts showing the breakdown and prevalence of enriched GO terms in the following categories: biological process (B), cellular component (C) and molecular function (D).





Kyoto Encyclopedia of Genes and Genomes enrichment analysis of differentially expressed genes

The KEGG (Kyoto Encyclopedia of Genes and Genomes) database is a database that systematically analyzes gene functions, links genomic information and functional information. Through KEGG enrichment analysis, C. fulvum infection induced 830 DEGs involved in 125 KEGG pathways. Fifteen pathways with P- values ≤0.05 were selected based on the number of involved DEGs of corresponding pathways arranged in a descending order (Table 4). The KEGG pathway with the highest number of enriched DEGs was Plant hormone signal transduction pathway (ko04075) involving in 61 DEGs, which includes 40 upregulated DEGs and 21 downregulated DEGs (Table S3). The results above suggest that plant hormone pathways were significantly affected by C. fulvum infection. More importantly, many pathways associated with plant disease resistance were activated, such as Plant-pathogen interaction (ko04626), MAPK signaling pathway – plant (ko04016), and Peroxisome (ko04146) (Nyathi and Baker, 2006; Jiang et al., 2022a). In addition, many metabolic pathways such as Starch and sucrose metabolism (ko00500) and Circadian rhythm – plant (ko04712) were also altered, indicating that pathogenic fungal infection can also affect normal plant growth and development.


Table 4 | The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (top 15) of differentially expressed genes (DEGs) enrichment by C. fulvum infection.





A set of core genes involved in plant defense were upregulated after Cladosporium fulvum inoculation

In our study, a total of 45 DEGs related with the plant defense responses were identified after C. fulvum inoculation, in which 33 genes were upregulated and 12 genes were downregulated (Table S4). These genes can be considered indicators of plant defense in response to C. fulvum invasion. A total of six serine/threonine-protein kinase receptors or receptor like kinases were identified (Table 5), all of which were upregulated after C. fulvum inoculation. In particular, two genes encoding of LRR receptor-like serine/threonine-protein kinase FLS2 (flagellin sensing 2) and FLS3 (flagellin sensing 3) that binds to flg22 and flgII-28 respectively (Hind et al., 2016; Chi et al., 2021) were significantly induced to 6-fold and 27-fold compared to the control treatment. And gene encoding SERK3B (somatic embryogenesis receptor kinase 3B), which interacts with FLS2 for activating downstream signaling (Ma et al., 2022), was also slightly upregulated. This result indicated that tomato activated the intracellular immune signaling responses after C. fulvum invasion.


Table 5 | Differentially expressed genes related with the plant defense responses after Cladosporium fulvum treatment.



In response to various stimuli in plants, Ca2+ acts as a second messenger to modulate different target protein activities through CAM/CML receptors, thereby regulating a variety of cellular functions (Zhang et al., 2014). A total of 15 DEGs related with Ca2+ signaling were identified upon C. fulvum infection with 9 upregulated and 6 downregulated genes (Table 5). Genes encoding a few of calmodulin (CML) or calmodulin like proteins such as calmodulin (LOC101245298), CML44 (LOC101245539), calcium-binding protein (LOC101264550, CP1), and one potential CDPK protein (LOC101260391, calcium-dependent protein kinase 18-like) were upregulated. Four genes encoding CDPK were downregulated after C. fulvum infection, including CDPK1 (calcium-dependent protein kinase 1), CDPK17-like, CDPK24 and CDPK29, which is consistent with previous report that CDPK1 expression was decreased after 1.5 h treatment with C. fulvum (Chico et al., 2002). This result indicated that differently expression of CDPK genes are involved in the complex signaling network of tomato in response to C. fulvum invasion.

In addition, four genes encoding 3-Ketoacyl-CoA synthase (KCS), which catalyzes a condensation reaction to form 3-ketoacyl-CoA during very long chain fatty acid synthesis, including KCS1, KCS6, 3-ketoacyl-CoA synthase 20-like (LOC101262858) and 3-ketoacyl-CoA synthase 11-like (LOC101268257) were all upregulated in our study (Table 5). These gene expression might contribute to plant cuticular wax and suberin biosynthesis after pathogen invasion (Edqvist et al., 2018). Moreover, two transcriptional factors WRKY26 and WRKY1, which have been reported as key components of resistance in tomato against Alternaria solani (Shinde et al., 2018), were induced in our study. Further, several defense responses related genes such as those encoding pathogenesis-related (PR)1 protein (LOC100191111) (Lavrova et al., 2017), PR1b (Hoegen et al., 2002), and P4 (Pieterse and van Loon, 1999) were significantly induced. Together, our data analysis suggested that plant defense pathways are activated after C. fulvum inoculation in tomato plant.



Expression of genes related to multiple hormones affected by Cladosporium fulvum inoculation

Next, we chose to analyze DEGs related to plant hormone signal transduction pathway which play key roles in regulating plant defense response against pathogen (Table S3). In the SA signaling pathway, a total of 9 DEGs were identified; 6 genes were upregulated and 3 genes were downregulated. The downregulated genes include encoding the transcription factor TGA1 (TGACG MOTIF-BINDING FACTOR 1), pathogenesis-related leaf protein 4 (LOC101265854) and BOP2 (BLADE-ON-PETIOLE protein), which is associated with leaf and flower development in Arabidopsis (Zhang et al., 2017). The upregulated genes include a SA receptor NPR1 (Nonexpressor of PR1, also known as NIM1) (Li et al., 2019b), NML2 (NPR1/NIM1-like protein), TGA2.2 (Hou et al., 2019) and PR genes (PR-1b1 and P4) (Table 6). This result suggested that SA signaling pathway are activated after C. fulvum invasion given that PR1 is an indicator for activation of the SA signaling pathway in plants.


Table 6 | Differentially expressed genes related with plant hormones signaling pathway affected by Cladosporium fulvum treatment.



We further analyzed genes involved in the ABA signaling pathway affected by C. fulvum invasion. The complex consisting of the ABA receptor PYR/PYL/RCAR (Pyrabactin resistance/PYR-like/regulatory components of ABA receptor), PP2C (type 2C protein phosphatase), and SnRK2s (Sucrose Non-fermentation Kinase Subfamily 2) has a key role in ABA signaling (Guo et al., 2011). In our study, genes encoding abscisic acid receptor PYL9 (LOC101246807), PYL3 (LOC101258886), PYR1(LOC101267127), PP2C (protein phosphatase 2C 53)and SRK2C (SNF1-related kinase), analogous to subclass III SnRK2s (Mizoguchi et al., 2010), were all upregulated after C. fulvum invasion. In addition, LOC101249794 encoding protein phosphatase 2C 51-like, SRK21 (LOC101251432) encoding serine/threonine-protein kinase SnRK21 and ABF4 (ABA responsive transcription factor) (Orellana et al., 2010) were downregulated (Table 6). Previous study suggested that once PYR/PYLs binds to ABA, it represses PP2C activity and releases SnRK2 suppression, triggering downstream ABA responses (Yang et al., 2017). Our data analysis indicated that ABA signaling might be activated after C. fulvum invasion.

In the JA synthesis pathway, the genes LoxC (lipoxygenase), AOS2 (allene oxide synthase 2), and AOC (allene oxide cyclase) related to JA synthesis (Liu et al., 2012) were downregulated 2-8 fold (Table 6). And four genes involved in the ethylene signaling pathway were upregulated, including ERF1 (ethylene response transcription factor 1), LOC101246590 (ethylene-responsive transcription factor 1B), EREB (ethylene responsive element binding protein) (Mingchun et al., 2016) and LOC101249950(ETHYLENE INSENSITIVE 3-like 3 protein) (Table 6). These results suggested that C. fulvum inoculation impacted the JA and ET signaling pathway differently in plants.

A total of 24 DEGs related to auxin signaling pathway were identified after C. fulvum invasion, of which 13 were upregulated and 11 were downregulated (Table 7). The SAUR (small auxin-up RNA) genes can respond not only to auxin but also to internal and environmental stress with mounting dynamic spatial-temporal responses (Wang et al., 2020). In particular, 11 SAUR genes were identified to be affected after C. fulvum treatment. Among these 11 DEGs, genes such as SAUR32, SAUR58, an SAUR71 were upregulated and those SAUR71-like (LOC101248065, LOC101257321) genes were downregulated. The other class of DEGs affected by C. fulvum inoculation was IAAs; upregulated genes include IAA4, IAA14, IAA35, IAA7, and downregulated genes include IAA15, IAA17, and IAA19 (Audran-Delalande et al., 2012). One gene ARF5 (auxin response factor 5) was inhibited while the gene ARF1 (auxin response factor 1) was slightly induced (Zouine et al., 2014). Two genes encoding Auxin transporter-like protein LAX2 and LAX5 were downregulated (Pattison and Catala, 2012). The above results indicate that C. fulvum infection does affect the auxin-related pathways in tomato plants in a complicated manner.


Table 7 | Differentially expressed genes related with auxin signaling pathway affected by Cladosporium fulvum treatment.





Genes involved in the plant phenylpropanoid pathway are affected by Cladosporium fulvum inoculation

Plant phenylpropanoid pathway is an important pathway for the synthesis of plant secondary metabolites, some of which have been proposed as important components of plant defense responses (Naoumkina et al., 2010; Piasecka et al., 2015). Its downstream metabolites mainly include coumarins, flavonoids, terpenoids, anthocyanins, lignin and other phenylpropanoids (Deng and Lu, 2017; Pratyusha and Sarada, 2022). In this study, many tomato DEGs were related with plant phenylpropanoid pathway after C. fulvum invasion. A total of 47 genes was enriched in the phenylpropanoid biosynthesis pathway, with 26 DEGs upregulated and 21 DEGs downregulated (Table S5). Phenylalanine ammonia lyase (PAL) is the first rate-limiting enzyme in the phenylpropane metabolic pathway (Ruili et al., 2016). PAL2 (LOC101249824) was found to be slightly induced after invasion. The other two genes (LOC101244496, LOC101248210) encoding trans-cinnamate 4-monooxygenase and 4-coumarate-CoA ligase, two major players in this pathway, were also upregulated (Table 8). The gene encoding cinnamoyl-CoA reductase (CCR, LOC778359), a key enzyme in the formation of lignin monomers (Fan et al., 2015), was upregulated. Peroxidases (PRXs) are often found in lignifying tissues and they have the capability to oxidize a wide variety of small phenolic compounds, including monolignols (Marjamaa et al., 2009). In our study, there are 9 related genes upregulated such as TAP2 (tomato anionic peroxidase 2, LOC101245316) (Melillo et al., 2014) and CEVI-1 (citrus exocortis viroid) (Vera et al., 1993) encoding an anionic peroxidase in tomato, which could be induced by compatible viral infection (Mayda et al., 2000), while peroxidase 12, peroxidase 18, peroxidase 3, peroxidase 44 like and 45 like genes were downregulated (Table 8). Four genes related with flavonoid biosynthesis, CHS1 (chalcone synthase 1), CHS2 (Heredia et al., 2015), CHI1 (chalcone-flavonoid isomerase 1) (Kang et al., 2014) and DFR (dihydroflavonol 4-reductase) (Bongue-Bartelsman et al., 1994) were significantly downregulated (Table 8). Both ANS (anthocyanidin synthase) and F3H (flavanone 3-dioxygenase) (Li et al., 2019c) involved in anthocyanin synthesis were also downregulated (Table 8). In addition, a few genes encoding beta-glucosidase, catalyzing the hydrolysis of cellobiose and cello-oligosaccharides containing (1 → 4)-beta-glycosidic bonds to glucose, which is crucial in cellulosic ethanol production were downregulated, such as LOC101254239, LOC101263519, LOC101256554, whereas only 1 beta-glucosidase 18-like (LOC101248595) was upregulated (Table 8), suggesting cellulosic ethanol production pathway was inhibited after C. fulvum invasion. Our results indicated that a variety of secondary metabolites related to plant disease resistance was affected by fungal infection.


Table 8 | Differentially expressed genes induced by C. fulvum infection are involved in the production of secondary metabolites.





Quantitative real-time PCR validation of transcriptome results

To validate the reliability of transcriptome data, we randomly picked some upregulated and downregulated genes with one gene related to plant resistance. A total of 10 genes was selected including LOC101249624, LOC109119038, LOC101245298, LOC101266084, LOC101246590, LOC101263535, LOC101265854, LOC104648161, LOC101258353, LOC101267111 (Figure 5A). The expression data obtained from qRT-PCR verification had consistent trend with RNA-Seq, with a correlation coefficient of 0.8779 (Figure 5B), indicating the RNA-seq data were reliable.




Figure 5 | qRT-PCR validation of RNA-seq sequencing results. (A) qRT-PCR and RNA-seq comparison between ten randomly selected differentially expressed genes. The qRT-PCR values represent mean ± SE from three biological replicates. (B) Regression analysis comparing gene expression ratios by qRT-PCR and RNA-seq analysis.





SA, ABA and JA contents in plants are affected by Cladosporium fulvum inoculation

According to our RNA-seq data analysis, some key genes involved in SA and ABA signaling were upregulated after C. fulvum invasion. Thus, we decided to measure the content of SA and ABA. Our results showed that both SA and ABA contents increased after fungal invasion, indicating SA and ABA singling pathways were activated after C. fulvum treatment. We further tested the JA content and showed that JA level decreased after fungal invasion in comparison to the control treatment (Figure 6A). This is in consistence with the RNA-seq data in which a few genes related with JA synthesis was inhibited after C. fulvum inoculation.




Figure 6 | Hormone contents and relative gene expression levels impacted by Cladosporium fulvum treatment at the time points of 24 hours. (A) The contents of SA, ABA and JA in tomato leaves were detected 24 hours after sprayed exogenously with a conidial suspension (1X106 conidia/ml) of C fulvum, water treatment as a control. Shown are the mean and SE of three biological replicates. Statistical differences were determined Student’s t-test (p<0.05). (B) Six genes related to plant hormone signal transduction pathway were tested expression level by C fulvum inoculation after 24 hours. SlNPR1 and SlPR1 are SA-related pathway genes, SlSRK2C and SlPYR1 are ABA-related pathway genes, SlLoxC and SlAOC are JA-related pathway genes. The qRT-PCR values represent mean ± SE from three biological replicates. * indicate signifificant differences between control and C.fulvum with p < 0.05, as determined by t-test.





The related expression of genes involved in SA, ABA and JA signaling pathways after Cladosporium fulvum inoculation

To further confirm the impact to SA, ABA and JA hormone pathways after C. fulvum invasion, two genes related to each plant hormone signal transduction pathway were selected for qRT-PCR gene expression analysis. Results showed that the relative expression of genes with RNA-seq and qRT-PCR are the similar trend (Figure 6B). The qRT-PCR results showed that expression of ABA-related SlSRK2C and SlPYR1) and SA-related genes (SlNPR1 and SlPR1) were upregulated 2-4 folds. In contrast, expression of synthetic genes of JA (SlLoxC and SlAOC) were significantly downregulated by more than 3-fold. Our results further confirmed that these three hormone pathways are affected after C. fulvum invasion.




Discussion

Tomato leaf mold caused by C. fulvum results in seriously yield losses in tomato cultivation worldwide (Jia, 2010). Considering that the ability of resistance of some tomato cultivar has decreased because of many physiological races of C. fulvum rapidly mutated, we focused on investigating the transcriptome profiles during early stage of interaction with C. fulvum in tomato leaves by using susceptible tomato plants (Jiang et al., 2022b). As we expected, a variety of defense related genes are identified after C. fulvum inoculation, such as PR1, HSP90, and WRKY1, which is consistence with the previous findings (Zhao et al., 2019; Wang et al., 2022). Based on previous reported that flg22 (flagellin 22) binding induces FLS2-BAK1 (BRI1-associated kinase1) heteromerization to activate immune responses in Arabidopsis thaliana (Sun et al., 2013). In our study, we found that genes FLS2, FLS3 and EFR were all upregulated after C. fulvum inoculation, indicating that tomato plants might share the common PAMP pathways in response to biotroph fungi and bacterial pathogens at this early stage of invasion, which needs to be further study.

Facing pathogen invasion, plant have evolved a complex signal transduction network to activate plant resistance. Ca2+ is a conserved second messenger involved in nearly all aspects of cellular signaling programs including regulation of plant development as well as stress resistance (Zhang et al., 2014). CDPK senses Ca2+ signals and translates them into protein phosphorylation (Liese and Romeis, 2013). In our study, several of genes encoding CDPKs were identified to differently express after C. fulvum invasion, either upregulated or downregulated, which are in consistence with many previous reports that CDPKs are widely involved in the regulation of different kinds of disease resistance (Boudsocq et al., 2010; Boudsocq and Sheen, 2013; Romeis and Herde, 2014). For example, the AtCDPK4/5/6/11 phosphorylate specific WRKY transcription factor regulates immune response by restricting pathogen growth (Gao et al., 2013). The StCDPK4/5 mediated ROS production by phosphorylating NADPH oxidases (RBOH, Respiratory Burst Oxidase Homolog) in potato (Kobayashi et al., 2007). In our study, RBOH1 was also upregulated and ROS was produced after C. fulvum invasion, suggesting that CDPK may have activated ROS production and that Ca2+ signal pathway could play an essential role in plant early defense against C. fulvum.

More and more evidence demonstrate that multiple hormones are involved in plant and pathogen interactions (Denance et al., 2013; Li et al., 2019a; Liu et al., 2021). In our study, results showed that genes involved in SA signaling pathway, such as SA receptor NPR1, transcription factor TGA and PR1, were all upregulated. Previous reports showed that SA signaling pathway may be a unique Cf12 dependent resistance pathway (Xue et al., 2017). When the biotrophic pathogen P. syringae infects Arabidopsis, plants also activate SA dependent defenses against invasion (DebRoy et al., 2004; Geng et al., 2012). Our results provide further evidence for the important role of SA signaling pathway in plant defense against biotroph pathogens. A few genes involved in SA signaling pathway were downregulated expression such as BOP2, a NPR1 like gene, and the function for BOP2 in plant is to control growth asymmetry (Hepworth et al., 2005). Therefore, we also speculate that SA may regulate the balance between cell growth and cell death, but the significance on how to regulate plant development is unclear (Hepworth et al., 2005). It is well known that SA and JA-mediate defense singling pathways have antagonistic effect during pathogen invasion (Thaler et al., 2012). In our study, we also found that genes involved in JA synthesis were downregulated after C. fulvum invasion. With the measurement of SA and JA contents after fungal invasion, our results revealed that SA accumulated significantly and the JA level decreased significantly upon C. fulvum invasion, indicating the existence of crosstalk between SA and JA signaling pathway at the early stage of invasion. In addition, our results revealed that C. fulvum invasion also activated the ABA signaling pathway, which may be induced to trigger the ABA-dependent stomata immune response against pathogen entry (Ou et al., 2022). There are also many DEGs involved in the auxin signaling pathway. Given the tradeoff between development and plant defense, it is not surprised that DEGs in so many pathways were identified after C. fulvum invasion.

Plant metabolism can be divided into primary and secondary metabolism, and among the secondary metabolism, the plant phenylpropanoid pathway is one of the most important secondary metabolic pathways (Li et al., 2007). Previous studies have found that the expression of genes related to the phenylpropanoid pathway is also stimulated by Asian soybean rust in Arabidopsis (Beyer et al., 2019), suggesting that the phenylpropanoid pathway plays an important role in plant response to pathogen infection (Dong and Lin, 2021). It has been reported that the expression of PAL and 4CL, key genes in the phenylpropanoid pathway, were upregulated both in susceptible and resistant varieties upon C. fulvum invasion (Xue et al., 2017), which is in consistence with our results. In this study, ANS as the key gene for anthocyanin synthesis (Mattus-Araya et al., 2022), was downregulated, indicating the inhibition of anthocyanin synthesis in plants in response to C. fulvum. Interestingly, CCR2 and some genes encoding peroxidases involved in lignin synthesis pathway were upregulated (Table 8); we hypothesized that tomato plants might activate the lignin synthesis pathway to synthesize lignin as a physical barrier to prevent pathogen invasion.



Conclusion

The plant pathogen C. fulvum causes a large amount of yield loss in global tomato production, which can cause more than 50% reduction in tomato production in severe cases. In the present study, we carried out RNA-seq experiments to identify DEGs induced in C. fulvum inoculated tomato leaves. We analyzed DEGs related to plant and pathogen interaction pathway, plant hormones signaling pathway and plant phenylpropanoid pathway. Our results discovered that a number of core defense genes against fungal invasion were induced. Moreover, we found SA and ABA accumulation in tomato leaves after C. fulvum invasion, while JA content decreased after C. fulvum invasion. Together, our results will broaden our understanding for investigating the mechanism of C. fulvum and tomato interaction in future.
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Wheat powdery mildew caused by a biotrophic fungus Blumeria graminis f. sp. tritici (Bgt), is a widespread airborne disease which continues to threaten global wheat production. One of the most chemical-free and cost-effective approaches for the management of wheat powdery mildew is the exploitation of resistant cultivars. Accumulating evidence has reported that more than 100 powdery mildew resistance genes or alleles mapping to 63 different loci (Pm1-Pm68) have been identified from common wheat and its wild relatives, and only a few of them have been cloned so far. However, continuous emergence of new pathogen races with novel degrees of virulence renders wheat resistance genes ineffective. An essential breeding strategy for achieving more durable resistance is the pyramiding of resistance genes into a single genotype. The genetics of host-pathogen interactions integrated with temperature conditions and the interaction between resistance genes and their corresponding pathogen a virulence genes or other resistance genes within the wheat genome determine the expression of resistance genes. Considerable progress has been made in revealing Bgt pathogenesis mechanisms, identification of resistance genes and breeding of wheat powdery mildew resistant cultivars. A detailed understanding of the molecular interactions between wheat and Bgt will facilitate the development of novel and effective approaches for controlling powdery mildew. This review gives a succinct overview of the molecular basis of interactions between wheat and Bgt, and wheat defense mechanisms against Bgt infection. It will also unleash the unsung roles of epigenetic processes, autophagy and silicon in wheat resistance to Bgt.




Keywords: wheat, powdery mildew, Blumeria graminis f. sp. tritici, disease resistance, resistance genes



Introduction

Wheat (Triticum aestivum, 2n=42; AABBDD) significantly contributes to human calorie consumption, food security and global agricultural sustainability (Godfray et al., 2010). Wheat production demand is driven by the increasing human population; however, it is continuously threatened by various fungal pathogens. Wheat powdery mildew caused by an obligate biotrophic fungal pathogen Blumeria graminis f. sp. tritici (Bgt), is one of the most destructive wheat diseases, and may cause yield losses of 10–40% and, in extreme cases, even up to 50% (Parlange et al., 2015; Zhu et al., 2015; Zhang et al., 2017). The rapid spread and adaptation of the pathogen is enhanced by its short life cycle, the ease with which airborne spores may be spread over long distances, and the possibility of sexual recombination leading to the generation of new virulent races (Jankovics et al., 2015). Powdery mildew infection induces immense transcriptional reprogramming which is strictly regulated by various mechanisms (Buscaill and Rivas, 2014; Jones et al., 2016; Adachi and Tsuda, 2019). Accumulating evidence has reported that histone post-translational modifications and other epigenetic processes, which typically affect the accessibility of DNA to the transcriptional machinery, fine-tune the expression of genes involved in plant defense responses to pathogen infection (Ding and Wang, 2015; Ramirez-Prado et al., 2018; Kong et al., 2020a; Kong et al., 2020b).

Wheat resistance against powdery mildew can either be race-specific or non-race specific resistance. Race-specific resistance imparts full resistance to some particular pathogens, but not others, and it is conferred by single resistance (R) (major effect) genes and is relatively heritable. Non-race specific resistance imparts partial resistance which does not rely on specific pathogen avirulence genes and thus allows for infection but reduces pathogen proliferation (Maurya et al., 2021; Mapuranga et al., 2022c). However, pathogens are endowed with exceptional adaptability by long-term survival pressure and environmental cues (Turrà et al., 2014), leading to high pathogen variations (Lei et al., 2017). Since the wheat-Bgt interaction is host- or race-specific, new, more virulent races might swiftly evolve and arise, rendering the numerous race-specific resistance genes added in wheat cultivars ineffective in preventing the development of powdery mildew (Kang et al., 2020). Therefore, it is critical to explore new wheat powdery mildew (Pm) resistance genes to develop durable prevention and management approaches of this disease. Furthermore, uncovering the underlying regulatory mechanisms of bread wheat defense responses to biotic stresses is crucial for increasing resistance to powdery mildew (Liu et al., 2016). This review gives a critical overview of the molecular basis of interactions between wheat and Bgt, and wheat defense response mechanisms to Bgt infection, including the role of autophagy and silicon in conferring resistance to powdery mildew. It will also discuss the recent developments in understanding the epigenetic processes and elements such as DNA methylation, and histone modification involved in wheat responses to Bgt infection.



Penetration and colonization in wheat by Bgt

The infection strategies and pathogenicity mechanisms of biotrophic fungal plant pathogens including Bgt have been extensively reviewed (Chaudhari et al., 2014; Bourras et al., 2015; Bindschedler et al., 2016; Bourras et al., 2016; Bourras et al., 2018; Liang et al., 2018; Sharma and Gautam, 2019; Jaswal et al., 2020; Mapuranga et al., 2022a; Mapuranga et al., 2022b). A prerequisite for compatibility establishment between a pathogen and its hosts is successful penetration. The conidia and ascospores produced by Bgt in cleistothecia, are primarily responsible for its propagation, and the disease most often affects a large area after being spread by wind (Jankovics et al., 2015). Following the attachment of conidia or ascospores to the surface of a photosynthetically active wheat leaf, a sophisticated germ tube is produced which then elongates into a thread-like hypha with appressoria (Acevedo-Garcia et al., 2017). Appressoria formation is triggered by the host’s chemical or physical signals, topographic signals, substratum hydrophobicity, and cutin monomers (Jones et al., 2001; Kamakura et al., 2002; Sharma and Gautam, 2019; Chethana et al., 2021). Subsequently, the digitate hypha develops into a penetration peg and ramifies a haustorium in order to facilitate the direct breaching of the host epidermal cell via turgor pressure and dynamic enzymes (Glawe, 2008). Subsequently, the fungus will only colonize the cell walls of the epidermal cell layer of leaf tissues. It will then form haustoria, which are the only fungal structures that will grow inside the host tissues, but it will do so without shattering the cell membrane. The haustoria are at the hub of Bgt biotrophic interaction through nutrient acquisition from the host and delivering effector proteins into the infected host cells to suppress host immunity (Jankovics et al., 2015). Only a few Bgt effectors including AvrPm2, AvrPm3a2/f2, AvrPm3b2/c2, and SvrPm3a1/f1 have been identified and cloned so far (Bourras et al., 2015; Praz et al., 2017; Bourras et al., 2019). These effectors belong to variable effector families and they are all highly induced upon Bgt infection to enhance pathogenesis. SvrPm3a1/f1 is a ribonucleic effector which suppresses the recognition of AvrPm2, AvrPm3a2/f2, AvrPm3b2/c2 by their cognate host resistance proteins (Bourras et al., 2019). Bgt infection process is also enhanced by mild temperatures (10-22°C). Furthermore, development of conidia that are produced asexually and secondary infections is enhanced by an increase in relative humidity and this will result in polycyclic disease development and many epidemics (Te Beest et al., 2008). Accumulating evidence has reported that wheat surface signals from the cuticle are responsible for inducing the pre-penetration growth of fungal pathogens (Wang et al., 2020; Arya et al., 2021). For instance, knockdown of a cuticle biosynthesis regulator gene, TaWIN1 reduced cuticle biosynthesis and conidial germination of Bgt (Kong and Chang, 2018). Intriguingly, the exogenous application of wax very-long-chain aldehydes, which are absent from the cuticle wax of TaWIN1-silenced plants, was able to fully rescue the Bgt germination penalty. This suggests that Bgt exploits the wax very-long-chain aldehydes biosynthesis which is positively regulated by TaWIN1 to trigger conidial germination (Kong and Chang, 2018). Consistent with this, the silencing of TaKCS6 and TaECR in bread wheat led to reduced Bgt germination and biosynthesis of wax (Wang et al., 2019; Kong et al., 2020b). The use of cuticular wax derived from wild-type wheat plants restored the Bgt germination penalty on TaKCS6- or TaECR-silenced plants (Wang et al., 2019; Kong et al., 2020b). Findings from these studies support the hypothesis that Bgt exploits the cuticle biosynthesis genes TaECR, TaWIN1, and TaKCS6 as susceptibility genes to enhance its pre-penetration growth.



Wheat components involved in interactions with Bgt

The ability of plants to defend themselves against pathogen infection varies widely, and the interaction outcome is determined by the genetic status of both the pathogen and its host.


Innate immunity confers wheat resistance to Bgt

In order to ward against invading pathogens, plants have developed a multifaceted innate immune system (Dodds et al., 2006). The recognition of pathogen-associated molecular patterns (PAMPs) or microbe-associated molecular patterns (MAMPs) by membrane localized pattern recognition receptors (PRRs) triggers the first layer of innate immunity known at the PAMP-triggered immunity (PTI), which curtails pathogen invasion (Jones and Dangl, 2006; Jones et al., 2016). Downstream effects including mitogen-activated protein kinase (MAPK) pathways activation, defense-responsive genes expression, expression of pathogenesis-related genes, stomatal closure, reactive oxygen species (ROS) burst and callose deposition are triggered by PTI activation (Stael et al., 2015; Jaswal et al., 2020). By secreting effector molecules, pathogens may circumvent PTI and activate effector-triggered susceptibility (ETS), which is then countered by the host’s effector-triggered immunity (ETI), the second layer of innate immunity (Figure 1). ETI activation causes a dynamic reprogramming of several defense-responsive genes like MAPK, ROS burst, increase of Ca2+ levels, and hormonal change, and is usually accompanied by hypersensitive response and programmed cell death at the infection sites to curb pathogen invasive growth and proliferation (Jones and Dangl, 2006; Dangl et al., 2013; Jones et al., 2016). As proposed initially by Jones and Dangl, the PTI-ETS-ETI cycle continues in a zig-zag model (Jones and Dangl, 2006). Wheat calcium-dependent protein kinases (CDPKs) are critical sensors of calcium concentration changes that occur in response to a variety of biotic and abiotic stresses (Li et al., 2008). CDPK genes in wheat respond to a variety of biotic and abiotic stresses, including Bgt infection, low temperatures, salt, drought, and abscisic acid. It was found that each CDPK gene responded well to several treatments, which lends credence to the notion that wheat CDPKs serve as convergence points for many signal transduction pathways (Li et al., 2008). During wheat-Bgt interaction, the expression of CDPK2 was significantly upregulated, hence it was speculated that CDPK2 plays an essential role in wheat defense responses to Bgt infection (Li et al., 2008). Receptor-like kinases (RLKs) which recognize microbial presence in the apoplast, have an extracellular domain, a transmembrane domain and a cytoplasmic kinase domain (Kanyuka and Rudd, 2019). Wheat resistance to powdery mildew was recently found to be positively regulated by TaRLK1 and TaRLK2 (Chen et al., 2016), RLK-V (Hu et al., 2018) and LecRK-V from Haynaldia villosa, a diploid wheat relative highly resistant to powdery mildew (Figure 1) (Wang et al., 2018). TaRLK1 and TaRLK2 are leucine-rich repeat receptor-like kinases (LRR-RLKs), and their ectopic overexpression in wheat resulted in increased ROS accumulation in fungal penetration sites, leading to Bgt resistance (Chen et al., 2016). Overexpression of the lectin type RLK gene LecRK-V enhanced wheat resistance to Bgt (Wang et al., 2018). Wheat basal defense and Pm21-mediated resistance to Bgt were both found to be regulated by the malectin-like/LRR-RLK gene LRK-V (Hu et al., 2018).




Figure 1 | Schematic representation of wheat defense responses to Bgt infection. Pathogen-derived conserved molecules (PAMPs/MAMPs) are recognized by pattern recognition receptors (PRRs), and this activates PAMP-triggered immunity (PTI). Pathogens induce susceptibility by interfering with the immune signaling network through the secretion of effectors, resulting in effector-triggered susceptibility (ETS). Following direct or indirect effector recognition, plant R proteins activate host defense responses to inhibit pathogen growth, and this is called effector-triggered immunity (ETI). The receptor-like kinases (TaRLK1, TaRLK2), malectin-like/LRR-RLK (RLK-V), and lectin type RLK (LecRK-V) resistance genes, encode proteins that are involved in the perception of fungal determinants and transmission of defense signals to the cell interior. Upon Bgt, reactive oxygen species (ROS) and endogenous pathogenesis-related (PR) genes are highly induced to enhance defense response to infection. Meanwhile, the physical interaction between TaMED25 and TaEIL1 may lead to the recruitment of RNA Pol II to enhance the transcription of TaERF1. TaERF1 may further suppress ROS accumulation and the expression of PR genes to partially attenuate wheat basal resistance to Bgt infection. TaJAZ1, TaNINJA and TaTPL form a co-repressor complex that suppresses TaMYC4 transcriptional activity under normal conditions. Jasmonate (JA) accumulation in response to Bgt infection results in the degradation of TaJAZ1 to release TaMYC4 and other transcriptional factors, consequently leading to the suppression of TaPRs expression and ROS accumulation in wheat. Ethylene (ET) also inhibits ROS accumulation and the expression of TaPRs to negatively regulate wheat resistance against Bgt infection. Furthermore, Bgt infection also results in the recruitment of more histone acetyltransferases (HATs) and thus increase histone acetylation at the defense related genes (represented by green arrows), thus activating the expression of these genes. The TaHDT701-TaHDA6-TaHOS15 histone deacetylase complex mediates histone deacetylation at the wheat defense-related genes like TaPR1, TaPR2, TaPR5 and TaWRKY45, which results in the suppression of defense-related genes transcription and defense responses to Bgt.



COI1 serves as a key regulator in the jasmonate (JA) signaling pathway. During both compatible and incompatible interactions between wheat and Bgt, TaCOI1 expression was induced. The rate at which Bgt was able to successfully penetrate all TaCOI1-silenced Brock was greater, but the proportion of macrocephalic appressoria and resistance responses was lower than in the control group. Based on these results, TaCOI1 gene positively regulates wheat resistance to Bgt infection (Liu et al., 2018). Copines are calcium-dependent phospholipid-binding proteins that are made up of two highly conserved C2 domains at their N-termini, and a von Willebrand factor A (vWA) domain at their C-termini (Creutz et al., 1998). It was found that wheat resistance to Bgt is negatively regulated by the wheat copine genes TaBON1 and TaBON3. Both variations in temperature and the presence of pathogens affected the expression of TaBON1 and TaBON3. These findings demonstrated a conserved role of plant copine genes in the plant immunity and revealed new genetic resources for the development of wheat varieties with durable resistance to powdery mildew (Zou et al., 2018a).

The glucan synthase-like (GSL) gene family is found in many plants where it produces callose which is not only present at areas of fungal penetration, but also in callus plugs that form in wounds and in the cells wall of pollen (Voigt et al., 2006). In wheat, a total of eight distinct TaGSL genes were found and confirmed to mediate the synthesis and regulation of callose in diverse tissues under distinct environmental cues (Voigt et al., 2006). Recently, Cheng and colleagues showed that expression level of TaGSL22 was substantially upregulated by Bgt infection. Callose deposition was reduced by the silencing of TaGSL22 which led to increased susceptibility of wheat to Bgt (Wang et al., 2022b). Therefore, TaGSL22 positively regulates wheat resistance to Bgt. Genes known as Recognition of Peronospora parasitica 13-like, (RPP13-like) genes which are members of the NBS-LRR superfamily serve important roles in the resistance of various plant species to many pathogens. It was recently established that wheat resistance to powdery mildew is positively regulated by TaRPP13L1-3D gene via a RanGAP-WPP complex-mediated nucleocytoplasmic pathway (Zhang et al., 2022). These fresh insights into TaRPP13L1-3D will be beneficial in dissecting the methods by which wheat develops its resistance to biotrophic fungal pathogens and understanding the link between R gene expression and pathogen defense. Generally, different degrees of plant resistance to a particular pathogen species are dependent on how the host interacts with the pathogen, either via broad-spectrum (non-race specific resistance) or race-specific (specific resistance to a single race) resistance.



Race-specific resistance

Race-specific resistance is also called qualitative resistance, all stage resistance or monogenic resistance, and is generally mediated by a single major R gene, which becomes active upon detection of the pathogen’s effectors in a gene-for-gene paradigm (Maurya et al., 2021; Mapuranga et al., 2022c). Although wheat powdery mildew resistance genes have been shown to activate the PTI and ETI pathways, the nature of this activation has remained unclear. Due to the rapid evolution of new pathogen races, major R genes are known to deteriorate easily, which results in a short lifetime for resistance. This results in a restricted window of opportunity for protection (McDonald and Linde, 2002). To determine which resistance genes are ineffective, it is necessary to know the identification of the race-specific resistance genes present in wheat cultivars. Molecular marker assisted selective breeding is an efficient and rapid approach for identifying resistance genes. Wheat disease resistance genes have been mapped with the use of molecular markers. Recent research into Pm genes has made extensive use of simple sequence repeat (SSR) and single-nucleotide polymorphism (SNP) markers (Wu et al., 2019).

The longevity of race-specific resistance genes in the field may be extended by the use of gene combinations, strategic gene deployment, and multiline cultivars (Burdon et al., 2014; Li et al., 2014; Mundt, 2018). However, there is a tendency of many pathogen isolates to coexist in their respective ecological habitats. As a consequence of genetic variety in the pathogen population, this may increase the probability of a disease epidemic. Because of this, it’s possible that gene stacking won’t be enough to halt the spread of disease for very long, and the cultivars will lose their efficacy. In order to increase the efficacy of gene stacking, allelic mining was proposed for the improvement of agriculture (Bhullar et al., 2010). Accumulating evidence has reported that multi-allelic race specific resistance genes evolve under intense diversifying selection to detect specific pathogen avirulence alleles (Bhuiyan et al., 2009; Kanzaki et al., 2012). For example, at the Pm3 locus, race-specific resistance is conferred by 17 functional alleles (Brunner et al., 2010). Pm3 encodes a CC-NBS-LRR protein, with complete sequence conservation in the CC domain across these alleles, but sequence exchange is shown in the NBS and LRR sections, suggesting gene conversion or intragenic recombination between the alleles (Bourras et al., 2015). Using map-based cloning of haploid F1 populations, some studies identified Bgt effectors AvrPm2, AvrPm3a2/f2, AvrPm3b2/c2, and SvrPm3a1/f1 corresponding to some NLR resistance genes in wheat (Bourras et al., 2015; Praz et al., 2017; Bourras et al., 2019). Bourras and colleagues characterized the corresponding Avr loci of Pm3 alleles and proposed the involvement of a pathogen-encoded suppressor of avirulence (Svr) in race specificity (Bourras et al., 2015). It was found that the function of detected avirulence alleles is blocked by an active suppressor, resulting in a disease. The presence of Svr in the powdery mildew will, in combination with the avirulence allele and the R allele, regulate plant resistance in the wheat-powdery mildew pathosystem. This suggests that there are additional layers of a simple gene for the gene model controlling Avr-R interactions in the wheat-powdery mildew system. A recent study on the AvrPm3-Pm3 model, further demonstrated the importance of Pm3 NLR receptors in concurrently determining host-specificity for grass mildews and race-specific resistance to wheat powdery mildew (Bourras et al., 2019). Pm12 and Pm21 have recently been found to be orthologous genes (Zhu et al., 2022). Distinct intramolecular interaction patterns and race specificities in the two orthologous resistance genes Pm12 and Pm21 were clearly demonstrated (Zhu et al., 2022). Multiple alleles at the Pm2 locus have been discovered across a wide range of genotypes (Jin et al., 2018). Powdery mildew resistance genes Pm2a, Pm2b and PmCH1357 were mapped to the same genomic level, and cloning of these genes using different approaches revealed that they genes confer different levels of resistance, suggesting that it might be imparted by distinct resistance genes or alleles (Sánchez-Martín et al., 2016; Chen et al., 2019a; Jin et al., 2022).



Non-race specific resistance

Non-race specific resistance is also called quantitative resistance, minor gene resistance or adult plant resistance. This type of resistance often manifests as a partial resistance phenotype, in which pathogen invasive growth and proliferation is suppressed without any immune response overtly shown (Maurya et al., 2021; Mapuranga et al., 2022c). It is also called minor gene resistance because just a few genes are responsible for imparting the resistance (Maurya et al., 2021). Because it provides partial levels of resistance and field tolerance, it is also known as standard/partial/field resistance. Adult stages of wheat development is associated with the manifestation of this resistance, and is hence regarded as adult plant resistance (Li et al., 2014). Most of the identified Pm genes are race specific all-stage resistance genes, and only a few pleiotropic partial resistance genes, such as Pm38/Yr18/Lr34/Sr57/Lt1 (Singh et al., 2012), Lr46/Yr29/Pm39/Sr58/Ltn2 (Singh et al., 2013) and Pm46/Yr46/Lr67/Sr55/Ltn3 (Herrera-Foessel et al., 2014), which confer partial resistance to powdery mildew and other rust pathogens at the adult plant stage, hence they are adult plant resistance genes. Isolation of adult plant resistance genes Pm38 and Pm46 found a single gene encoding an ATP-Binding Cassette (ABC) transporter (Krattinger et al., 2009) and a hexose transporter (Moore et al., 2015) at the multi-pathogen resistance locus, respectively, which confers a dual resistance for wheat leaf rust and stripe rust in addition to resistance to powdery mildew (Figure 1). It was suggested that these two genes would go through a defense activation process associated with a coordinated interaction between abscisic acid and sugar signaling (Moore et al., 2015; Krattinger et al., 2019). These sugar signals may operate as priming molecules that lead to PTI and ETI (Bolouri Moghaddam and Van den Ende, 2012), modulating plant metabolism that is induced by the fungal pathogen. The activation of sugar transporters is necessary for upsetting the carbohydrates equilibrium between sources and sinks, which is often seen in response to biotic stresses (Valluru and Van den Ende, 2011). Accumulating evidence has established that non-race specific resistance is more robust and durable than race-specific resistance in combating the new emerging virulent pathogen races (Liu et al., 2001; Li et al., 2014). For example, after 20 years of cultivation, the cultivar Knox has shown consistent adult plant resistance effectiveness to powdery mildew (Liu et al., 2001). In particular, breeders are interested in powdery mildew adult plant resistance genes that confer resistance to a wide range of pathogens.




Cloning and characterization of wheat powdery mildew resistance genes

The first powdery mildew resistance gene in wheat was found in wheat variety ‘Thew’ by an Australian researcher Waterhouse in 1930 (Zeller, 1973). Since then, new Pm genes have been identified from common wheat and wheat relatives. Although more than 100 powdery mildew resistance genes/alleles in 63 loci (Pm1-Pm66) have been documented (McIntosh et al., 2019; Zhang et al., 2019), only a few of them have been cloned and characterized so far (Table 1) including Pm1a (Hewitt et al., 2021), Pm2a (Sánchez-Martín et al., 2016), Pm2b (Jin et al., 2022), Pm3b (Yahiaoui et al., 2004), Pm5e (Xie et al., 2020), Pm8 (Hurni et al., 2013), Pm17 (Singh et al., 2018), Pm21 (Xing et al., 2018; He et al., 2018), Pm24 (Lu et al., 2020), Pm38 (Krattinger et al., 2009), Pm41 (Li et al., 2020), Pm46 (Moore et al., 2015), and Pm60 (Zou et al., 2018b). The integration of the high-quality wheat genome sequence (IWGSC Ref-Seq v1.0) (Avni et al., 2017; Appels et al., 2018; Maccaferri et al., 2019), and various advanced molecular cloning approaches for reducing the complexity of the genome to allow the performance of targeted resequencing analyses has facilitated the cloning of wheat Pm genes. Some of these genes including Pm1a (Hewitt et al., 2021), Pm2a (Sánchez-Martín et al., 2016; Manser et al., 2021), and Pm4b (Sánchez-Martín et al., 2021), were cloned using the Target-sequence Enrichment Sequencing (TEnSeq) pipelines. TEnSeq pipelines include various approaches such as Mutagenesis and Resistance gene enrichment Sequencing (MutRenSeq), Mutagenesis Chromosome flow sorting and short-read Sequencing (MutChromSeq), Association genetics with Resistance gene enrichment Sequencing (AgRenSeq) and Targeted Chromosome-based Cloning via long-range Assembly (TACCA). AgRenSeq and MutRenSeq are based on NLR-targeted DNA capture and hybridization, while MutChromSeq and TACCA are based on purification of individual chromosomes from wheat lines (Zhang et al., 2020). The majority of the powdery mildew resistance genes were cloned using the map-based cloning approach (Yahiaoui et al., 2004; Krattinger et al., 2009; Yahiaoui et al., 2009; Moore et al., 2015; Sánchez-Martín et al., 2016; Zou et al., 2018b; Li et al., 2020;  Lu et al., 2020; Hewitt et al., 2021), with a few having been cloned using the homology-based cloning approach (Hurni et al., 2013; Singh et al., 2018).


Table 1 | A summary of cloned wheat powdery mildew resistance genes.



Except for Pm24, Pm38, and Pm46, which encode tandem kinase gene WTK3, an ABC transporter, and a hexose transporter, respectively, most of the cloned powdery mildew resistance genes in wheat encode NLR proteins which are race-specific (Table 1). In recent years, tandem kinase protein (TKP) has emerged as a novel kinase protein family in plant innate immunity. A serine/threonine non-arginine-aspartate (non-RD) receptor-like protein kinase with two putative tandem kinase domains (Kin I and Kin II) and lacking an extracellular domain is encoded by the Chinese wheat landrace Hulutou’s Pm24 (WTK3) gene. A rare 6-bp natural deletion of lysine-glycine codons was found to be endemic to wheat landraces in Shaanxi Province, China, in the kinase I domain (Kin I) of WTK3, which is essential for the gain of function of powdery mildew disease resistance (Lu et al., 2020). The isolation of WTK3 with the tandem kinase domains laid a foundation for comprehension of the signal transduction function of TKP in wheat powdery mildew resistance and plant innate immunity. Understanding the molecular mechanisms of this protein family’s role in plant innate immunity will be enhanced by the characterization of the TKP kinase functions, related proteins, and phosphorylation processes. The cloning of powdery mildew resistance genes paves a way for the development of high-throughput diagnostic functional markers that can be utilized in markers-assisted selection for fungal-resistance breeding programmes.



The network of wheat resistance to Bgt

The network of resistance can be analyzed using transcriptomics (gene regulation and expression profiling), proteomics (protein identification and effects), and metabolomics (metabolite profiling, regulation, pathway and intermediates). However, there are no metabolic profiling studies that have been reported so far during wheat-Bgt interactions, hence this section will specifically focus on transcriptomics and proteomics.


Transcriptomics

Expression and regulation of genes, as well as the identification of important genes involved in the stress response pathway, may all be understood by transcriptome profiling. Depending on the amount of available genomic resources generated and the type of plant being studied, different methods including RNA-sequencing, Affymetrix GeneChips, and spotted micro arrays, expressed sequence tags, sequencing in conjunction with suppression subtractive hybridization, are employed to study the transcriptome. RNA-Seq surpassed other transcriptomics methods because it is the most high-throughput, cost-effective and efficient method due to recent developments in next-generation sequencing technology. Transcriptomics research has so far been extensively conducted in wheat. Transcriptional and translational alterations of plants are also triggered by pathogen attack and this results in the activations of several genes and metabolic pathways as a defense mechanism. Epidermal Bgt infection in diploid wheat (Triticum monococcum) triggered the expression of 12 genes involved in methyl unit biosynthesis and supply, showing that genes involved in methyl unit production pathways are also important for the host defense response (Bhuiyan et al., 2007). An mRNA tag analysis was performed to explore the cellular metabolic processes that are activated by H2O2 treatment in wheat. It was found that 260 transcripts had conserved expression across all three wheat lines and these genes might represent a subset of basal H2O2 sensitive genes involved in signal transduction, cell defense, redox homeostasis, photosynthesis, lipid metabolism, glucose metabolism, and transport (Li et al., 2011).

Another comparative transcriptome analysis of wheat in response to Bgt infection established an approximately equal gene expression level in both resistant and susceptible cultivars before Bgt inoculation (Xin et al., 2012). Various pathways such as flavonoid biosynthesis, cell wall fortification and metabolic processes were found to be involved in wheat defense responses to powdery mildew (Xin et al., 2012). SGT1 is responsible for the positive regulation of many plant R genes that confer race-specific resistance (Muskett and Parker, 2003; Azevedo et al., 2006). The expression of SGT1 was shown to have a very close relationship with the expression of R genes, the hypersensitive response, and the activation of specific resistance proteins (Bhaskar et al., 2008; Meldau et al., 2011). Haynaldia villosa Hv-SGT1 transcript levels were substantially increased by Bgt infection. Transcript levels of Hv-SGT1 were also substantially upregulated by H2O2 and methyl jasmonate treatments (MeJA). However, these levels were only minimally stimulated following exposure to ethephon or abscisic acid; but were not changed by salicylic acid (SA) treatment (Xing et al., 2013). As a result, the involvement of Hv-SGT1 in the production of H2O2 correlates with the hypersensitive response as well as jasmonic acid signaling. This innovative demonstration that wheat with overexpressed Hv-SGT1 had higher resistance to powdery mildew, implies that it might serve as a transgenic genetic resource in wheat breeding for the purpose of producing wheat cultivars with durable resistance to multiple pathogens (Xing et al., 2013).

Powdery mildew infection also resulted in differential expression of wheat genes in which 289 transcripts were upregulated and 154 transcripts were downregulated during R-gene mediated incompatible interactions between wheat and Bgt (Li et al., 2013). Another comparative transcriptome analysis also revealed different activations in wheat’s response to powdery mildew and stripe rust infections (Zhang et al., 2014). In Bgt-infected leaves, the differentially expressed genes were grouped into seven pathways, whereas in Pst-infected leaves they were grouped into four enriched Kyto Encyclopedia of Genes and Genomes (KEGG) pathways. Many genes and pathways were activated in the wheat-pathogen interaction pathways in response to Bgt infection than in response to Pst infection (Zhang et al., 2014). Liu et al. analyzed the transcriptomic changes in wheat response to Bgt infection in a continuous time period and their findings confirmed involvement of CMPG1-V, which encodes the U-box E3 ubiquitin ligase, in augmentation of broad-spectrum resistance against powdery mildew (Liu et al., 2020). A weighted gene co-expression network analysis revealed important CMPG1-V regulatory candidates including glucosyltransferase in flavonoid biosynthesis, serine/threonine-protein kinase in phosphorylation, peroxidase in oxidative stress, and defense factor WRKYs (Liu et al., 2020). This study laid a foundation for the elucidation of CMPG1-V resistant regulatory network and the identification and molecular characterization of the key candidates that might be exploited in resistant breeding programs.

Another recent transcriptomics study demonstrated that the gene(s) located at 2Mb in the Chinese Spring (CS)-Aegilops biuncialis 2Mb disomic addition line TA7733 imparted a high degree of resistance Bgt. When compared to CS, there were 7 278 identified unigenes that displayed unique expression in TA7733 both pre-and post-Bgt infection. It was found that 53 out of the 295 unigenes genes encoded NLR proteins and were unique to 2Mb and had the potential to be involved in powdery mildew resistance. The establishment of TA7733 broad-spectrum resistance to Bgt and availability of putative candidate R-gene specific molecular markers derived from 2Mb laid a foundation for transferring powdery mildew resistance from 2Mb to common wheat by inducing CS-Ae. biuncialis homoeologous recombination (Li et al., 2019). Using bulked segregant RNA-Seq, Ma and colleagues analyzed 2 973 differentially expressed genes to study resistance gene regulatory genes. They found that after Bgt invasion, six disease-related genes had unique expression patterns, making them prime candidates for elucidating resistance mechanisms and enhancing long-term resistance in wheat to powdery mildew (Ma et al., 2021). Glutathione S-transferase (GST), epitomizes a group of ubiquitous proteins found in plants that comprise several functional proteins. A lot of studies indicated that GSTs are involved in secondary metabolism (Mueller et al., 2000), growth and development (Gong et al., 2005), and biotic and abiotic stress responses in plants (Bianchi et al., 2002). The presence of GST in the leaves of emmer wheat leads not only to a reduction in oxidative stress but also to an enhancement in the plant’s resistance to herbicides (Karpenko et al., 2019). In common wheat, a comprehensive genome-wide analysis uncovered 346 GST genes and 87 TaGSTU family members. During wheat-Bgt incompatible interaction, TaGSTU6, TaGSTU4, and TaGSTU7 genes were are highly upregulated (Hao et al., 2021).



Proteomics

Proteomics is the study of the structural and functional features of all of the proteins present in a live organism at the same time. It can be performed using various approaches including, two-dimensional (2-D) gel electrophoresis, western blotting, matrix-assisted laser desorption ionization-time of flight (MALDI-TOF), mass spectrometry, and enzyme-linked immunosorbent assay (ELISA), together with several bioinformatic tools (Baggerman et al., 2005; Gevaert et al., 2011; Chaudhary et al., 2019). Recent advances in the field of proteomics have made it possible to conduct high-throughput proteome analyses. The majority of proteomic studies has been done on crops including wheat, rice, barley, maize, potato, and soybeans since these crops are the only ones whose whole genome sequences are accessible in the public domain (Yadav et al., 2022). A comparative proteomic analysis of wheat’s response to Bgt infection in wheat Pm30 near-isogenic found 97 differentially expressed proteins and 26 of them belonged to a variety of functional categories, including energy and metabolism, disease and defense, transcription and translation, and signal transduction (Wang et al., 2012). Another proteomic analysis of wheat defense response to Bgt also established that 44 differentially expressed proteins were related to the defensive response, photosynthesis, metabolism, and other cellular activities in wheat (Mandal et al., 2014). Quantitative proteomic analysis of N9134, a resistant wheat line, identified 394 protein-species that showed differential accumulation (Fu et al., 2016). These differentially accumulated protein-species predominantly consisted of oxidative stress responsive proteins, pathogenesis-related polypeptides, and primary metabolic pathway components (Fu et al., 2016). MAPKs are involved in the regulation of a variety of plant processes, such as metabolism and the signaling processes involved in abiotic and biotic responses (Gawroński et al., 2014). During incompatible wheat-Bgt interaction, MAPK5 protein level was substantially upregulated, suggesting that it serves an essential role in wheat resistance to Bgt (Li et al., 2017b).

Liang and colleagues analyzed the proteome of three distinct wheat cultivars at three different time intervals and found that various proteins were upregulated and downregulated in response to Bgt infection in wheat cultivar with Pm40 gene (Liang et al., 2019). It was inferred that the proteins have the capacity to mediate the immune responses and coordinate various physiological and cellular processes that take place during wheat defense response to Bgt infection (Liang et al., 2019). Recently a quantitative proteomic analysis revealed that TaGSTU6/TaCBSX3 interaction serves a crucial role in wheat resistance to Bgt infection (Wang et al., 2022a). Seven hundred and forty-one differentially accumulated proteins were identified and intriguingly, 42 of them responded to both Bgt and Pst infection. These findings imply that wheat has distinct mechanisms of responding to Pst and Bgt infections, since the interaction of TaGSTU6 with TaCBSX3 only imparts resistance to Bgt (Wang et al., 2022a). Altogether, these proteomics studies provide a new basis for broadening our understanding of the molecular mechanism of the wheat-Bgt interactions at the protein level, as well as a theoretical framework for resistance breeding and the long-term management of powdery mildew.




Transcriptional regulation of wheat’s defense response to Bgt

Although accumulating evidence has reported the transcriptional regulation of wheat’s defense response to biotic stresses; the transcriptional regulation of wheat resistance to Bgt infection remains to be explored. The molecular and functional characterization of transcription factors can be exploited in wheat breeding programs for the development of durable broad-spectrum resistance in wheat cultivars. Three transcription factors namely, T16.17353, T4.32876, and T19.62870, belonging to the TGA family of bZIP were found to be involved in wheat resistance to Bgt infection (Zhang et al., 2014). Furthermore, there was significant upregulation of WRKY33 gene orthologs T13.35253 and T16.5876 during wheat-Bgt interactions and they were enriched in the plant-pathogen interaction pathway (Zhang et al., 2014). This clearly demonstrated the involvement of WRKY33 transcription factor in the defense response of wheat to Bgt infection through the PTI (Mapuranga et al., 2022c). Eukaryotes have a conserved multisubunit complex called mediator that enhances transcription by bridging certain transcription factors with RNA polymerase II (Chadick and Asturias, 2005). The MED25 Mediator component has been studied in Arabidopsis for its role in regulating plant defensive responses through interactions with particular transcription factors involved in plant hormone signaling (Kidd et al., 2009; Chen et al., 2012). Wheat’s resistance to powdery mildew was found to be negatively regulated by the TaMED25-TaEIL1-TaERF1 signaling module (Liu et al., 2016). It was demonstrated that TaMED25 promotes TaEIL1-mediated activation of the powdery mildew-responsive gene TaERF1. It was also shown that the TaMED25-TaEIL1-TaERF1 signaling module represses the expression of particular pathogenesis-related genes (TaPRs) and prevents ROS accumulation in bread wheat leaf cells to fine-tune resistance to powdery mildew. Both TaMED25 and TaEIL1 negatively regulated wheat response to Bgt. Pol II can be recruited to the promoter of TaEIL1 and target gene TaERF1 by the interaction between TaMED25 and TaEIL1, which further suppresses ROS accumulation by upregulating the expression of ROS-scavenging genes (Figure 1) (Liu et al., 2016). Zhou and colleagues established that, overexpression of wheat NAC transcription factor TaNAC6-A enhances resistance to Bgt, but resistance against Bgt was compromised by the silencing of the TaNAC6s (Zhou et al., 2018). This implies that wheat TaNAC6s are essential for the positive regulation of wheat broad-spectrum resistance to Bgt. Moreover, it was also suggested that wheat TaNAC6s might be regulated by JA, and this feedback regulation of the JA pathway increases resistance against Bgt infection. Therefore, wheat TaNAC6s share a common signaling pathway with their orthologs HvNAC6 and ATAF1 to confer resistance to powdery mildew (Zhou et al., 2018).

Accumulating evidence has reported the involvement of JA in the regulation of wheat responses to abiotic and biotic stresses (Cao et al., 2014; Zhao et al., 2014; Xu et al., 2016; Li et al., 2017a). Based on wheat genome data, Wang and colleagues found 14 JAZ (Jasmonate-ZIM domain) genes and demonstrated that the transcription of some of these JAZ genes was affected by a wide range of abiotic stress treatments and phytohormones (Wang et al., 2017). Overexpression of a truncated TaJAZ1 without the Jas motif was demonstrated to enhance the expression of TaPR1/2 gene and accumulation of ROS in transgenic bread wheat lines, thereby increasing resistance to powdery mildew. Based on these observations, it seems that there is a synergistic action of the JA and ET signaling pathways to regulate the resistance of wheat against powdery mildew, most likely via the modification of the common downstream processes of ROS accumulation and expression of pathogenesis-related genes (Jing et al., 2019). The transcriptional activity of TaMYC4, a JA-induced bHLH transcription factor was repressed by TaJAZ1 via direct interaction (Figure 1). While the N-terminal EAR motif of TaNINJA was shown to interact with the transcriptional co-repressor TaTPL, the ZIM domain interacted with the C-terminus of TANINJA. These results collectively demonstrated that TaJAZ1 positively regulates wheat resistance to Bgt infection (Jing et al., 2019). To increase bread wheat’s resistance to powdery mildew, scientists may utilize genome-editing tools like CRISPR/Cas9 to generate gain-of-function mutations by modifying the Jas motif of specific TaJAZ genes like TaJAZ1. The TaJAZ genes have the potential to be used in molecular breeding, but how they affect the susceptibility/resistance of wheat against other biotrophic fungal pathogens other than Bgt remains to be figured out. The expression of Pm2b was highly upregulated by Bgt infection isolate E09. Self-association of Pm2b through its NB domain was also detected. Intriguingly, it was found that Pm2b interacts with TaWRKY76-D and TaWRKY76-D silencing showed negatively regulated wheat resistance to powdery mildew (Jin et al., 2022). Pm2b probably interacted with TaWRKY76-D to alleviate TaWRKY76D’s suppression of downstream genes. Pm2 has been shown to either directly or indirectly interact with its avirulence gene AVRPM2 when infected with Bgt isolates, resulting in strong hypersensitive response (Praz et al., 2017). Therefore, it was suggested that the interaction between Pm2 and TaWRKY76-D was enhanced by AVRPM2, leading to improved powdery mildew resistance in wheat. Likewise, the recognition of PM2 by AVRPM2 could be facilitated by WRKY76-D, via interaction with Pm2 and this will initiate a defense response to infection. Nevertheless, TaWRKY76-D silencing failed to confer complete resistance to Bgt infection, suggesting that TaWRKY76-D may serve a crucial role in the PM2-mediated powdery mildew resistance pathway (Jin et al., 2022).



Epigenetic processes in wheat defense response to Bgt infection

Epigenetics refers to heritable gene expression alterations that occur between DNA and its surrounding chromatin without changing its DNA sequence and resulting in substantial changes in any organisms’ genome (Kong et al., 2020a). Several studies reported the direct involvement of epigenetic processes and elements in the transcriptional reprogramming and regulation of defense response genes (Deleris et al., 2016; Kim et al., 2017; Chen et al., 2019b), and in establishing memory to environmental cues (He and Li, 2018; Ashapkin et al., 2020). Therefore, such responses are influenced by both the host’s epigenetic configuration and the effects of biotrophic interactions (Ramos-Cruz et al., 2021). DNA methylation, histone modifications, and chromatin remodeling are the major components of the epigenetic make up of plants. Local chromatin accessibility is dictated by single or combined epigenetic marks, which in turn regulates gene expression and, thus may play a role in plant defense, and other processes (Ramos-Cruz et al., 2021).


DNA methylation

DNA methylation is a type of DNA chemical modification that regulates DNA stability, chromatin structure and even gene expression without altering the nucleotide sequence (Kong et al., 2020a). In plants, cytosine methylation is detected in the context of CG, CHG, and CHH (where H is any nucleotide except G) (Henderson and Jacobsen, 2007; Law and Jacobsen, 2010), in which CG is the most plentiful and common methylation site (Kong et al., 2020a). DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) is the enzyme that catalyzes plant de novo methylation via the RNA-directed DNA methylation (RdDM) pathway which is a plant-specific pathway (Matzke and Mosher, 2014; Kong et al., 2020a). DNA methylation is important for both transcriptional gene silencing and preservation of genomic integrity by silencing transposable elements. Several studies have recently reported the significance of DNA methylation in plant defense responses to abiotic and biotic stresses (Dowen et al., 2012; Yu et al., 2013; Le et al., 2014; Deng et al., 2017). DNA methylation, and CHH methylation to be specific, has recently been linked to the regulation of defense responses to Bgt infection in Aegilops tauschii (Geng et al., 2019). There was a significant downregulation of ARGONAUTE4a (AGO4a) in A. tauschii following Bgt infection. This was accompanied by a significant reduction in the amounts of AGO4a-sorted 24-nt siRNA, particularly for genes near transposable elements (TGAs). The downregulation of AGO4a and 24-nt siRNAs suggests the presence of an active defense mechanism in A. tauschii that coordinately downregulates DNA methylation, thereby upregulating the expression of defense-related genes. The differential expression of 24-nt siRNAs between compatible and incompatible interactions with Bgt supports the hypothesis that siRNAs are key players in basal defense responses by directing DNA methylation. The presence of many differentially methylated regions (DMRs) was associated with hypomethylation (Geng et al., 2019). Furthermore, it was established that TGAs with CHH-hypomethylated DMRs were enriched in genes for stress response functions including the receptor kinases, pathogenesis-related genes and peroxidases, indicating the involvement of DNA methylation in the regulation of wheat responses to powdery mildew infection (Geng et al., 2019). The upregulation of a pathogenesis-related β-1,3-glucanase gene in response to Bgt infection exemplified the effect of CHH-hypomethylation. These results support the hypothesis that dynamic DNA methylation constitutes a regulatory layer within the intricate mechanisms of plant immunity, that may be targeted in an effort to enhance wheat resistance against powdery mildew. However, more research is required to determine whether Bgt-derived sRNAs downregulate AGO4a and decrease the total siRNA or CHH methylation levels during wheat-Bgt interactions (Geng et al., 2019).



Histone modification

Chromatin modifications and remodeling have been reported to be involved in the transcriptional reprogramming and regulation of defense related genes in plants (Ding and Wang, 2015; Espinas et al., 2016). Histones in chromatin can be subjected to a variety of covalent modifications, including methylation, acetylation, ubiquitination, and phosphorylation. These modifications can change the structure of the chromatin so that it is either permissive or repressive to transcription by modifying interactions between DNA and the histones (Jenuwein and Allis, 2001). The acetylation of histone Lys residues catalyzed by histone acetyltransferases (HATs), can relax the chromatin structure and promote transcription, whereas the process of chromatin compaction involving removal of the acetyl group, which is induced by histone deacetylases (HDACs), is associated with transcriptional repression (Kurdistani and Grunstein, 2003). Recently, various HDACs have been reported to serve as positive and negative regulators of plant defense response to pathogen infections (Ding and Wang, 2015; Ramirez-Prado et al., 2018; Kong et al., 2020a). Scaffolding proteins, also known as proteins with WD repeats (WDRs), often act as platforms onto which protein complexes may be assembled, indicating that they are involved in various cellular processes including secondary metabolism, defense responses, and abiotic stress tolerance (Guerriero et al., 2015).

Transcription factors have been demonstrated as key players in the recruitment of chromatin-remodeling and histone modification machinery to key gene promoters (Luo et al., 2012; Jing et al., 2013). TaHDA6, a wheat RPD3 type deacetylase interacted with TaHOS15, a WDR protein, to inhibit expression of defense-related genes via histone deacetylation, thus negatively regulating wheat response to Bgt (Figure 1) (Liu et al., 2019). It was found that both TaHDA6 and TaHOS15 can bind to promoters of defense-related genes. Nevertheless, TaHDA6 binding ability to these promoters was eliminated when TaHOS15 was silenced, suggesting that TaHOS15 directs TAHDA6 to these promoters for histone deacetylation. These findings laid a foundation for future studies to further identify the transcription factors associated with TaHOS15 and characterize their roles in the TaHOS15-TaHDA6 HDAC complex recruitment to actual promoters (Liu et al., 2019). The wheat histone deacetylase TaHDT701, a member of the histone deacetylase 2 (HD2), is involved in the regulation of wheat resistance to Bgt infection. Recently, it was found that TaHDT701 interacts with TaHDA6 and TaHOS15 to form a histone deacetylase complex. It was shown that the deacetylase complex TaHDT701-TaHDA6-TaHOS15 negatively regulates wheat resistance against powdery mildew by altering the chromatin state of defense-related genes such as TaWRKY45, TaPR1, TaPR2, and TaPR5 (Figure 1). The expression of WRRKY45, TaPR1, TaPR2 and TaPR5 was significantly upregulated by the knockdown of TaHDT701, TaHDA6 and TaHOS15. This was accompanied by increased histone acetylation, methylation and reduced nucleosome occupancy at the promoters of these genes, suggesting that the histone deacetylase complex TaDHT701-TaDHA6-TaHOS15 negatively regulates wheat resistance to Bgt by modifying altering chromatin state of defense related genes (Figure 1) (Zhi et al., 2020). This was the first study to show that the histone deacetylase complex HD2-RPD3-WD40 has a role in controlling plant defense responses to pathogen infection.



Chromatin remodeling

The process of chromatin remodeling, which alters the accessibility of particular DNA sections to transcription machinery may also play a role in regulating chromatin structure and gene expression (Narlikar et al., 2013; Chen et al., 2017). It was recently demonstrated that wheat CHD-type chromatin remodeling factor TaCHR729 interacts with the TaKPAB1, a bHLH transcription factor which recognizes the E-box cis element in the TaKCS6 promoter, resulting in the transcriptional activation of TaKCS6, a wax biosynthesis gene (Wang et al., 2019). Intriguingly, it was found that TaCHR729 enhances H3K4me at TaKCS6 promoter region, thereby promoting TaKCS6 transcription, and positively regulates the biosynthesis of wheat cuticular wax. Silencing of the expression of TaKCS6 and TaKPAB1 downregulated wax accumulation, demonstrating that wheat cuticular accumulation might be positively regulated by the transactivation of TaKCS6 by TaKPAB1 (Wang et al., 2019). The TaGCN5-TaADA2 module, in association with TaEPBM1, mediates histone acetylation in the TaECR promoter region (Kong et al., 2020b). TaGCN5 and TaADA2 knockdown downregulated the expression of TaECR and significantly reduced wax accumulation, signifying that wheat wax biosynthesis is triggered by the epigenetic activation of TaECR caused by the TaGCN5-TaADA2 histone acetyltransferase complex (Kong et al., 2020b). Similarly, it was also demonstrated that TaCHR729 knockdown reduced cuticular wax biosynthesis and Bgt conidia germination, suggesting that wheat chromatin remodeling factor TaCHR729 mediates histone methylation and fine-tunes cuticular wax biosynthesis to regulate the interaction between wheat and Bgt (Wang et al., 2019). The findings from these studies clearly demonstrate that various epigenetic regulators like the histone modifying enzymes and chromatin remodeling elements epigenetically regulate wheat cuticle biosynthesis gene expression.




Autophagy differentially regulates wheat defense response to Bgt

Autophagy, also known as self-eating, is a process whereby cell organelles and cytosolic macromolecules are digested in lysosomes (or vacuoles in plants and yeast) in order to recycle nutrients (Liu and Bassham, 2012; Li and Vierstra, 2012). In plants, the process of autophagy is responsible for both “pro-death” and “pro-survival” functions in regulating programmed cell death associated with ETI. Autophagy contributes to defense responses during plant-biotrophic pathogen interactions (Hofius et al., 2009; Minina et al., 2014). Autophagy-related proteins ATG4 and ATG8 are essential for the biogenesis of autophagy. In the early stages of the Pm21- and Pm3f-triggered wheat incompatible responses to Bgt, two times of transcript accumulation of ATG4s/ATG8s were detected. The first transcript accumulation was detected during early stages of infection and the second one was detected during late stages of infection. Fluorescence microscopy also revealed a Bgt-induced upregulated wheat autophagy level in the Pm21-triggered incompatible interaction. Bgt-induced transcript accumulation of ATG4s/ATG8s was also observed in the late stages of infection of a susceptible line isogenic to the Pm21 resistance line although it was not much higher than that in incompatible interactions. These findings showed that ATG4/ATG8-associated autophagy in the early stage and late stage positively and negatively regulates wheat immune responses to Bgt, respectively (Pei et al., 2014). Furthermore, the expression of wheat ATG4s/ATG8s was shown to be elevated by abiotic stress factors and typically regulated by various phytohormones (Pei et al., 2014). ATG6 proteins are pleiotropic proteins that serve in autophagy as well as the phosphatidylinositol 3-phosphate signaling pathways. Wheat ATG6s are involved in powdery mildew immunity, in which they positively regulate Pm21-triggered resistance response and negatively regulate basal resistance in susceptible plants. Silencing of the ATG-heterologous protein in wheat inhibited the broad-spectrum resisted conferred by Pm21, demonstrating that autophagy positively regulates wheat resistance to Bgt (Yue et al., 2015). The inevitable arrest of successful conidia penetration on knockdown plants before developing into large mycelia suggests that TaATG6 serves a weak positive function in the Pm21-triggered resistance response, most likely in the early stages of Bgt invasion. This implies that, the dynamics of host-pathogen interactions are influenced by autophagy-mediated defense responses. Bgt targets the autophagy process in its host cells because it remobilizes cellular nutrients which it may exploit to accomplish the nutritional supply for its invasive growth and proliferation.



Silicon regulates wheat resistance against Bgt infection

Silicon (Si) is the second most common element in the Earth’s crust, yet its importance in biota is still up for debate (Exley, 1998). It is considered as a quasi-essential bioactive element not important for the growth and development of plants (Epstein, 1972), but accumulating evidence has reported its significant involvement in plant defense responses to abiotic and biotic stresses. Initial speculation about Si’s protective role focused on its ability to strengthen the cell wall, for example, against the invasion of fungal hyphae, but subsequent research has shown that Si’s action on plants is far more complex, involving a cross-talk with the cell interior and an effect on the metabolic processes of the plant (Luyckx et al., 2017). Physical barriers, such as wax, cuticle, and cell-wall protection, and post-formed defensive barriers, such as cell-wall reinforcement and papillae deposition at infection sites, are the basis for the resistance induced by Si against a broad array of pathogens. During plant-pathogens interactions, Si induces or reinforces biochemical or molecular mechanisms to enhance plant resistance against biotic stresses. This includes the activation of defense-related compounds like phytoalexins, phenolics and momilactones and defense-related enzymes like polyphenol oxidase, peroxidase, phenylalanine ammonia lyase and lipoxygenase (Rémus-Borel et al., 2005; Rahman et al., 2015). The unleashing of the unsung roles of silicon in wheat resistance to powdery mildew will benefit many disciplines including agriculture, and ecology (Figure 2).




Figure 2 | General illustration of the role of silicon (Si) during wheat-Bgt interactions. Wheat defense responses mediated by Si are generally classified into physical, molecular and biochemical mechanisms. Physical mechanisms involve the formation of cuticle-Si double layer, reinforcement of cell wall and papillae formation. Molecular mechanisms involve the transcriptional and translational regulation of key defense-related genes and proteins. Biochemical mechanisms are attributed to the activation of defense-related enzymes, stimulation of antimicrobial compounds biosynthesis and regulation of the complex systemic network of signaling pathways.



Plants exposed to Si form a silica layer in between cuticle and cell wall, which serves as a physical barrier and promotes plant resistance to pathogenic fungal infection (Islam et al., 2020). It was established that Si can mitigate the effects of various wheat fungal diseases including powdery mildew by modifying their monocyclic components like infection efficiency, incubation time, quantity of lesions per unit area of infected leaf, lesion size, and the rate at which the lesion expands (Pazdiora et al., 2018). Both physical barriers and metabolic defenses act synergistically to reduce disease severity (Debona et al., 2017). Si deposition below the cuticle and an increase in papillae formation at infection sites have been attributed to the physical barrier in wheat (Bélanger et al., 2003; Filha et al., 2011). Si also increased defense enzyme activity, biosynthesis of phytoalexins and phenolic compounds, and H2O2 accumulation at the infection sites, thus priming the biochemical defense responses (Pazdiora et al., 2021). The presence of a phenolic-like material associated with degraded powdery mildew haustoria was observed in epidermal cells of Si-treated wheat leaves infected with Bgt (Bélanger et al., 2003). Fungitoxic aglycones were found in different concentrations in plants that were treated with Si compared to the control. In wheat plants that were not treated with Si, Bgt formed a haustorium that was well developed, whereas in Si-treated plants osmiophilic deposits remained behind (Bélanger et al., 2003). Furthermore, collapsed conidial chains and intense fluorescence was observed in Bgt-infected wheat leaves at the sections that were treated with Si. These findings strongly suggest that wheat plants treated with Si are able to produce phytoalexins in response to Bgt infection, that is, active localized defense responses to Bgt infection are mediated by Si (Bélanger et al., 2003; Rémus-Borel et al., 2005). Si can bind to hydroxyl groups of proteins strategically involved in signal transduction or interfere with cationic co-factors of enzymes regulating pathogenesis-related genes, acting as a modulator affecting the timing and degree of plant defense responses, the same way secondary messengers induce systemic resistance. As a result, Si may induce resistance by interacting with several factors within plant stress signaling systems (Fauteux et al., 2005).

A transcriptomic study revealed minimal indication of regulation of a particular metabolic activity, and the response to the supply of Si on control (uninfected) plants was restricted to 47 genes of various functions (Chain et al., 2009). Bgt inoculation led to an upregulation of a plethora of stress- and metabolism-related genes while simultaneously downregulating the expression of genes involved in photosynthesis. Si-treatment to Bgt-infected plants halted the spread of disease and resulted in an almost complete reversal of the genes controlled by only Bgt effects (Chain et al., 2009). These findings imply that Si has a little effect on a plant’s transcriptome in the absence of stress, even in the case of a monocot that accumulates a lot of Si, like wheat. Conversely, the transcriptome alterations generated by Bgt were counteracted by the addition of Si, which had the added advantage of reducing the impact of biotic stress (Chain et al., 2009). About 900 genes reacting to pathogen infection were changed in control leaves of wheat-Bgt infected plants, whereas the pathogen altered very few genes in Si-treated plants, indicating that the stress caused by Bgt invasion was almost eliminated by Si (Chain et al., 2009). As a result, Si appears to minimize the effect of pathogen infection on the transcriptome of host plants, most probably by limiting the exploitation of pathogen virulence factors, rather than promoting resistance via transcriptional reprogramming of defense-related genes (Van Bockhaven et al., 2015). Si can induce the formation of a thicker cellulose membrane, whereas the severity of the disease in wheat in the field can be reduced by the double cuticle layer, density of long and short silicified plant epidermal cells, thick silica layer below the cuticle thereby curbing yield losses (Pozza et al., 2015). It was also established that, as the Si content in the culture medium increased, the pathogen index decreased, the grain mass and number together with the dry weight of shoots increased significantly (Moldes et al., 2016). Multivariant analysis revealed that an increase in Si treatments significantly reduced the antioxidant activities of some biochemical parameters such as superoxide dismutase, catalase, and ascorbate peroxidase. Furthermore, increase in Si doses resulted in a decrease in Bgt proliferation in foliar surfaces. It was concluded that an increase in Si concentration and reduced activity of antioxidant enzymes is closely associated with a reduction of powdery mildew in wheat (Moldes et al., 2016). Incorporating the Si functions in reduction of plant stresses into development of molecular methods can now be facilitated by recent advances in genomics and metabolomics. It has been shown that Si-application reduces biotic stress over time, which may be useful for ecologically integrated strategies that aim to improve resistance of crops to biotic stresses and boost yield without resorting to pesticides.



Conclusion and future perspectives

Undoubtedly, wheat powdery mildew is among the most destructive diseases that are threatening global wheat production. To combat this disease, breeders can utilize genetically resistant cultivars, which is both cost-effective and chemical-free. As genomics of agricultural plants and their linked wild species improves, the gene pool available for enhancing powdery mildew resistance may be increased and widely utilized. Future breeding programs should aim to find exploited and unexploited Pm genes, and the introgression of these genes, to develop a large number of pathogen-resistant cultivars. Characterizing wheat germplasm at the pathological level, followed by molecular characterization utilizing linked markers for known Pm genes, would be one of the most efficient approaches for combating the expanding problem of biotic stresses in wheat. Classical breeding has been successful in amassing resistance, and cultivars with reasonable levels of resistance have been identified by germplasm screenings. Resistance characterization and efficient application in wheat breeding have been enhanced by the adoption of modern phenotyping methodologies, the extraordinary growth of genetic resources, and the introduction of speed breeding tools.

Despite the recent technological and scientific advancements in the management of wheat disease, plant pathogens continue to threaten global wheat production. Climate change may directly or indirectly affect fungal pathogens and their respective diseases they cause. Factors such as rainfall, temperature, relative humidity, wind speed and direction, affect the pathogenesis, invasive growth, proliferation, spread and the ultimate survival of the pathogen. The most significant factors in determining the success or failure of a specific host-pathogen interaction, as well as the spread and survival of the pathogen are temperature, relative humidity and precipitation. Therefore, before investigating the effects of climate on powdery mildew development, it is of great importance to predict the possible repercussions of the climate change on the host, pathogen, their interaction, population dynamics, micro-evolutionary developments and the structure of the agro-system community. Powdery mildew can therefore be effectively managed by harnessing genetic resistance and integrated powdery mildew management methods to develop more durable wheat resistant cultivars.
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Wheat leaf rust, caused by Puccinia triticina Eriks. (Pt), is a global wheat disease threatening wheat production. Dissecting how Pt effector proteins interact with wheat has great significance in understanding the pathogenicity mechanisms of Pt. In the study, the cDNA of Pt 13-5-72 interacting with susceptible cultivar Thatcher was used as template to amplify Pt13024 gene. The expression pattern and structure of Pt13024 were analyzed by qRT-PCR and online softwares. The secretion function of Pt13024 signal peptide was verified by the yeast system. Subcellular localization of Pt13024 was analyzed using transient expression on Nicotiana benthamiana. The verification that Pt13024 inhibited programmed cell death (PCD) was conducted on N. benthamiana and wheat. The deletion mutation of Pt13024 was used to identify the virulence function motif. The transient transformation of wheat mediated by the type III secretion system (TTSS) was used to analyze the activity of regulating the host defense response of Pt13024. Pt13024 gene silencing was performed by host-induced gene silencing (HIGS). The results showed that Pt13024 was identified as an effector and localized in the cytoplasm and nucleus on the N. benthamiana. It can inhibit PCD induced by the Bcl-2-associated X protein (BAX) from mice and infestans 1 (INF1) from Phytophthora infestans on N. benthamiana, and it can also inhibit PCD induced by DC3000 on wheat. The amino acids 22 to 41 at N-terminal of the Pt13024 are essential for the inhibition of programmed cell death (PCD) induced by BAX. The accumulation of reactive oxygen species and deposition of callose in near-isogenic line TcLr30, which is in Thatcher background with Lr30, induced by Pt13024 was higher than that in 41 wheat leaf rust-resistant near-isogenic lines (monogenic lines) with different resistance genes and Thatcher. Silencing of Pt13024 reduced the leaf rust resistance of Lr30 during the interaction between Pt and TcLr30. We can conclude that Pt13024 is avirulent to TcLr30 when Pt interacts with TcLr30. These findings lay the foundation for further investigations into the role of Pt effector proteins in pathogenesis and their regulatory mechanisms.
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Introduction

Wheat leaf rust caused by Puccinia triticinia Eriks. (Pt), is the most widely distributed and destructive disease affecting wheat production worldwide (Rattu Ahmad et al., 2009; Savary et al., 2019). Pt causes both yield losses (15%–45% or even higher) and a decrease in the quality of wheat when it occurs seriously. The most inexpensive, secure, and effective approach of preventing wheat leaf rust is to use resistant cultivars. However, continuous emergence of new Pt races, with novel degrees of virulence, renders wheat resistance genes ineffective. Understanding the molecular pathogenesis mechanisms of Pt is critical for controlling wheat leaf rust.

On infection, pathogen-associated molecular patterns (PAMPs) are recognized by pattern recognition receptors (PRRs). This activates the first line of defense, also known as PAMPs-triggered immunity (PTI), to curb further colonization by the pathogen (Jones and Dangl, 2006; Jones et al., 2016). The recognition of PAMPs induces basal defense responses, which are associated with changes in the ion flux across the plasma membrane, the generation of reactive oxygen species (ROS), the deposition of callose, the activation of mitogen-activated protein kinase signaling cascades, and the expression of defense-related genes (Zipfel, 2008; Zipfel and Robatzek, 2010). To infect the host plant successfully, pathogens suppress PTI components by secreting virulence factors known as effectors through haustoria and hyphae into the host cells thereby causing diseases (Martel et al., 2021). In response to this, plants acquired a second layer of innate immunity known as effector-triggered immunity (ETI), in which plant resistance proteins recognize corresponding avirulence factors and set off a powerful defensive response (Chisholm et al., 2006; Jones and Dangl, 2006).

In recent years, studies on the functional characterization of host proteins that are targeted by effectors from bacteria and Oomycetes have contributed significantly to notable achievements that demonstrated that pathogen effectors regulate the host immune system by interacting with host proteins (Yang et al., 2020). Effectors can either manipulate the activity of the host targets or suppress PTI or ETI. For example, Pseudomonas syringae type III effectors, such as HopAI1 and HopF2, directly attack components of MAPK cascades to suppress PTI signaling (Zhang et al., 2007; Wang et al., 2010). Puccinia striiformis f. sp. tritici (Pst) is an effector of PstGSRE1 and suppresses host PTI-associated callose deposition and hydrogen peroxide accumulation, thereby weakening host immunity (Qi et al., 2019). PSEC2 and PSEC17 are both localized in the cytoplasm and chloroplast to inhibit the PTI response of the host (Su et al., 2021). PEC6 another Pst effector affects cytokinin interconversion and methyl transfer processes by targeting adenosine kinase (ADK) to promote fungal development (Liu et al., 2016). Pst12806 targets the chloroplast where it suppresses host plant basal immunity by suppressing cell death, decreasing the expression of defense-related genes and callose deposition, and causing ROS accumulation (Xu et al., 2019). Two effectors, Pst_4, and Pst_5, from Pst weaken wheat resistance by interacting with TaISP (wheat cytochrome b6–f complex iron–sulfur subunit, a chloroplast protein encoded by a nuclear gene) in the cytoplasm, and suppressing TaISP from entering chloroplasts, thereby limiting host ROS accumulation, and promoting fungal pathogenicity (Wang et al., 2021). The effector Pst27791 interferes with host immunity including ROS accumulation, expression of the defense genes TaPR1/2, and the activation of mitogen-activated protein kinase (MAPK) by targeting wheat Raf-like kinase (Wan et al., 2022). As a splicing regulator, Pst_A23 directly binds the cis-elements of host genes, reduce the plant defense response (Tang et al., 2022). The effector PsSpg1 indirectly interacts with the susceptibility gene TaPsIPK1 to promote parasitism via enhancing the kinase activity and nuclear entry of TaPsIPK1 (Wang et al., 2022). These studies demonstrate that pathogen effectors can manipulate the activity of many targets in host plants, and inhibit the immune defense responses of host plants by acting as enzymes and other roles.

Genome and transcriptome sequencing have become important research methodologies for exploring the function of leaf rust effector proteins. The transcriptome analysis of six Pt strains infecting wheat at the stage of haustoria formation found 532 candidate effector proteins and 222,571 expressed genes (Bruce et al., 2014). Another recent comparative genomics study integrated with association analysis found 20 Pt candidate effector proteins corresponding to Lr20 (Wu et al., 2017). More recently, using long-read-based de novo genome assembly and comparative genomics of the wheat leaf rust pathotypes Pt104, 38, 31, and 37 candidate avirulence genes to Lr26, Lr2a, and Lr3ka’) respectively, were identified (Wu et al., 2020). However, the mechanisms by which wheat leaf rust effector proteins interact with their host targets are still not clear. Pt3 and Pt27 were postulated as two candidate avirulent effectors of Lr9, Lr24 and Lr26, which inhibit GUS (glucosidase) expression in proximal gene lines, containing the resistance genes Lr9, Lr24, and Lr26, respectively (Segovia et al., 2016). It was also found that Pt18906 acts in the cytoplasm and may cause accumulation of reactive oxygen species (ROS) and callose in TcLr10+27+31 (Qi et al., 2020). We screened and correlatively analyzed Pt effector proteins in 2012, and we used the transcriptome of the wheat–Pt interaction to perform differential expression analysis and effector protein screening (Wei et al., 2020). A total of 635 candidate secreted effector proteins (CSEPs) were predicted in Pt isolates from China through a series of screening methods, including signal peptide prediction, subcellular localization, transmembrane domain prediction, EffectorP, and structural characteristics of CSEPs (Zhang Y et al., 2020). The results of this research laid a foundation for future studies on the molecular mechanisms of host–pathogen interactions, but the biological functions of the identified effectors need to be further studied.

A secreted protein, Pt13024 screened from the 635 CSEPs was significantly up-regulated during the period of Pt haustoria formation. To analyze and clarify the role of Pt13024 in the pathogenicity of Pt, we cloned the Pt13024 gene, analyzed the expression profile using quantitative reverse transcription-PCR (qRT-PCR), and also analyzed its ability to inhibit cell death induced by BAX (Bcl-2-associated X protein) and infestan 1 (Phytophthora infestans PAMP-INF1). We further analyzed how Pt13024 affects host callose deposition and ROS accumulation by using the bacterial type III secretion assay to transiently express the Pt13024 in Thatcher and 42 wheat rust-resistant near-isogenic lines (monogenic lines). We also detected the biofunction of Pt13024 in TcLr30 by using the host-induced gene silencing (HIGS) technology. Based on the results of heterologous co-expression on Nicotiana benthamiana and on wheat rust-resistant near-isogenic lines, and HIGS analysis, we concluded that Pt13024 is avirulent to TcLr30.



Materials and methods


Biological material and growth conditions

The biological materials used in this study includes N. benthamiana, Thatcher, single uredium propagules of the Pt race 13-5-72 (THSN), which is avirulent to Lr30, nine different pathotypes of single uredium propagules of Pt (Supplementary Table 1), and 42 wheat leaf rust resistant near-isogenic lines (monogenic lines) including TcLr1, TcLr2a, TcLr2b, TcLr2c, TcLr3, TcLr3ka, TcLr3ka, TcLr9, TcLr10, TcLr11, TcLr12, TcLr13, TcLr14a, TcLr14b, TcLr15, TcLr16, TcLr17, TcLr18, TcLr19, TcLr20, TcLr21, TcLr22, TcLr23, TcLr24, TcLr25, TcLr26, TcLr27+31, TcLr28, TcLr29, TcLr30, TcLr32, TcLr33, TcLr34, TcLr34, TcLr35, TcLr37, TcLr38, TcLr41, KS91WGRC11 (Lr42), TcLr44, TcLr45, TcLr47, and TcLr51. Wheat seedlings inoculated with Pt race 13-5-72 and N. benthamiana plants were grown in a greenhouse at 20°C with 16 hours (h) of light and 8 h of darkness. N. benthamiana plants aged 4 to 6 weeks were used for the expression analysis.



Plasmid construction and preparation

Supplementary Table 2 presents the primers that were used in the construction of plasmids. Pt13024 was cloned from the cDNA of Pt race 13-5-72 (THSN). The first 25 amino acids of Magnaporthe oryzae’s Mg87 protein, the Oomycete effector Avr1b, and the expected signal peptide sequences of Pt13024 were fused with the vector pSUC2 to evaluate the secretion function. For the purpose of determining the subcellular localization in N. benthamiana, the open reading frame (ORF) sequence of Pt13024 minus the signal peptide was introduced into the pGR107 vector. Using the protocol by Sohn et al. (2007), the sequence encoding the mature proteins (minus the putative signal peptide of Pt13024) were cloned into the potato virus X (PVX) vectors pGR107 and pEDV6 for the overexpression of Pt13024 in N. benthamiana and wheat. According to Yuan et al. (2011), to silence Pt13024 in TcLr30, a 267-bp fragment encompassing a portion of the 89-bp untranslated region and a portion of the coding sequence were cloned.



Analysis of the Pt13024 gene sequence

Pt13024 was amplified using the complementary DNA (cDNA) template transcribed from the RNA isolated from Thatcher inoculated with Pt (13-5-72). Online software, such as SignalP v5.0 (http://www.cbs.dtu.dk/services/SignalP/), TargetP 2.0 (http://www.cbs.dtu.dk/services/TargetP/), TMHMM 2.0 (transmembrane prediction using hidden Markov models) (http://www.cbs.dtu.dk/services/TMHMM/), Pfam (http://pfam.xfam.org/), the MEME suite (http://meme-suite.org/), and SOPMA (self-optimized prediction method with alignment) (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?Page=npSA_sopma.html) (Jaswal et al., 2020) were employed to analyze the Pt13024 sequence.



qRT-PCR analysis of Pt13024

Ten-day old Thatcher-seedlings were inoculated with Pt race 13-5-72 (THSN) at 16°C in the dark, with 100% humidity for 14 h. Total RNA was isolated from the inoculated wheat leaves collected at 6, 12, 18, 24, 36, 48, 72, 96, 144, 216, and 288 h post inoculation of Pt. First-strand cDNA was synthesized using a 1 : 10 dilution, and 2 µL of the synthesized cDNA was used for qRT-PCR. The actin gene elongation factor 1 (EF1) specific for Pt was used as an endogenous reference control to normalize gene expression across different Pt samples. Following the method outlined by Wang et al. (2012), the relative gene expression levels of Pt13024 in the various treatments were assessed by qRT-PCR. The relative gene expression of Pt13024 was calculated using three independent biological replicates (Livak and Schmittgen, 2012).



Sequence polymorphism analysis of Pt13024

The nine different virulent Pt races (09-12-284-1 (THTS), 03-5-99 (PHTP), 04-15-7 (FHRT), 08-5-361-1 (THTT), 08-5-261-2 (THKT), 08-5-9-2 (KHHT), 08-5-11-1 (FHHT), 13-5-28-1 (JHKT), and 13-5-72 (THSN) (Supplementary Table 1) were used to inoculate the susceptible wheat Thatcher. The Pt13024 gene was amplified using the primers (named Pt13024), with the nine different Pt races DNA as templates. The PCR products were sequenced by Shanghai Sangon Biotech of China. The software MEGA7 was used for multiple sequence comparison to analyze the polymorphism of candidate effector proteins in the nine isolates.



Secretory function of Pt13024 signal peptides

The plasmids produced from sucrose symporter 2 (pSUC2) were transformed into yeast strain YTK12 by the lithium acetate technique (Gietz et al., 1995). The SD-Trp medium was used to produce all transformants. Positive colonies were grown on YPRAA plates, which contained raffinose as the carbohydrate source so as to test the production of invertase. The amino acids 1 to 21 of the Pt13024 protein were ligated into pSUC2 vectors. Negative controls included the untransformed YTK12 strain, i.e., the YTK12 strain transformed with an empty pSUC2 vector or the amino acids 1 to 25 of M. oryzae’s non-secreted Mg87 protein, whereas positive controls included the recombinant YTK12 strain expressing the signal peptide of Avr1b. At the same time, the control and the positive clones of the gene were cultured in liquid SD-Trp medium. It was washed off with sterilized water after shaking at 220 rpm for 1–2 d, and a phosphate-buffered saline (PBS) solution containing 2% 2,3,5-triphenyltetrazolium chloride (TTC) was added to observe the discoloration.



Subcellular localization of Pt13024

The Pt13024 protein (with no signal peptide) was cloned and inserted into pGR107:GFP (green fluorescent protein) and transferred into Agrobacterium tumefaciens strain GV3101. The Agrobacterium strain carrying Pt13024 was diluted to an OD600 of 0.2, and pGR107:GFP was used as a control. The transient co-expressions of Pt13024 ΔSP : GFP and GFP alone in leaf tissues of N. benthamiana were examined with a Nikon Ti2-U epifluorescence microscope (Nikon Corporation, Japan). Next, the epidermis of N. benthamiana leaves was removed and soaked in 0.8M mannitol (Bi et al., 2020), and a Nikon Ti2-U fluorescence microscope (Nikon Corporation, Japan) was used to observe the expression level and localization of effector proteins. GFP autofluorescence was captured using the 488-laser line and the proper emission filter.



Agrobacterium-mediated transient assay

pGR107-Pt13024 was constructed and introduced into the A. tumefaciens strain GV3101. Before infiltrating the N. benthamiana, PVX : Pt13024 and cell death inducers (BAX and INF1) were diluted to an OD600 of 0.3 each and then incubated at room temperature in the dark for 2 h. An A. tumefaciens cell suspension containing Pt13024 was originally infiltrated into the site, and A. tumefaciens cells carrying BAX/INF1 were infiltrated into the same location 24 h later to assess Pt13024’s inhibition of BAX/INF1-induced cell death. To rule out the possibility of a space-occupying effect of Pt13024 on BAX, the effector protein construct was mixed with BAX or INF1 at a ratio of 1 : 1 before infiltration of the N. benthamiana. The symptoms were monitored for 3–5 days (d) after inoculation with BAX/INF1 and photographed 5 d post inoculation. Ethanol was used to decolorize the leaves. A. tumefaciens cells carrying GFP or Avr1b were used as negative and positive controls, respectively, and were infiltrated on N. benthamiana. Each putative assay was tested on three leaves with three replicates.



Transient assay of Pt13024 on wheat

A bacterial strain that delivers a putative defense suppressor via the type III secretion system is infiltrated into leaves alongside another strain that delivers defense-eliciting effectors in a manner similar to that of Whigham et al. (2015). The pEDV6-Pt13024 vector was constructed and introduced into the P. fluorescens strain EtHAn by electroporation (MicroPulser™411BR10634) (Bio-Rad Corporation, United States). PVX : Pt13024 was diluted to an OD600 of 1, and P. syringae DC3000 was diluted to an OD600 of 0.3. The two solutions were mixed in a 1 : 1(V/V) ratio and infiltrated into the first leaves of the 10- to 14-d-old wheat seedlings, and the phenotypes were observed for 3 d post treatment (Ramachandran et al., 2017). Each assay was tested on at least three leaves of different plants and the experiment was repeated three times.



Analysis of the Pt13024 critical sequence required for suppression of PCD

The sequence of Pt13024 with the partial amino acid deletion was constructed on the PVX vector using the progressive amino acid deletion method (Qi et al., 2019). The mutant genes were inserted into pGR107 and introduced into Agrobacterium GV3101. Using the vector primers, PCR amplification was used to confirm specific colonies (Supplementary Table 2). The ability of the mutant candidate effector gene to hamper the function of BAX was verified by infiltrating Agrobacterium on N. benthamiana. The symptoms were monitored for 3 to 5 d after inoculation with BAX/INF1 and photographed 5 d post inoculation. Ethanol was used to decolorize the leaves. A. tumefaciens cells carrying GFP or Avr1b were used as negative and positive controls, respectively, and were infiltrated on the N. benthamiana strain. Each putative assay was tested on three leaves with three replicates.



ROS accumulation and callose deposition assays

pEDV6:Pt13024 was constructed and transformed into P. fluorescens strain EtHAn by electroporation. The Pt13024 construct was diluted to an OD600 of 1.0 and injected into a set of near-isogenic lines with different Lr genes. The effects of overexpression of effector proteins on sensitive cells, callose deposition, and ROS accumulation in wheat without or with different resistance genes were observed. For the callose deposition experiment, wheat plants were syringe-infiltrated with EtHAn-Pt13024. The leaves were collected 48 h later and cleaned with 95% (v/v) ethanol. An aniline blue solution containing 0.05% (w/v) was used to stain the fully cleaned leaves. The accumulation of callose deposition was observed under a Nikon Ti2-U fluorescence microscope (Nikon Corporation, Japan), and we calculated the area of callose deposition by using Image-Pro Plus 6.0 software (Ying et al., 2016). By staining with 3,30-diaminobenzidine (DAB) and nitroblue tetrazolium (NBT) dye solution, ROS accumulation was observed. DAB powder (100 mg; Coolaber) was dissolved in 100 ml of water by adding HCl to reach a pH of 3.8. EtHAn-Pt13024 was syringe-injected into wheat plant leaves. The infiltrated leaves were collected 7 d later and left in the DAB solution under light for 12 h. The leaves were then cleaned using 95% ethanol before imaging. We used 100 ml of water to dissolve 100 mg of NBT powder (Coolaber). EtHAn-Pt13024 was syringe-injected into wheat plant leaves. Thereafter, at intervals of 5, 10, 15, 20, 25, and 30 mins, the leaves that had been infected were gathered and soaked in the NBT solution for 12 h. Before imaging, the leaves were cleaned using 95% ethanol. Through the use of Image-Pro Plus 6.0 software, the staining area was determined (Ying et al., 2016), and each treatment was repeated three times.



BMSV-mediated Pt13024 gene silencing

Pt13024 gene silencing was performed using HIGS mediated by the barley stripe mosaic virus (BSMV) according to the method described by Cheng et al. (2017), with slight modifications. After being cloned into pCaBS-bLIC, gene segments without the signal peptide were transformed into the A. tumefaciens strain EHA105. The α, β and γ chains of the virus were mixed in a ratio of 1 : 1 : 1 and placed at room temperature for 1 to 3 h before infiltrating into the N. benthamiana strain. The infiltrated plants were grown for 10 d in the greenhouse (16:8 h, day : night, at 20°C), after which the infected leaves were harvested, ground in 1% celite in 0.1M PBS solution (at pH 7.4) (Coolaber). The resulting sap was immediately rubbed onto the first leaf of 10-d-old wheat seedlings. Before infecting N. benthamiana, the, α, β and γ chains of the virus were combined in a ratio of 1 : 1 : 1 and left at room temperature for 1 to 3 h. The infected N. benthamiana plants were grown for 10 d in a greenhouse at a temperature of 20°C for 16 h in daylight and 8 h in darkness. The infected leaves were then plucked and ground in 1% celite in 0.1M PB buffer (at pH 7.4) (Coolaber). With a gloved finger, the resultant sap was immediately applied to the first leaf of 10-d-old wheat seedlings. The treated seedlings were cultured at 20°C for 15 d in the greenhouse, and then a sample of the inoculated Pt 13-5-72 race was applied to the cultured seedlings. Samples were collected at 12 hours post inoculation (hpi), 24 hpi, 48 hpi, and 6 days post inoculation (dpi), respectively, and RNA was extracted. The infection type of wheat leaf rust was identified according to the standard of infection type of wheat leaf rust (Supplementary Table 3). High-quality RNA was used to detect the silencing efficiency of effector proteins and transcription level fold changes of plant defense-related genes. To observe the infection process of Pt, wheat leaves samples were collected at 24 hpi, 48 hpi, and 6 dpi, respectively, and decolorized leaf segments were stained with Fluorescent Brightener 28. Fluorescent Brightener 28 powder (100 mg; Sigma-Aldrich) was dissolved in 100 ml of tris-hydrochloric acid (HCl) buffer solution. An Olympus FV1000 microscope (Olympus Corporation, Japan) was used to examine the stained samples. In this test, three biological duplicates were measured.




Results


Expression analysis and structure of Pt13024

Pt13024 encodes a secreted protein of 107 amino acids in length, which is typical of fungal effectors, and it is highly expressed during the interaction between Pt and wheat. In comparison to the expression level in urediospores, quantitative reverse transcription- polymerase chain reaction (qRT-PCR) analysis showed that the expression level of Pt13024 was upregulated over 30-fold at 24 hpi, which is the crucial stage of haustorium formation (Figure 1A). We analyzed the sequence on the NCBI website and found that it was 100% homologous to the hypothetical protein PTTG_12231. We employed SignalP 4.1, TargetP 2.0, TMHMM 2.0, Pfam, and MEME software to analyze the signal peptide, transmembrane structure, and protein motif, respectively. The analysis results showed that the amino acids from 1 to 21 of the protein were a signal peptide, which is an important feature of the secretion of effectors (Figure 1B). We analyzed the Pt13024 secondary structure using the online software SOPMA and found that it had several structural components, including a 29.91% alpha helix, a 16.82% extension chain, a 4.67% angle, and a 48.6% irregular curl. To determine whether or not Pt13024 is specific to the differential intraspecies of Pt, we amplified the target genes from genomic DNA of nine different virulent Pt isolates (Supplementary Table 1). The analysis of the exons encoding the protein in different isolates showed that there were two polymorphic sites of the Pt13024 protein in nine Pt isolates. The 43rd amino acid at the N-terminal was mutated from phenylalanine (F) to valine (V) in 09-12-284-1 (THTS) and the 73rd amino acid was mutated from isoleucine (I) to leucine (L) in 03-5-99 (PHTP) (Figure 1C). Pt13024 did not show the deletion or insertion of a single amino acid or large fragments in nine different pathogenic types of Pt, suggesting that Pt13024 has a low level of intraspecies polymorphism.




Figure 1 | The expression pattern and structure of Pt13024 during the infection of wheat by P. (A) Transcript levels of Pt13024 at various stages of Pt infection. The relative gene quantification was calculated by the comparative Ct method, with the Pt-endogenous gene EF1 as an internal standard and was relative to that of US. Three technical replicates and biological repetition for each treatment were analyzed. Means and SE from three independent replicates are shown. Asterisks indicate significant differences (**p < 0.01, *p < 0.05). (B) The primary structure of Pt13024. (C) There were two polymorphic sites of the Pt13024 gene-encoding protein among nine different Pt isolates. The red arrow represents the location of the mutation site. US, urediniospores; Pt, Puccinia triticina; SP, signal peptide.





Secretion validation of the N-terminal signal peptide of Pt13024

To validate the putative signal peptide of Pt13024’s secretory function, we carried out the genetic assay based on the requirements of yeast cells for invertase secretion to grow on sucrose or raffinose media according to the method of Tian et al. (2011). The predicted signal peptide sequence of Pt13024 was fused with the vector pSUC2 (Jacobs et al., 1997) and was then transformed into the invertase secretion-deficient yeast strain YTK12 (Oh et al., 2009). The pSUC2 vector and a non-secreted version of pSUC2 where the signal peptide was substituted with the first part of the Mg87 protein from M. oryzae (Gu et al., 2011) was used as a negative control, and P. sojae effector Avr1b (Shan et al., 2004; Gu et al., 2011) was used as a positive control. The Pt13024 construct enabled the invertase mutant yeast strain YTK12 to grow on the YPRAA medium (with raffinose instead of sucrose) (Figure 2A). This result demonstrated that the putative N-terminal signal peptide of Pt13024 has a valid secretion function. Moreover, we used TTC to detect the enzyme activity (Qi et al., 2019), and we observed the cameo brown color in the reaction tube (Figure 2B). These results confirmed the secretion function of the putative N-terminal signal peptide of Pt13024.




Figure 2 | The putative signal peptide of Pt13024 is a functional secretory signal peptide. Functional validation of the putative N-terminal signal peptide of Pt13024 was carried out using the yeast invertase secretion assay and with 2,3,5-triphenyltetrazoliu chloride (TTC). (A) The sequence of the putative Pt13024 signal peptide was fused in-frame to the invertase sequence in the pSUC2 vector and then transformed into the yeast strain YTK12. The YTK12 strain, empty pSUC2 vector, and the first 25 amino acids of non-secreted Mg87 proteins from M. oryzae were used as negative controls, and the effector Avr1b was used as a positive control. Only the yeast strains that are able to secrete invertase were grown on both SD-Trp and YPRAA media. pSUC2, sucrose symporter 2. (B) The secreted invertase activity are detected with 2,3,5-triphenyltetrazoliu chloride (TTC). The cameo brown color indicates invertase activity.





Pt13024 localized to the N. benthamiana cytoplasm and nucleus

After being secreted from pathogens, effectors can be delivered into host plants and target diverse subcellular compartments. To know the subcellular location of Pt13024, we conducted the analysis by using GFP on N. benthamiana under a Nikon Ti2-U fluorescence microscope (Nikon Corporation, Japan). The results showed that pGR107:GFP vector and Pt13024–GFP fusion protein were expressed in the nucleus and cytoplasm of the host cell, and green fluorescence was distributed throughout the host cell (Figure 3A). After plasmolysis by 0.8M mannitol, it was further observed that the effector protein was located in the cell (Figure 3B). This proved that effector protein Pt13024 is localized to the cytoplasm and nucleus.




Figure 3 | Pt13024 is localized to the N. benthamiana cytoplasm and nucleus. (A) Transient co-expression of the Pt13024ΔSP : GFP and GFP alone in leaf tissues of N. benthamiana was examined using a Nikon Ti2-U epifluorescence microscope (Nikon Corporation, Japan). Bar = 10 μm. (B) The epidermis of N. benthamiana leaves was removed and soaked in 0.8M mannitol to achieve the purpose of plasmolysis. A Nikon Ti2-U fluorescence microscope (Nikon Corporation, Japan) was used to observe the expression levels and localization of effector proteins. GFP, green fluorescent protein.





Pt13024 suppresses programmed cell death (PPD) in N. benthamiana and wheat

A. tumefaciens-mediated transient expression in 4- to 6-week-old N. benthamiana was carried out to see whether Pt13024 can inhibit the PCD induced by BAX or INF1. GV3101 strains carrying BAX or INF1 were infiltrated into N. benthamiana 24 h post infiltration of pGR107:Pt13024 according to the infiltration pattern diagram (Figure 4A). The results showed that GFP, Avr1b, and Pt13024 did not induce the PCD alone. GFP + BAX, BAX, GFP + INF1, and INF1 induced the PCD on N. benthamiana leaves. However, there was no necrosis at the infiltration sites of Pt13024 + BAX and Pt13024 + INF1 (Figure 4B). This indicated that Pt13024 inhibited the PCD induced by BAX and INF1. We also infiltrated the 1 : 1 (V/V) mixture of BAX or INF1 and Pt13024 on N. benthamiana leaves and observed no necrosis at the infiltration sites of Pt13024 + BAX and Pt13024+INF1 (Figure 4C). These results show that Pt13024 has the ability to suppress the PCD induced by BAX and INF1.




Figure 4 | Pt13024 inhibited PCD induced by BAX, INF1, and DC3000. (A) The infiltration pattern of the treatments. (B) The Agrobacterium GV3101 carrying PVX : Pt13024, PVX:eGFP, and PVX : Avr1b were infiltrated in N. benthamiana, after 24 hours Agrobacterium carrying PVX : BAX or PVX : INF1 were infiltrated on the corresponding positions, respectively. There is no cell death induced by BAX and INF1 24 h after infiltrating with Agrobacterium carrying PVX : Pt13024. On the right side is the decolorized phenotype. (C) The N. benthamiana was infiltrated with 1 : 1 (v/v) mixture of Agrobacterium carrying PVX : Pt13024/PVX : GFP/PVX : Avr1b and PVX : BAX/PVX : INF1, respectively. Pt13024 is responsible for the suppression of PCD induced by BAX and INF1. On the right side is the decolorized phenotype. (D) Pt13024 delivered via P. flourescens EtHAn into leaves of 10- to 14-day- old seedlings of Thatcher and TcLr19, respectively, and suppressed the HR triggered by P. syringae pv. syringae DC3000. Thatcher and TcLr19 were infiltrated. pEDV6 served as control for co-infiltration experiments. Photographs were taken 3 days after infiltration. BAX, Bcl-2-associated X protein; HR, hypersensitive reaction; PCD, programmed cell death; PVX, potato virus X.



We tried to convert these findings into a homologous system after discovering the suppressive impact of Pt effectors in a heterologous system. Our goal was to deliver a putative suppressor using P. fluorescens EtHAn and defense-inducing effectors using P. syringae pv. syringae DC3000, the bacterium that causes tomato speck. However, when a syringe is inserted into wheat, P. syringae DC3000 produces a hypersensitive reaction (HR) (Yin and Hulbert, 2011). To investigate the virulence function of Pt13024 in wheat, we applied the bacterial type III secretion system (T3SS) (Whigham et al., 2015) to deliver a Pt13024 into Thatcher (disease susceptible cultivar) and TcLr19 (disease resistant cultivar), respectively. P. syringae DC3000 elicited a HR in both Thatcher and TcLr19. However, pEDV6:Pt13024 and pEDV6 did not trigger a HR in Thatcher and TcLr19 (Figure 4D). A HR occurred at the infiltration sites of pEDV6 + DC3000, and there was no significant difference from that of DC3000 alone. The sites of infiltration of pEDV6:Pt13024 + DC3000 produced no lesions on Thatcher or TcLr19. The results indicated that Pt13024 can inhibit the HR induced by DC3000 (Figure 4D).



The amino acids 22–41 at the N-terminal of Pt13024 played a critical role in inhibiting BAX-induced PCD

We developed four effector protein Pt13024 deletion mutants to determine the toxic sequence by heterologous expression system. The first mutant (Pt13024△SP) was responsible for the deletion of the signal peptide. The second mutant (Pt13024△SP-M1) was responsible for the deletion of 20 amino acids (△aa 88–108) from the C-terminal. The third mutant (Pt13024△SP-M2) was responsible for the deletion of 40 amino acids (△aa 68–108) from the C-terminal. The fourth mutant (Pt13024△SP-M3) was responsible for the deletion of 20 amino acids (△aa 22–41) at the N-terminal and 40 amino acids (△aa 68–108) at the C-terminal. The results on N. benthamiana showed that the mutant without the signal peptides of Pt13024 and the Pt13024 mutant with 20 and 40 amino acid deletions at the C-terminal can still inhibit PCD induced by BAX, but that the Pt13024 mutants with 20 amino acid deletions at the N-terminal (SLGALKAGNFKNSSTDKTED) lost their ability to inhibit PCD. These results suggest that the amino acids 22 to 41 at the N-terminal of Pt13024 are essential for PCD suppression by Pt13024 (Figure 5A). There were two polymorphisms of effector protein in the nine Pt strains with different virulence, and the polymorphism site was not present in the virulence domain. We transiently expressed them on N. benthamiana by A. tumefaciens and found that Pt13024 with polymorphisms can still inhibit PCD caused by BAX and INF1 effectively (Figures 5B, C). This indicates that the polymorphism of Pt13024 does not affect its inhibitive function on PCD induced by BAX.




Figure 5 | Analysis of the Pt13024 region required for the suppression of PCD. (A) The mutants of Pt13024 were constructed and verified on N. benthamiana. The toxicity domain of Pt13024 was in the amino acids 22 to 41 at the N-terminal. (B) Pt13024 in 09-12-284-1 inhibited PCD induced by BAX and INF1 effectively. On the right is the decolorized phenotype of treated leaf. (C) Pt13024 in 03-5-99 strain inhibited PCD induced by BAX and INF1 effectively. On the right is the decolorized phenotype. The infiltration pattern diagram is same as that in Figure 4A. aa, amino acid; BAX, Bcl-2-associated X protein; PCD, programmed cell death.





Pt13024 promotes callose deposition and ROS accumulation in TcLr30

We expressed Pt13024 in Thatcher (susceptible cultivar) and 42 wheat rust-resistant near-isogenic lines (in Thatcher background) or monogenic lines with different levels of resistance using vector pEDV6 and P. fluorescens effector-to-host analyzer (EtHAn) strain to further investigate its role in plant immunity modulation. A high level of callose  deposition was found only in TcLr30 at 48 h after infiltration (Supplementary Figure 1). We then overexpressed the pEDV6:Pt13024 in TcLr30, susceptible cultivar Thatcher, and resistant wheat near-isogenic line TcLr19. The histological samples were harvested at 0 h, 12 h, 24 h, 36 h, 48 h, and 72 h after infiltration, and observed using a Nikon Ti2-U fluorescence microscope (Nikon Corporation, Japan) (Figure 6A). We found that the amount of callose deposition increased gradually (Figure 6B). However, the amount of callose deposition in Thatcher or TcLr19 was significantly less than that in TcLr30. We dyed the wheat leaves with DAB and found that Pt13024 can stimulate the accumulation of ROS in the wheat near-isogenic lines TcLr17, TcLr27+31, TcLr30, and TcLr29, but not in others. Comparing the phenotype in TcLr17, TcLr27+31, TcLr30, and TcLr29, we found that Pt13024 stimulated more ROS accumulation in TcLr30 than in TcLr17, TcLr27+31, and TcLr29 (Figure 6C). These results indicate that Pt13024 can strongly trigger the host’s defense response. We applied NBT to capture O2- in situ in TcLr30, Thatcher and TcLr19 tissue and developed a color key, with different colours representing the presence of different elements. The blue color represents the presence of O2- (Figure 6D). ROS started to accumulate just after infiltration, and peaked at 10 min after infiltration, then decreased. Compared with MgCl2, EtHAn and pEDV6, Pt13024 stimulated a larger amount of ROS accumulation (Figures 6D, E). This indicates that Pt13024 triggered the TcLr30’s defense response. We wished to find out if Pt13024 could stimulate the accumulation of ROS in other wheat cultivars. To find this out, we overexpressed Pt13024 in Thatcher and TcLr19, which are susceptible and highly resistant to Pt, respectively. We observed that Pt13024 greatly stimulated the accumulation of ROS in Thatcher and TcLr19, but that the amount of ROS was still significantly lower than that in TcLr30 (Figures 6D, E).




Figure 6 | Transient expression of Pt13024 stimulated callose deposition and caused a burst of ROS in TcLr30. (A) Callose deposition at different time points after overexpression of Pt13024 in Thatcher, TcLr19, and TcLr30, respectively. The controls were MgCl2, EtHAn, and pEDV6. Bar = 100 μm. (B) Callose deposition associated with infiltration time. The accumulation of callose deposition was counted by the area using Image-Pro Plus 6.0 software. The area of callose deposition was measured in pixels. (C) The effector proteins were delivered into the Thatcher and 42 wheat leaf rust resistant near-isogenic lines (monogenic lines) by the bacterial type III secretion system. The sequence of wheat materials was 1, Thatcher; 2, TcLr1; 3, TcLr2a; 4, TcLr2b; 5, TcLr2c; 6, TcLr3; 7, TcLr3ka; 8, TcLr3bg; 9: TcLr9, 10: TcLr10; 11: TcLr11; 12, TcLr12; 13, TcLr13; 14, TcLr14a; 15, TcLr14b; 16, TcLr15; 17, TcLr16; 18, TcLr17; 19, TcLr18; 20, TcLr19; 21, TcLr20; 22, TcLr21; 23, TcLr22, 24, TcLr23, 25, TcLr24, 26, TcLr25, 27, TcLr26, 28, TcLr27+31, 29, TcLr28; 30, TcLr29, 31, TcLr30, 32, TcLr32, 33, TcLr33, 34, TcLr34, 35, TcLr35, 36, TcLr37; 37, TcLr38, 38, TcLr41, 39, KS91WGRC11 (Lr42), 40, TcLr44, 41, TcLr45, 42, TcLr47; and 43, TcLr51. DAB was used to stain, and the phenotypic after decolorization is shown. (D) ROS bursts at different time points after overexpression of Pt13024 on Thatcher, TcLr19, and TcLr30. NBT was used to capture O2- in situ in plant tissue. The controls were MgCl2, EtHAn, and pEDV6. (E) The ROS after overexpression of Pt13024 for 5, 10, 15, 20, and 30 min were quantified. The staining area was calculated using Image-Pro Plus 6.0 software. The area of ROS was measured in pixels. DAB, 3,30-diaminobenzidine; NBT, nitroblue tetrazolium; ROS, reactive oxygen species.





Silencing of Pt13024 enhanced the virulence of Pt on TcLr30

To investigate the role of Pt13024 in Pt pathogenicity, we used the BSMV-mediated HIGS system in TcLr30 to transiently silence Pt13024 (Yuan et al., 2011). In the present study, cross-5′-non-coding region and ORF silencing fragments were designed specifically for silencing Pt13024. As polymorphism in the gene non-coding region is higher than that of the coding region, the design of silencing fragment across the non-coding region ensures the specificity of silencing. At the same time, the silencing sequence was compared with the NCBI database to ensure that there was no homologous sequence in wheat and Pt.

We infiltrated the Agrobacterium carrying BSMV:phytoene desaturase (PDS) and BSMV : Pt13024 into N. benthamiana. Obvious photobleaching was observed in the BSMV : PDS-inoculated plants that had the wheat PDS gene silenced at 10 dpi (Figure 7A). These results indicated that the HIGS system was effective. The BSMV:00 (mock) and BSMV : Pt13024-infiltrated wheat plants were then inoculated with Pt isolate 13-5-72 (avirulence to Lr30), and the phenotypes were photographed at 14 dpi with Pt. The results showed that the symptoms of mock and BSMV : PDS were similar to those in the control leaves infiltrated with PBS buffer solution (Figure 7A), indicating that BSMV had no effect on the interaction between wheat and Pt. 14 d after inoculation of 13-5-72 (THSN) on the infiltrated TcLr30 with BSMV : Pt13024, the infection phenotype of Pt on TcLr30 changed from “;” to “3” (Figure 7B). qRT-PCR analysis showed that the transcript level of Pt13024 was significantly reduced, but not eliminated in the BSMV : Pt13024-infiltrated wheat plants compared with the control (Figure 7C), suggesting that Pt13024 was partially silenced by HIGS. We observed germinated spores, germ tube and appressorium of Pt on TcLr30 at 24 hpi of BSMV:00, and the haustoria mother cells, but no haustorium was observed at 6 dpi under an Olympus FV1000 microscope (Olympus Corporation, Japan). Pt appressorium, substomatal vesicles, infection hypha, and haustoria mother cells were observed at 24 hpi after infiltrating BSMV : Pt13024 on TcLr30, and a large number of haustoria and hyphae were observed at 6 dpi (Figure 7D). qRT-PCR was conducted to evaluate the expression levels of four genes which were confirmed to be related to wheat immune responses: SOD, PAL, PR1, and PR2. When Pt13024 was silenced, the expression levels of SOD, PAL, PR1, and PR2 were reduced. These results indicated that Pt13024 is able to promote the expression of PTI-associated marker genes (Figures 7E–H), and that the silencing of Pt13024 effectively promotes the infection of Pt and its development in wheat cells. We conclude that Pt13024 is avirulent to TcLr30.




Figure 7 | Silencing Pt13024 increased the virulence of Pt 13-5-72 on TcLr30. (A) The second leaf of TcLr30 was inoculated with sodium phosphate buffer, barley stripe mosaic virus BSMV:00, and recombinant virus BSMV : PDS and BSMV : Pt13024, which were amplified by Agroinfiltration-mediated in N. benthamiana. The virus phenotypes on TcLr30 were observed and photographed at 10 dpi. (B) TcLr30 seedlings were inoculated with the labeled BSMV constructs on the second leaf for 10 days, and then inoculated with urediospores of Pt 13-5-72 (THSN) on the fourth leaf. Leaves infected with Pt were investigated at 14 dpi. Infection type “;”: No uredospore pile, but necrosis or chlorosis; “3”: The uredinium is medium with chlorosis around. (C) Relative expression of Pt13024 in TcLr30 after inoculation of THSN at 6 d. The transcript levels of Pt13024 genes in leaves infiltrated by virus (BSMV:00) were measured, and inoculated Pt was the control. The expression levels the of Pt13024 gene were measured in the leaves infected by the recombinant virus. (*: p < 0.05; **: p < 0.01) (D) Histological observation of wheat TcLr30 infiltrated with BSMV and inoculated Pt 13-5-72 (THSN). Bar = 20 µm. (E–H) Transcription level fold changes of plant defense-related genes SOD, PAL, PR1 and PR2 in leaves of Wheat silenced with Pt13024. The relative gene quantification was calculated by the comparative Ct method with Pt endogenous gene EF1 as an internal standard. Three technical replicates and biological repetition for each treatment were analyzed. Mean and SE values from three independent replicates are shown. Asterisks indicate significant differences (**p < 0.01, *p < 0.05). AP, appressorium; BSMV, barley stripe mosaic virus; H, haustorium; HMC, haustorial mother cells; IH, infection hyphae; Pt, Puccinia triticina; SV, substomatal vesicles.






Discussion

As a biotrophic fungus, the leaf rust pathogen can complete infection of its host by forming haustoria, which are essential for nutrient acquisition from the host and delivery of secreted effectors into the host cells. Researchers have identified a variety of effector proteins in different fungi, and these identified effector proteins are mostly secreted proteins with unknown functions (Cuomo et al., 2017). In this study, we analyzed the amino acid sequence and structure of Pt13024 from Pt and found that Pt13024 is a small molecule with 107 amino acids that contains a signal peptide (Figure 1B), but does not contain a mitochondrial sequence, transmembrane structure, or a conserved motif. The expression level of this gene was higher at 24 hpi than at other time points (Figure 1A). It can inhibit cell death induced by BAX and INF1 (Figures 4B, C). Candidate secreted effector proteins are selected based on the following criteria: (1) no transmembrane domain, except at the signal peptide region; (2) small size, of less than 300 amino acids; (3) no known conserved Pfam domain; and (4) high levels of messenger RNA (mRNA) expression in the infection cycle or haustoria (Sperschneider et al., 2018; Xu et al., 2020). Pt13024 possesses all the qualities of an effector protein; hence, we concluded that Pt13024 is an effector protein.

There are different key functional amino acid sequences among different effector proteins. In another study of the Pst, PstGSRE1 was transiently expressed in N. benthamiana using agroinfiltration, and it was found that a small region covering amino acids 91 to 140 (PstGSRE1-m9) was sufficient to suppress PCD (Qi et al., 2019). The immunosuppressive activity of the effector SCRE1 is restricted to a short peptide sequence that contains the crucial “cysteine–proline–alanine–arginine–serine” motif (Zhang N et al., 2020). In this study, we found that the mutant with 20 amino acids missing at the N-terminal, that is, amino acids 22 to 41, lost its PCD suppression activity (Figure 5A), suggesting that the N-terminal with amino acids 22 to 41 (SLGALKAGNFKNSSTDKTED) plays a key role in the function of effector protein Pt13024. The reason why the functional region is at the N-terminal ought to be further studied, and it is also important that the specific amino acid sequence there is further revealed.

The plant defense system consists of both PAMP-triggered immunity (PTI) and effector-triggered immunity (ETI) defense systems. The deposition of callose indicates that PTI has occurred in plants. The death of host cells may also occur during this process, but the response is less intense than that of ETI. As the second defense system, ETI is mainly activated by the NB-LRR type of disease-resistant proteins that directly or indirectly recognize the effectors secreted into plant cells by pathogenic microorganisms, and triggers a stronger immune response. ETI tends to produce large amounts of peroxides such as hydrogen peroxide (H2O2) in the infected host cells, resulting in HR induction. PstGSRE1 suppressed ROS-mediated cell death and compromised host immunity (Qi et al., 2019). To learn more about the role of Pt13024 in modulating host immunity, we overexpressed it in Thatcher and 42 wheat leaf rust resistant near-isogenic lines (monogenic lines) with various resistance genes. The results showed that Pt13024 induced the most callose deposition and ROS accumulation in TcLr30 than in others. Moreover, the callose deposition increased with the extension of effector overexpression time. The ROS burst occurred before callose deposition. ROS is a single-electron reduction product of an oxygen class. We used NBT to detect O2- and we observed H2O2 after expressing effector protein on wheat for 5 d. The results indicated that Pt13024 does not only trigger PTI, but also ETI.

HIGS is an effective technology for studying gene functions, and it is widely used in the study of pathogenic genes of biotrophic plant fungal pathogens such as Pst, Pt and Erysiphe pisi. Zhao et al. (2018) employed BSMV-mediated HIGS to silence the expression of Pst8713. The results demonstrated that silencing Pst8713 changes the Pst pathogenicity phenotype, revealing Pst8713’s role in Pst virulence. We used HIGS to silence the effector protein Pt13024 during the interaction between the avirulence Pt race 13-5-72 and Lr30. qRT-PCR expression analysis showed that the expression of Pt13024 reached its peak at 24 hpi, which is an important period for Pt’s formation of haustoria. In combination with the expression pattern of Pt13024 in infected wheat, we speculated that Lr30 can inhibit the formation of haustoria by recognizing Pt13024 when the pathogen infects TcLr30. So, the target proteins before and after gene silencing should be analyzed in the future. All the results above indicated that Pt13024 triggered the strongest resistance in TcLr30. In addition, Pt13024 can stimulate a small amount of ROS in TcLr17, TcLr27+31, and TcLr29. Besides the study on callose deposition and ROS accumulation caused by Pt13024, silencing of Pt13024 on TcLr30, we will undertake other relevant studies on TcLr17, TcLr27+31, and TcLr29 in future.

Segovia et al. (2016) found that Pt3 and Pt27 inhibited GUS in near-isogenic lines containing resistance genes Lr9, Lr24, and Lr26, respectively, and it was speculated that they had avirulent effects on Lr9, Lr24 and Lr26. In this study, we found that Pt13024 induced ROS accumulation and callose deposition in TcLr30, and it was higher than others when Pt13024 was overexpressed in susceptible wheat Thatcher and the 42 wheat leaf rust resistance near-isogenic lines (monogenic lines) with different resistance genes. Silencing of Pt13024 resulted in the successful infection of TcLr30 by 13-5-72 (THSN) which is a strain of avirulence race to TcLr30. Therefore, it is speculated that the effector protein has an avirulent effect on TcLr30. This study lays a foundation for revealing the pathogenicity mechanisms of Pt effector proteins. In addition, there are many questions that need to be answered, such as: “how the effector protein Pt13024 triggers its host’s immune response?”; “what is the interaction target in the host plant?”; and “which mode of interaction between effector and host target,and what is the function of the target?”.



Conclusion

Pt13024 is a small protein of 107 amino acids residues. It acts in host cells and the signal peptide has secretory activity. Pt13024 effectively inhibited the PCD induced by BAX and INF1. The amino acids 22 to 41 at the N-terminal play an important role in PCD inhibition. This protein can trigger the strongest resistance reaction including the large amount of callose deposition; the strongest ROS burst occurred in TcLr30 and resulted in a HR. The silencing of Pt13024 enhanced the virulence of Pt 13-5-72 (THSN) in TcLr30. The effector protein confers avirulence to TcLr30.
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Supplementary Figure 1 | Transient expression of Pt13024 stimulated callose deposition in TcLr30. The effector protein was delivered to the Thatcher and 42 wheat varieties with different resistance genes (mongenic lines) by the bacteria type III secretion assay. The callose deposition was observed after overexpression of Pt13024 at 48 hours. 1–43 represent Thatcher, TcLr1, TcLr2a, TcLr2b, TcLr2c, TcLr3, TcLr3ka, TcLr3bg, TcLr9, TcLr10, TcLr11, TcLr12, TcLr13, TcLr14a, TcLr14b, TcLr15, TcLr16, TcLr17, TcLr18, TcLr19, TcLr20, TcLr21, TcLr22, TcLr23, TcLr24, TcLr25, TcLr26, TcLr27 +31, TcLr28, TcLr29, TcLr30, TcLr32, TcLr33, TcLr34, TcLr35, TcLr37, TcLr38, TcLr41, KS91WGRC11 (Lr42), TcLr44, TcLr45, TcLr47, and TcLr51, respectively. Bar = 100 μm.
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Background

As the largest plant receptor-like protein kinase (RLK) superfamily, the leucine-rich repeat receptor-like kinases (LRR-RLKs) family are involved in plant growth, development, and stress responses. However, the functions of LRR-RLKs in wheat immunity remain unknown.



Results

In the current study, 929 LRR-RLKs were identified in Triticum aestivum genome database using the BLAST and hidden Markov models (HMM) approach and divided into 14 clades. Chromosomal localization and synteny analysis revealed that TaLRR-RLKs were randomly distributed on all chromosomes with 921 collinear events. Through the cis-acting elements analysis, we observed that TaLRR-RLKs participated in hormone response, light response, development, metabolism, and response to environmental stress. The transcript level of 14 random selected TaLRR-RLKs from each subfamily was regulated by plant hormone treatment and Chinese wheat mosaic virus (CWMV) infection. The function of TaLRR-RLKs in wheat resistance to CWMV infection was further investigated by virus-induced gene silencing assay. Additionally, the accumulation of MeJA response genes, as well as CWMV RNA were not changed in the TaLRR-RLK silencing plants under MeJA treatment.



Conclusions

Our results demonstrated that TaLRR-RLKs play an important role in wheat resistance to viral infection via hormone signals and lay the groundwork for the functional study of TaLRR-RLKs in wheat.
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Introduction

During plant growth and development, a series of signal transduction events was triggered by the abundant members of the receptor-like kinase (RLK) superfamily (Shiu and Bleecker, 2001a; Gou et al., 2010). The RLK in higher plant was first found in maize (Zea mays) (Walker and Zhang, 1990) and subsequently identified in other plants, including Arabidopsis and rice (Haffani et al., 2004). At least 21 different families of RLK superfamily have been identified based on the amino acid sequences of N-terminal extracellular domains (ECD). Among them, the LRR-RLK family is the largest and most highly conserved family of RLKs in plant species (Shiu and Bleecker, 2001a). The structural features of the LRR-RLK family commonly comprise a typical leucine-rich repeat domains (LRR), a single-pass transmembrane domain (TM), and an intracellular protein kinase catalytic domain (PK) (Shiu and Bleecker, 2001b; Kobe and Kajava, 2001; Gou et al., 2010; Liu et al., 2017). LRRs consist of a universal structural motif of 20-30 amino acids that form tandem-repeat domains and contain at least eight different classes of LRR sequence in diverse numbers and permutations (Shiu and Bleecker, 2001a; Shiu and Bleecker, 2001b). Additionally, each LRR domain forms an α/β helix that locates on protein surface and participates in protein-protein interactions (Kobe and Deisenhofer, 1994; Shiu and Bleecker, 2001a). PK domain with approximately 250-300 amino acids contains two subdivisions, including protein-serine/threonine kinases and protein tyrosine kinases. PK domain is further divided into 12 sub-domains which participate in catalytic activity, specifically functions related to cell development (Hanks and Hunter, 1995).

Plant LRR-RLKs are currently predicted to be involved in two major functional categories. On the one hand, LRR-RLKs play crucial roles in plant-organ growth and development, including morphogenesis, organogenesis, and hormone signaling. For example, the establishment of cotyledon primordia is regulated by two members of LRR-RLKs in Arabidopsis (RPK1 and TOAD2) (Nodine et al., 2007; Nodine and Tax, 2008). In addition, BRASSINOSTEROID INSENSITIVE (BRI1) and BRI1 ASSOCIATED RECEPTOR KINASE 1 (BAK1) are involved in brassinosteroid signal transduction (He et al., 2007). The LRR domain of receptor-like protein kinase 1 (RPK1) is involved in regulating abscisic acid (ABA) sensitivity (Osakabe et al., 2005). On the other hand, LRR-RLKs participate in biotic and abiotic stress response processes and therefore related to defense mechanisms (Wei et al., 2015). For instance, FLS2, a well-studied LRR-RLK, functions as a pattern-recognition receptor to perceive and bind bacterial flagellin (flg22), resulting in the signal transduction and amplification by the mitogen-activated protein kinase cascade to response the phosphorylation of intracellular kinases. WRKY22 and WRKY29 act downstream of FLS2 to activate defense-related genes (Asai et al., 2009). In addition, EFR, a cell-surface RLK of Arabidopsis, recognizes an epitope (elf18) of bacteria, activating plant defense responses (Zipfel et al., 2006; Schoonbeek et al., 2015). In wheat, the LRR-RLK gene TaXa21, which is related to TaWRKY76 and TaWRKY62, plays a positive role in resistance to Puccinia striiformis f. sp. Tritici in high-temperature seedlings (Wang et al., 2019). Moreover, some LRR-RLK genes, such as SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE (SERK) and ERECTA (ER), possess dual functions in plant development and defense processes owing to the recognition of multiple ligands by one receptor (Godiard et al., 2003; Shpak et al., 2004; Colcombet et al., 2005; Afzal et al., 2008).

The Chinese wheat mosaic virus (CWMV), belonging to the genus Furovirus, family Virgaviridae, is an RNA virus containing two single-strand positive-sense genomic RNAs. CWMV RNA1 encodes three proteins: a replication-associated protein, an RNA-dependent RNA polymerase (RdRp), and a movement protein (MP). CWMV RNA2 encodes four proteins: a major capsid protein (CP), two minor CP-related proteins (N-CP and CP-RT), and a cysteine-rich protein (CRP) (Diao et al., 1999; Andika et al., 2013). Moreover, infectious full-length cDNA clones of CWMV have been constructed, which promote systemic CWMV infection in both wheat and Nicotiana benthamiana (Yang et al., 2016). In China, CWMV often mixed with wheat yellow mosaic virus to infect the host plants, causing significant symptoms and severe yield losses (Diao et al., 1999; Adams et al., 2009). However, the mechanisms of wheat resistance to CWMV infection are still largely unknown.

Recently, comprehensive analyses of the LRR-RLKs family have been performed in many plant species, including Solanum lycopersicum (Wei et al., 2015), Arabidopsis (Wu et al., 2016), soybean (Zhou et al., 2016), two citrus species (Magalhães et al., 2016), Amborella trichopoda (Liu et al., 2016), and five Rosaceae species (Sun et al., 2017). However, the phylogenetic and structural characteristics of the LRR-RLK superfamily in wheat have not yet been investigated. In the current study, we identified 929 putative wheat LRR-RLK genes in the wheat genome and comprehensively analyzed LRR-RLK phylogeny, motif conservation, protein structure, cis-acting elements, chromosomal loci and replication relationships using bioinformatics tools. The expression patterns of TaLRR-RLK genes in wheat responses to hormones and CWMV infection were also investigated. Moreover, we confirmed that the TaLRR-RLKs are involved in wheat resistance to CWMV infection. This study aims to provide a foundation for further functional investigations of LRR-RLKs in wheat defense response against viral infections.



Materials and methods


Genome-wide identification and characterization of LRR-RLK genes in wheat

To identify LRR-RLK genes in T. aestivum, the amino acid sequences of Arabidopsis (AtLRR-RLKs) and rice LRR-RLKs were used as queries to perform BLAST searches in Ensembl Plants database (http://plants.ensembl.org/) (Bolser et al., 2015). Additionally, we downloaded the corresponding hidden Markov models (HMM) of LRR and PK domains from the Pfam database version 32.0 (http://pfam.xfam.org/) (Finn et al., 2014) and used them as references to search for LRR-RLKs in the T. aestivum protein sequences from the International Wheat Genome Sequencing Consortium (release-55) (http://plants.ensembl.org/index.html). The results of these two approaches were combined to identify the TaLRR-RLKs wheat genome with an E-value < 10-5. All candidates were further screened via eliminating the redundant sequences and functional annotations and then analysis with the NCBI Batch Web CD-Search Tool (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi). The presence of signal peptides (SP) was calculated with SignalP (http://www.cbs.dtu.dk/services/SignalP/) (Petersen et al., 2011), the prediction of transmembrane (TM) domains was performed using the TMHMM server (http://www.cbs.dtu.dk/services/TMHMM/) (Krogh et al., 2001) and the subcellular localization of TaLRR-RLKs were predicted using ProtComp software on the SoftBerry online database (http://linux1.softberry.com/) (Long et al., 2014), respectively.



Multiple sequence alignments and phylogenetic analysis of TaLRR-RLKs

Multiple sequence alignment of AtLRR-RLKs and TaLRR-RLKs was carried out using MEGA6 software (Tamura et al., 2013). Furthermore, an unrooted phylogenetic tree was generated with the maximum likelihood (ML) method by 1 000 bootstrap tests (Price et al., 2010). The TaLRR-RLKs were classified according to the topology of the phylogenetic trees and the established classification rely on Arabidopsis homologs (Shiu and Bleecker, 2001b). Pairwise deletion was used for data processing, while the Poisson distribution was adopted for tree-building model. The online tool iTol (http://itol.embl.de) (Letunic and Bork, 2011) was used to create improved graphical representations of the phylogenetic tree.



Chromosomal localization and synteny analysis of TaLRR-RLKs

To investigate the distribution of TaLRR-RLKs in wheat chromosomes and gene duplication events, we downloaded wheat genomic sequences and genome annotation files from the Ensembl Plants database for further analysis. Subsequently, the chromosomal locations and synteny relationships of TaLRR-RLKs were illustrated using TBtools software using the Graphics function (Chen et al., 2020).



Conserved-domain, motif, and protein tertiary structure analyses of TaLRR-RLKs

To better understand the protein features of each subfamily, all the identified TaLRR-RLKs were searched in Pfam database (Finn et al., 2014), and verified using CDD analysis (http://www.ncbi.nlm.nih.gov). To characterize the structural divergence of TaLRR-RLKs in each group, the conserved motifs in their encoded proteins were identified using TBtools software and the Simple Multiple Em for Motif Elicitation (MEME) Wrapper function (Chen et al., 2020). The maximum number of motifs was set to 10 and other optional parameters to default. The results of conserved domains and motif analysis of several representative proteins from each subfamily were displayed using TBtools (Chen et al., 2020), and then mapped in the clustered phylogenetic tree using Photoshop software. We used the automated SWISS-MODEL homology modeling server (https://swissmodel.expasy.org/) to generate three-dimensional protein models of the TaLRR-RLK proteins (Waterhouse et al., 2018). We randomly picked a gene from each group to conduct homology modeling based on QMEAN (-4 to 0, where the closer the value to 0, the better the match between the examined protein and the template) (Benkert et al., 2011) and GMQE (0 to 1, where the larger the value, the better the quality) (Waterhouse et al., 2018).



Prediction and analysis of cis-acting elements of TaLRR-RLKs

The 2000 bp upstream of all TaLRR-RLKs coding sequences were identified from the Ensembl Plants database and then used predicted the conserved cis-acting elements in the putative promoter regions by the PlantCARE software (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot et al., 2002). All identified cis-acting elements were clustered and arranged according to their different functions and visualized with the TBtools software (Chen et al., 2020).



Plant materials and treatments

T. aestivum. cv. Yangmai 158 was grown in a glasshouse at 15 ± 2°C with a photoperiod of 16 h light, 8 h dark and 70% relative humidity (Yang et al., 2020). To analyze the expression profile of TaLRR-RLKs in wheat, we extracted total RNA from seven tissues (from bottom to top: root, stem, first leaf, second leaf, third leaf, fourth leaf, and fifth leaf) of five-leaf stage wheat seedlings for quantitative real-time PCR (qRT-PCR). To analyze the expression profile of TaLRR-RLKs under hormone treatments, wheat seedlings with two-leaf-stage were sprayed with 100 μmol L–1 abscisic acid (ABA), 100 μmol L–1 methyl jasmonate (MeJA), or distilled water (as control) (Yu et al., 2019). Three biological replicates of samples were collected at four different time after hormone treatment (2, 4, 6 and 12 h) for total RNA extraction. For investigate the expression level of TaLRR-RLKs in wheat leaves, the full-length cDNA clones of CWMV were used for CWMV inoculation according to a previous study (Yang et al., 2016). At 7 days post inoculation (dpi), the systemic leaves were sampled for RNA extraction and qRT-PCR assay.



Virus-induced gene silencing in wheat

The VIGS tool function on the online website (https://solgenomics.net/)was used to obtain the best VIGS fragment sequence (300 bp) of TaLRR-RLKs. The specific fragments were amplified from wheat cDNA using RT-PCR (Supplementary Table S1), digested with PacI and NotI restriction enzymes, and inserted into the BSMVγ gene (BSMV : TaLRR-RLK). Plasmids BSMV α and γ were linearized with MluI restriction enzyme, BSMV β with SpeI, and BSMV γ-gene with BssHII. Then, the linearized plasmid DNAs of BSMV RNAα, β, and γ were prepared for transcription in vitro using the T7 in vitro transcription kit (Ambion, Austin, TX; Promega, Shenzhen, China). Next, the transcription products were mixed at a 1:1:1 molar ratio, followed by addition of excess FES buffer (0.06 M potassium phosphate, 0.1 M glycine, 1% bentonite, 1% sodium pyrophosphate decahydrate, 1% celite, pH 8.5) for friction inoculation into second leaves of two-leaf-stage wheat plants, as previously described (Yang et al., 2020). Wheat seedlings inoculated with FES buffer were used as negative controls. Finally, the inoculated wheat was placed in a growth environment at 28 °C and 70% relative humidity for 7-10 days to observe the symptoms. Similarly, we mixed the transcripts of linearized plasmid DNAs of CWMV RNA R1 and R2 at a 1:1 molar ratio and inoculated third leaves of the BSMV-infected wheat plants. Subsequently, the virus inoculated wheat plants were grow for 21 days at 15 ± 2 °C and 70% relative humidity. At 10 dpi, viral infection leaves were harvested for RNA extraction. Photographs of viral infection leaves were taken at 40 dpi.



Plant RNA isolation and qRT-PCR assay

Total RNA was extracted from each sample using a HiPure Plant RNA Mini Kit (Magen, Guangzhou, China). First Strand cDNA Synthesis Kit (Toyobo, Kita-ku, Osaka, Japan) with random primers was used to synthesize first-strand cDNA, and 1 µg total RNA was added per 20 µL reaction volume, as previously described (He et al., 2020). Hieff qPCR SYBR Green Master Mix (Yeasen, Shanghai, China) and ABI 7900HT sequence detection system (Applied Biosystems QuantStudio 5, Foster City, CA, USA) were used to perform quantitative PCR. The 2-ΔΔCt method (Livak and Schmittgen, 2001) was used to quantify the relative gene expression. In addition, the expression of T. aestivum cell division cycle (TaCDC) gene (Accession Number: XM_020313450) was analyzed and used as an internal control (Zhang et al., 2019). Each treatment in this study had at least three biological and three technical replicates. All the gene-specific primers used in this study were listed in Supplementary Table S1.



Statistical analysis

Microsoft Excel was used to determine the mean values and standard errors of the treatments. t-test or the Tukey’s test was performed using the SPSS 16.0 software (SPSS, Inc., Chicago, IL) to determine the significance of differences. The significant difference with unequal variance between two treatments was decided using the probability (P) value <0.05.




Results


Identification and classification of LRR-RLK genes in T. aestivum

For purpose of identify the LRR-RLK family members in wheat, we used LRR-RLK sequences from the A. thaliana and rice genomes as a query to identify LRR-RLK sequences in the wheat genome database using the BLASTP and HMM approach. Total 6967 identified proteins were then submitted to the Pfam and SMART databases for analysis of domain structures. 929 candidates with at least two LRR domains and a kinase domain in the wheat genome were identified. The detailed information, including the accession number of each protein, were listed in Supplementary Table S2. To study the evolutionary relationships of TaLRR-RLKs, all 929 candidates and all AtLRR-RLK proteins was used to construct an ML tree (Figure 1). The results of the phylogenetic analysis illustrated that all TaLRR-RLKs were clustered in 14 major groups according to the nomenclature of the Arabidopsis homologues within the same group (I-XI, XII-a, XII-b, XIII) (Figure 1; Supplementary Table S2). Of these, subfamilies XII-a, III, XI, and XII-b were the top four largest subfamilies, with 305, 109, 96, and 93 members, respectively. The subfamilies IV and IX were the two smallest, with 14 and 7 members, respectively. Similar to phylogenetic tree in Arabidopsis, the members in LRR-XII fell into two different subfamilies (LRR-XIIa and LRR-XIIb). Although a few members belong to subfamily XII among AtLRR-RLKs, total 398 TaLRR-RLKs were identified as orthologs of these AtLRR-RLKs (Figure 1).




Figure 1 | Phylogenetic tree for LRR-RLKs identified in A. thaliana and T. aestivum. The amino acid sequences of LRR-RLK from A. thaliana and T. aestivum were aligned by MEGA 6.0 and the phylogenetic tree was constructed using MEGA 6.0 by the maximum likelihood method with 1000 bootstrap replicates. A total of 929 LRR-RLK genes were classified into 14 groups (I-XI, XII-a, XII-b, XIII) and are highlighted by different colors. LRR-RLKs from A. thaliana in each subfamily were highlighted by black.





Chromosomal locations and synteny analysis of TaLRR-RLKs

Based on the initial position of each gene on the wheat chromosomes, 929 TaLRR-RLK genes were randomly distributed among all 21 chromosomes (chromosomes 1A to 7D, Chr1A to Chr7D), with Chr2D having the most (65) and Chr4B having the least (30) genes (Figure 2; Supplementary Table S3). There were 16 TaLRR-RLKs identified on the unknown wheat chromosome (ChrUn). Combined with wheat gene density, the distribution of TaLRR-RLKs was not significantly correlated with the distribution of wheat genes. To explore duplication relationship of TaLRR-RLKs during evolution, we performed synteny analysis according to the position of each gene in wheat chromosomes. In our analysis, 123 genes were tandemly duplicated (Supplementary Table S4), and a total of 921 collinear events were identified and distinguished in different colors (Figure 2; Supplementary Table S5).




Figure 2 | Chromosome distribution and duplication of the wheat LRR-RLK genes. Outer circle with colored blocks illustrates different chromosomes, and the short black lines indicate the location of these genes on chromosomes. The wheat gene density is displayed by heat map on the inner circle, and collinearity events are marked with different colored lines in center. The graphs of chromosomal location and synteny analysis were established using TBtools.





Predicted structure analysis of TaLRR-RLK proteins

To gain insight into the spatial conformations of TaLRR-RLKs, we used the SWISS-MODEL template library to conduct homology modeling and generate three-dimensional protein models. We randomly selected a TaLRR-RLK from each subfamily as a representative to analyze its predicted structure and illustrate the results in Figure 3. All 14 TaLRR-RLKs could be forecast as models, revealing that they maintained structural integrity during evolution, which is important for their function. Meanwhile, we found that the spatial structures of proteins from the same clade are highly similar.




Figure 3 | Prediction of the spatial structure of TaLRR-RLKs. The 14 TaLRR-RLKs was random selected from each subfamily. The SWISS-MODEL was used for structural prediction and the model with high confidence was selected based on QMEAN and GMQE.





Protein domains and conserved motif analyses of wheat LRR-RLKs

The deduced structures of representative proteins of each subfamily were mapped in the phylogenetic tree (Figure 4A), and the exact distributions of the LRR domains and PK domains identified for each TaLRR-RLK were listed in Supplementary Tables S6, S7, respectively. Our results showed that all members of each LRR-RLK subfamily contain multiple types of LRR domains. The frequency of LRR repeats was similar in each LRR-RLK subfamily and PK domains did not vary significantly across different subfamilies (Figure 4B, Supplementary Tables S6, S7). The most common types of LRR domain were LRR_8 (leucine-rich repeat 8), LRR_1 (leucine-rich repeat 1), and LRRNT_2 (leucine-rich repeat N-terminal 2), with different distribution patterns in each subfamily. For instance, subfamily IX preferentially contained LRRNT_2 but not LRR_1 and two LRR_8 domains were identified in this subfamily. Subfamily I preferentially contained LRR_8 and LRR_4 (leucine-rich repeat 4) but not LRRNT_2 or LRR_6 (leucine-rich repeat 6). Additionally, four subfamilies, including IV, VI, VIII, and IX did not contain LRR_4 or LRR_6. To further elucidate the structural characteristics and potential functions of LRR-RLKs in wheat, we set the threshold to 10 motifs in the MEME online tool to predict the putative motifs of these proteins. The distribution of these putative motifs in each representative TaLRR-RLK was shown in Figure 4C, and the detailed distribution was listed in Supplementary Table S8. Among them, motifs M6, M5, M1, M3, M8, and M2 were located in the PK domain. Motifs M1, M2, M3, M4, M5, and M6 were present in all members of each subfamily. The M4 motif was frequently detected in all TaLRR-RLK subfamilies, particularly in subfamilies XI, XII-a, and XII-b. The M9 motif had a dramatic presence in subfamilies I, II, IV, and VII. M1 appeared most frequently in subfamily XII-b. Meanwhile, we submitted protein sequences of each TaLRR-RLK subfamily to the SignalP website to search for possible signal peptides and found that 706 of the 929 TaLRR-RLKs contained SP, whereas 39% of the subfamily XII members did not contain signal peptides (Supplementary Table S9). Additionally, 865 genes contained at least one TM domain based on TMHMM prediction. Subcellular localization analysis showed that 900 TaLRR-RLKs were localized to the plasma membrane (Supplementary Table S9).




Figure 4 | Protein domains and motif analyses of each LRR-RLK subgroup in T. aestivum. (A) Phylogenetic analysis of the TaLRR-RLKs using maximum likelihood. The phylogenetic tree with the subfamily names listed on the right. (B) Deduced structures of representative LRR-RLK proteins within each subfamily. LRR, Pkinase and malectin_like coding regions were marked by different colored rectangles. (C) MEME motif distribution of the representative proteins.





Prediction and analysis of cis-acting elements of TaLRR-RLKs

To analysis of promoter elements of TaLRR-RLKs, we used PlantCARE to detected cis-acting regulatory elements of the promoter region (2000 bp sequence upstream of the translation start site) of the 929 LRR-RLKs. The results showed that a total of 80 putative cis-acting elements were prevalent in TaLRR-RLKs. The details of all genes was shown in Table 1 and Supplementary Table S10. Briefly, the cis-acting elements predicted in the promoter regions were divided into seven categories (Table 1). The most abundant elements were phytohormone regulation-related cis-acting elements that respond to auxin, ABA, MeJA, gibberellins (GA) and salicylic acid (SA). The MeJA response element mainly included the CGTCA- and TGACG-motifs, and the ABA responsive element consisted of ABRE. Moreover, the TGA-element, TGA-box, AuXRR-core and AuxRE were involved in auxin responsiveness and the GARE-motif, P-box, and TATC-box were considered gibberellin-responsive elements involved in the regulation of gibberellin responsiveness. The second type of widely distributed regulatory elements were light responsive elements, including Box 4, G-Box, GATA-motif, TCT-motif, TCCC-motif, GT1-motif, and Sp1, of which G-Box appeared to be the most widespread. Moreover, we also identified cis-acting regulatory elements related to environmental stimuli, including abiotic and biotic stresses, of which LTR and TC-rich repeats were the most abundant (Table 1; Supplementary Table S10).


Table 1 | Statistics analysis of cis-acting elements detected in promoter of TaLRR-RLK genes.





Expression patterns of TaLRR-RLKs upon treatment with MeJA and ABA

Based on the results of cis-acting regulatory element analysis, 12 types of hormone-responsive elements were identified (Table 1; Supplementary Table S10). Among them, the hormone-responsive elements related to MeJA and ABA were widely distributed in the promotor region of TaLRR-RLKs (Supplementary Table S10). To better understand the underlying functions of TaLRR-RLK response to MeJA and ABA, one TaLRR-RLK from each clade was randomly selected to analyze its respective expression level after hormone treatment using qRT-PCR. As shown in Figure 5, TraesCS5D02G161800(I), TraesCS1A02G240300(III), TraesCS4B02G055600(IV), TraesCS2D02G034200(X), and TraesCS7D02G365800(XI) were insensitive to MeJA and ABA. By contrast, the expression level of TraesCS5B02G365500(V) and TraesCS4D02G172000(VII) was significantly induced by MeJA, while that of TraesCS1A02G391700(XII-a) and TraesCS4B02G211800(XIII) was reduced. The expression levels of TraesCS3B02G459200(VIII) were significantly up-regulated at 2 hours post treatment (hpt) and 6 hpt, but down-regulated at 4 dpt by MeJA. Besides, the expression levels of TraesCS2D02G321400(II) and TraesCS4D02G050200(IX) were up-regulated after treatment with ABA, while TraesCS5A02G428900(VI) and TraesCS1D02G002900(XII-b) were down-regulated. The qRT-PCR values used for the heat map are listed in Supplementary Table S11. These results imply that TaLRR-RLK genes of T. aestivum participate in a variety of hormone responses (Figure 5).




Figure 5 | Relative expression analysis of 14 representative TaRR-RLKs from each subfamily in wheat leaves under MeJA and ABA treatment. Data shown are the means of three biological replicates ± the SE. The values were normalized to those for the reference gene (Cell Division Control protein, TaCDC) and are presented as fold changes in expression relative to that in wheat leaves without treatment. The mean expression values were visualized by Tbtools. The color scale represents expression values of each sample. The blue box represents the lower levels and the red box represent high levels of expression level. The qRT-PCR values used for the heat map are listed in Supplementary Table S11.





Tissue-specific analysis of TaLRR-RLKs

The plants were divided into seven different tissues: root, stem, first leaf, second leaf, third leaf, fourth leaf, and fifth leaf (bottom-top) to comprehensively explore the expression patterns of the TaLRR-RLKs. As shown in Figure 6, taking the fifth leaf as a control, all 14 random selected genes from each subfamily were differentially expressed in each tissue and most tended to be down-regulated in the roots. The expression level of TraesCS5B02G365500(V) was down-regulated in each tissue. In contrast, the expression level of TraesCS4D02G050200(IX) was high in all tissues except for the root. In addition to up-regulation in the stem, TraesCS4B02G211800(XIII) showed moderate expression levels in other tissues. The expression levels of TraesCS1A02G240300(III) showed to be significantly up-regulated in the root and stem. TraesCS1D02G002900(XII-b) was observed to be up-regulated in the first, second, and third leaves, whereas its expression level in the fourth leaf was down-regulated in the root and stem (Figure 6). The qRT-PCR values used for the heat map are listed in Supplementary Table S11.




Figure 6 | The differential expression of 14 representative TaRR-RLKs from each subfamily in different tissues was analyzed by qRT-PCR. The plants were divided into seven different tissues including root, stem, first leaf, second leaf, third leaf, fourth leaf, and fifth leaf and the fifth leaf as a control. Data shown are the means of three biological replicates ± the SE and visualized in TBtools. The values were normalized to those for TaCDC and are presented as fold changes in expression relative to that in wheat leaves without treatment. The mean expression values were visualized by Tbtools. The color scale represents expression values of each sample. The blue box represents the lower levels and the red box represent high levels of expression level. The qRT-PCR values used for the heat map are listed in Supplementary Table S11.





Functional analysis of TaLRR-RLKs in wheat resistance to CWMV infection

To investigate the function of TaLRR-RLKs in wheat resistance to CWMV infection, we analyzed the gene expression profile of TaLRR-RLKs under CWMV infection. The results indicated that four of selected 14 TaLRR-RLKs were differentially induced by CWMV infection, including TraesCS5D02G161800(I), TraesCS4D02G172000(VII), TraesCS7D02G365800(XI) and TraesCS4B02G211800(XIII). Besides, the accumulation level of TraesCS1D02G002900(XII-b) was significantly decreased under CWMV infection (Figure 7). Based on the homologous analysis of these five genes, we renamed TraesCS4D02G172000(VII) as TaIRK, TraesCS7D02G365800(XI) as TaRLK5, TraesCS4B02G211800(XIII) as TaFEI1, TraesCS5D02G161800(I) as TaRLK-I.1 and TraesCS1D02G002900(XII-b) as TaRLK-XIIb.1, respectively. To further investigate the biological function of TaRLKs in CWMV infection, a BSMV-mediated gene silencing assay (BSMV-VIGS) was used to silence these five TaLRR-RLKs, respectively. We inoculated two-leaf-stage wheat seedlings with either BSMV:00+CWMV or BSMV : TaLRR-RLKs+CWMV. RT-PCR analysis verified the successful infection with BSMV and CWMV in all co-inoculated plants at 7 dpi (days post inoculation) (Supplementary Figure S1). After 40 dpi, the mosaic symptoms were observed in leaves of all virus infected wheat plants, and the mosaic symptoms that appeared on BSMV : TaFEI1+CWMV and TaRLK-I.1+CWMV co-inoculated plants were significantly stronger than those on BSMV:00+CWMV co-inoculated plants. BSMV : TaIRK+CWMV co-inoculated plants exhibited much less mosaic symptoms and BSMV : TaRLK5+CWMV and BSMV : TaRLK-XIIb.1+CWMV co-inoculated plants showed similar mosaic symptoms to BSMV:00+CWMV co-inoculated plants (Figure 8A). Moreover, qRT-PCR analysis with specific primers confirmed that the five TaLRR-RLKs were successfully silenced in all BSMV : TaLRR-RLKs+CWMV co-inoculated plants (Figure 8B). Furthermore, the accumulation of CWMV CP was significantly up-regulated in TaFEI1-silencing plants, but down-regulated in TaIRK-silencing plants (Figure 8C). These results indicate that TaLRR-RLKs play an important role in wheat resistance to CWMV infection. Because CWMV RNA accumulation was significantly induced in TaFEI1-silencing plants compared to that in other selected LRR-RLKs silencing plants, indicating that TaFEI1 is more important for wheat resistance against to CWMV infection (Figures 8A, C). TaFEI1 was selected for further study.




Figure 7 | The transcript level of 14 representative TaLRR-RLKs in CWMV-inoculated wheat leaves. At 21 (days post inoculation), the viral infected leaves were sampled for qRT-PCR assay. Each result is the mean ± SE of three biological replicates. The transcript levels in the leaves without viral infection was used as mock and standardized as 1. The asterisks indicate significant difference were determined by student t-test (*P < 0.05). ns, no significant difference.






Figure 8 | TaLRR-RLKs was involved in wheat resistance to CWMV infection. (A) Mild chlorotic mosaic symptoms were observed at 40 dpi on leaves inoculated with BSMV: 00, BSMV: TaPDS, BSMV: TaRLK-I1+CWMV, BSMV: TaⅠRK+CWMV, BSMV: TaRLK5+CWMV, BSMV: TaRLK-XIIb.1+CWMV, BSMV: TaFEI1+CWMV, respectively. Mock, wheat leaves treated with 1×Fes buffer. Photographs were taken at 40 dpi. (B) Relative expression of TaLRR-RLKs during the interaction between TaLRR-RLKs-silencing plans and CWMV. (C) CWMV RNA accumulation in TaLRR-RLKs-silencing was analyzed by qRT-PCR using CWMV CP specific primers. (D) Relative expression of MeJA response gene TaHOX24 in TaFEI1-silencing plants under MeJA treatment. (E) Mild chlorotic mosaic symptoms were observed on leaves inoculated with BSMV: 00+CWMV or BSMV: TaFEI1+CWMV under MeJA treatment. Photographs were taken at 40 dpi. (F) The accumulation of CWMV RNA accumulation in TaFEI1-silencing plants under MeJA treatment was determined by qRT-PCR. For all qRT-PCR, the values were normalized to those for TaCDC and are presented as fold changes relative to that in BSMV: 00. Asterisks indicate significant differences between that in TaLRR-RLKs-silencing plants and mock using Student’s t-test or the Tukey’s test (P < 0.01). ns, no significant difference.



Considering that the expression levels of TaFEI1 were significantly down-regulated after MeJA treatment, but not after ABA treatment (Figure 5; Supplementary Table S11), we hypothesized that the function of TaFEI1 in CWMV infection were related to MeJA pathways. Thus, we calculated the accumulation of MeJA-response gene TaHOX24 and CWMV RNA in TaFEI1-silencing plants after MeJA hormones treatment using CWMV CP specific primers. The results of qRT-PCR showed that TaHOX24 was significantly induced in BSMV: 00 inoculated wheat leaves, but reduced in TaFEI1-silencing plants. However, MeJA treatment could not alter the relative expression level of TaHOX24 in TaFEI1-silencing plants (Figure 8D). TaFEI1-silencing plants was then inoculated with CWMV together with MeJA treatment. Compared to wheat BSMV inoculated plants without MeJA treatment, CWMV RNA was significantly reduced by MeJA in BSMV: 00-inoculated plants, but not changed under MeJA treatment in BSMV: TaFEI1-inoculated plants (Figure 8E). At 40 dpi, BSMV: 00+CWMV co-inoculated wheat leaves under MeJA exhibited much less symptoms of mosaic disease compared to that without MeJA. However, MeJA treatment was not altered the symptoms of mosaic disease TaFEI1-silencing plants (Figure 8F). These results suggested that TaFEI1 may be involved in wheat resistance to CWMV infection dependent on MeJA signal pathway.




Discussion

Identification of the LRR-RLK gene family at the genomic level using bioinformatics tools has contributed to the understanding of the function of LRR-RLKs in plant growth regulatory networks. In recent years, many studies have reported genome-wide identification and functional analysis of the LRR-RLK gene family in plant species, including Saccharum (Cheng et al., 2021), cotton (Sun et al., 2018), soybean (Zhou et al., 2016), and other species (Magalhães et al., 2016; Liu et al., 2016; Sun et al., 2017). In this study, 929 TaLRR-RLKs members were systematically identified in the T. aestivum genome and categorized into 14 clades reference to AtLRR-RLKs (Figure 1), suggesting that the wheat LRR-RLK genes may have similar functions with the AtLRR-RLK genes in the same clade. Additionally, compared with the LRR-RLK genes identified in Arabidopsis, wheat genome harbored more LRR-RLK genes of XII group (~42.84% in TaLRR-RLKs, while only ~4.05% in AtLRR-RLKs) and fewer genes of the VIII group (~2.48% in TaLRR-RLKs, while ~9.46% in AtLRR-RLKs) (Supplementary Table S2). These results suggested that sequence variation and biological function were significantly different in the TaLRR-RLK gene family. Similar to phylogenetic tree in Arabidopsis, the members in LRR-XII fell into two different subfamilies and could be rearranged to facilitate future functional analysis of their gene members (Gou et al., 2010). Moreover, phylogenetic analysis was help to evaluate functional redundancy of genes in one subfamily. For instance, SERK genes in subfamily LRR-XII has redundant function in male sporogenesis, pathogen response and cell death (Albrecht et al., 2008). And previous studies have reported that FEI1 and FEI2 in subfamily XIII construct signaling pathways that regulate cell wall function (Xu et al., 2008). Moreover, the results of motif prediction indicated that the types and the numbers of TaLRR-RLK protein motifs showed similarly distribution in a subfamily suggest a high degree of functional redundancy among TaLRR-RLK proteins in the same group (Supplementary Table S8). Thus, our results might guide researchers to overcome functional redundancy of genes in one subfamily when analyzed the function of TaLRR-RLKs. Additionally, we predicted the signal peptide, transmembrane domain and subcellular localization of each TaLRR-RLKs (Supplementary Table S9). These results provide a reference for further studies on the biological functions of TaLRR-RLKs.

The results of the synteny analysis showed that 921 collinear events were identified in TaLRR-RLKs (Figure 2; Supplementary Table S5), which may have contributed to the expansion of the TaLRR-RLK gene family. Of note, gene duplication events are vital to the expansion of gene families and the evolution or rearrangement of genomes, mainly owing to tandem, segment, and transposition duplications, which help organisms develop new biological functions and adapt to various environments (Zhang, 2003; Cannon et al., 2004; Moore and Purugganan, 2005). Here, we identified 123 tandem duplication events (Supplementary Table S4). The results revealed that tandem and segmental duplications contributed significantly to the expansion of the TaLRR-RLK gene family, whereby segmental duplication appears to be the essential duplication pattern. According to previous studies, cis-acting regulatory elements are vital molecular switches that participate in the transcriptional regulation of gene activities under phytohormones, various environmental factors, and photoreactions (Zan et al., 2013). The results of our cis-acting element analysis showed that the types of cis-acting regulatory elements were different for each TaLRR-RLK (Table 1; Supplementary Table S10). Accordingly, we suggested that TaLRR-RLKs may be widely involved in various tress response in wheat. Our results also showed that the promoter of TaLRR-RLKs also contained many cis-regulatory elements related to development and metabolism, such as CAT-box, O2-site, GCN4-motif, NON-box, AACA-motif, and RY element. Among these, AACA-motif is an enhancer element necessary for the specific expression of the glutelin gene in rice endosperm (Wu et al., 2000). In addition, all random selected TaLRR-RLKs were differentially expressed in all wheat tissues and tended to be down-regulated in the roots (Figure 6). It has been showed that LRR-RLKs play important roles in plant growth and development (Dievart et al., 2020). Thus, our results suggested that TaLRR-RLKs participated in wheat development and metabolism.

A number of LRR-RLKs were found to regulate plant innate immunity (Dievart et al., 2020). For instance, FLS2, EFR, PEPR1 and PEPR2 play key roles in defense responses as receptors for flagellin, EF-Tu, and endogenous Pep peptides, respectively (Gómez-Gómez and Boller, 2000; Zipfel et al., 2006; Yamaguchi et al., 2006; Yamaguchi et al., 2010; Krol et al., 2010). MOL1, a member of AtLRR-RLKs, is important in the homeostasis of Arabidopsis cambium via repressing the stress-related ethylene and jasmonic acid signaling pathways (Gursanscky et al., 2016). The SERK also plays a role in steroidal hormones BR signal transduction (He et al., 2007). In this study, silencing of TaFEI1 and TaRLK-I.1 significantly reduced the resistance of wheat resistance to CWMV infection, and the CWMV RNA accumulation was significantly reduced in wheat leaves of TaIRK-silencing plants. These results suggested TaLRR-RLKs play an important role in wheat antiviral response (Figure 8). Moreover, LRR-RLKs were involved in multiple signaling pathway regulation. For example, BAK1 not only functions as a co-receptor of BRI1, which is the BR receptor, but also participats in innate immune process via interacting with FLS2, EFR, PEPR1, and PEPR2 (Chinchilla et al., 2007; Heese et al., 2007; Li, 2010; Postel et al., 2010; Roux et al., 2011). Our results found the promoter region of TaLRR-RLK contained abundant MeJA and ABA hormone-responsive cis-acting elements (Supplementary Table S10). Either ABA or MeJA altered the relative expression level of several random selected TaLRR-RLKs, indicating that TaLRR-RLKs were involved in multiple plant hormone signals. Previous study showed that up-regulation of the JA pathway was one way of plant antiviral response (He et al., 2017). For example, In tobacco, silencing the JA biosynthesis gene AOS (ALLENE OXIDE SYNTHASE) enhanced plant resistance, and exogenous application of methyl jasmonate (MeJA) reduced resistance to TMV and allowed systemic movement (Oka et al., 2013). Moreover, JA-responsive genes are regulated after infection of CaMV and Panicum mosaic virus and its satellite virus at the early stages (2012; Love et al., 2005; Mandadi and Scholthof, 2012). In our study, the accumulation of CWMV RNA were not changed in the TaFEI1-silencing plants under MeJA treatment (Figure 8). Thus, we suggested that TaLRR-RLKs was play an important role in wheat resistance to viral infection in a hormone-dependent manner.

As one of the most important pathogenic agents causing wheat mosaic disease in China, CWMV normally caused 10-30% of yield losses, sometimes, up to 70% in severe cases (Guo et al., 2019). Up to now, the best countermeasure to control this disease is cultivation of resistant wheat varieties. However, the resistance genes to CWMV infection in wheat were still un-identified. To our knowledge, this is the first report that TaLRR-RLKs participate in wheat resistance to CWMV infection depend on plant hormone signals. This study provides insights into the molecular mechanisms of interaction between wheat and CWMV and offered a direction for identification of resistance genes in wheat response to CWMV infection.
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Supplementary Figure 1 | Detection of CWMV and BSMV by RT-PCR in viuses infected leaves. The infectious clones and wheat leaves without viral infection was used as positive control (+) and negative control (-), respectively.
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Introduction

The clubroot disease caused by Plasmodiophora brassicae (P. brassicae) poses a serious threat to the economic value of cruciferous crops, which is a serious problem to be solved worldwide. Some resistance genes to clubroot disease in Brassica rapa L. ssp pekinensis cause by P. brassicae have been located on different chromosomes. Among them, Rcr1 and Rcr2 were mapped to the common candidate gene Bra019410, but its resistance mechanism is not clear yet.



Methods

In this experiment, the differences of BrRPP1 between the resistant and susceptible material of Chinese cabbage were analyzed by gene cloning and qRT-PCR. The gene function was verified by Arabidopsis homologous mutants. The expression site of BrRPP1 gene in cells was analyzed by subcellular localization. Finally, the candidate interaction protein of BrRPP1 was screened by yeast two-hybrid library.



Results

The results showed that the cDNA sequence, upstream promoter sequence and expression level of BrRPP1 were quite different between the resistant and susceptible material. The resistance investigation found that the Arabidopsis mutant rpp1 was more susceptible to clubroot disease than the wild type, which suggested that the deletion of rpp1 reduces resistance of plant to clubroot disease. Subcellular location analysis confirmed that BrRPP1 was located in the nucleus. The interaction proteins of BrRPP1 screened from cDNA Yeast Library by yeast two-hybrid are mainly related to photosynthesis, cell wall modification, jasmonic acid signal transduction and programmed cell death.



Discussion


BrRPP1 gene contains TIR-NBS-LRR domain and belongs to R gene. The cDNA and promoter sequence of BrRPP1 in resistant varieties was different from that in susceptible varieties led to the significant difference of the gene expression of BrRPP1 between the resistant varieties and the susceptible varieties. The high expression of BrRPP1 gene in resistant varieties enhanced the resistance of Chinese cabbage to P. brassicae, and the interaction proteins of BrRPP1 are mainly related to photosynthesis, cell wall modification, jasmonic acid signal transduction and programmed cell death. These results provide important clues for understanding the mechanism of BrRPP1 in the resistance of B. rapa to P. brassicae.
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1 Introduction

Chinese cabbage is a cruciferous Brassica crop with both nutritional value and economic value. However, Chinese cabbage is often harmed by P. brassicae, which leads to a soil-borne disease-clubroot disease, and brings huge losses to yield and economy (Ludwig-Müller and Schuller, 2008). The infection cycle of P. brassicae was mainly divided into two stages, infection stage (root hair infected) and disease stage (hypocotyls, cortex and stele infected) (Hirai, 2006). At the later stage of the disease, the overground part of the host plant shows the phenomenon of yellowing and wilting leaves, and the underground part forms swollen nodules, which will affect the root function and reduce the host’s the absorption of water and nutrients (Wang et al., 2016).

So far, there is no effective strategy to control clubroot disease of Chinese cabbage (Diederichsen et al., 2009). Therefore, it has become an important research direction to find more disease resistance genes and reveal their resistant mechanism. In nature, plants are often invaded by various pathogens. Cell wall is the first cell barrier against pressure, which is composed of polysaccharide skeleton, protein and polymer (Lampugnani et al., 2018). Plants can resist a large number of pathogens through the waxy layer and stratum corneum of the cell wall and outer epidermis (Houston et al., 2016). In plants, the key steps of photosynthesis and synthesis of defense related hormones occur in chloroplasts (Lu et al., 2018). In addition, chloroplast is the main production site of reactive oxygen species and nitric oxide, and the site of calcium signal transduction. Photosynthesis can also be affected by defense related hormones and signaling molecules (Fischer et al., 1986; Seemann and Sharkey, 1987; Popova et al., 1996).

When infected by pathogens, the biological stress induced by pathogens will trigger complex signal cascade responses regulated by hormones. The stress and defense related hormone jasmonic acid (JA) is considered as one of the basic components of the pathogen induced response (Kazan and Lyons, 2014). JA defense response is necessary for defense against biotic stress and abiotic stress, and works cooperatively with other hormones (Wasternack, 2007; Wasternack and Hause, 2013). Hormone dependent pathways lead to the expression of defense related genes and the production of antimicrobial secondary metabolites (Glazebrook, 2001).

In recent years, many resistance genes to clubroot disease have been located in Chinese cabbage including Crr1, Crr2 (Suwabe et al., 2003), Crr3 (Saito et al., 2006), Crr4 (Suwabe, 2006), CRa (Matsumoto et al., 1998), CRb (Kato et al., 2013), CRc (Sakamoto et al., 2008), CRk (Suwabe et al., 2003), Rcr1 (Chu et al., 2014), Rcr2 (Huang et al., 2017), PbBa3.1, PbBa3.2 (Chen et al., 2013). It is worth noting that Bra019410 has also been mapped as a candidate resistant (R) gene for many times in the research of Chinese cabbage resistance to P. brassicae infection. For example, Yu et al. (2016) mapped Bra019409 and Bra019410 as candidate genes for the target region of Rcr1 by the combined technology of BSA and KASP. Rcr2 was also fine-located between two SNP sites by the combined technology of BSA and KASP, and finally Bra019410 and Bra019413 were located as the candidate genes of Rcr2 (Huang et al., 2017). In summary, Rcr1 and Rcr2 share a common candidate gene Bra019410. This suggested that Bra019410 should be a key resistant gene in Brassica rapa resisted to clubroot disease.

Our research found Bra019410 is homologous to the Arabidopsis RPP1 (Recognition of Peronospora parasitica1), which is a R gene and encodes the TIR-NBS-LRR protein, so we named it as BrRPP1. RPP1 is also considered as a candidate gene when crops respond to pathogens. For example, RPP1 plays a key role in the resistance of Brassica napus to blackleg disease (caused by the fungal pathogen Leptosphaeria maculans) (Larkan et al., 2014) and Brassica juncea resistance to Sclerotinia sclerotiorum (Rana et al., 2019).

Pathogen ‘recognition’ is considered as the first step of disease resistance, as a signal of general defense response (Botella, 1998). Most R genes in plants belong to NBS-LRR (Nucleotide binding sites rich in leucine repeats) family genes. The multi-domain structure of the NBS-LRR family gene enables it to have multiple functions and is responsible for pathogen identification and signal transduction (Takken et al., 2006). As a R gene, RPP1, participates in host-pathogen interaction and is confirmed to be a downy mildew resistant gene (Holub and Beynon, 1997; Botella, 1998). RPP1 can bind to ATR1 and form a tetramer through the oligomeric interface of the NBS domain. This tetramer has enzymatic activity and can catalyze the hydrolysis of NAD+ and activate downstream EDS1 proteins such as (enhance disease susceptibility 1) and NRG1 (N requirement gene 1) can regulate the death response of cells (Wan et al., 2019).

Although BrRPP1 has been mapped as a candidate gene for resistance to clubroot disease in Chinese cabbage, its resistance function and its resistance mechanism to clubroot is still not clear. In this study, the sequence difference of BrRPP1 between resistant and susceptible material of Chinese cabbage was found, and its interaction proteins were obtained and analyzed, which can provide important information for the study of mechanism of BrRPP1 in the resistance of Chinese cabbage to P. brassicae.



2 Materials and methods


2.1 Materials

The materials used in the experiment were resistant variety ‘SN205’ and susceptible variety ‘SN742’ of Chinese cabbage, physiological race no.4 of P. brassicae, Colombian wild-type ‘WT’ of Arabidopsis thaliana and tobacco ‘Nicotiana Benthamiana’. All the above experimental materials were preserved by the Vegetable Genetics and Breeding Laboratory of Shenyang Agricultural University. The Arabidopsis mutant rpp1 (‘SALK_065253’) was purchased from ABRC (https://abrc.osu.edu/).



2.2 Acquisition of BrRPP1, and analysis of the difference BrRPP1 between resistance and susceptible Chinese cabbage

The reference sequence of BrRPP1 was obtained by searching from Brassica database (BRAD (brassicadb.cn)). Then the sequence validity was checked by Nucleic acid BLAST (http://www.ncbi.nlm.nih.gov/blast/) in the National Center of Biotechnology Information (NCBI). The gene conservative structure domain was predicted by NCBI protein conserved domain database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).

To obtain accurate cDNA sequences of BrRPP1 from the ‘SN205’ and ‘SN742’, three segmented primers (BrRPP1-1, BrRPP1-2 and BrRPP1-3) with Eco3II sites were designed using Primer 5 software (
Table 1
). The three corrected amplified fragments from the cDNA of ‘SN205’ or ‘SN742’ were digested by Eco3II (Beijing NEB, China) respectively, and then ligated to pBWA(V)BS vector linearized by Eco3II using T4 ligase (Tiangen, Beijing, China). The connecting products pBWA(V)BS-SN205-BrRPP1 and pBWA(V)BS-SN742-BrRPP1 were transformed into the competent cells of Trans10 E. coli respectively. The correctness of recombinant clones were detected with primers (F: cagtGGTCCacacatgatttcgatcgattttttgaaaaaaaaa and R: cagtgGTCTCatacataacatgaggaggaggaggtttc) and the colony with the correct band position was sequenced (Sangon Inc, Shanghai, China). The three-dimensional structure of BrRPP1 protein in ‘SN205’ and ‘SN742’ was predicted using SWISS-MODEL online tool (https://swissmodel.expasy.org/interactive).


Table 1 | 
The Primers for amplifying the full cDNA sequence of BrRPP1.






2.3 Cloning and element analysis of the promoter of BrRPP1


Promoter primers (BrRPP1pro-F: CTGTTCTCGTATCCTTCAC and BrRPP1pro-R: CTCATCTGCTTTCTCTTTTTC) were designed according the upstream 2 kb sequence of BrRPP1 from Brassica database (brassicadb.cn). The DNA of ‘SN205’ and ‘SN742’ were used as templates respectively to amplify the promoter sequences of BrRPP1. Promoter elements were analyzed using online software PlantCARE (http://bioinformatics.psb.ugent.be/webtools/PlantCARE/htmL/).



2.4 Quantitative real-time reverse transcription PCR analysis

cDNA was obtained from ‘SN742’ roots on the 14th day after inoculation of P. brassicae (at this time, P. brassicae spores were found in root hairs under the compound microscope) and on the 42nd day after inoculation (at this time, obvious swelling appeared in the roots), respectively. In addition, the roots cDNA of uninoculated ‘SN742’ and ‘SN205’ at above same stage was used as control and then to analyze the difference of BrRPP1 expression between resistance and susceptible materials. Using Quantstudio6 (ThermoFisher, Waltham, MA, USA) and the fluorescence quantification kit UltraSYBR Mixture (Low ROX, Cwbio, Jiaosu, China), we analyzed the expression pattern of BrRPP1 in the roots of Chinese cabbage at two sampling stages after infection by P. brassicae by qRT-PCR. The specific primers were designed, and the BrActin gene (Gao et al., 2020) was used as the internal control (primers are shown in 
Table S1
). The relative expression of BrRPP1 was analyzed using the 2−ΔΔCt method (Livak and Schmittgen, 2001) and SigmaPlot 12.5 (Systat Software, Inc., San Jose, CA, USA). Three replications were performed for each different treatment. The difference significance test was analyzed using the program SPSS v.26 (IBM, Armonk, NY).



2.5 Disease-resistance identification of Arabidopsis thaliana mutant rpp1 (SALK_065253)

Seeds of Arabidopsis mutant rpp1 and wild-type ‘WT’ were vernalized at 4 °C low-temperature for 3-5 days and then evenly sowed in nutritious bowl. When seedlings grew to 10 true leaves, DNAs of rpp1 and ‘WT’ leaves were extracted by modified CTAB method (Springer, 2010). The ‘three-primer’ PCR was performed to select the homozygous mutants. The detection primers (LP: ACCATTCATTGTTCCTTGCAG; RP: ATGATAATGAAGGACCCCTCC; LB: ATTTTGCCGATTTCGGAAC) were obtained from the SIGnAL website (http://signal.salk.edu/tdnaprimers.2.htmL). The homozygous mutants were further cultured until offsprings were obtain.

The P. brassicae suspension with a concentration of 107/mL was prepared according to Lv et al. (2021). The seeds of the rpp1 and ‘WT’ were sterilized and seeded in a petri dish containing moist filter paper to accelerate germination at 25 °C. After about 24 hours in darkness, the culture dishes were transfered into a light incubator at 25 °C, with 16 hours of light and 60% humidity. When two cotyledons were extended, P. brassicae suspension were sprayed on the roots of mutant rpp1 and ‘WT’ for inoculation. Five randomly selected plants were observed at 24 h intervals. The roots of seedlings were cut into 1 cm sections, dyed with 1% toluidine blue for 15 min, and decolorized with sterile water for 5 min, and then observed under a composite microscope (Eclipse 80i; Nikon, Tokyo, Japan).



2.6 The subcellular localization analysis of BrRPP1


To construct the 35S::pGPTVII.GFP-BrRPP1 expression vector, the BrRPP1 coding sequence with the termination codon removed was amplified from pBWA(V)BS-SN205-BrRPP1 using BrRPP1-GFP-F:CGCCACTAGTGGATCCatgagatttcgatcgtttttgaaaga; BrRPP1-GFP -R:GAGCGGTACCCTCGAGacatgagggagccaaggtttcc, and inserted into the pGPTVII.GFP vector using NovoRec homologous recombinase (Novprotein, Shanghai, China).

The plasmid of 35S::pGPTVII.GFP-BrRPP1 and 35S::pGPTVII.GFP (as a control) was introduced into Agrobacterium strain GV3101 respectively. The strains were injected into 4-week-old tobacco leaves as described previously (Sainsbury et al., 2009). After 48 hours in darkness, the tobacco leaves were stained with 4,6-diamidino-2-phenylindole (DAPI, Coolaber, Beijing, China), and observed under a Confocal laser microscope (TCS SP8-SE, Leica, Wetzlar, Germany).



2.7 Interaction proteins screening of BrRPP1 from yeast two-hybrid library

To construct pGBKT7-BrRPP1 bait vector, the BrRPP1 coding sequence with the termination codon removed was amplified from pBWA(V)BS-SN205-BrRPP1 using BrRPP1-BD-F: CGCACTAGTGGATCCatgagatttcgatcgtttttgaaaga and BrRPP1-BD-R: AAGGAAAAAAGCGGCCGCacatgagggagccaaggtttcc, and the products and PGBKT7-T7 were respectively digested with BamHI and NotI (NEB, Beijing, China) and connected. The obtained pGBKT7-BrRPP1 bait vector was transferred into the freshly prepared competent cells of Y2H yeast. The self-activation and toxicity of positive colonies and yeast library screening was carried out by mating hybridization according to Xu et al. (2020). Functional annotation of candidate interaction proteins of BrRPP1 obtained from the screening library were analyzed by NCBI and Brassica database, and the expression pattern of those proteins with high detection rate was analyzed by qRT-PCR (primers are shown in 
Table S1
).




3 Results


3.1 Acquisition and analysis of BrRPP1 gene sequence

The reference sequence of BrRPP1 gene (Bra019410) obtained from Brassica database contains an open reading frame (ORF) with a length of 3471 bp, which is located on chromosome A03. The accession number of Bra019410 in the NCBI database is XM_009138983.3. The conservative structure domain prediction of BrRPP1 showed that there are a TIR conserved domain in the region of 85-259 aa, and a LRR conserved domain in the region of 690-929 aa (
Figure 1A
). Therefore, BrRPP1 is a TIR-NBS-LRR-like protein.




Figure 1 | 
Acquisition and analysis of BrRPP1 gene sequence. (A) Conservative domain prediction of BrRPP1. (B) BrRPP1 fragment amplified from ‘SN205’ and ‘SN742’ with three segmented primers BrRPP1-1, BrRPP1-2 and BrRPP1-3. (C) The cDNA full-length of BrRPP1 in ‘SN205’ and ‘SN742’. (D) cDNA sequence alignment of BrRPP1 in different regions between ‘SN205’ and ‘SN742’. (E) Amino acid sequences alignment of BrRPP1 in different regions between ‘SN205’ and ‘SN742’. (F) Protein structure prediction of BrRPP1 in ‘SN205’ and ‘SN742’. The arrow points to the different positions.



The lengths of products amplified by BrRPP1-1, BrRPP1-2 and BrRPP1-3 were 1141 bp, 1654 bp and 617 bp, respectively, and the results were consistent in ‘SN205’ and ‘SN742’ (
Figure 1B
). The ligation products of the three cDNA fragments were both 3471 bp in ‘SN205’ and ‘SN742’ (
Figure 1C
). Comparing the cDNA sequences of BrRPP1 from ‘SN205’ and ‘SN742’ with the reference genome, it was found that the sequence in ‘SN742’ is consistent with the reference sequence. However, it is cDNA different between ‘SN205’ and reference sequence, with four single nucleotide polymorphisms (SNPs) (G to A, T to C, G to A and A to C) in the 3450-3471 bp region (
Figure 1D
). The change of base leads to the change of amino acid sequence and three-dimensional structure of BrRPP1 protein (
Figures 1E, F
).



3.2 Difference analysis of promoter sequence of BrRPP1 between resistance and susceptible Chinese cabbage

The upstream 1167 bp promoter region of coding sequence of BrRPP1 were cloned from ‘SN205’ and ‘SN742’. Sequences alignment found that there are two additional insert fragments (IF-1, IF-2) and multiple SNPs in the promoter region of BrRPP1 in the ‘SN205’ compared with in the ‘SN742’. The prediction of promoter elements found that the BrRPP1 promoter region amplified form ‘SN742’ or ‘SN205’ contains basic elements, light-responsive elements and corresponding elements of biotic and abiotic stress (
Table 2
). However, the number of cis-acting elements was different in the two materials. Analyzing the difference of biotic and abiotic stress elements in BrRPP1 promoter between ‘SN205’ and ‘SN742’, it was found that there was a MYC transcription factor binding site in one of inserted segments (IF-1) in BrRPP1 promoter of ‘SN205’, and a MYB binding site was truncated by the inserted segment IF-1. In addition, compared with BrRPP1 promoter of ‘SN742’, an ARE element was missing and an ARBE element was adding in that of ‘SN205’ (
Figure 2
).




Figure 2 | 
Promoter sequence and element analysis of BrRPP1 in resistance and susceptible materials of Chinese cabbage.




Table 2 | 
Promoter element analysis of BrRPP1 in resistance and susceptible materials of Chinese cabbage.





3.3 The expression pattern analysis of BrRPP1


In order to analyze the expression pattern of BrRPP1 gene, qRT-PCR showed that there was no significant difference between the expression level of BrRPP1 in ‘SN742’ roots of 14th and 42nd days after inoculation of P. brassicae and that in uninfected roots of Chinese cabbage (
Figure 3A
). However, the comparative analysis of the expression of BrRPP1 between ‘SN742’ and ‘SN205’ showed that it was significantly higher in ‘SN205’ than in ‘SN742’ at both sampling dates (
Figure 3B
).




Figure 3 | 
The analysis of relative expression of BrRPP1 gene. (A) The expression difference of BrRPP1 between uninoculated and inoculated roots with P. brassicae. 14D, the 14th day after inoculation of P. brassicae. 42D, the 42th day after inoculation of P. brassicae. CK, uninoculated control roots. T, roots treated with P. brassicae. (B) The expression of BrRPP1 in roots of ‘SN742’ and ‘SN205’ uninoculated with P. brassicae. Data represent the mean ± standard deviation (n = 3); letters indicate significant differences at p ≤ 0.05, according to Duncan’s multiple range test.





3.4 Identification of disease resistance of Arabidopsis mutant rpp1


Identification of Arabidopsis mutants by ‘three-primers’ showed that a fragment of about 1280 bp was amplified in No.1 and No.3 by LP+RP, and a fragment of about 720 bp was amplified in No.2, 3, 4, 5 and 6 by LB + RP (
Figure 4A
). In theory, LP and RP are located on both ends of T-DNA insertion site, and LB is located at T-DNA insertion site, the length of LP + RP amplification products should be 1280 bp, and the length of LB + RP amplification products should be 594-894 bp.




Figure 4 | 
Disease resistance identification to P. brassicae in Arabidopsis mutant rpp1. (A) The identification results of Arabidopsis mutant rpp1 by ‘three-primers’. M, D2000 bp marker; 1, wild type of Arabidopsis with two replicates; 2-6, different plants of Arabidopsis mutant rpp1 with two replicates. (B) P. brassicae infection observation for wild-type (WT) and Arabidopsis mutant rpp1. The red arrow, the position of the spore or sporangium. Scale bar=50 μm.



There was only a band of 1280 bp in No. 1, so it was a wild-type mutant without T-DNA insertion, while two bands of 1280 bp and 720 bp was amplified in No.3, so it was a heterozygous mutant with unilateral T-DNA insertion. There was only a band of 720 bp in No. 2, 4 and 6, so they were homozygous mutants.

After infection with P. brassicae, the roots of ‘rpp1’ and ‘WT’ were both not be infected within 24 h. After 48 h, primary spores appeared in the root hairs of the ‘rpp1’ mutants, while zoospores only attached to the surface of root hair of ‘WT’. After 72 h, the root hair of ‘rpp1’ was more severely infected by spores, and the primary spores appeared in the root hairs of ‘WT’ (
Figure 4B
). The results indicated that the absence of RPP1 could accelerate the infection process of P. brassicae.



3.5 The subcellular localization analysis of BrPPR1

After A. tumefaciens infection solution containing pGPTVII.GFP-BrRPP1 plasmid was injected into tobacco leaves, observation under Confocal laser microscope found that pGPTVII.GFP-BrRPP1 carrier only produced fluorescence signal in the nucleus, and the fluorescence signal overlapped with DAPI nuclear dye (
Figure 5
).




Figure 5 | 
Subcellular localization of BrRPP1. GFP, GFP fluorescence. DAPI, DAPI fluorescence. Bright, brightfield image. Merge, merged pictures of GFP, bright, and DAPI fluorescence. Three views were selected for electron microscope observation. Scale bar=20 μm.





3.6 Screening of interaction proteins of BrRPP1


The toxicity test results of pGBKT7-BrRPP1 showed that the yeast strains containing pGBKT7-BrRPP1 could grow normally on SD/-Trp medium plate, and there was no significant difference in colony size and number between the strains containing pGBKT7-BrRPP1 and those containing pGBKT7-T, which indicated that BrRPP1 is not toxic to yeast growth (
Figure 6A
).




Figure 6 | 
Interaction proteins screening of pGBKT7-BrRPP1. (A) Toxicity test of pGBKT7- BrRPP1. (B) Self-activation detection of pGBKT7- BrRPP1. (C) PCR identification of positive interaction proteins of BrRPP1 (part).



To avoid the false positive interaction proteins caused by the self-activation of pGBKT7-BrRPP1, self-activation analysis found that the yeast colonies co-transfected with pGBKT7-BrRPP1 and pGADT7-T could grow normally on DDO deficient medium, indicating that pGBKT7-BrRPP1 and pGADT7-T were successfully co-transfected into yeast cells. On the QDO/X/A medium, the positive control group (pGBKT7-53 + pGADT7-T) grew normally, activated the reporter genes and showed blue colonies. However, the negative control group (pGBKT7-Lam + pGADT7-T) could not grow on the QDO/X/A medium. The experimental group (pGBKT7-BrRPP1 + pGADT7-T) also could not grow on the QDO/X/A medium, indicating that the bait vector pGBKT7-BrRPP1 had no self-activation effect and could be used for yeast two-hybrid library screening (
Figure 6B
). Through Y2H library screening, 35 positive colonies were screened on QDO/X/A medium, which may interact with BrRPP1. The length of the inserted fragments of these clones ranged from 750-1000 bp (
Figure 6C
).

Functional analysis of these candidate interacting proteins shows that they participate in six pathways, including programmed cell death, JA pathway, plant cell wall synthesis, plant photosynthesis, nitrogen metabolism and transcriptional regulation. XM_009125371.3 (cytochrome c6, Cytc) involved in programmed cell death, the detection rate was 17.14%; XM_009112750.3 (Phospholipase A1, PLA1) involved in the synthesis of jasmonic acid (JA), the detection rate was 14.28%; XM_013801607.2 (galacturonosyltransferase 8-like, GT8) involved in cell wall modification, the detection rate was 11.42%; XM_009151660.3 (HNH endonuclease, HNH), XM_018654018.2 (phosphoribulokinase, PRK) and XM_009132313.1 (oxygen enhancing protein, OEE) involved in photosynthesis, the detection rate were 17.14%, 14.28% and 11.42% respectively. The detection rate of other candidate proteins is lower than 3%. In addition, there were two other unknown functional proteins (
Table 3
).


Table 3 | 
Sequencing analysis of positive clones.





3.7 Analysis of relative expression of related proteins

In order to further analyze whether the expression of these candidate interacting proteins were influenced by P. brassicae infection, qRT-PCR results showed that the gene expression of all of these proteins were significantly changed after infection with P. brassicae. After inoculation treatment by P. brassicae, XM_009132313.1 and XM_018654018.2 were only significantly down-regulated expressed at the early stage of infection, and the expression of XM_009125371.3 and XM_009151660.3 were significantly up-regulated at both sampling dates, and XM_013801607.2 was significantly down-regulated at both sampling dates, while the expression of XM_009112750.3 was significantly down-regulated on the 14th day, and significantly up-regulated on the 42nd day (
Figure 7A
). In addition, expression differences of these genes were also happened between ‘SN205’ and ‘SN742’ (
Figure 7B
).




Figure 7 | 
Gene expression pattern analysis of the candidate interacting protein of BrRPP1. (A) The expression difference of the candidate interacting proteins of BrRPP1 between uninoculated and inoculated roots with P. brassicae. 14D, the 14th day after inoculation of P. brassicae. 42D, the 42th day after inoculation of P. brassicae. CK, uninoculated control roots. T, roots treated with P. brassicae. (B) The expression of the candidate interacting proteins of BrRPP1 in roots of ‘SN742’ and ‘SN205’ uninoculated with P. brassicae. Data represent the mean ± standard deviation (n = 3); letters indicate significant differences at p ≤ 0.05, according to Duncan’s multiple range test.






4 Discussion


4.1 BrRPP1 belongs to R gene with TIR-NBS-LRR domain

The clubroot disease caused by the P. brassicae has seriously affected the economic value of cruciferous crops. At present, many R genes to clubroot disease have been mapped in Chinese cabbage. As a common candidate gene for Rcr1 and Rcr2 (Chu et al., 2014; Yu et al., 2016; Huang et al., 2017), Bra019410 was a highly homology protein with RPP1 in Arabidopsis, so it was named BrRPP1. Through the analysis of the conservative domain, we found that the protein contains TIR and LRR and other conservative domains, belonging to TIR-NBS-LRR proteins (
Figure 1A
). The LRR domain of TIR-NBS-LRR has the function of identifying pathogens and can trigger the ETI resistance of plants (Ghelder and Esmenjaud, 2016). Previous studies have confirmed the LRR domain of RPP1-NdA (allele of RPP1) of hyaloperospora Arabidopsidis can recognize the effector protein ATR1 of the oomycete pathogen, but the LRR domain alone cannot activate the hypersensitivity of plants, which indicates that other domains of RPP1 have signal transduction functions (Steinbrenner, 2015).



4.2 Sequence difference of BrRPP1 between resistant and susceptible materials leads to resistance difference to P. brassicae


After cloning and sequencing of cDNA sequence of BrRPP1 in ‘SN205’ and ‘SN742’, it was found that the cDNA sequence was different between ‘SN205’ and ‘SN742’, and the difference mainly occured after the LRR conservative domain (
Figure 1
). In addition, sequence and elements number of BrRPP1 promoter were significantly differences between resistant and susceptible materials (
Figure 2
). The analysis of gene expression pattern showed that the expression of BrRPP1 was not affected by the infection of P. brassicae, while the expression of BrRPP1 in ‘SN205’ was significantly higher than that in ‘SN742’ (
Figure 3
). Therefore, it can be inferred that the sequence and the expression difference of BrRPP1 leads to resistance difference between resistant and susceptible materials.



4.3 BrRPP1 may play a role in disease resistance to P. brassicae



Arabidopsis thaliana can also be infected by P. brassicae, so it can be used as a useful model host for studying the clubroot disease (Koch et al., 1991; Mithen and Magrath, 1992; Ludwig-Müller et al., 2009). In order to confirm the disease resistance of BrRPP1, the disease resistance of the Arabidopsis mutant rpp1 was identified. The results showed that the deficiency of RPP1 accelerated the infection of P. brassicae, which indicated that BrRPP1 should play a role in disease resistance to P. brassicae (
Figure 4
).



4.4 BrRPP1 was expressed in the nucleus

In order to analyze the expression site of BrRPP1 in cells, we constructed the expression vector pGPTVII.GFP-BrRPP1 for subcellular localization analysis. In previous subcellular localization studies, the RPP1-WsA fragment was located in the endoplasmic reticulum and Golgi apparatus, RPP1-WsB fragments are located in the plasma membrane, and RPP4 and RPP8 fragments are located in the nucleus (Takemoto et al., 2012). However, the localization result of the N-terminal fragment alone cannot completely determine the expression pattern of the full-length protein. GhTIR-NBS-LRR1 containing the structure of TIR-NBS-LRR was a homologous protein of BrRPP1, which localized in the nucleus (Li et al., 2019). This result provided a reference for our prediction results. In this experiment, Confocal laser microscope observation showed that pGPTVII.GFP-BrRPP1 appeared fluorescence signal in the nucleus, which confirmed BrRPP1 was expressed in the nucleus (
Figure 5
). Therefore, yeast two-hybrid screening can be carried out using nuclear library.



4.5 BrRPP1 may regulate programmed cell death by promoting the release of cytochromes in response to be infection of P. brassicae


The RPP1 (Recognition of Peronospora parasitica1) was first found in Arabidopsis ‘Wassilewskija’ (Botella, 1998). The current research about RPP1 is mostly in its interaction with effector proteins, intramolecular interactions and the process of inducing plant cell death. The Arabidopsis RPP1 is a typical TIR-NBS-LRR gene, RPP1 has been shown to be able to directly recognize pathogens in Arabidopsis thaliana, and it also has an indirect recognition function by recognizing the target proteins of pathogenic effector proteins (Renier et al., 2008). TIR domain in RPP1 has been confirmed to have a self-binding effect, which plays an important role in inducing cell death (Wan et al., 2019). In this study, 35 interacting proteins of BrRPP1 were screened by yeast-two hybrid. Among them, Cytochrome C (Cytc) is widely present in the mitochondria of plants and organisms, and is considered to be related to the programmed cell death. The release of Cytc from mitochondria is common in the process of programmed cell death in plant cells (Vacca et al., 2006; Qi et al., 2018; Matilla, 2021). Wang et al. (2016) also found that rice NBS-LRR disease-resistant protein Pik-h interacts with Cytochrome c oxidase assembly protein (COX11). In our study, it was found that the expression of Cytc was significantly up-regulated after infection by P. brassicae, and its expression was significantly different between resistant and susceptible materials (
Figure 7
). Therefore, we can speculate that BrRPP1 as a TIR-NBS-LRR gene may regulate the programmed death of plant cells by promoting the release of cytochromes.



4.6 BrRPP1 may interact with BrPLA1 to mediate JA pathway in response to infection of P. brassicae


Jasmonic acid (JA) defense response is necessary for defense against biotic stress (Wasternack, 2007). AtPLAs family is involved in the transduction of auxin and pathogen signals (Holk et al., 2002). PLA2 can be strongly induced when tobacco is infected by bacterium Erwinia carovora or the fungus Botrytis cinerea, and accumulate large amounts of JA and 12-oxo-phytodienoic acid (Dhondt et al., 2010). We also found that a lipoyl hydrolase phospholipase A1 (PLA1) interacts with BrRPP1, which is homologous to Arabidopsis AtPLAIIα (
Table 3
).

There is a conflict between the understanding of relationship of JA pathway and the infection of P. brassicae. Eight genes related to JA biosynthesis and signaling were down-regulated in Brassica rapa ‘CR BJN3-2’ at early defense response induced by P. brassicae infection (Chen et al., 2016). Jubault et al. (2013) also reported the occurrence of a suppressed JA/ET signaling pathway in Arabidopsis on the 7th day after infection by P. brassicae. However, in the transcriptome experiment of Luo et al. (2018), the JA pathway was significantly up-regulated after infection by P. brassicae. Lemarié et al. (2015) demonstrated that both the SA and JA pathways contribute to resistance against P. brassicae in Arabidopsis.

In our research, the relative expression of PLA1 was significantly down-regulated on the 14th day after infection by P. brassicae, while the expression was significantly up-regulated on the 42nd day after infection, and its expression was significantly different between resistant and susceptible materials (
Figure 7
). Therefore, we speculate that BrRPP1 may interact with PLA1 to mediate the regulation of JA, but the process of JA pathway is complex in response to infection of P. brassicae. The confliction of JA pathway responsing to infection of P. brassicae should be from the different detection stage after infecting by P. brassicae.



4.7 BrRPP1 may modify the plant cell wall in response to the infection of P. brassicae


In addition, one of the screened interacting proteins of BrRPP1, XM_013801607.2, belongs to the glycosyltransferase family 8 (GT8), which has high homology with Arabidopsis AtGAUT8 (At3g25140). It has been proved that alpha-galacturonosyltransferase (GAUT) can synthesize pectin with UDP-GalA as substrate to participate in the synthesis of plant cell wall (Sterling et al., 2006). Plant cell walls provide a structural framework to support plant growth and act as the first line of defense when plants encounter pathogens (Houston et al., 2016). The changes of cell wall components affect the downstream functions of cells as storage units, structural networks and solute transporters. In many cases, it also affects the ability of cells to respond to stress caused by pathogens and the environment (Tucker et al., 2018). Genes encoding enzymes that can synthesize or hydrolyze plant cell wall components show different expressions under different pressures, indicating that they may promote stress tolerance by changing cell wall components (Seki et al., 2002). The arabinogalactan protein (Unigenes40439), a cell wall component, was changed significantly after infection by P. brassicae (Luo et al., 2018). In this study, the relative expression of GT8 was significantly down-regulated after infection by P. brassicae, and its expression was significantly different between resistant and susceptible materials (
Figure 7
). Therefore, it can be speculated that BrRPP1 may modify the plant cell wall to respond to the infection of P. brassicae by regulating glycosyltransferase.



4.8 BrRPP1 may interact with photosynthetic pathway proteins to mediate the response of Chinese cabbage to be infected by P. brassicae


Among these interacting proteins, some proteins related to plant photosynthesis have been found, including oxygen-evolving enhancer protein (OEE), phosphoribulokinase (PRK) and His-Asn-His endonuclease (HNH) (
Table 3
).

OEE is the peripheral protein of photosystem II and plays an important role in the oxygen releasing activity of photosystem II (Seidler et al., 1996). Studies have found that Arabidopsis oxygen enhanced protein AtOEE2 may participate in the generation of reactive oxygen species in the ETI reaction of plants by acting as the downstream signal of WAK1 (Yang et al., 2003). Oxygen enhancing protein has been proved to be involved in the transduction of disease resistance signals. The Phytophthora capsici Effect Factor RxLR19781 can regulate its zoospore infection by combining with the oxygen enhancing NbOEE2, which is the target protein of the effector protein of pathogenic bacteria (Liang et al., 2019). In this study, it was found that the expression of OEE was significantly down-regulated on the 14th day after inoculation of P. brassicae, and its expression level in resistant and susceptible materials was significantly different (
Figure 7
), so we speculated that OEE, as a peripheral protein of photosystem II, may be the target protein of effector protein of P. brassicae, and participate in the indirect recognition of BrRPP1 to P. brassicae.

The PRK is a part of the Calvin cycle of plant dark reaction, which exists in chloroplasts, and is responsible for the fixation of CO2 in photosynthetic organisms by catalyzing ribulose 5-phosphate to form the CO2 receptor ribulose 1, 5-diphosphate (Hariharan and Cattolico, 1998). Although people usually focus on the role of PRK in carbon assimilation and in the light environment, PRK also plays a role in biological and abiotic stresses. For example, OsPRK gene may participate in the induced defense response of rice to pests (Chen et al., 2020), and PRK in wheat responded to the infection of Puccina striiformis (Liang et al., 2007). In this study, it was found that the expression of PRK was significantly down-regulated after inoculation with P. brassicae, and its expression was significantly different between resistant and susceptible materials (
Figure 7
). This suggests that PRK, as a part of the Calvin cycle of plant dark reaction, may respond to the infection of P. brassicae.by interacting with BrRPP1,

The HNH nuclease domain contains three of the most conserved His and Asn amino acid residues and has DNA cleaving activity (Zhang et al., 2016). The role of proteins containing HNH nuclease motif has been rarely reported in plants. A recent study showed that a White Stripe Leaf 9 (WSL9) protein containing HNH domain plays a crucial role in the early development of chloroplasts (Zhu et al., 2020). There is no report on the role of HNH in disease resistance. In this study, it was found that HNH interacted with BrRPP1, and its expression was significantly down-regulated after being infected by P. brassicae. The expression of HNN was significantly different between resistant and susceptible materials (
Figure 7
). This result suggests that HNH plays a crucial role in the early development of chloroplasts, and may respond to the infection of P. brassicae.

Above all, OEE, PRK and HNH all participate in plant photosynthesis, and respond to the infection of P. brassicae by interacting with BrRPP1.




5 Conclusions


BrRPP1 has been located as a candidate R gene to clubroot disease for many times. In this study, we found that BrRPP1 contains typical TIR-NBS-LRR domain of R gene. Although the gene expression of BrRPP1 was not affected by the infection of P. brassicae, the sequence difference of its cDNA and promoter between resistant and susceptible materials leads to the change of protein structure, and the significant difference of BrRPP1 gene expression between resistant materials and susceptible materials. Arabidopsis homologous deletion mutant of BrRPP1 reduced the resistance to clubroot disease. Moreover, the interaction proteins of BrRPP1 with high detection rate were involved in the pathways of programmed cell death, JA signal, cell wall synthesis and photosynthetic, and their expressions were significantly changed by infection with P. brassicae. So it was speculate that BrRPP1 participated in the resistance of Chinese cabbage to P. brassicae by inducing the above pathways (
Figure 8
).




Figure 8 | 
Role pattern of BrRPP1 in Chinese cabbage response to Plasmodiophora brassicae. BrRPP1 gene contains TIR-NBS-LRR domain and belongs to R gene. The gene sequence of BrRPP1 in resistant varieties was different from that in susceptible varieties. Green represents base insertion, yellow represents base deletion, and red represents base mutation. The difference of BrRPP1 promoter sequence leads to the significant difference of gene expression between resistant varieties and susceptible varieties.
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Introduction

Verticillium wilt (VW) caused by Verticillium dahliae is a soil-borne vascular fungal disease that severely affects cotton yield and fiber quality. Sugar metabolism plays an important role in the growth and pathogenicity of V. dahliae. However, limited information is known about the sugar transporter genes and their roles in the growth and pathogenicity of V. dahliae.



Method

In this study, genome-wide identification of sugar transporter genes in V. dahliae was conducted and the expression profiles of these genes in response to root exudates from cotton varieties susceptible or resistant to V. dahliae were investigated based on RNA-seq data. Tobacco Rattle Virus-based host-induced gene silencing (TRV-based HIGS) and artificial small interfering RNAs (asiRNAs) were applied to investigate the function of candidate genes involved in the growth and pathogenic process of V. dahliae.



Results

A total of 65 putative sugar transporter genes were identified and clustered into 8 Clades. Of the 65 sugar transporter genes, 9 were found to be induced only by root exudates from the susceptible variety, including VdST3 and VdST12 that were selected for further functional study. Silencing of VdST3 or VdST12 in host plants by TRV-based HIGS reduced fungal biomass and enhanced cotton resistance against V. dahliae. Additionally, silencing of VdST12 and VdST3 by feeding asiRNAs targeting VdST12 (asiR815 or asiR1436) and VdST3 (asiR201 or asiR1238) inhibited fungal growth, exhibiting significant reduction in hyphae and colony diameter, with a more significant effect observed for the asiRNAs targeting VdST12. The inhibitory effect of asiRNAs on the growth of V. dahliae was enhanced with the increasing concentration of asiRNAs. Silencing of VdST12 by feeding asiR815+asiR1436 significantly decreased the pathogenicity of V. dahliae.



Discussion

The results suggest that VdST3 and VdST12 are sugar transporter genes required for growth and pathogenicity of V. dahliae and that asiRNA is a valuable tool for functional characterization of V. dahliae genes.
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Introduction

Cotton is one of the most important economic crops in the world, the main source of natural fiber for the textile industry, and an important strategic material for the national livelihood (Zhang et al., 2015). The cotton quality and yield are often affected by various biotic and abiotic stresses. Cotton Verticillium Wilt (VW), caused by Verticillium dahliae Kleb., is one of the most serious cotton diseases worldwide (Fradin and Thomma, 2006). This disease can result in more than 50% cotton fields damaged and cause substantial economic loss every year in China (Zhang et al., 2020). V. dahliae is particularly difficult to control because it persists in soil as long-living dormant microsclerotia (Fradin and Thomma, 2006; Luo et al., 2014). V. dahliae invades cotton through the root system (Duressa et al., 2013). After sensing cotton root exudates, the microconidia of V. dahliae germinate towards roots and then produce hyphae, which enter the root epidermal cells and multiply in the xylem vessels. Mycelium, spores, or polysiccharedes produced by V. dahliae can clog the vessels, resulting in leaf yellowing, wilt, necrosis, defoliation and vascular brown coloration (Song et al., 2020). In recent years, with the completion of whole genome sequencing of V. dahliae, a number of genes involved in the growth and pathogenic process of V. dahliae have been identified (Gui et al., 2017; Zhang et al., 2017; Qin et al., 2018; Xu et al., 2018; Zhang et al., 2018). However, due to the complexity of the molecular basis of pathogenicity in V. dahliae, we expect more genes involved in the pathogenic process of V. dahliae to be found.

During the infection process, pathogenic fungi need to use various metabolites secreted by the host to provide nutrients and energy. Sugar is an essential nutrient and a major component for living organisms. Sugar metabolism plays an important role in the growth and pathogenicity of V. dahliae. During the last decades, cell wall degrading enzymes which degrade cell wall polysaccharides (cellulose, hemicellulose and pectin) have been extensively studied (Fradin and Thomma, 2006). The cell wall degrading enzyme genes, such as VdEg-1, VdSSP1 and VdSNF1, have been proved to be related to the pathogenicity of V. dahliae (Novo et al., 2006; Maruthachalam et al., 2011; Tzima et al., 2011; Liu et al., 2013a). The sugar transmembrane transportation is mainly carried out by sugar transporters, which are responsible for taking up monosaccharides and short oligosaccharides derived from plant cell wall polysaccharides (Doidy et al., 2012; Peng et al., 2018). However, the sugar transporter (ST) genes have not yet been investigated in V. dahliae.

Sugar transporters widely exist in all kingdoms of life from microorganisms to plants and animals. Sugar transporters belong to the major facilitator superfamily (MFS), usually composed of 400 to 600 amino acids. They are highly similar in primary structure and usually contain 12 transmembrane domains (Law et al., 2008). Sugar transporters mediate the transport of monosaccharides (such as glucose, frucotse and mannose), sucrose and polyols (such as mannitol and sorbitol) (Mahmud and Kissinger, 2017). Monosaccharide transporters can be clustered into hexose, pentose, and inositol based on a phylogenetic relationship analysis (Peng et al., 2018). Many sugar transporter genes have been identified from different fungus (Saitoh et al., 2014; Schuler et al., 2015). ST genes have been found to participate in the interactions between host plants and fungus and to perform an important function in the absorption of host sugars (Doehlemann et al., 2005; Fang and St Leger, 2010; Doidy et al., 2012). Knockout or silencing of sugar transporter genes identified in some fungi affected the growth and development of the fungi and reduced their pathogenicity (Wahl et al., 2010; Liu et al., 2013b; Saitoh et al., 2014; Chang et al., 2020).

It has been found that the content of glucose, fructose and sucrose in the root exudates from cotton varieties susceptible to V. dahliae is much higher than that from resistant ones (Wu et al., 2007). Previous transcriptome analysis found that several ST genes responded to root exudates from susceptible cotton variety, suggesting that they were closely related to the pathogenicity of V. dahliae (Zhang et al., 2020). In order to explore the role of ST genes in growth and pathogenicity of V. dahliae, here, genome-wide identification of ST genes was conducted and their expression profiles after sensing root exudates from cotton varieties susceptible or resistant to V. dahliae were analyzed. A total of 65 VdST genes were identified and 9 of them were found to be induced by root exudates from susceptible cotton variety. Two VdST genes (VdST3 and VdST12) were selected for functional study by using host-induced gene silencing (HIGS) and asiRNA (artificial small interfering RNA) technologies. The results indicated that silencing VdST3 or VdST12 resulted in a reduced pathogenicity of V. dahliae and increased cotton resistance to VW, demonstrating the importance of the two genes in pathogenicity of V. dahliae.



Materials and methods


Fungi and plant materials and growth conditions

The strongly pathogenic strain Vd991 of V. dahliae was used in this study. The Vd991 strain was cultured in 200 mL of Czapek liquid media and incubated for 5-7 d at 25°C with 150 rpm/min shaking. The spores were collected by filtering the fungal solution with sterilized gauze (8 layers) and were adjusted to 1.0×107 CFU/mL or 1.0×105 CFU/mL using a hemocytometer.

The Upland cotton variety Xinluzao 7 susceptible to V. dahliae was used in this study. Cotton seeds were grown in pots and placed in a controlled environmental chamber under a photoperiod of 16h of light and 8h of darkness at 28°C. Seedlings at the second true leaf stage were used for infection assays, in which the growth temperature was changed to 25°C for better development of disease symptoms.



RNA extraction and cDNA synthesis

Total RNA of V. dahliae was extracted using Fungal RNA Kit (Omega Inc., USA) according to the manufacturer’s procedures. Total RNA of cotton tissues was extracted using the EASYspinPlus Plant RNA Extraction Kit (Aidlab, Beijing, China). Easyscript® One-step gDNA Removal and cDNA Synthesis Super Mix (TransGen Biotech, Beijing, China) kit was used to synthesize cDNA.



Identification of the sugar transporter family genes of V. dahliae

The gtf, genomic, CDS, and protein sequences of V. dahliae (ASM15067v2) were downloaded from the V. dahliae data website (https://fungi.ensembl.org/Verticillium_dahliae/Info/Index). The Sugar_tr domain (PF00083) downloaded from Pfam database (https://www.ebi.ac.uk/interpro/entry/pfam/#table) was used to search the sugar transporter proteins in V. dahliae protein database by HMMER software with a standard hmmsearch score ≥ 238 (Peng et al., 2018). Gene ID and chromosome location of VdST genes were obtained from the NCBI database (https://www.ncbi.nlm.nih.gov/). The Sequence Manipulation Suite online tool (http://www.detaibio.com/sms2/protein_iep.html) was used to estimate the basic physicochemical properties of the VdST proteins, such as protein length (PL), molecular weight (MW) and isoelectric point (pI). Transmembrane structural domains (TMD) were predicted with TMHMM program (http://genome.cbs.dtu.dk/services/tmhmm) and the subcellular localization of VdST proteins was predicted using the online software Prot Comp 9.0 (http://www.softberry.com/berry.phtml?topic=protcompan&group=programs&subgroup=proloc).



Multiple sequence alignment and phylogenetic tree analyses

The ST protein sequences from V. dahliae and other fungi (Table S1) were initially aligned using Clustal W. The phylogenetic analysis was accomplished using MEGA 7.0 via the neighbor-joining (NJ) method and bootstrap tests replicated by 1000 times. Finally, the tree was visualized by the Interactive Tree Of Life online tool (https://itol.embl.de/).



Analyses of the conserved motifs and structure of VdST genes

The conserved motifs of the VdST proteins were analyzed by the MEME program (https://meme-suite.org/meme/tools/meme) using the parameters of 10 motifs and displayed by TBtools software (Chen et al., 2020). The prepared gtf format file and gene sequence number were put into TBtools for gene structure visualization.



Analysis of the expression profile of VdST genes based on RNA-seq datasets

Previous RNA-seq datasets (BioProject accession ID: PRJNA545805) were used to explore the expression profiles (FPKM, fragments per kilobase per million fragments mapped) of VdST genes. The RNA-seq datasets were generated from V. dahliae samples cultured on root exudates from an Upland cotton variety Xinluzao 7 (X) susceptible to V. dahliae, a Sea Island cotton variety Hai7124 (H) resistant to V. dahliae, or water (W) for 0h, 6h, 12h, 24h and 48h (Zhang et al., 2020). The gene expression heatmap of VdST genes was drawn using TBtools software.



Host-induced silencing of VdST genes

The pTRV1, pTRV2 and pTRV2-GhCHLI plasmids were kindly provided by Prof. Longfu Zhu of Huazhong Agricultural University. Four interfering fragments VdST3-1 (337bp), VdST3-2 (346bp), VdST12-1 (346bp) and VdST12-2 (367bp) designed to target VdST3 (Gene ID: VDAG_07563) or VdST12 (Gene ID: VDAG_04513) were amplified from Vd991 cDNA with VdST3-F1/R1, VdST3-F2/R2, VdST12-F1/R1 and VdST12-F2/R2 (Table S2) and inserted into pTRV2 vector, respectively. The HIGS (host-induced gene silencing) vectors (pTRV2-VdST3-1, pTRV2-VdST3-2, pTRV2-VdST12-1 and pTRV2-VdST12-2) were generated and transformed into Agrobacterium tumefaciens strain GV3101 by electroporation. Cotton leaves (Xinluzao 7) were used for injection with TRV as previous description (Xiong et al., 2020). The pTRV2-GhCHLI treated seedlings were applied as a positive control. When the bleaching phenotype was observed in pTRV2-GhCHLI treated seedlings, the pTRV2-VdST3-1, pTRV2-VdST3-2, pTRV2-VdST12-1 and pTRV2-VdST12-2 treated plants were inoculated with Vd991 by root irrigation with 20 mL spore suspension (1×107 CFU/mL). The fungal infection symptoms were investigated at 14 and 21 dpi (days post inoculation). The disease index (DI) was calculated according to a five-scale classification (0, 1, 2, 3 and 4) of VW disease on cotton seedlings (Standard No.: GB/T28084-2011).



asiRNA design and treatment

Multiple online sites (http://biodev.extra.cea.fr/DSIR/DSIR.html, https://www.invivogen.com/sirnawizard/design.php) were used for siRNA design. Sequences in two different sites specific to each gene were used as the asiRNA candidates. The specificity of the asiRNA sequences were confirmed by BLASTn against the genomic sequences of V. dahliae to avoid off-targeting. A 19-bp sequence specific to the nematode genome was used as negative control (NC). Double T nucleotides were added to the 3’-terminus of these candidate sequences to stabilize the asiRNAs (Table S3). The double-stranded asiRNA sequences were synthesized by Shanghai Sangon Biotech (China).

The Vd991 strain was incubated in Czapek liquid media containing asiRNA at different concentrations (0, 50, 100 or 200 nM) for 6 d at 25°C with 150 rpm/min shaking. The spores co-cultured with asiRNA were collected and adjusted to 1×107 CFU/mL. Then 10 µL of spore suspension containing asiRNA was inoculated into the center of PDA (Potato Dextrose Agar) medium and incubated at 25°C in the dark. The colony diameter was measured at 3, 6, 9, 12, 15 and 18 days post incubation. To observe hyphal morphology, 10 µL of spore suspension (1×105 CFU/mL) containing asiRNA at different concentrations was applied to PDA medium. The hyphal morphology was observed at 36 hours post incubation under microscope. Wild-type Vd991 was used as control (CK), and Vd991 co-cultured with asiRNA from nematode was used as a negative control (NC). All tests were repeated three times.

To investigate the role of VdST3 and VdST12 in carbon utilization, 6 different monosaccharides, disaccharides or polysaccharides, including glucose (50 g/L), galactose (50 g/L), xylose (50 g/L), maltose (50 g/L), sucrose (50 g/L) and cellulose (10 g/L) were individually added to Czapek Dox medium lacking carbon source. Then, 10 µL of spore suspension (1×107 CFU/mL) from Vd991 co-cultured with asiRNA (200 nM) was placed in media with different carbon sources, and then incubated at 25°C in the dark. The colony diameter was measured at 3, 6, 9, 12, and 15 days post incubation. All tests were repeated three times.

To investigate whether asiRNAs affect the pathogenicity of V. dahliae, spore suspension (1×107 CFU/mL) from Vd991 co-cultured with asiRNAs (200 nM) was prepared for infection process assay. Wild-type Vd991 was used as control (CK), and Vd991 co-cultured with asiRNA from nematode was used as a negative control (NC). Xinluzao 7 seedlings at two-leaf stage were inoculated with various Vd991 by root irrigation with 20 mL spore suspension. The fungal infection symptoms were investigated at 14 and 21dpi. The disease index (DI) was calculated as mentioned above.



Gene expression assay

Roots, stems and leaves from infected seedlings were sampled at 14 and 21dpi for RNA extraction. The Vd991 strain incubated in Czapek liquid media containing asiRNA at different concentrations for 6 d were collected for RNA extraction. The transcription levels of VdST3 and VdST12 were analyzed by qRT-PCR with primer pair of VdST3-qF1/R1 and VdST12-qF1/R1 (Table S2), respectively. Cotton Tubulin gene was used as internal reference. The qRT-PCR assay was conducted using the SYBR Green Mix (TaKaRa, Dalian, China), and PCR cycling started with an initial step of 95°C for 10s, 40 cycles at 60°C for 15s, and 72°C for 20s. The qRT-PCR reactions were performed on a Roche LightCycler 480 II instrument and the results were analyzed by the 2-ΔΔCT method (Livak and Schmittgen, 2001). The primer specificity and the formation of primer-dimers were tested by dissociation curve analysis.



Recovery of V. dahliae from infected seedlings

At 14 dpi, 10 infected seedlings were randomly selected for the V. dahliae recovery experiment. Stems were harvested by cutting the seedlings from the base and cut into 2 cm long segments. The stem segments were sterilized with 75% alcohol for 30 s, then soaked in 0.1% HgCl2 solution for 5 min and rinsed 3-5 times in sterile water. The sterilized stem segments were evenly placed on PDA plates and incubated at 25°C for colony observation at 7 days post incubation.



Fungal biomass measurement

At 21 dpi, different tissues from infected seedlings were collected separately and used for measurement of fungal biomass by qRT-PCR. DNA was extracted from roots, stems and leaves by CTAB method. V. dahliae specific primers ITS1-F and ST-Ve1-R were used for fungal biomass measurement as previously reported (Xiong et al., 2020). To normalize differences in DNA template amounts, the cotton GhUBQ7 gene (DQ116441.1) amplified using primer pair UBQ7-F/R was used as the internal reference. qRT-RCR reactions were performed as described above.




Results


Genome-wide identification of ST genes in V. dahliae

A total of 65 putative ST genes were identified in the genome of V. dahliae by HMMER analysis and named VdST1 to VdST65 (Table S4). The length of these VdST protein sequences ranged from 396 to 669 amino acids (aa), with the predicted molecular weights (MW) from 42.94 to 73.43 kDa, theoretical isoelectric points (pI) from 5.29 to 9.53, and the number of transmembrane domains (TMD) ranged from 7 to 12. It was found that 29 out of the 65 VdST proteins contained the entire 12 TMDs, 28 possessed 10 or 11 TMDs, while 8 carried only 7 to 9 TMDs. The 65 VdST genes were randomly distributed on 8 chromosomes, of which chromosomes 3 and 4 harbored the most VdST genes (12 and 10, respectively), whereas chromosomes 8 and 7 contained only 3 and 5 VdST genes, respectively. According to the subcellular localization predictions, overwhelming majority of VdST proteins (60) were located in the plasma membrane, with a few localized to endoplasmic reticulum, vacuole, mitochondrion, golgi and nucleus.



Classification and phylogenetic analysis of VdST genes

The protein sequences of all 65 VdST genes together with 30 ST genes reported in other fungi (Table S1) were used for phylogenetic analysis (Peng et al., 2018). As shown in Figure 1, 65 VdST genes were classified into 8 different Clades. There were 16 VdST genes in Clade IV, which was the largest subfamily, including sucrose transporter Srt1 from Ustilago maydis and maltose transporter MAL11 from yeast (Saccharomyces cerevisiae). Clade II contained 13 VdST genes that were clustered with known lactose permease and hexose transporter genes, such as lactose transporter LacpA, LacpB/cltB and cellobiose transporter cltA from Aspergillus nidulans. Clade V included 9 VdST genes and quinate permease-encoding genes from other species, including D-galacturonic acid transporters GalA (Neurospora crassa) and gatA (Aspergillus niger) and quinic acid transporter Qa (Neurospora crassa). Clade VIII included 7 VdST genes and glucose transporter genes from other fungi, such as hexose transporter HXT13 (Saccharomyces cerevisiae) and hxt1 (Ustilago maydis), glucose transporter hgt2 (Neurospora crassa), SNF3 (Saccharomyces cerevisiae), mstC, mstG, mstA and mstA (Aspergillus niger), galactose transporter GAL2 (Saccharomyces cerevisiae) and pentose transporter XYT1 (Neurospora crassa). Clade VIII harbored 7 VdST genes and myoinositol transporter ITR1 from Saccharomyces cerevisiae. Other subfamilies, including Clade I, VI and VII, contained only 2 to 4 VdST genes. Four genes (VdST62, VdST63, VdST64 and VdST65) were not classified into any Clade.




Figure 1 | Phylogenetic classification of sugar transporters in V. dahliae. The phylogenetic tree contained 65 VdST proteins and 30 ST proteins from other fungi (Table S1). The tree was generated by MEGA 7.0 with 1000 bootstrap replications. Eight Clades were distinguished by different colors. The abbreviation of fungal species name is attached to each transporter protein (anid = Aspergillus nidulans, anig = Aspergillus niger, amon = Ambrosiozyma monospora, bcin = Botrytis cinerea, kmar = Kluyveromyces marxianus, ncra = Neurospora crassa, scer = Saccharomyces cerevisiae, spas = Saccharomyces pastorianus, stip = Scheffersomyces stipitis, umay = Ustilago maydis).





Conserved motifs and structure of VdST genes

A total of 10 conserved motifs were identified in VdST proteins, and the location of these motifs in each protein was showed in Figure 2A. The motif numbers varied from 7 (VdST22 and VdST23) to 11 (VdST17, VdST36, VdST52 and VdST58), and most proteins (44) harbored 10 motifs. Compared with the VdST proteins in other Clade, the VdST proteins in Clade III contained less motifs, ranging from 7 to 9. Motif 3 was identified in all 65 VdST proteins, suggesting that it may be critical for the role of VdST proteins. Most proteins (more than 61) contained motifs 1, 2, 4, 5, 6, 8 and 9 (Figure 2A and Table S5), suggesting their importance for the function of VdST proteins. Motif 7 was absent in all proteins of Clade III, and motif 10 was absent in several Clade III VdST proteins. Interestingly, where there is a deficiency in motif 5 it is usually replaced by motif 10, and vice versa, lack of motif 10 is usually replaced by motif 5, such as in VdST3 and VdST13, suggesting that these two motifs may be structurally and functionally similar, complementing each other. The length of the 10 conserved motifs ranged from 13 to 21 amino acids, and the putative Sugar_tr structural domain was predicted in the conserved motifs 1-7 and 9 (Table S5). The amino acid frequency of the 10 motifs was not consistent in different VdST proteins (Figure S1).




Figure 2 | Conserved motifs and exon-intron structure of ST genes in V. dahliae. (A) Conserved motifs of the VdST proteins were identified by MEME program. Protein sequences and conserved motifs were represented by black lines and differently colored boxes, respectively. (B) Exon-intron structure of the 65 ST genes identified in V. dahliae. Untranslated regions, exons and introns were indicated by orange boxes, green boxes and black lines, respectively.



To better understand the structure of VdST genes, their exons and introns were analyzed (Figure 2B). There was no obvious similarity in the arrangement and number of exons and introns in each Clade. The number of exons (1 to 11) and introns (0 to 10) in 65 VdST genes were found to be variable. Most VdST genes (51) contained 2 to 5 exons, 12 genes contained more than 6 exons, and 2 genes contained only 1 exon. Additionally, the length of exons was also found to be variable, whereas the length of introns was shorter and more conserved.



Responses of VdST genes to root exudates from cotton varieties susceptible or resistant to V. dahliae

To find the VdST genes involved in pathogenic process of V. dahliae, the expression profiles of the 65 VdST genes in response to root exudates from two varieties (a susceptible Upland cotton variety Xinluzao 7 and a resistant Sea Island cotton variety Hai7124) were investigated by using the RNA-seq datasets available from our previous research (Zhang et al., 2020). Finally, a heatmap was generated based on FPKM value of the 65 VdST genes, exhibiting the expression profiles of these genes after sensing root exudates from different varieties. As shown in Figure 3, the VdST genes could be divided into 5 groups based on their expression profiles. It was notable that group I contained 9 VdST genes (VdST3, VdST41, VdST20, VdST12, VdST36, VdST17, VdST8, VdST15 and VdST37), which exhibited high expression at 6 hours after sensing root exudates from susceptible cotton variety (VdX6) but had no response to root exudates from resistant cotton variety (VdH), suggesting that these VdST genes may play important roles in the pathogenicity of V. dahliae. To verify this speculation, two VdST genes, VdST3 (VDAG_07563) and VdST12 (VDAG_04513), were selected for further characterization.




Figure 3 | Expression profile analysis of the 65 VdST genes after sensing root exudates from different cotton varieties. VdX6, 12, 24, and 48 represented V. dahliae samples cultured by root exudates from the susceptible cotton variety (Xinluzao 7) for 6, 12, 24 and 48h, respectively. VdH6, 12, 24, and 48 represented V. dahliae samples cultured by root exudates from the resistant cotton variety (Hai7124) for 6, 12, 24 and 48h, respectively. VdW6, 12, 24, and 48 represented V. dahliae samples cultured in water for 6, 12, 24 and 48h, respectively. The color of the scale bar, ranging from blue to red, represented low to high expression. The two genes (VdST3 and VdST12) selected for further study were highlighted in red.





Host-induced silencing of VdST3 or VdST12 alleviates disease symptoms caused by V. dahliae infection

TRV-based host-induced gene silencing (HIGS) was adopted to silence VdST3 or VdST12 genes in V. dahliae. Two interfering fragments were designed for each gene to silence VdST3 (VdST3-1 and VdST3-2) or VdST12 (VdST12-1 and VdST12-2). Ten days after injection with the HIGS vectors, the seedlings (Xinluzao 7) injected with pTRV2-GhCHLI showed the leaf-bleaching phenotype in the newly emerging leaves (Figure S2), indicating that the TRV-based technique worked well.

When cotton seedlings injected with pTRV2-GhCHL1 displayed leaf-bleaching phenotype, the seedlings injected with HIGS vector were inoculated with Vd991 by the root irrigation method. Fungal infection symptoms were investigated at 14 and 21 dpi (days post inoculation). At 14 dpi, pTRV2-00 seedlings (control) showed obvious leaf yellowing and wilting phenotype, however, the HIGS treated seedlings displayed only mild leaf yellowing phenotype (Figure 4A). The disease index (DI) of pTRV2-VdST3-1 (DI=55.3), pTRV2-VdST3-2 (DI=61.6), pTRV2-VdST12-1 (DI=51.5) and pTRV2-VdST12-2 (DI=52.2) seedlings was significantly lower than that of pTRV2-00 seedlings (DI=68.2) (Figure 4D). At 21 dpi, pTRV2-00 seedlings showed severe defoliation symptom, while the HIGS treated seedlings displayed only obvious leaf yellowing and wilting but few defoliation symptoms (Figure 4A). The disease index of pTRV2-VdST3-1 (DI=70.5), pTRV2-VdST3-2 (DI=72.3), pTRV2-VdST12-1 (DI=66.4) and pTRV2-VdST12-2 (DI=68.9) seedlings was significantly lower than that of control plants (DI=88.1) (Figure 4D). Stem dissection revealed that the HIGS treated seedlings had significantly lighter browning than pTRV2-00 seedlings (Figure 4A).




Figure 4 | Functional assessment of VdST3 and VdST12 in the pathogenicity of V. dahliae by TRV-based HIGS. (A) Fungal infection symptoms of HIGS treated seedlings (pTRV2-VdST3-1, pTRV2-VdST3-2, pTRV2-VdST12-1 and pTRV2-VdST12-2) at 14 and 21 dpi. (B) Fungal recovery from the stem segments of HIGS treated seedlings. Stem segments were harvested at 14 dpi, plated on PDA medium and incubated at 25°C. Photos were taken at 7 days post incubation. (C) The expression level of VdST3 and VdST12 in HIGS treated seedlings at 21 dpi by qRT-PCR analysis. Total RNA was isolated from roots (R), stems (S) and leaves (L) of HIGS treated seedlings at 21 dpi. The cotton tubulin gene was used as the internal reference. (D) Disease index of HIGS treated seedlings at 14 and 21 dpi. (E) qRT-PCR measurement of fungal biomass in HIGS treated seedlings at 21 dpi. The data were statistically analyzed by the IBM SPSS statistics 26.0. Statistical significance was determined using Student’s t-test. Asterisks (**) above the error bars indicated significant difference at p < 0.01 between HIGS treated seedlings and control (pTRV2-00 treated seedlings).



To test the silencing efficiency of TRV-based HIGS, qRT-PCR was used to determine the relative expression level of VdST3 and VdST12 at 21 dpi. Compared with pTRV2-00 seedlings, the expression level of VdST3 in pTRV2-VdST3-1 and pTRV2-VdST3-2 seedlings, and that of VdST12 in pTRV2-VdST12-1 and pTRV2-VdST12-2 seedlings were reduced significantly in all tissues (root, stem and leaf) (Figure 4C), indicating that TRV-based HIGS worked well to silence V. dahliae genes in infected cotton seedlings.

V. dahliae was isolated from pTRV2-VdST3-1, pTRV2-VdST3-2, pTRV2-VdST12-1 and pTRV2-VdST12-2 seedlings at 14 dpi, and colony growth was observed at 7 days after incubation on PDA medium. The average spread size of colony grown from stems of all seedlings injected with HIGS vector was reduced compared to that from stems of pTRV2-00 seedlings (Figure 4B). At 21 dpi, total DNA were extracted from roots, stems and leaves of the HIGS treated seedlings for measurement of fungal biomass using qRT-PCR. Fungal biomass quantifications revealed that less fungal biomass accumulated in pTRV2-VdST3-1, pTRV2-VdST3-2, pTRV2-VdST12-1 and pTRV2-VdST12-2 seedlings than in the pTRV2-00 seedlings (Figure 4E). Taken together, down-regulation of VdST3 and VdST12 by TRV-based HIGS significantly inhibited accumulation of fungal biomass in cotton seedlings and enhanced cotton resistance against V. dahliae, suggesting that VdST3 and VdST12 are involved in pathogenic process of V. dahliae.



Growth of V. dahliae is inhibited by application of asiRNAs targeting VdST3 or VdST12

In order to test whether the growth of V. dahliae could be inhibited by in vitro treatment with asiRNAs that target VdST3 and VdST12, the hyphae and colony morphology of Vd991 co-cultured with different concentrations of asiRNAs were observed. Compared with Vd991 without asiRNA (CK) or co-cultured with nematode asiRNA (NC), the Vd991 co-cultured with asiRNA (asiR815 or asiR1436) targeting VdST12 (Figure 5A) showed an obvious reduction of fungal hyphae and a significantly slow growth of colonies (Figure 5B). At 18 days post incubation, compared with the CK, the colony diameter of Vd991 co-cultured with asiR815 at the concentration of 50, 100 and 200 nM reduced by 24.6%, 26.1% and 31%, respectively. For asiR1436, the corresponding reduction rate was 19.5%, 22.0% and 28.8%, respectively (Figure 5C, D). These results suggest that the asiRNAs targeting VdST12 effectively inhibited the growth of V. dahliae. The asiRNAs (asiR201 or asiR1238) targeting VdST3 (Figure 5A) could inhibit fungal hyphae and colony growth but with a less inhibitory effect compared to the asiRNAs targeting VdST12 (Figures 5B, C). At 18 days post incubation, compared with the CK, the colony diameter of the asiR201 treatment reduced by 10.0%, 13.4% and 17.0%, and the asiR1238 treatment by 11.4%, 12.9% and 15.8% at the concentration of 50, 100 and 200 nM, respectively (Figure 5C, D). But in both cases, the inhibitory effect of asiRNAs on V. dahliae was positively correlated with the concentration of asiRNAs. The qRT-PCR results showed that the expression level of VdST3 and VdST12 in Vd991 co-cultured with different concentrations of asiRNAs was significantly lower than that of CK and NC (Figure 5E), suggesting that asiRNAs could effectively inhibit gene expression in V. dahliae.




Figure 5 | Effect of asiRNAs targeting VdST3 and VdST12 on fungal hyphae and colony morphology. (A) The target sites of asiRNAs in VdST3 and VdST12. Black boxes indicated exons, and red and blue lines represented the target sits. (B) Effect of asiRNAs targeting VdST3 or VdST12 on hyphal growth. The Vd991 strain was incubated in Czapek liquid medium containing asiRNA at different concentrations (0, 50, 100 or 200 nM) before inoculating on PDA medium. Wild-type Vd991 was used as control (CK), and Vd991 co-cultured with nematode asiRNA was used as negative control (NC). The images were taken after 36 hours of spore incubation on PDA medium. Bares=50μm. (C) Effect of asiRNAs targeting VdST12 and VdST3 on colony morphology. The images were taken at 18 days post incubation on PDA medium. (D) Effect of asiRNAs targeting VdST3 or VdST12 on growth rate of fungal colony. (E) The expression level of VdST3 and VdST12 in Vd991 co-cultured with different concentrations of asiRNAs by qRT-PCR analysis. The Vd991 strain incubated in Czapek liquid medium containing asiRNA at different concentrations for 6 d were collected for RNA extraction. Values were means ± SD from three replicates. The above results were obtained in at least three independent experiments. The data were statistically analyzed by the IBM SPSS statistics 26.0. Significant difference in different treatments was analyzed using Duncan’s multiple range tests (different letters above the error bars indicated statistically different at p<0.05) for one way ANOVA. An asterisk (**) above the error bars indicates that there is a significant difference in gene expression between the strains treated with different concentrations of asiRNA and CK and NC (p<0.01).





Carbon utilization of VdST3 and VdST12

To investigate the role of VdST3 and VdST12 in carbon utilization, Vd991 co-cultured with asiRNAs (200 nM) was incubated separately in Czapek Dox medium containing different carbon sources. As shown in Figures 6A, B, Vd991 co-cultured with asiRNAs targeting VdST12 (asiR815 or asiR1436) showed a reduced colony growth on medium containing xylose, galactose, maltose and cellulose, but was not affected on medium containing glucose and sucrose, suggesting that VdST12 was involved in the utilization of xylose, galactose, maltose and cellulose. The growth of V. dahliae co-cultured with asiRNAs targeting VdST3 (asiR201 or asiR1238) was reduced on medium containing galactose, maltose and cellulose, but was not affected on other carbon sources, suggesting that VdST3 was involved in the utilization of galactose, maltose and cellulose.




Figure 6 | Morphology and diameter of colony from asiRNAs-treated strain on Czapek Dox medium with different carbon sources. (A) Colony morphology on Czapek Dox medium with different carbon sources. The Vd991 was co-cultured with asiRNA (200 nM) before inoculating on Czapek Dox medium. Wild-type Vd991 was used as control (CK), and Vd991 co-cultured with nematode asiRNA was used as negative control (NC). The images were taken at 15 days post incubation on PDA medium. (B) Colony diameter on Czapek Dox medium with different carbon sources. Values were means ± SD from three replicates. The above results were obtained in at least three independent experiments. The data were statistically analyzed by the IBM SPSS statistics 26.0. Statistical significance was determined using Student’s t-test. Asterisks (* and **) above the error bars indicated significant difference at p < 0.05 and p < 0.01 between asiRNA-treated strain and CK and NC.





Down-regulation of VdST12 by asiRNAs decreases the pathogenicity of V. dahliae

The asiRNAs (asiR815 or asiR1436) targeting VdST12 could effectively inhibit the growth of V. dahliae, Vd991 co-cultured with asiR815 and asiR1436 were therefore used for the following infection process assay. Cotton seedlings (Xinluzao 7) at two-leaf stage were inoculated with wild-type Vd991 (CK), Vd991 co-cultured with nematode asiRNA (NC), or Vd991 co-cultured with asiR815+asiR1436. At 14 and 21 dpi, seedlings inoculated with Vd991 (asiR815+asiR1436) showed milder symptoms compared with the seedlings inoculated with CK and NC (Figure 7A).




Figure 7 | Effect of asiRNAs (asiRNA815+asiRNA1436) targeting VdST12 on the pathogenicity of V. dahliae. (A) Fungal infection symptoms of cotton seedlings infected by Vd991 (asiRNA815+asiRNA1436). Wild-type Vd991 was used as control (CK), and Vd991 co-cultured with nematode asiRNA was used as negative control (NC). (B) Disease index of seedlings infected by Vd991 (asiRNA815+asiRNA1436) at 14 dpi and 21 dpi. (C) The expression level of VdST12 in Vd991 (asiRNA815+asiRNA1436) was detected at 6 days after co-culture and seedlings infected by Vd991 (asiRNA815+asiRNA1436) was detected at 14 dpi by qRT-PCR analysis. (D). qRT-PCR measurement of fungal biomass in seedlings infected by Vd991 (asiRNA815+asiRNA1436) at 21 dpi. The data were statistically analyzed by the IBM SPSS statistics 26.0. Statistical significance was determined using Student’s t-test. Asterisks (**) above the error bars indicated significant differences at p < 0.01 between seedlings infected by asiRNA-treated Vd991 and wild-type Vd991 (CK) and NC.



The disease indexes of cotton seedlings infected with Vd991 (asiR815+asiR1436) at 14 dpi and 21 dpi (DI=33.3 and 48.9, respectively) were significantly lower than that of CK (DI=60.5 and 78) and NC (DI=58.9 and 75.9) at the corresponding time point (Figure 7B). The stem dissection experiments showed that the browning of seedlings inoculated with Vd991 (asiR815+asiR1436) was significantly lighter than that of CK and NC (Figure 7A). qRT-PCR was used to determine the relative expression level of VdST12 in Vd991 (asiR815+asiR1436) and seedlings inoculated with Vd991 (asiR815+asiR1436). It was found that the expression level of VdST12 in Vd991 (asiR815+asiR1436) was reduced significantly compared to CK and NC. In different tissues (root, stem and leaf) of cotton seedlings infected with Vd991 (asiR815+asiR1436), a significant reduction of VdST12 was also observed compared to the same tissue of the CK and NC cotton seedlings. These results suggest that asiRNAs (asiR815+asiR1436) successfully suppressed the expression of VdST12 in Vd991 and such suppression could be maintained in the subsequent fungal growth in cotton plants, including roots, stems and leaves (Figure 7C). Quantification of fungal biomass showed that seedlings infected with Vd991 (asiR815+asiR1436) accumulated less fungal biomass compared to the CK and NC seedlings(Figure 7D). Taken together, asiRNAs targeting VdST12 could decrease the pathogenicity of V. dahliae, suggesting the involvement of VdST12 in the pathogenic process of V. dahliae.




Discussion

In this study, we identified a total of 65 sugar transporter genes in V. dahliae, and analyzed their gene structure and protein motifs. It was found that most of VdST proteins possessed 10-12 TMDs, and 8 proteins harbored only 7-9 TMDs, likely due to sequence deletion during gene evolution. Consistent with this, similar ST protein structures have been observed in many plants and other fungi (Afoufa-Bastien et al., 2010; Reuscher et al., 2014; Lv et al., 2020). A phylogenetic analysis found that the 65 VdST genes were grouped into 8 Clades with specificity to different groups of sugar molecules, which was similar to research in other fungi (Peng et al., 2018; Lv et al., 2020). Compared with Clade I, VI and VII, Clade IV, II, V, VIII and III harbored more members, mainly including hexose transporters, disaccharide (lactose and maltose) permeases, myoinositol transporters and quinate permeases. Most of the VdST proteins were predicted to be plasma membrane-localized transporters and are capable of acquisition of monosaccharide and disaccharide substrates, including glucose, galactose (VDAG_01215, VDAG_08381 and VDAG_05443), xylose (VDAG_03925), alpha-glucoside, lactose and maltose. It was notable that several genes encoding inositol transporters and quinine permeases were identified from V. dahliae. The function of these genes in fungus has hardly been reported, and further studies on their roles in growth and pathogenicity of V. dahliae are needed.

V. dahliae invades cotton through the root system, therefore, the biological effect of the root exudates is expected to be crucial for successful infection of V. dahliae. It was found that the content of carbohydrate and the amount of amino acids in the root exudates of susceptible variety were distinctly more than those of resistant ones (Yuan et al., 2002). Root exudates from the susceptible cotton varieties but not from the resistant cotton varieties promoted the growth of V. dahliae (Yuan et al., 2002; Wu et al., 2007). V. dahliae responded to all kinds of root exudates but more strongly to those from susceptible variety than to those from tolerant and resistant varieties (Zhang et al., 2020). The genes whose expression level was significantly up-regulated after induction in root exudates from susceptible varieties were considered to be related to pathogenicity of V. dahliae (Xu et al., 2018; Zhang et al., 2020). To find the ST genes important for pathogenicity of V. dahliae, the expression profiles of all 65 VdST genes in response to root exudates from susceptible and resistant varieties were investigated based on the RNA-seq datasets we generated previously (Zhang et al., 2020), and 9 of them were found to be induced by root exudates from susceptible cotton variety. Sugar can act not only as an energy storage material, but also as a signal molecule. Sugar can regulate the expression of sugar transporter gene for sugar metabolism (Ozcan and Johnston, 1999; Horák, 2013; Kim et al., 2013). Therefore, the high sugar content in root exudates from susceptible cotton variety may be responsible for the high expression level of the 9 sugar transporter genes, which can be used as candidate genes for further functional study.

With the completion of genome sequencing of V. dahliae and application of genomics, transcriptomics and proteomics information, a number of genes important for growth, infection and pathogenicity of V. dahliae have been identified (Gao et al., 2010; Tzima et al., 2012; Liu et al., 2013a; Tian et al., 2014; Fan et al., 2017; Zhang et al., 2017; Luo et al., 2019). At present, a powerful mean to elucidate the function of V. dahliae genes is to obtain knock-out mutants via homologous recombination, which is a mature technology and has been used in many studies (Rauyaree et al., 2005; Tzima et al., 2011; Liu et al., 2013b; Saitoh et al., 2014). However, it often increases the actual workload due to its low efficiency and sometimes gets undesirable results (Takahashi et al., 2006; Krappmann, 2007). In this study, artificial small interfering RNAs (asiRNA) were used to verify the function of V. dahliae genes for the first time. It was found that feeding asiRNAs targeting VdST3 and VdST12 could decrease their expression level in V. dahliae, resulting in reduction of the fungal hyphae and colony diameter and decrease of pathogenicity. The results obtained by asiRNA assay have been found to be consistent with that achieved by loss-of function experiments in corresponding fungal genes (Guo et al., 2011; Guo et al., 2019). Therefore, asiRNA assay could serve as a quick prescreening to identify genes important for growth and pathogenicity of V. dahliae.

In addition, asiRNAs targeting important genes can be used as exogenous reagents to enhance plant disease resistance, providing ideas for further using asiRNA technology to control the occurrence of Verticillium wilt. The growth of fungus was severely inhibited by foliar spray of asiRNAs or dsRNAs targeting genes related to pathogenicity of pathogens (Koch et al., 2016; Wang et al., 2016; Guo et al., 2019; Qiao et al., 2021). V. dahliae is a root pathogen. RNA is unstable in soil so direct application of dsRNA or asiRNA to the soil cannot protect the plant from V. dahliae infection. Although it has been reported that pretreatment of roots with dsRNAs targeting genes related to V. dahliae virulence inhibited the infection of V. dahliae (Qiao et al., 2021), this is not a practical solution for commercial cotton production, therefore, studies are required to find strategies for stabilizing RNA in soil. Compared with dsRNAs, the asiRNAs used in this study are easier to be synthesized with a lower cost.

Sugar transporter genes of fungi participate in the interaction between host plants and fungi and play an important role in the absorption of host sugars (Doidy et al., 2012). The hexose transporter protein UfHXT1 in Bacillus subtilis is specifically expressed in the haustorium and directly located on the haustorium membrane. UfHXT1 can transport glucose and fructose, which are hydrolysates derived from host sucrose (Voegele and Mendgen, 2003; Voegele and Mendgen, 2011). UmSRT1 of Ustilago maydis has a high affinity for sucrose, it competes with the host ZmSUT1 for sucrose (Carpaneto et al., 2005; Wahl et al., 2010). The preference of sugar uptake and utilization by sugar transporters of V.dahliae has not been reported yet. Sugar transporters of V. dahliae were found to be associated with different sugars in this study. VdST12 was found to be involved in the utilization of xylose, galactose, maltose and cellulose, and VdST3 to be involved in the utilization of galactose, maltose and cellulose.

Among many plant disease control methods, breeding disease resistant varieties is an important control measure that is harmless to people and animals and friendly to the environment. Growing evidence has indicated that RNAi technology can be used in crop protection (Zotti et al., 2018). HIGS, an RNAi-based technology, has been a favorable tool for obtaining disease resistant plants and identifying important gene functions (Zhang et al., 2016; Qi et al., 2018; Guo et al., 2019; Sang and Kim, 2020). HIGS strategy has been successfully used to suppress V. dahliae infection and improve disease resistance of plants (Wang et al., 2016; Zhang et al., 2016; Song and Thomma, 2018; Xu et al., 2018). HIGS can be performed by either generating stable transgenic plants or using transient expression systems mainly based on recombinant viral vector systems. In this study, transient HIGS in cotton plants silenced VdST3 and VdST12 transcripts of V. dahliae in host plants and enhanced cotton resistance to Verticillium wilt, indicating that these genes are potential target candidates for generation of stable disease resistant varieties via HIGS in the future.



Conclusions

VdST3 and VdST12 are two sugar transporter genes required for growth and pathogenicity of V. dahliae. The findings of this study demonstrated that TRV-based HIGS in cotton plants silenced VdST3 or VdST12 transcripts of V. dahliae in the hosts, leading to inhibition of fungal biomass and enhancement of cotton’s resistance against V. dahliae. The asiRNAs targeting VdST12 and VdST3 could transiently silence VdST12 and VdST3, leading to suppression of growth and pathogenicity of V. dahliae, with a more significant suppression observed for asiRNAs targeting VdST12. Our results provided candidate target genes and alternative solutions for enhancing cotton disease resistance.
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Transcriptome and metabolome analyses reveal that Bacillus subtilis BS-Z15 lipopeptides mycosubtilin homologue mediates plant defense responses
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Microbial-plant interactions protect plants from external stimuli, releasing various elicitor that activate the plants defense response and regulate its growth. Bacillus subtilis BS-Z15 was screened from cotton inter-rhizosphere soil, antagonized various plant pathogens, and protected cotton against Verticillium dahliae. This study showed that the BS-Z15 lipopeptide mycosubtilin homologue could act as an elicitor to induce systemic resistance (ISR) in plants. Mycosubtilin homologue induced ROS burst and deposition, callose deposition, MAPK cascade phosphorylation, and up-regulated PR1 and PDF1.2 gene expression in Arabidopsis seedlings, moreover enhanced resistance of Arabidopsis to Pseudomonas syringae pv. Tomato DC3000 (Pst DC3000) and V. dahliae. Transcriptome analysis was then used to evaluate the impact of mycosubtilin homologue on plant gene expression control. Mycosubtilin homologues activated Arabidopsis ISR on genes in metabolic pathways such as Arabidopsis plant-pathogen interactions, phenylpropanoid biosynthesis, MAPK signaling pathway, and phytohormone signaling. These analyses revealed that mycosubtilin homologues mediate the regulation of plant systemic resistance and growth and development by affecting related metabolites in glycolysis and gluconeogenesis, pentose phosphate pathway, tricarboxylic acid cycle, and amino acid metabolism in Arabidopsis. These findings confirmed that a mycosubtilin homologue could trigger the initiation of the Arabidopsis ISR by interacting with a variety of PTI components and transcriptional metabolic signaling pathways.
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Introduction

Plants become surrounded by secondary metabolites released by microorganisms during growth and development (Kai et al., 2007). Some secondary metabolites may affect growth through different mechanisms, such as biochemical signals that elicit local defense responses or systemic resistance (Chung et al., 2016). Bacteria and plants, can interact through isoprene, terpenoids, alkanes, olefins, alcohols, esters, carbonyl groups and acidic lipopeptides (Kesselmeier and Staudt, 1999). Moreover, secondary metabolites of beneficial microorganisms can promote plant growth and induce systemic resistance (ISR) (Ryu et al., 2003; Choudhary et al., 2007; Zheng and Dong, 2013). The mechanisms involved in microbial-plant interactions are diverse and include competition for nutrients, ecological niches, antagonism, production of secondary metabolites to aid host plant growth, and immune regulation (Ongena et al., 2007; Romero et al., 2007). The production of Bacillus isolates overexpressing bacteriophage manipulator synthesis was studied, which affects 2,3-butanediol levels. The overexpressing strain was found to be more persistent than the wild type in colonized pepper roots, preventing the colonization of Mycobacterium avium and Ralstonia solanacearum. Penicillium avium infection following 2,3-butanediol application to the roots enhanced the expression of pathogenesis-related genes (PR) (Yi et al., 2016). Volatiles triggered the secretion of root secretions that regulated the adaptation of soil fungi and bacteria, thus facilitating the induction of plant defenses (Kong et al., 2021).

Members of the genus Bacillus are usually capable of producing a large number of secondary metabolites, with the potential to produce more than 20 structurally distinct antimicrobial compounds (Emmert and Handelsman, 1999; Stein, 2005). These antimicrobial compounds are mainly cyclic lipopeptides (LPs) such as iturin, surfactin, and fengycin. The different species of LPs can bring advantages to specific ecological niches (Ongena and Jacques, 2008; Dunlap et al., 2019). Bacillus LPs-like substances are involved in biocontrol activities against various pathogenic bacteria and plant species. Production of iturin A by B. subtilis RB14 alleviates the disease caused by Rhizoctonia solani (Asaka and Shoda, 1996; Zohora et al., 2016). The mycosubtilin produced by B. subtilis ATCC6633 inhibits the growth of Fusarium graminearum and Fusarium verticillioides and suppresses the expression of their toxin genes (Yu et al., 2021). LPs can also be used as inducers of plant resistance, inducing plants to develop resistance to pathogenic bacteria. Purified compounds also displayed equal protection to activity derived directly from production strains in cotton and beans, where the role of surfactin and fengycin in the induction of resistance in plants was revealed (Ongena et al., 2007).

Previous research has identified mycosubtilin homologues in secondary B. subtilis metabolites that can improve cotton’s systemic resistance. In the present work by studying the role of mycosubtilin homologue on Arabidopsis thaliana at the physiological, biochemical, cellular, molecular and transcriptional metabolome levels, we sought to understand the molecular mechanisms by which mycosubtilin homologue regulates plant defense responses. The bioinformatic network of mycosubtilin homologue-induced systemic resistance in plants was constructed by transcriptome (RNA-Seq) and metabolome (GC-MS), the main differential genes, differential metabolic pathways, and differential metabolites of the substance-induced systemic resistance in Arabidopsis were screened. This study establishes a foundation for Bacillus subtilis and its secondary metabolites’ coordinated regulation of plant systemic resistance, growth, and development. Additionally, it directs the usage of B. subtilis and its mycosubtilin homologue secondary metabolites for biological control.



Materials and methods


Strain recovery and preparation of mycosubtilin homologue

The fermentation broth of BS-Z15 was briefly collected by centrifugation to remove bacterial residues and adjusted to pH 2.0 with hydrochloric acid at 4°C overnight according to a previously described method (Lin et al., 2022). The acid residue was then collected by centrifugation at 4,000g and dissolved in pre-cooled (-20°C) acetone at 80% (v/v) for 4 hours. The acetone-extracted supernatant was air dried and dissolved in water. The upper butanol phase was obtained, mixed with an equal amount of n-butanol, and then collected and evaporated. The mixed compounds were dissolved in DMSO and cleaned up using a semi-preparative HPLC system (C18, 5 μm, 250×10 mm, Hypersil GOLD™, CA). The chromatography was monitored at 215 nm using gradient elution with 40%-50% acetonitrile (0.05% TFA, v/v) at a flow rate of 2 mL min-1.



Culture of plant and bacterial material

The wild-type Columbia-0 (Col-0) Arabidopsis plant lines used in this study were cultivated in a controlled growth environment at a temperature of 23 ± 1°C and 70% relative humidity with a 16 h light and 8 h dark photoperiod. For the MAPK activity assay, transcriptome sequencing, and metabolome, Murashige and Skoog media were utilized to culture 10-day-old Arabidopsis Col-0 seedlings. The remaining trials in this study were conducted consistently with soil-grown plants that were 4 weeks old.

Pst DC3000 grown in liquid King’s B medium (BD Difco) containing, per litre, 50 mg of rifampicin and 50 mg of kanamycin at 37°C overnight. Bacterial cells were pelleted by centrifugation and resuspended in 10 mM MgCl2. V. dahliae was grown in a Czapek-Dox medium (BD Difco) at 28°C for 48 h. The fungal spores were isolated through a filter membrane and resuspended in 10 mM MgCl2.



Detection of ROS. burst and callose callosum deposition

ROS production was measured as reported previously by (Smith et al., 2014). Briefly, leaf discs (0.2 cm2) were cut out from Arabidopsis with a punch and incubated overnight in water in 96-well plates. The following day, 200 mM luminol, 20 mg/mL horseradish peroxidase, 100 nM flg22 and mycosubtilin homologue (1 μg/mL and 10 μg/mL) were added to each well.

Arabidopsis Col-0 leaves that were 4 weeks old were syringe-infiltrated with water and 10 μg/mL of mycosubtilin homologues (the control). The leaves were taken 0, 6, and 12 hours after the inoculation to find ROS. Diaminobenzidine (DAB, pH=3.0) was used to stain Arabidopsis leaves for 8 hours while they were left in the dark and at room temperature. After 30 min of incubation in a solution of ethanol, acetic acid, and glycerol (3:1:1, vol/vol/vol), leaves were gently rinsed with water before being examined under a light microscope. DAB staining revealed hydrogen peroxide as a reddish-brown precipitate.

Leaves of 4 week old Arabidopsis Col-0 plants were syringe-infiltrated with 10 μg/mL of mycosubtilin homologue and water (the control). To determine callose deposition, leaves were immersed in 5 ml of destaining solution (phenol/glycerol/lactic acid/water/ethanol, 1:1:1:1:8, vol/vol/vol/vol/vol) in a bottle. They were infiltrated by applying a vacuum for 5 to 10 min. The bottle with samples was incubated in a 90°C water bath for 30 min to clear chlorophyll. The resulting chlorophyll-free leaves were then gently rinsed with water before being stained for 2 to 4 hours in the dark with 0.01% (wt/vol) aniline blue staining solution containing 150 mM K2HPO4 (pH=9.5) and preserved with 50% glycerine. After staining, leaves were put on microscope slides and gently washed with water before being examined with an epifluorescence microscope fitted with a UV excitation filter.



MAPK activity assay in Arabidopsis seedlings

Seedlings grown on Murashige and Skoog medium for two weeks were sprayed with μ10 g/mL of mycosubtilin homologue. Samples were collected at 0, 5, 10, and 30 min and were analyzed by Western blotting using monoclonal rabbit phospho-p44/42 MAPK (Erk1/2) XP antibodies (Cell Signaling Technology, Danvers, MA, USA) (1:2,000 dilution). Detected with a monoclonal mouse anti-α-tubulin (Sigma-Aldrich) (1:4,000 dilution).



RNA extraction and RT-qPCR analysis

Leaves of four week old Arabidopsis Col-0 plants were syringe-infiltrated with 10 μg/mL of mycosubtilin homologue and water (the control). Leaf tissues were sampled at 2 h, 4 h, 6 h, 12 h, 24 h, 48 h, 72 h, and 144 h, from which RNA was extracted using TRIzol reagent (Invitrogen, San Diego, CA, USA). Total RNA was treated with DNase I (Invitrogen). cDNA was synthesized from 1 µg of RNA using the SuperScript III first-strand synthesis system (Invitrogen). qRT-PCR was performed using SYBR Green JumpStart Taq ReadyMix (Sigma, St. Louis). Arabidopsis Actin was used as a control to normalize gene expression levels. Supplementary Table 1 lists the primers used for real-time PCR.



Fungi and bacterial infestation of Arabidopsis

A 50 μg/mL of mycosubtilin homologue and water were syringe-infiltrated into 4-week-old Arabidopsis seedlings (the control) leaves (Niu et al., 2016; Nie et al., 2017). The leaves were challenge-inoculated by syringe infiltration with a suspension of V. dahliaee and Pst DC3000 (courtesy of the School of Life Sciences, Beijing Normal University) at 106 CFU/mL concentration one day after pretreatment. At least 12 leaf discs were collected for each growth assay, and pathogenic infection was observed two days later.



Transcriptome sequencing (RNA-Seq) analysis process

Total RNA was extracted from the tissue samples, and the concentration and purity of the extracted RNA were measured using Nanodrop 2000, RNA integrity was measured by agarose gel electrophoresis, and RIN values were determined by Agilent 2100. Using magnetic beads with Oligo (dT) for A-T base pairing with ployA, mRNA can be isolated from total RNA and used to analyze transcriptome information. Using mRNA as a template, six-base random primers (random hexamers) are added in the presence of reverse transcriptase to synthesize one-stranded cDNA, followed by two-stranded synthesis. All mRNAs were sequenced using the Illumina Novaseq 6000 sequencing technology for eukaryotic mRNA sequencing. The Illumina TruseqTM R.N.A. sample prep Kit was utilized for library preparation in sequencing assays. Salmon was used for Unigene expression level analysis by calculating transcripts per million (TPM). DESeq2 software was used to analyze raw counts based on the negative binomial distribution, and genes/transcripts comparing expression differences between groups were obtained using certain standardized processing and screening conditions with default parameters: p adjust < 0.05, log2 fold change ≥ 1 and statistical significance (p < 0.05) by R package edgeR. Using DIAMOND and a threshold E value of < 0.00001 Pfam, unigenes were aligned against the non-redundant (Nr) protein databases Gene ontology (GO), SwissProt, Kyoto Encyclopedia of Genes and Genomes (KEGG), and eggnog. The previously published article (Ren et al., 2022) describes the analysis tools and procedures used in the paper.



Metabonomics (GC-MS) analysis process

50 mg of sample was weighed into a 2 ml centrifuge tube, and 0.5 ml of methanol-water solution (CH3OH: H2O v: v=4:1, containing 0.02 mg/mL of standard internal L-2-chloro-phenylalanine) was added. Add steel balls and place them in a grinder at -20°C (50 Hz, 3 min). Add 200 μL of chloroform, grind in a grinder (50 Hz, 3 min) and extract with ultrasound for 30 min. Centrifuge at low temperature for 15 min (13,000 rcf, 4°C), remove the supernatant into a glass derivative vial and blow dry under nitrogen. 80 μL of pyridinium methoxide hydrochloride solution (15 mg/mL) was added to a glass derivative vial, vortex shaken for 2 min, and then oxidized for 90 min at 37°C in a shaking incubator. Followingremoval, 80 μL of BSTFA derivatization reagent (containing 1% TMCS) was added, the vortex was agitated for 2 min, and the reaction was performed at 70°C for 60 min. Samples were removed and left at room temperature for 30 min for GC-MS metabolomics analysis.

Gas chromatograph-mass spectrometer Agilent 8890B-5977B was the analytical device utilized in this experiment (Agilent, USA). The sample was divided on a DB-5MS capillary column (Agilent 122-5532G, 40 m x 0.25 mm x 0.25 m) before being subjected to mass spectrometric analysis. The sample inlet temperature was 260°C, the carrier gas was high purity helium, the carrier gas flow rate was 1 mL/min, the spacer purge flow rate was 3 mL/min, and the solvent delay was 5 min. The ramp-up procedure was 60°C for 0.5 min, followed by a ramp-up to 310°C at 8°C/min for 6 min. Electron bombardment ion source (EI), transmission line temperature 310°C, ion source temperature 230°C, quadrupole temperature 150°C, electron energy 70 eV. Scan mode is full scan mode (SCAN), mass scan range: m/z 50-500, scan frequency 3.2 scan/s. The downstream files were pre-processed with MassHunter workstation Quantitative Analysis (v10.0.707.0) software for peak extraction and alignment. The group datasets were normalized before the analysis was performed. The probabilistic quotient normalization algorithm was used to accomplish data normalization on all samples. Then, batch correction of QC-robust splines was carried out utilizing QC samples. The final metabolite identification findings and data matrix were merged using a t-test and VIP (OPLS-DA) to screen the differential metabolites (Ren et al., 2022).



Statistical analysis

Statistical analyses were performed using the GraphPad Prism 8 software. Unpaired Student’s t-test determined the statistical significance. ns indicates no significant difference*, ** and *** specifies statistical significance at p< 0.05, p < 0.01 and p < 0.001, respectively.




Results


Mycosubtilin homologue enhance plant resistance to pathogens by regulating plant growth

The results of a 10 day mycosubtilin homologue treatment of Arabidopsis seedlings revealed that at certain concentrations, mycosubtilin homologue inhibited main root growth while promoting lateral root development. The effect of mycosubtilin homologue on Arabidopsis growth and development was concentration-dependent, with higher concentrations resulting in more pronounced inhibition of Arabidopsis root growth, still this inhibition of growth was not lethal (Supplementary Figure 1). However, mycosubtilin homologue exhibits inhibitory but not lethal effects on Arabidopsis at very low concentrations. Therefore, to study this phenomenon, we examined the early immune response of plants. After treatment of Arabidopsis leaves with 1 μg/mL and 10 μg/mL mycosubtilin homologue, the luminous response showed that Arabidopsis produced ROS rapidly at 2 min and reached the highest value of around 10-15 min. This response finally lasted for about 30 min. Furthermore, the burst of Arabidopsis ROS was dependent on mycosubtilin homologue concentration (Figure 1A). Arabidopsis leaves 12 h after injection of 10 μg/mL mycosubtilin homologue, the red-brown precipitate was found in leaves by tissue staining, indicating that mycosubtilin homologue induced a large accumulation of ROS in Arabidopsis leaves (Figure 1B). In the aniline blue staining, a large amount of callose deposition around the cell wall of Arabidopsis leaves was observed after mycosubtilin homologue treatment, using fluorescence microscope (Figures 1C, D). In the treatment with mycosubtilin homologues, MPK3/6 phosphorylated protein activation was detected by pERK antibody and phosphorylated MPK3 and MPK6 were detected at 5 min and persisted until 30 min (Figure 1E). Using 10 μg/mL treatments of the mycosubtilin homologue, the expression of the PR1 and PDF1.2 genes in the four-week-old Arabidopsis SA (Salicylic acid), JA/ET (jasmonic acid/Ethylene) signaling pathway was investigated. Following treatment with a mycosubtilin homologue, both genes displayed increased expression. The expression of the PR1 gene started to increase at 2 h after treatment, reached the highest level at 4 h, and continued to 144 h. The expression of the PDF1.2 gene began to increase at 12 h after treatment, reached the highest level at 48 h, and continued to 144 h (Figure 1F). Arabidopsis leaves were treated with 10 μg/mL of mycosubtilin homologue injection for 12 h and then inoculated with Pst DC3000 and V. dahliae. The findings demonstrated that after being treated with mycosubtilin homologues, Arabidopsis exhibited moderate resistance to Pst DC3000, and the number of Pst DC3000 colonies in the treated Arabidopsis leaves was dramatically decreased (Figure 1G). Arabidopsis showed some resistance to V. dahliae after mycosubtilin homologue treatment, and the chlorosis and yellowing of treated Arabidopsis leaves were significantly reduced compared with untreated leaves. The damage to leaves was reduced after mycosubtilin homologue treatment, and chlorophyll content was significantly higher than in untreated leaves (Figures 1H, I).




Figure 1 | The early immune response of plants to mycosubtilin homologues. (A, B) Effects on the burst of reactive oxygen species in Arabidopsis leaves, means ± SD, n = 24, repeat = 3, scale bars 0.5 cm. (C, D) Effect on callose deposition in Arabidopsis leaves, n = 24, repeat = 3, scale bars 200 μm. (E) Mycosubtilin homologues activate MAPK signaling pathway in Arabidopsis; α-tubulin was used as an equal loading control. (F) Inducible expression of Arabidopsis resistance-associated genes PR1 and PDF1.2, Means ± SD, n = 12, repeat = 3. (G, H, I) Mycosubtilin homologues protects to Arabidopsis against pathogenic bacteria, means ± SD, n = 24, repeat = 3, Scale bars 0.5 cm. *, ** and *** indicate statistical significance at p < 0.05, p < 0.01 and p < 0.001, respectively (Student’s t-test).





Transcriptome analysis of mycosubtilin homologue treated Arabidopsis

Six samples of Arabidopsis total RNA were extracted at two treatment time points of 0 h and 12 h, high-quality RNA (Supplementary Table 2). The transcriptome was sequenced, and a total of 25,917 genes were detected, including 25,689 known genes and 228 novel genes; after filtering Raw reads, about 44 million clean reads were obtained from control (A) and processing (B) groups (50 μg/mL mycosubtilin homologue). All samples had Q20 above 98.4% and Q30 above 95%, with good GC content and base quality distribution (Supplementary Table 3). Downscaling was used to assess the data, and the intra-group correlations between the samples were strong, whereas the correlations between (A) and (B) were quite different (Figure 2A). The transcriptome data fromthe GO database(containing 24102 genes), the KEGG database(9842 genes.), the COG database (23737 genes), and the NR database (24925 genes) were obtained (Figure 2B). Venn diagrams present the number of genes/transcripts present in each set of samples and the overlap of genes/transcripts between groups. Transcript analysis showed that 14,418 genes in the control group and 15,149 in the treatment group were expressed. There were 13,240 co-expressed genes among them (Figure 2C). The differences in gene expression after 12 h of mycosubtilin homologue treatment in Arabidopsis seedlings were analyzed. The results showed that 6708 differentially expressed genes were detected after 12 h of mycosubtilin homologue treatment in Arabidopsis seedlings, of which 4336 genes were up-regulated, and 2372 genes were down-regulated (Figure 2D). Real-time quantitative PCR was used to validate the transcriptome data to evaluate the important transcription factors in the major signaling pathways. The results showed that the qRT-PCR expression profiles matched to the transcriptome data, indicating that the transcriptome data were reliable (Supplementary Figure 2).




Figure 2 | Functional annotation and comparative analysis of transcriptome data. (A) Inter-sample P.C.A. mapping. (B) Transcriptome database gene annotation. (C) Veen map of the differential gene. (D) Heat map for differential gene clustering.





Transcriptome differential gene annotation and enrichment analysis

An examination of COG annotations of differential genes after mycosubtilin homologue treatment revealed 3659 unknown activities, 499 of which were engaged in transcription, 402 in signal transduction processes, and 386 in post-translational. The COG annotation found a total of 3659 unidentified functions, including 499 in transcription, 402 in signal transduction mechanisms, 386 in post-translational modification, protein turnover, chaperones, and 271 in carbohydrate transport and metabolism, Amino acid transport and metabolism, defense mechanisms, and other related functions (Supplementary Table 4). Differential genes GO annotations were classified based on the biological processes involved, the components that make up the cell, the molecular tasks they execute, and so on. After 12 hours of mycosubtilin homologue administration, GO annotations were examined in control (A) and treated (B) Arabidopsis seedlings. The results revealed that the main categories were cellular, metabolic, response to stimulus, biological regulation, cell parts, organelle, and membrane. The key categories were the constituent cellular components and the molecular functions achieved. The primary categories were the cell component, organelle, and membrane part, nucleotide and protein binding, catalytic activity, transcription regulator, According to the findings, the differential genes were primarily focused on several GO functions, including response to decreased oxygen levels, cellular response to decreased oxygen levels, defense response to oomycetes, positive regulation of response to external stimulus, positive regulation of immune system process, and positive regulation of innate immune response (Figure 3A) (Supplementary Table 7). KEGG annotation analysis of 6708 differential genes in control (A) and treated (B) Arabidopsis seedlings after 12 h of mycosubtilin homologue treatment. The findings revealed that the differential genes were associated with major metabolic pathways such as carbohydrate metabolism, amino acid metabolism, biosynthesis of other secondary metabolites, lipid metabolism, cofactor, and vitamin metabolism, glycan biosynthesis and metabolism, folding, sorting, and degradation, membrane transport, catabolism, and environmental adaptation (Supplementary Table 6). KEGG enrichment analysis of differential genes after mycosubtilin homologue treatment. The results showed that the differential genes mainly concentrated on GO functions such as Plant-pathogen interaction, MAPK signaling pathway – plant, Phenylpropanoid biosynthesis, and Plant hormone signal transduction (Figure 3B) (Supplementary Table 8).




Figure 3 | GO and KEGG differential gene enrichment analysis. (A) GO enrichment analysis of DEGs. (B) KEGG enrichment analysis of DEGs.





Enrichment analysis of genes and pathways related to systemic resistance and growth and development in Arabidopsis

Plant-pathogen interaction, the main response includes the perception of pathogens by the cell surface pattern recognition receptor (PRR). Clustering and expression correlation analysis of mycosubtilin homologue treatments showed that 115 genes were involved in the plant-pathogen interaction pathway, which was related to Ca2+, MAPK, reactive oxygen species, and hypersensitive responses. Among them, PR1 is the main gene in plant disease resistance. Its expression occurred after 12 h of mycosubtilin homologue treatment in Arabidopsis seedlings, which is consistent with the previous results (Figures 4A, B). The MAPK signaling pathway, which is found in all eukaryotes, transports extracellular signals to the nucleus or cytoplasm for appropriate cellular responses. The MAPK signaling pathway was triggered after 12 hours of treatment of Arabidopsis seedlings with mycosubtilin homologue. A significant number of genes were activated by cascade to cause the expression of downstream growth and defense-related genes. Enrichment and expression correlation analysis of MAPK signaling pathway-related genes revealed that under mycosubtilin homologue treatment, more than 80 genes were involved in this pathway, including PR1, RBOHF, ERF, and ERF, and PDF1.2, which are mainly involved in plant resistance-related functions (Figures 4C, D). Many structural and signaling molecular mechanisms involved in phenylpropanoid biosynthesis, a class of secondary plant metabolites derived from phenylalanine, are crucialfor plant growth and development as well as plant responses to biotic and abiotic stressors. Transcriptome analysis showed that mycosubtilin homologue treatment of Arabidopsis seedlings for 12 h up-regulated the expression of Peroxidase, Beta-glucosidase, Cytochrome P450, Phenylalanine ammonia-lyase, Cinnamyl alcohol dehydrogenase and UDP-glycosyltransferase, which are key genes related to plant defense response and growth and development, were up-regulated this pathway (Figures 4E, F). Treatment with mycosubtilin homologue increased the expression of PRs family genes in the SA signaling pathway. The JA signaling pathway enhanced the expression of JAZ, JAR, LOX, AOS, and AOC family genes, while the ET signaling pathways ACS, ACO, EBF, and ERF-related genes were up-regulated. With the majority of genes in the IAA and BR signaling pathways being down-regulated in expression, other hormones were also involved in this transcriptional rearrangement (Figures 4G, H).




Figure 4 | Integration analysis of genes of the major signaling pathways of the transcriptome KEGG Pathway. (A, B) Gene enrichment and expression correlation analysis of genes involved in the plant-pathogen interaction pathway. (C, D) Correlation analysis of the enrichment and expression of genes involved in the MAPK signaling pathway. (E, F) Gene enrichment and expression correlation analysis of the biosynthetic pathway gene of phenylpropanoid biosynthesis. (G, H) Gene enrichment and expression correlation analysis of plant hormone signal transduction pathways. Each node represents a gene, and the line between nodes represents the correlation of expression between genes. The larger the node, the greater the number of expression correlations between the gene and other genes. Heatmap shows FPKM values in each treatment, normalized using z-score.





GC-MS analysis of mycosubtilin homologue treated Arabidopsis

Analyses of PCA, PLS-DA model validation, and quantitative correlation data between samples revealed a high degree of similarity in the degree of variation in metabolite composition and abundance among various groups. Nonetheless, the degree of heterogeneity in metabolite composition and abundance between groups differed to some degree (Figures 5A–C). Veen analysis between groups showed that GC-MS detected a total of 145 metabolites in Arabidopsis 10-day-old seedlings; 146 metabolites were detected after mycosubtilin homologue treatment, 145 of which were the same as in the untreated group, and the same 146 metabolites were detected in the quality control group (Figure 5D).




Figure 5 | Comparative analysis of metabolic group samples. (A, B) Inter-sample metabolomic PCA and PLS-DA plots. (C) Heat map of differences between metabolic group samples. (D) Veen map of sample metabolites.



KEGG annotation analysis was performed on 145 differential metabolites in control (A) and treated (B) Arabidopsis seedlings after 12 h of mycosubtilin homologue treatment. The results showed that the 145 metabolites after 12 h of mycosubtilin homologue treatment in Arabidopsis seedlings were localized to eight major KEGG metabolic pathways, which were identified by comparing the KEGG Compound database to the primary metabolite classes of Carbohydrates, Hormones, and transmitters, Lipids, Nucleic acids, and Nucleic acids. Lipids, Nucleic acids, Organic acids, Peptides, SteroidsVitamins, Cofactors acids, Bases Nucleic acids, Carboxylic acids, Amines, Amino acids, 29-Carbon atoms, and Vitamins, with the largest number of peptide amino acid-related compounds and the lowest number of vitamins and hormones. The primary metabolic pathways of the identified compounds were counted (top 20). The greater the number of metabolites involved, the more active the metabolic pathway. The results demonstrated that metabolites are involved in ABC transporters, Aminoacyl-tRNA biosynthesis, Alanine, aspartate and glutamate metabolism, Arginine and proline metabolism, Glyoxylate and dicarboxylate metabolism, Phenylalanine metabolism, Glycine, serine and threonine metabolism, Cyanoamino acid metabolism and beta-Alanine metabolism (Supplementary Table 9).



Enrichment analysis of differential metabolites and differential metabolic pathways

In 10-day-old Arabidopsis seedlings, 48 metabolites were discovered after 12 hours of treatment with mycosubtilin homologue and two unnamed metabolites. Of these 48 compounds, nine were down-regulated, and 38 were up-regulated (Figures 6A, B) (Supplementary Table 10). Cluster analysis of the differential metabolites showed that benzaldehyde, picolinic acid, uric acid, α-ketoglutaric acid, L-glutamic acid, gamma-aminobutyric acid, glycolic acid, biphenyl, 2-hydroxypyridine, succinic acid, citric acid, pyruvic acid, D-malic acid, D-saccharic acid, 3-methyl-2-oxobutanoic acid, Cannabinol, 4-vinyl phenol, 2-ethyl toluene, glycylproline, 2,3-butanediol, behenic acid, hypoxanthine, kestose, lactobionic acid, 3-methyl-L-histidine, acetanilide, oxalic acid, gluconic acid, benzoylformic acid, citraconic acid, L-lysine, L-valine, L-allothreonine, tyrosine, N-methyl alanine, adenine, ribose, and trans caftaric acid were up-regulated in Arabidopsis seedlings after mycosubtilin homologue treatment. Eicosapentaenoic acid, talose, galactosamine, D-glucose, L-sorbose, L-histidine, psicose, 4,8-dihydroxyquinoline-2-carboxylic acid, beta-ionone, and methyl caprate were down-regulated (Figure 6C).




Figure 6 | Cluster analysis of differential metabolites. (A) Differential metabolite volcano map. (B) Veen map of differential metabolites. (C) Heat map of differential metabolite clustering analysis.



According to the KEGG classification of the differential metabolites based on their biological effects, they were mostly Peptides, Organic acids, Nucleic acids, Lipids, Hormones, Transmitters, and Carbohydrates (Figure 7A). The results of the enrichment analysis of the metabolic pathways in which the differential metabolites were involved showed that the resulting differential metabolites were mainly enriched in Alanine, aspartate and glutamate metabolism, Pentose phosphate pathway, Glyoxylate and dicarboxylate metabolism, Butanoate metabolism, Valine, leucine and isoleucine biosynthesis, Aminoacyl-tRNA biosynthesis, Glycolysis and Gluconeogenesis, Citrate cycle, ABC transporters, Phenylalanine metabolism, and Pyruvate metabolism metabolic pathways (Figure 7B) (Supplementary Table 11).




Figure 7 | Differential metabolite KEGG analysis. (A) Annotated enrichment of differential metabolite KEGG compounds. (B) Analysis of differential metabolite importance. *, ** and *** indicates statistical significance at p < 0.05, p < 0.01 and p < 0.001, respectively (Student’s t-test).



By using clustering heat maps and VIP bar charts to assess the p-values of metabolites in VIP and unidimensional statistics of multivariate statistical analysis, it was possible to depict changes in the significance and expression trends in differential metabolites. Mycosubtilin homologue treatment significantly increased the expression of metabolites in Amino acid metabolism, Carbohydrate metabolism, Lipid metabolism, and Energy metabolism in Arabidopsis seedlings (Figure 8A) (Supplementary Table 12). For instance, the amount of gluconic and pyruvic acids produced during glycolysis, ribose produced during the pentose phosphate pathway, and citric and D-malic acids produced during the tricarboxylic acid cycle were all reduced (Figure 8B) (Supplementary Table 9).




Figure 8 | Analysis of key differential metabolites. (A) Metabolomics key differential metabolites enrichment. The smaller the p-value, the larger the -log10 (p-value), and the darker the colour. (B) Relative expression abundance of key differential metabolites. The Y coordinate is the mass spectral intensity value (after data pre-processing). *, ** and *** indicates statistical significance at p< 0.05, p < 0.01 and p < 0.001, respectively (Student’s t-test).






Discussion

Previous studies have shown the efficacy and potential mechanism of B. subtilis BS-Z15 to inhibit various plant pathogens such as V. dahliae. Previous studies have been conducted on cotton to control V. dahliaee (Lin et al., 2022). This study investigated the BS-Z15 secondary metabolite mycosubtilin homologue a novel plant immune activator that regulates plant defense responses. We established, a bioinformatic network of mycosubtilin homologue-triggered plant immune activation by integrating RNA-seq and GC-MS analyses. The results showed that a mycosubtilin homologue regulates plant defense systems through various metabolic and signaling pathways. We found that a mycosubtilin homologue controls plant defense mechanisms via various metabolic and signaling pathways.

It has been demonstrated that B. subtilis produces lipopeptides, including surfactants, iturin, and fengycins, that provide it with the potential to manage plant infections through biocontrol (Ongena and Jacques, 2008). In the present study, the biocontrol of plant pathogens by BS-Z15 was demonstrated to be associated with its secondary metabolite, mycosubtilin homologue. The structural diversity of LPs produced by Bacillus suggests that these metabolites may have different modes of action to enhance plant immunity (Ongena et al., 2007). The potential of LPs to activate the ISR in plants has been extensively researched. However, little is known about the molecular mechanisms behind the local defense response after LP activation. The iturin family member, a mycosubtilin homologue, is shown to have excitonic capabilities for the first time in the current study. Mycosubtilin homologue activates a multilayered ISR defense response in Arabidopsis with defense gene expression, ROS burst and accumulation, callose deposition, and MAPK (MPK3/MPK6) cascade phosphorylation. It enables Arabidopsis to resist pathogenic bacteria V. dahliaee and PstDC3000 mycosubtilin homologue induced defense responses resembling the typical MAMPs bacterial flagellin flg22 were all inhibitory to plant root length (Chinchilla et al., 2006), which may be related to plant homeostasis system resistance and growth and development.

Plant cells may recognize mycosubtilin homologue-triggered ISR and SAR by receptor identification or by perturbing the plasma membrane bilayer by an unidentified method. This recognition will direct plant cells to initiate early defense response processes. When the SA signaling route is active, the expression of the disease resistance gene PR1 is increased, and when the JA signaling pathway is involved, the expression of the defense gene PDF1.2 is triggered. On iturin can act as an activator of plant defense responses, several studies have shown that iturinA-induced plant defenses should be somewhat targeted. This may be because LPs only act as initiators in specific plant species (Kawagoe et al., 2015). Mycosubtilin homologue was used as an initiator activity in the current study to activate systemic resistance in Arabidopsis. It is unknown if particular receptor proteins that bind mycosubtilin homologue to exist in plant cells, even though mycosubtilin homologue can cause systemic resistance in plants. Iturin A targets and inhibits the pro-angiogenic/invasive factors VEGF and MMP-2/9 in animal cells to bind MD-2/TLR4 (Dey et al., 2017).

However, iturin binds strongly to phytosterols. Ion permeability is greatly enhanced in cells in which iturin is present by forming ion-conducting pores using the β-hydroxy fatty acid chains of iturin (Dana and Peypoux, 1994). Plants do not appear to have any LPs-binding receptors. According to studies, surfactants bind to lipid fractions and alter their stability, which causes plants to respond defensively (Henry et al., 2011). The interaction of mycosubtilin with the phospholipid membrane has also been demonstrated. However, it is yet unknown if this is connected to the plant immune response (Nasir et al., 2010). Fatty acid chains have also been reported to be key to inducing systemic resistance in plants (Kutschera et al., 2019), so the ability of mycosubtilin homologue to act as an excitant in a given plant species may depend on the β-hydroxy fatty acid chain of the substance, or it may be due to the structure of the plant cells themselves.

In this study, a transcriptional regulatory network was built for the synergistic regulation of systemic resistance and growth and development by mycosubtilin homologues to investigate the mechanism of systemic resistance induced by LPs in plants. Arabidopsis seedlings were treated with mycosubtilin homologues for 12 hours, and the key genes that changed included WRKY, MYB, NAC, bHLH, etc. After treatment, these genes’ dynamic expression affected how the plant responded to biotic and abiotic stimuli and systemic resistance. Notably, mycosubtilin homologue affects metabolic processes like Arabidopsis plant-pathogen interactions, plant MAPK signaling pathways, phenylpropanoid biosynthesis, and phytohormone signaling. The MAPK cascade is a highly conserved signaling module downstream of the receptor/sensor that translates extracellular stimuli into intracellular responses in eukaryotes. The plant MAPK cascade plays a key role in signaling plant defense against pathogenic and in signaling plant defense against pathogen attacks (Meng and Zhang, 2013). This pathway involved more than 80 genes, including PR1 and PDF1.2, after mycosubtilin homologue treatment, indicated that the MAPK signaling pathway plays an important role in regulating systemic resistance and growth development by mycosubtilin homologues in Arabidopsis. Most plant secondary metabolites are derived from the phenylpropanoid synthesis pathway, which plays an important role in plant growth, development, and response to adversity stress (Fraser and Chapple, 2011). 12 h treatment of A large number of genes in this signaling pathway are induced to be expressed, suggesting that the phenylpropanoid synthesis pathway is important for plant responses to external substances. Several studies have shown that SA, JA, and ET are inextricably linked to microbially induced plant ISR (Pieterse et al., 2012; Yang et al., 2015). 12 h treatment of Arabidopsis seedlings with mycosubtilin homologue resulted in up-regulated expression of many genes in the SA, JA, and ET signaling pathways. These findings support the hypothesis that iturin and fengycins induce ISR synthesis in rice at the hormone transcript level (Paiboon et al., 2019). Moreover, after mycosubtilin homologue treatment, genes involved in the IAA and BR signaling pathways were markedly down-regulated, and mycosubtilin homologue inhibited the growth of Arabidopsis primary roots, suggesting that mycosubtilin homologue may be controlled by phytohormone levels in promoting plant systemic resistance, growth, and development.

Mycosubtilin homologue can control plant systemic resistance, growth, and development in Arabidopsis through various signaling pathways, according to a GC-MS study. Then, we built a bioinformatics network using a mycosubtilin homologue to control metabolic growth and development and systemic resistance in Arabidopsis. Mycosubtilin homologue-treated Arabidopsis seedlings significantly increased the content of metabolites related to some energy metabolic pathways. Glycolysis, the pentose phosphate pathway, and the citric acid cycle are plants’ main energy sources for metabolic changes. Their accessibility has a significant bearing on plant development and might be connected to the induction of defensive mechanisms in plants. The manufacture of many precursors involved in other secondary metabolic pathways may rise as this class of metabolites increases. During plant defense, the secretion of malic acid recruits probiotic bacteria, and after mycosubtilin homologue treatment, Arabidopsis thaliana malic acid and citric acid are over-secreted. After being treated with a mycosubtilin homologue, the plant may have developed a strong dynamic defense (Rudrappa et al., 2008; Lakshmanan et al., 2012). Studies have also observed that alcohols and polyols undergo dynamic changes under the influence of mycosubtilin homologues in Arabidopsis. The accumulation of alcohol and polyol metabolites have been reported to be associated with plant tolerance to biotic and abiotic stresses (Stoop et al., 1996; Saddhe et al., 2021). As a result, mycosubtilin homologue therapy could improve plants’ ability to withstand abiotic stressors. L-phenylalanine, benzoic acid, and caffeic acid, among other precursors of the phenylpropanoid synthesis pathway, were considerably elevated in mycosubtilin homologue-treated Arabidopsis seedlings, according to GC/MS analyses. The treatment of Arabidopsis seedlings with a mycosubtilin homologue greatly impacted the dynamic balance of amino acid metabolism. Mycosubtilin homologue affected several amino acid metabolic pathways in Arabidopsis seedlings, inducing changes in several of these amino acids. Many studies have shown that these metabolic pathways are essential for plant growth and stress response (Shulaev et al., 2008). In a recent study, fengycin was shown to stimulate seeds alone to regulate lipid metabolism and glutathione accumulation, providing protection to plants and controlling the development of plant radicles (Clavero et al., 2022). Thus, it is clear that lipopeptides are key factors in the induction of systemic resistance in plants by Bacillus. The construction of a complex regulatory network will facilitate the better exploitation of such substances and provide new insights into plant protection.



Conclusion

In conclusion, concerning plant interactions, the regulation of systemic resistance and the growth and development of Arabidopsis by the secondary metabolite BS-Z15 mycosubtilin homologue was examined. In order to better understand the mechanisms underlying the interactions between B. subtilis and plants, as well as the systemic dynamics of transcription and metabolism of typical MAMPs inducing plant immune responses, a comprehensive bioinformatics network architecture of the action of the lipopeptide mycosubtilin homologue on plants were constructed by transcriptome and metabolome.
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Long-lived tree species need to cope with changing environments and pathogens during their lifetime. Fungal diseases cause damage to trees growth and forest nurseries. As model system for woody plants, poplars are also hosts of a large variety of fungus. The defense strategies to fungus are generally associated with the type of fungus, therefore, the defense strategies of poplar against necrotrophic and biotrophic fungus are different. Poplars initiate constitutive defenses and induced defenses based on recognition of the fungus, hormone signaling network cascades, activation of defense-related genes and transcription factors and production of phytochemicals. The means of sensing fungus invasion in poplars are similar with herbs, both of which are mediated by receptor proteins and resistance (R) proteins, leading to pattern-triggered immunity (PTI) and effector-triggered immunity (ETI), but poplars have evolved some unique defense mechanisms compared with Arabidopsis due to their longevity. In this paper, current researches on poplar defensive responses to necrotrophic and biotrophic fungus, which mainly include the physiological and genetic aspects, and the role of noncoding RNA (ncRNA) in fungal resistance are reviewed. This review also provides strategies to enhance poplar disease resistance and some new insights into future research directions.
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Introduction

Forest trees play crucial roles in mitigating effects of climate change and increasing industrial demand, and have considerable economic and ecological value (Kovalchuk et al., 2013). Poplars are predominantly distributed worldwide as model species of woody plants due to their rapid growth and stress tolerance. Populus is also hosts of a large variety of fungus (Miranda et al., 2007; Wang et al., 2017a; Wang et al., 2022). Fungal diseases not only affect the growth, but also cause large numbers of tree deaths and ecosystem degradation (Eyles et al., 2010; Kovalchuk et al., 2013). This makes it ecologically and economically important to deepen the knowledge of poplar defense mechanisms against fungus (Kovalchuk et al., 2013). Plant pathogens can be broadly divided into biotrophic (feeding on living plant tissue), necrotrophic (feeding on dead plant tissue) and hemibiotrophic (infect living plant tissues to first establish infection before switching to necrotrophy) (McCombe et al., 2022). Biotrophs infecting poplars like leaf rust, caused by obligate parasitic fungus Melampsora spp., powdery mildews caused by Phyllactinia spp. or Uncinula spp., while necrotrophs or hemibiotrophs, like leaf blight (caused by Septoria spp.), leaf spot (caused by Marssonina spp., Venturia spp., Coryneum spp.), canker (Septoria spp), and so on (Steenackers et al., 1996; Weiland et al., 2003; Feau et al., 2010). In order to improve the resistance of trees to disease, it is necessary to understand the defense mechanisms.

Similar with herbaceous plants, poplars defense mechanism categorized as constitutive defenses and induced defenses. Induced defenses only expressed when plants suffered external stimulus, and constitutive defenses are always expressed in the plants (Eyles et al., 2010). Constitutive defense is the first line of defense contributing to non-host resistance, including inherent physical structures and phytochemicals, which provide basic defense against pathogens (Alkan and Fortes, 2015). To reduce morbidity during long life cycle of poplar, they enhance the physical and phytochemical defenses. Furthermore, plants enhance defensive capacity through a series of complex regulations when infected by pathogens, which is called induced defenses. According to the expression range, induced resistance can be divided into local induced resistance and systemic induced resistance (De Kesel et al., 2021). Trees evolve induced defenses due to the lower resource allocation costs than constitutive defenses (Eyles et al., 2010). Regardless of the lifestyle of the attacking pathogens, plants have developed several means in protection against fungal pathogens: pathogen-associated molecular pattern PAMP-triggered immunity (PTI), effector-triggered immunity (ETI) and noncoding RNA (ncRNA)-mediated defense (De Kesel et al., 2021) (Figure 1). To against fungal pathogens, plants need to distinguish different fungal life cycles, for example, programmed cell-death (PCD) around the infected sites is an effective way against biotrophs but not an appropriate response to some necrotrophy.




Figure 1 | A model of poplars immunity to fungal pathogens. When plants attacked by biotrophic pathogens, PRRs recognize extracellular pathogenic characteristics and activate PTI, R proteins (NBS-LRRs) recognize intracellular effector proteins from pathogens and activate ETI. They induce a series of defense responses including the production of ROS, RNS, phytohormone, CDPKs and MAPK signals. But necrotrophic fungus may only recognized by PRRs. Many defensive genes and transcription factors are key players, including PR, MYB, WRKY, TIFY, and ERF, lncRNAs and miRNAs also participate in defense responses against fungal pathogens. miRNAs also play a role in the regulation of NBS-LRR. Avr, avirulence gene; CDPK, calcium-dependent protein kinase; ETI, effector-triggered immunity; HR, hypersensitive response; lncRNAs, long ncRNAs; MAPK, mitogen-activated protein kinase; miRNAs, microRNAs; PCD, programmed cell death; PR, pathogenesis-related proteins; PRRs, pattern recognition receptors; PTI, pattern-triggered immunity; ROS, reactive oxygen species.



The completion of the whole genome of P. trichocarpa marks that the study of poplar disease has entered the genomic era (Tuskan et al., 2006). However, it is difficult to study the disease resistance of poplars using genetic methods due to the long generation time. To date, research on poplar-fungus interactions at the molecular level has mostly focused on genes related to host defense. Therefore, this paper mainly summarizes the research on physical and physiological mechanisms in poplars against fungus with different life cycles (Figure 2). Also, we have focused on the molecular mechanism especially on defense genes, transcription factors and non-coding RNAs in poplars against biotrophic and necrotrophic fungus (Tables 1, 2).




Figure 2 | A model for the interaction between poplar physical and biochemical defenses. Constitutive defense responses mainly include physical barriers and phytochemicals defenses, when attacked by pathogens. Defense-related metabolites include peroxide, phenolics and phytohormones. The black arrows represent responses caused by biotrophic fungus, grey arrows represent responses caused by necrotrophic fungus, red arrows represent responses caused by all fungus. ABA, abscisic acid; APX, ascorbate peroxidase; C4H, cinnamate 4-hydroxylase; CAT, catalase; 4CL, 4-coumarate-CoA ligase; DIR, dirigent; ET, ethylene; GST, glutathione sulfur transferase; JA, jasmonic acid; JAZ, jasmonate-zim domain; PAL, phenylalanine ammonia lyase; PAs, proanthocyanidins; POD, peroxidase; ROS, reactive oxygen species; SA, salicylic acid; SOD, superoxide dismutase; SAR, systemic acquired resistance.




Table 1 | The genes involved in poplars defense response to biotrophic fungus.




Table 2 | The genes involved in poplars defense response to necrotrophic or hemibiotrophic fungus.





Defense responses of poplars to fungal pathogens


Constitutive defense responses

Biotrophic fungal pathogens such as rust and powdery mildew produce invasive filaments through appressorium, and penetrate the cuticle, and form haustoria in the epidermal cells to absorb nutrients from the hosts, and produce cell wall degrading enzymes and sporulate without killing the host cells (Maupetit et al., 2018). Whereas most necrotrophic fungi kill their hosts by secreting cell wall-degrading enzymes or toxins to impair cuticles and cell walls to facilitate infection (Shi et al., 2016). Biotrophic fungal pathogens spend most of their life cycle on living plant tissues, therefore, their fitness appeared to be more influenced by constitutive defense (Maupetit et al., 2018). Constitutive defense is the first line of protection, including physical structures and phytochemicals. Woody plants have many mechanical barriers to against pathogen invasion, such as the leaf cuticle, the pectin and lignin of cell walls. Cuticle and cell wall are the first line of defense in plants, the components of cell wall are cellulose, hemicellulose, pectin, and lignin (Ziv et al., 2018). Many biotrophic fungal species use their appressoria to penetrate the cuticular layer and then infect internal cells. The cuticle is a polyester that is partly covered with waxes (epicuticular and intracuticular) (Serrano et al., 2014). A study found PtoMYB142 could directly regulate the transcriptional activity of wax biosynthesis genes, e.g., fatty acid hydroxylase (CER4) and 3-ketoacyl CoA synthase (KCS6), to adapt drought conditions for poplars (Song et al., 2022). But the contribution of wax biosynthesis on poplar disease resistance is poorly studied. However, many rust fungi failed to penetrate the cuticle and thus had to invade the mesophyll cells through the stomata by germ tubes, hyphae or appressorium (Rinaldi et al., 2007), but the cuticle was also found to contribute to non-host resistance to leaf rust by impeding the germination and growth of urediniospores from M. larici-populina (Yu et al., 2019). Lignin also acts as physical barrier during pathogen infection, preventing water and nutrients transferring from host cells to pathogens (Ellinger et al., 2013; Miedes et al., 2014). Genes involved in lignin biosynthesis are critical for plant cell walls in immunity, e.g., phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), cinnamyl alcohol dehydrogenase (CAD), cinnamoyl-CoA reductase (CCR) and hydroxycinnamoyl transferase (HCT), were highly expressed after attack by fungi pathogens (Azaiez et al., 2009; Polle et al., 2013; Huang et al., 2022). Interestingly, in incompatible interaction, localized lignin formation was observed, while there was an accumulation in compatible interaction when poplars infected with Melampsora (Boyle et al., 2010). In the incompatible interactions, abundant lignin was deposited around leaf vessels (Rinaldi et al., 2007). Regulation of the lignification pathway may be critical for improved poplar tolerance (Polle et al., 2013). Dirigent (DIR) proteins have been identified in many plants, which are involved in process of plant lignin synthesis. Furthermore, overexpression of PtDIR11 in poplars could improve lignin biosynthesis and enhance poplar resistance to Septotis populiperda (Li et al., 2022). These results imply that lignins are effective antifungal chemical defenses against pathogens infection.

Some necrotrophic fungus prefer to plants with cell walls are rich in pectins because they possess a strong pectin decomposition machinery. Pectin methylesterase (PME), a class of pectin modification enzyme, plays an important role in cell wall modification, pectins function not only in primary cell walls, but also in secondary cell walls. It is an effective way in restricting necrotrophic fungal pathogens to inhibit PME (Pelloux et al., 2007). It has been reported PtoPME35 involved in stomatal closure, and the overexpression of its homologous gene AtPME35 in Arabidopsis leading to plant lodging, but overexpression of PtoPME35 do not influence poplar growth, indicating that woody plants have more complex defensive networks than annual herbs (Yang et al., 2020). However, cell wall-related genes showed differential expression patterns when two susceptible poplars infected by hemibiotrophic pathogen of M. brunnea. For example, pectin methylesterase inhibitors were enriched in P. deltoids but they were mostly reduced in P. alba. Transcriptomic data showed that P. deltoids differentially expressed genes were most responsive at the initial biotrophic stage, while P. alba was mainly responsive to Marssonina brunnea at the necrotrophic phase (Zhang et al., 2018). Additionally, when susceptible poplars suffered two specific forms of M. brunnea, the number of DEGs expressed among three stages of infection were changed in a significantly different pattern. The results showed there were more differentially expressed genes in the necrotrophic stage than biotrophic stage when poplars infected with M. brunnea. In particular, pectinlyase was significantly induced in multi-strain infections during the initial invasion phase, but not expressed in monoculture infections (Ren et al., 2020).



Induced defense responses


Innate immunity against fungal pathogens

Similar with herbs, woody plants sense pathogen invasion through resistant (R) proteins or receptor proteins (Kovalchuk et al., 2013). When fungal pathogens penetrate plant physical barriers, PRRs may recognize pathogen-associated molecular patterns (PAMPs) from pathogens and activate PTI. As shown in Figure 1, PTI acts as a basic defense system and triggers a set of plant defense responses, including activation of signaling molecules, like calcium-dependent protein kinase (CDPK) and mitogen-activated protein kinase (MAPK) cascades. CDPKs and MAPK are involved in the regulation of downstream immune responses (Meng and Zhang, 2013). In poplars, MAPK has been reported to be an important component in biotic and abiotic stresses, and functioned as common points of cross-talk between pathogen defense and oxidant stress signaling cascades (Hamel et al., 2005). A study indicated that genes encoding mitogen-activated protein kinase-kinase-kinase 5 (MAPKKK5) and CDPKs were upregulated after infection by rust (Azaiez et al., 2009). When two susceptible poplars infected with M. brunnea (Marssonina) that causes leaf spot disease, MPK3 and MPKK9 were detected in both poplars (Zhang et al., 2018), and the MPKK9-MPK3 modules have been identified to participated in ethylene (ET) signaling (Yoo and Sheen, 2008). However, the specific functional mechanisms of MAPK and CDPK regulating poplars defense against pathogens remains to be further studied. The PAMP flg22 is a highly conserved 22-amino-acid peptide of the N-terminal of bacterial flagellin, which can induce PTI responses in many plants (Zhao and Cheng, 2022). The activation of MAPK cascades after flg22 treatment was found in P. davidiana × P. bolleana, but necrosis and ethylene-inducing peptide 1-like proteins (NLPs), which mainly expressed in hemibiotrophs or necrotrophs, cannot generate PTI responses in general. Heterologously expressed receptor-like protein (AtRLP23) in poplar recognizes NLP24s and generates PTI responses and ROS bursts after M. brunnea and Elsinoë australis infections, thereby enhancing broad-spectrum disease resistance to the fungus (Zhao and Cheng, 2022) (Figure 1). Pathogens have evolved effectors that promote their growth by suppressing PTI, which results in effector-triggered susceptibility (ETS). However, plants will evolve R gene to sense the effectors and trigger ETI, which is associated with the hypersensitive response (HR) (Chisholm et al., 2006). PTI and ETI reinforcing each other to enhance plant defensive responses against pathogen infections by inducing downstream signal transduction (Chang et al., 2022). However, the crosstalk of PTI and ETI in poplar still needs to be studied.

Plants recognition events are mostly mediated by a class of receptor proteins containing nucleotide-binding (NB) and leucine-rich repeat proteins (LRR) domains (Dodds and Rathjen, 2010). The NBS-LRR class is the most abundant R protein and is responsible for pathogen identification of intracellular effectors (Dodds and Rathjen, 2010). R-mediated defense response seem not to function in necrotrophs, while PRRs like receptor-like kinases (RLKs) involved in the perception of necrotrophs (Wang et al., 2014), but R-mediated plant cell necrosis increased susceptibility to necrotrophs. Therefore, R protein acts indirectly on necrotrophic fungus (Su et al., 2018) (Figure 1). In dicotyledons, there are two main classes of NBS-LRRs: TIR-NBS-LRRs and CC-NBS-LRRs, which have Toll-interleukin-1 receptor (TIR) and amino-terminal coiled-coil (CC) domains, respectively (Bresson et al., 2011). TIR-NBS-LRRs are entirely missing from the monocotyledon’s genome like rice. In poplars, a third class of NBS-LRR genes, called BED-NB-LRRs, which containing a BED domain, has been reported. BED-NB-LRR family comprising 32 members, seems to be unique to poplars (Kohler et al., 2008; Germain and Seguin, 2011). Poplar possesses 400 NBS-LRRs nearly twofold that of Arabidopsis, indicating that woody plants may have developed more intracellular receptors compared with herbaceous plants due to their longevity, which may result in greater disease resistance ability (Duplessis et al., 2009). There were 34 NBS-LRRs differentially expressed after rust fungi infected poplars (Kohler et al., 2008). It has been reported disease resistance proteins (CC-NBS-LRR class) and LRR proteins were induced by biotrophic fungus in hybrid poplars (Azaiez et al., 2009). In addition, enhanced disease susceptibility 1 (EDS1) and nonrace-specific disease resistance 1 (NDR1) are required for activation of R protein-mediated resistance. EDS1 regulates defense signaling by activating R proteins with TIR domains, while NDR1 is required for the activation of CC domain-containing R proteins (Lang et al., 2022). EDS1 and NDR1 were found to regulate SA accumulation in poplars in response to leaf rust disease (Chen et al., 2021). Rust-induced secreted protein (RISP) is a small (82 amino acids), cysteine-rich protein and was highly inducible in poplar leaves after infection with rust, and RISP was found near the LRR-RLP gene (Petre et al., 2014). The two genes have similar promoter regions and expression profiles in response to rust infection. RISP inhibits M. larici-populina growth on poplar leaves by binding to M. larici-populina urediniospores and inhibiting germination and germ tube elongation. Thus, RISP plays a role in early defense against fungal pathogens (Petre et al., 2016) (Table 1).

In the plant-pathogen interaction system, pathogen-induced host-specific resistance mainly depends on pathogen avirulence (Avr) genes and R genes to activate downstream defense cascades, forming a HR at the infected site (Gururani et al., 2012). However, as Avr evolves rapidly, it allows pathogens to break down R-mediated plant immunity. For example, the AvrL567, a virulence gene, was found in M. lini haustoria and induced by HR (Dodds et al., 2004). The transcriptome data indicated that six known Avr genes in M. lini (AvrM, AvrM14, AvrL2, AvrL567, AvrP123 and AvrP4) showed similar patterns of early expression during infection (Wu et al., 2019). However, the R genes that sense these AVR genes in poplars are still unknown. Another study showed that the candidate locus AvrMlp7 drives rust fungus adaptation to poplar RMlp7-mediated immunity (Figure 1) (Louet et al., 2021).



HR and ROS inhibit fungus infection

HR is the most typical response after infection and causes programmed cell death (PCD). HR has been extensively described with relation to biotrophic fungi, but promote necrotrophic pathogens infection (Mayer et al., 2001). A study found that several genes in poplars that cause HR were upregulated at 96 hpi (necrotrophic phase) when response to M. brunnea, indicating that necrotrophic fungus may induce HR in poplars to increase their susceptibility (Zhang et al., 2018). HR varies among different poplar-pathogen interaction types. In incompatible Populus-Melampsora interactions, HR appears the day after infection, and poplars then show PCD characteristics at 7 dpi, however, there is no HR performance in the compatible interaction (Rinaldi et al., 2007). One of the most striking features accompanying HR is the burst of ROS after pathogen infection. ROS burst is one of the earliest responses of plants to fungus, leading to necrosis of host tissue, which develop an effective defense against biotrophic fungi but may increase susceptibility to necrotrophs (Mayer et al., 2001). Therefore, ROS homeostasis regulation is important for regulating plant resistance to different pathogens.

Plants have initiated a series of enzymatic and nonenzymatic oxidation systems to reduce ROS accumulation and to avoid oxidative damage in cells. Several transcripts encoding ascorbate peroxidase (APX), superoxide dismutase (SOD), glutathione sulfur transferase (GST) and peroxidase (POD) were upregulated (Figure 2), which were involved in the oxidative burst and even reached approximately 20-fold higher levels in M. larici-populina and M. medusae infected poplars (Miranda et al., 2007; Azaiez et al., 2009). However, the accumulation of ROS is varied from different poplar species. A study on male and female P. cathayana infected with rust showed that the production of   was higher in males than in females, while the H2O2 content was higher in females than in males. The results indicated that male poplars showed higher antioxidant activities and less H2O2 accumulation than females after being infected by leaf rust; therefore, rust disease was more severe in female poplars (Zhang et al., 2010). In addition, when poplars are attacked by pathogens, guard cells produce H2O2 to form a rapid defense, but it is weaker in the compatible interactions (Boyle et al., 2010). Moreover, second messengers, e.g., Ca2+, hydrogen sulfide (H2S), inositol triphosphate (IP3) and NO, are produced within seconds to enhance plant responses (Agurla et al., 2018). For example, NO-activated antioxidant enzymes can decrease ROS and reactive nitrogen species (RNS) toxicity to improve poplar tolerance to environment stress (Cheng et al., 2016). However, how these second messengers regulate biotic stress in poplars remains unclear. Additionally, inositol, galactitol and raffinose are important regulators of ROS homeostasis. Inositol negatively impacted SA, while galactitol enhances systemic resistance to necrotic pathogens induced by JA (Figure 2). The overexpression of galactose synthase gene (GOLS3) and raffinose synthase gene (CsRFS) mitigated the defensive responses to poplar leaf rust by suppressing ROS and attenuating calcium and phosphatidic acid signaling events. The accumulation of galactinol could constitutively repress defense signaling events upstream of SA biosynthesis (La Mantia et al., 2018). Phosphatidylinositol 4-phosphate 5-kinase (PIP5K) encoding phosphatidylinositol 4-phosphate 5-kinase led to the accumulation of raffinose. In P. trichocarpa × deltoides, the expression of PIP5K decreased after 48 hpi inoculation with rust (La Mantia et al., 2013). WRKY-TF also plays an important role in multiple defense responses (Spoel and Loake, 2011). For example, WRKY23 affects poplar resistance to fungi infection by disrupting redox homeostasis and cell wall metabolism. WRKY23 can increase poplar susceptibility to rust disease (Levee et al., 2009). Thus, precise regulation of the transcription factors and genes related to ROS production could improve the resistance of poplars to pathogens (Figure 2).



SA-mediated signaling pathway against pathogens

Phytohormones play essential roles in plant resistance to pathogens and plant immune responses (Pieterse et al., 2012; Chanclud and Morel, 2016). SA dominates in the execution of host defense response against biotrophic, while JA and ET are key players to facilitate host defense response against necrotrophic (Li et al., 2019). In plants, SA is synthesized through two routes. One route is the chloroplast-localized isochorismate synthase (ICS) pathway, and the other is PAL-mediated pathway. ICS pathway is believed to be responsible for the most of SA synthesized during the activation of pathogens in Arabidopsis (Yuan et al., 2009). While Populus is primarily dependent on the PAL pathway, therefore, PAL genes are critical for SA synthesis. SA might be converted to MeSA at infected sites and transported as a signaling molecule to uninfected sites, induced SAR (Li et al., 2018). SA signaling positively regulates plant defense against biotrophic pathogens by enhancing secondary metabolites and inducing pathogenesis-related genes (PRs), which are necessary for the establishment of SAR (Shah, 2003; Thaler et al., 2012). SA was proved to activate flavan-3-ol biosynthesis against biotrophic fungus M. larici-populina in poplars (Ullah et al., 2019a). In addition, it was indicated that the accumulation of flavanols was negatively regulated by cytokinin (CK) in poplars (Ullah et al., 2019b).

High SA levels induce PR gene expression in Arabidopsis, which may lead to high metabolic costs. However, for perennial woody plants, it may have better balance of resource allocation, therefore, PR gene expression is not necessarily with SA levels, but positively correlate with the degree of disease susceptibility in poplars (Ullah et al., 2022). Evidence has shown that an increase of PR gene expression after pathogens invasion, is probably mediated by SA and JA (Irigoyen et al., 2020). PR proteins have been classified into 17 families. Among them, PR-15 and PR-16 families were only found in monocots. Although long-living trees would suffer more diverse set of fungal pathogens, the number of defense-related genes in poplars showed no different from Arabidopsis and rice, only PR-encoding chitinases and kunitz-type protease inhibitors are found to be more abundant in poplars (Kovalchuk et al., 2013). There are abundant PR genes in poplars, which are key for SA-mediated defense (Wei et al., 2020c). Several transcriptomic studies have found that PR-1 expression is increased 100-fold higher than controls (Miranda et al., 2007; Azaiez et al., 2009; Boyle et al., 2010). In addition, the expression levels of PR-2 (3-glucanase), PR-3, PR-4 (chitinase), PR-5 (thaumatin-like protein), PR-6 (protease inhibitor), PR-7 (l-aspartic acid protease) and PR-9 (lignin peroxidase) are also increased after infection with pathogens (Azaiez et al., 2009; Duplessis et al., 2009). Interestingly, PR-1 and PR-2 genes induction are much larger in the susceptible genotype compared with the rust-resistant genotypes, indicating that the abundance of the rust pathogen determines the degree of PR gene induction in poplars (Ullah et al., 2022). Additionally, chitinase genes were upregulated in poplars after inoculation with M. medusae (Miranda et al., 2007) or S. musiva (Liang et al., 2014). Most of chitinase genes showed high transcript levels in early stage when infection with Alternaria alternata (Huang et al., 2022) (Tables 1, 2). A chitinase gene (Bbchit1) from Beauveria bassiana was overexpressed in white poplar and enhanced resistance to a pathogenic fungus C. chrysosperma (Jia et al., 2010). Overexpression of TLP gene that belongs to PR-5 family, could inhibit the growth of pathogens in poplars and enhance resistance to spots disease (Table 2) (Sun et al., 2020).



JA/ET-mediated signaling pathway against pathogens

Meanwhile, the JA/ET pathway is generally required for the predominant defense response against necrotrophic pathogens and herbivores (Yang et al., 2015). Genes involved in JA synthesis including lipoxygenase (LOX), allene oxide synthase (AOS), allene oxide cyclase (AOC), 12-oxophytodienoate reductase (OPR) and acyl-coenzyme oxidase (ACX) were induced during biotrophic or necrotrophic pathogens infection (Azaiez et al., 2009; Huang et al., 2022). Interestingly, LOX can regulate the ROS accumulation in poplars to against pathogens (Huang et al., 2022). Genes involved in JA signal transduction pathways were also significantly induced, such as the MYC proteins, which are positive regulators in the JA signaling pathway, were upregulated during pathogen infection. While JAZ, which contains TIFY domains, a negative regulator of JA signal transduction (Pauwels and Goossens, 2011), was mainly downregulated during pathogen infection. The transcription factor TIFY has also been found to be a key element that contributes to phytohormone or stress responses. TIFY genes can be divided into four subfamilies, TIFY, JAZ, ZML and PPD (Xia et al., 2017). It has been reported that there are 24 TIFY genes in poplars (Xia et al., 2017). A study showed that most of the TIFY genes could respond to M. larici-populina infection, while genes expression patterns were different at different time points (Xia et al., 2017).

Furthermore, ET synthesis genes including 1-aminocyclopropane-1-carboxylate synthase (ACS), and 1-aminocyclopropane-1-carboxylate oxidase (ACO) were also induced after pathogens infection (Azaiez et al., 2009; Huang et al., 2022). ET activated PtoRbohD/RbohF expressions, which encode NADPH oxidases to induce H2O2 production in poplars to Dothiorella gregaria fungi (Liu et al., 2022). ET response factors (ERFs) bind to the ethylene-responsive element GCC-box, and the target genes are related to wounding and pathogen infection (Meng et al., 2013). A recent study showed that the transcript levels of 21 ERF genes were strikingly upregulated and 72 genes were downregulated in P. nigra × P. deltoides under M. larici-populina infection at 4 dpi, and the inactivation of ERF genes and disease resistance-related ERF target genes might result in poplar susceptibility to rust disease (Chen et al., 2019). Therefore, JA/ET pathway not only enhances necrotrophic fungus resistance on poplars, but also regulates the susceptibility of poplars to biotrophic fungus, which relate to the timing of the infection.



Crosstalk of SA and JA in poplar disease resistance

It is generally assumed that SA and JA are antagonistic in disease resistance in Arabidopsis, rice and tomato. Plants have to balance the costs and potential benefits of investing in defense to external stimulus (Pieterse et al., 2012; Thaler et al., 2012), but this antagonism is not obvious in poplar against rust disease. A study reported that both SA and JA contents were increased upon rust infection in black poplars, and transgenic poplar lines with high SA levels increased JA and flavonoid contents, and enhanced rust resistance (Ullah et al., 2019a; Ullah et al., 2022). Therefore, SA and JA pathways interact positively in poplars to decrease biotrophic pathogen growth (Figure 2). This difference may attribute to perennial woody plants can store large reserves of resources for defense, might have evolved SA- and JA-mediated co-defense systems without antagonism, while annual plants lack the defensive resources.

WRKY-TFs and NONEXPRESSOR OF PR1 (NPR1) are known to be involved in modulating between SA- and JA-dependent responses in plants. There are 65 and 64 PtrWRKY gene promoters involved in SA and MeJA responses in poplars, respectively (Jiang et al., 2014). WRKY70 activates the expression of NPR1 and thus enhances PR expression, leading to the resistance of Arabidopsis to both biotrophic and hemibiotrophic pathogens but increasing plant susceptibility to necrotizing vegetative fungal pathogens (Li et al., 2004; Li et al., 2006; Shim et al., 2013). In poplars, PsnWRKY70 enhance the resistance to A. alternata by activating genes involved in MAPK cascade and Ca2+ signaling, other members of WRKYs, and LRR domain proteins (Wang et al., 2022). Arabidopsis homolog transcripts WRKY70, WRKY51 and WRKY40 were strongly increased (more than 10-fold) in poplars after infection by Melampsora (Miranda et al., 2007; Azaiez et al., 2009). After exogenous SA treatment, nine genes in PtrWRKYIII were upregulated (WRKY 89, WRKY 62, WRKY 64, WRKY63, WRKY41, WRKY55, WRKY-53, WRKY-54, WRKY-30), while one gene (PtrWRKY90) was significantly downregulated in poplar (Wang et al., 2015). Particularly, PtrWRKY89 induced by SA plays an important role in rust resistance by upregulating PR gene expression. PtrWRKY18 and PtrWRKY35 are potential target genes of PtrWRKY89, and they can increase resistance to M. larici-populina fungus (Jiang et al., 2017). Additionally, PtrWRKY73 induced by SA in P. tomentosa could increase plant resistance to biotrophic pathogens but enhance sensitivity to the necrotrophic fungal pathogen (Duan et al., 2015). However, PtrWRKY40 is similar with AtWRKY40, AtWRKY18 and AtWRKY60, which had a side effect on the resistance of poplars to hemibiotrophic fungus (D. gregaria) by negatively regulating SA-related genes expression (Karim et al., 2015). To date, the role of WRKY genes has been explored extensively in poplars, which are associated with stress responses and phytohormones (Jiang et al., 2014).

Additionally, poplars can activate or inhibit the SA or JA pathway by proteins, such as kunitz-type serine endopeptidase inhibitor (KTI) regulation, which can restrict fungus growth by PCD (Chen et al., 2021). KTI controlled by the cytochrome P450 family (CYP). Thus, CYP genes have great effects on the JA and SA pathways (Xu et al., 2015a; Chen et al., 2021), while KTI and CYP genes were significantly induced by biotrophic fungus Melampsora (Miranda et al., 2007; Azaiez et al., 2009) and necrotrophic fungus Sphaerulina (Foster et al., 2015). In addition, plant defensins are antimicrobial peptides that represent a major barrier to invasion by pathogens. A study found overexpression of PtDefensin in poplars may change the crosstalk between the SA and JA signal pathways to increase the resistance to S. populiperda infection at the early stages (Wei et al., 2020a) (Figure 2). Similarly, PtDefensin overexpression transgenic poplars enhanced resistance to S. populiperda may be due to the upregulation of PR1-1 and MYC2-1 and downregulation of JAZ1, COI1-1 and COI1-2, leading to activation of SA and JA signaling pathways. Host defense peptides (HDPs) are known as cationic antimicrobial peptides and almost found in all living organisms. MsrA2 peptide is proved to have the best antimicrobial potential among all HDPs, and overexpression of MsrA2 in poplar leaves inhibited S. musiva growth (Yevtushenko and Misra, 2019). These findings suggest that antimicrobial peptides could be used for genetic engineering on woody plants to enhance disease resistance.



The role of ABA in fungal resistance

The role of abscisic acid (ABA) in disease resistance remains complex. ABA play positive role in plant immunity through stomatal closure and callose deposition during early stages of pathogen invasion, but may suppresses SA- or JA-dependent immunity in late disease resistance (Ton et al., 2009). ABA has been proven to regulate stomatal closure and rapidly accumulate ROS in stomatal cells (Kohler et al., 2003). It was indicated that exogenous ABA treatment increased poplar resistance against rust. Ullah et al. (2019a) subjected black poplars to drought stress followed by rust inoculation and found that endogenous ABA increased approximately 3-fold, and the growth of M. larici-populina significantly decreased by 10- and 6-fold at 4 and 8 dpi under drought stress, respectively. Due to the different invasion ways of biotrophic and necrotrophic fungus, ABA exerts greater influence on biotrophic fungi like rust which invaded through stomata (Figure 2). However, the mechanisms of ABA regulating poplars against pathogens in later stages of infection need to be explored.



Phytochemicals involved in defense responses

Several antimicrobial compounds are directly involved in the plant defense response to pathogens, including plant antibiotics, which are present in plants prior to infection, and plant antitoxins, which are produced in response to plant attack by pathogens (Silva et al., 2018). Many plants secondary metabolites are thought to serve as phytoalexins, such as flavan-3-ol (catechin, epicatechin) and phenolic acids that involved in phenylpropanoid pathway (Ullah et al., 2017; Ullah et al., 2019b). Phenols and flavonoids are vital products of the phenylpropanoid pathway, which plays important roles in plant disease resistance (Dixon et al., 2005; Syvertsen and Garcia-Sanchez, 2014; Dong and Lin, 2021). In poplars, it was reported that the accumulation of proanthocyanidin (PA) and flavan-3-ol in poplar leaves could inhibit rust hyphal growth and reduce rust colonization. The contents of catechin and PAs were strongly increased at 7 dpi, and their accumulation was significantly induced by SA (Ullah et al., 2017; Ullah et al., 2019a). In addition, moderately resistant poplars accumulate higher amounts of flavan-3-ols at the site of rust infection than susceptible poplars (Ullah et al., 2017). Additionally, the genes were significantly enriched in the flavonoid biosynthesis pathway in poplars after being infected by M. brunnea (Marssonina) (Zhang et al., 2018). The transcriptional responses of P. trichocarpa × P. deltoides to M. medusae showed that genes encoding enzymes of proanthocyanidin and flavonoid were strongly induced, such as flavanone 3-hydroxylase (F3H), PAL, 4CL, dihydroflavonol reductase (DFR), anthocyanidin reductase (ANR) and leucoanthocyanidin reductase (LAR) (Miranda et al., 2007). Similarly, these genes were changed at different time points in poplars when attacked by A. alternata, but they were up-regulated at 2 dpi (Huang et al., 2022).

The MYB family is involved in the regulation of various physiological processes in plants. Flavonoid biosynthesis is regulated by the MYB family at the transcriptional level (Xu et al., 2015b). The activation of anthocyanin and PAs is different from that of other flavonoid branches because they need coactivators, e.g., basic-helix-loop-helix (bHLH) and WD40 (WDR), to interact with MYB to form MYB-bHLH-WD40 (MBW) (Ma and Constabel, 2019). SA can stimulate the expression of MBW that positively regulating the biosynthesis of anthocyanins and proanthocyanidins in poplars to reduce rust proliferation (Ullah et al., 2019a). In addition, MYB134 (Mellway et al., 2009), MYB119 (Cho et al., 2016) and MYB115 (Wang et al., 2017a) are positive regulators to enhance resistance to fungus, while MYB182 (Yoshida et al., 2015), MYB57 (Wan et al., 2017), MYB165 and MYB192 (Ma et al., 2018) are negative regulators of proanthocyanins synthesis in poplars. However, MYB6 can promote the biosynthesis of anthocyanins and proanthocyanins but suppress the formation of secondary cell walls in P. euphratica (Wang et al., 2019). MYB118 (Wang et al., 2020), MYB120 (Kim et al., 2021) and MYB117 (Ma et al., 2021) are involved in anthocyanin and lignin biosynthesis, respectively. Additionally, MYB is widely involved in the phenylpropanoid pathway at the transcriptional level and can potentially precisely regulate lignin and flavonoid synthesis genes, which can enhance poplar disease resistance.




Non-coding RNAs on poplars response to fungal pathogens

Most studies have focused on the function of protein-coding genes like PR in biotic stresses. However, large proportions of eukaryotic genomes are transcribed into RNAs that do not encode proteins. These transcripts are called noncoding RNAs (ncRNAs) and can be directly involved in the regulation of disease resistant genes (Li et al., 2021). ncRNAs are mainly classified into microRNAs (miRNAs), long ncRNAs (lncRNAs) and circular RNAs (circRNAs). Among them, miRNAs play important roles in disease resistance by cleaving target genes or repressing the translation of target mRNAs (Li et al., 2016). Li et al. (2016) studied the susceptibility of P. nigra × P. deltoides to M. larici-populina, they found that miRNAs could act directly or indirectly on disease-related genes or proteins. For example, CC-NBS-LRR class protein family, TIR-NBS-LRR class protein family, cellulose synthase genes and stress-inducible protein genes. However, none of them was responding to rust infection. Conversely, miRNAs related to PAMPs and PTIs were responsive to rust infection. Moreover, the miRNA-mediated posttranscriptional regulation of defense signaling genes was inactivated at the ETI and HR stages by infection with M. larici-populina (Li et al., 2016). After P. trichocarpa induced with canker pathogen (Botryosphaeria dothidea), 12 miRNAs were upregulated. Especially, miR156 responded to biotic and abiotic stresses in Populus, and miRNA-TF interaction networks in poplar canker were revealed. For example, miR159, miR164, and miR319 targeted MYB factors and MYB involved in their activation or repression, miR160-ARF (Auxin receptor factor) and miR167-ARF interaction were related to disease resistance (Zhao et al., 2012). Additionally, miRNAs also play crucial roles in the regulation of NBS-LRR and host defense responses (Figure 1). Liu et al. (2019) found PsRPM1 and PsRPS2/5, which containing NBS-LRR domains, were significantly increased at later infection stages with rust, while miRNAs were down-regulated. These results indicated miRNAs were negatively regulated the expression of their target genes to enhance the resistance of poplars to rust fungus. Similarly, when poplars exposed to the hemibiotrophic fungus C. gloeosporioides, miR472a was down-regulated and NBS-LRRs were up-regulated, leading to a ROS burst and HR to against hemibiotrophic fungus. But when poplars are exposed to the necrotrophic fungus Cytospora chrysosperma miR472a negatively regulated NBS-LRRs, leading to PCD and resulting in necrotrophic fungus susceptibility (Su et al., 2018). Furthermore, plant lncRNAs might be a target of miRNAs and decrease the interaction between mRNAs and miRNAs by binding specific miRNAs. Moreover, lncRNAs that were located closed to protein-coding genes, were differentially expressed during pathogen infection (Wang et al., 2017b). Therefore, these results indicate that sRNAs play important roles in plant-pathogen interactions in poplars.




Conclusion and prospects

Currently, the formation mechanism of plants induced disease resistance has been preliminarily revealed in some model species. However, the mechanisms of plants induced disease resistance are complex and may correspond with plant and pathogen species. Woody plants have more receptors and R proteins than herbs, providing them with better defenses strategies (Duplessis et al., 2009). When receptor proteins and R proteins sense the pathogen, then activate downstream signals. Different with Arabidopsis, SA and JA cooperated to against both biotrophic and necrotrophic fungus in poplar and the genes regulated SA signaling may be different from Arabidopsis (Ullah et al., 2019a; Ullah et al., 2022). Because perennial woody plants have higher resource utilization efficiency than annual plants, they generally use more resources for defense.

Although development and application of omics technologies have provided broadened insights into poplars defensive responses against fungal pathogens, there are still many gaps in our understanding of poplar defense against fungus. For instance, the mechanisms of diverse R proteins and receptors in poplar that sense different fungus are still unclear. Many plant-pathogen interaction candidate genes, such as PRs, WRKYs, ERFs, TIFY, NDR1, EDS1 and RISP, which play important roles in poplar disease resistance, still need to be explored. In addition, plants defensive responses are complex, it is urgent to explore diverse crosstalk between different types of defensive responses in woody plants. The mechanism by which phytohormones interact with signaling molecules, e.g., ROS and NO, to influence poplar defense against pathogens also need to be investigated further. Further studies on the functions of ncRNAs in disease resistance and in regulating transcription and RNA silencing are of great significance.
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Rice sheath blight (ShB) disease poses a major threat to rice yield throughout the world. However, the defense mechanisms against ShB in rice remain largely unknown. ShB resistance is a typical quantitative trait controlled by multiple genes. With the rapid development of molecular methods, many quantitative trait loci (QTLs) related to agronomic traits, biotic and abiotic stresses, and yield have been identified by genome-wide association studies. The interactions between plants and pathogens are controlled by various plant hormone signaling pathways, and the pathways synergistically or antagonistically interact with each other, regulating plant growth and development as well as the defense response. This review summarizes the regulatory effects of hormones including auxin, ethylene, salicylic acid, jasmonic acid, brassinosteroids, gibberellin, abscisic acid, strigolactone, and cytokinin on ShB and the crosstalk between the various hormones. Furthermore, the effects of sugar and nitrogen on rice ShB resistance, as well as information on genes related to ShB resistance in rice and their effects on ShB are also discussed. In summary, this review is a comprehensive description of the QTLs, hormones, nutrition, and other defense-related genes related to ShB in rice. The prospects of targeting the resistance mechanism as a strategy for controlling ShB in rice are also discussed.
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Introduction

Efficient control of crop diseases is a must for sustainable agricultural production (Senapati et al., 2022). Rice is a staple food for half of the world’s population but is severely threatened by diseases. Rice blast, bacterial blight, and rice sheath blight (ShB) are collectively referred to as the three major diseases of rice due to the widespread prevalence resulting in significant yield losses (Liu and Wang, 2016). While rice blast and bacterial blight have been well-controlled through disease resistance breeding based on a deep understanding of the underlying molecular mechanisms of rice resistance to these diseases (Rao et al., 2014), ShB has not. ShB affects the entire life cycle from seedling to heading stage, and causes damage to leaves, sheaths and even panicles, resulting in the wilting of leaves and sheaths and reduced seed setting rates (Savary et al., 1995). The prevention and control of rice ShB follows the conventional strategy of prioritizing prevention followed by comprehensive management, and combines meteorological data collection to monitor rice diseases. The control measures include the breeding of disease-resistant varieties, as well as the application of chemical, biological, or RNA pesticides. As China has no disease-resistant rice varieties, chemical pesticides are mainly used to control rice sheath blight (Rajesh et al., 2016). However, due to the lack of disease-resistant resources of rice germplasm, Rhizoctonia solani has high genetic variability and wide host affinity, and can survive from one crop season to the next by forming dormant sclerotia, which increases the difficulty of controlling rice ShB. The resistance of rice to ShB is considered a quantitative trait inheritance controlled by multiple genes. The resistance of different rice varieties to ShB involves multiple quantitative trait loci (QTLs). Identification of QTLs can accelerate the mapping and cloning of resistance genes, which in turn helps to develop rice varieties resistant to ShB (Zuo et al., 2014).

Rice ShB, caused by the fungus Rhizoctonia solani Kühn, is one of the three major diseases of rice, causing serious yield losses (Zheng et al., 2013). The sexual state is Thanatephorus cucumeris. The pathogen is generally soil-borne and can cause severe disease in a variety of crops (Anderson et al., 2017). Compatible R. solani strains can form a fused mycelial network that is genetically highly variable. There are 14 different fusion groups (Anastomosis Group, AG) (Carling et al., 2002a; Carling et al., 2002b), in which 13 groups were named AG1-AG13, and the 14th fusion group AGB1. According to the homology and morphological characteristics of sclerotia, the AG1 strain was further divided into three subgroups: IA, IB and IC. It is generally believed that AG1-IA is the main fusion group causing rice ShB (Singh et al., 2019). AG1-IA infects rice causing ShB in rice-growing regions around the world that can result in up to 50% yield loss (Zheng et al., 2013). The extensive use of nitrogen fertilizer, the introduction of semi-dwarf high-yielding varieties (HYV), and higher crop densities and the resulting moist space are important factors in increasing the incidence of ShB (Savary et al., 1995; Molla et al., 2020). The main rice-producing areas in China are the Central, South China, Southwest, Northeast, North China, and Northwest rice areas which vary in cultivation systems and rice varieties and distributions, as well as the type of rice diseases that occur. In Central and South China, the main disease is ShB, and its incidence area and yield loss are significantly higher than those of rice blast and rice false smut. The yield losses caused by ShB and rice blast in Southwest and North China are similar but significantly higher than that caused by rice false smut (Qi et al., 2021). Therefore, the development of efficient and sustainable ShB control strategies is extremely urgent. The pathogen R. solani has a wide host range and high genetic variability. However, to date, few rice varieties that are resistant or immune to ShB have been identified and the development of disease-resistance breeding is therefore limited. Nevertheless, the dissection of the underlying molecular basis of rice resistance to ShB has been of great interest for many years. In recent years, exciting new research on the molecular mechanism of ShB resistance has been emerging. It was found that the WRKY36-SWEET11 signaling pathway negatively regulates rice ShB and increases the resistance of transformed rice without affecting yield through the interaction of the mesophyll cell-specific mutant SWEET11 and the wild-type (WT) (Gao et al., 2018). Brassinosteroid (BR)-mediated WRKY53 and MPK6 signaling may balance SWEET2a expression and thus negatively regulate rice resistance to ShB (Gao et al., 2021). In addition, AMT1;1-mediated  transport can accelerate nitrogen metabolism in rice and regulate the expression of subsequent -dependent ethylene-related genes, thereby promoting rice resistance to ShB and suggesting that appropriate nitrogen uptake and assimilation are necessary for rice defense activation (Wu et al., 2022). In short, the research progress on rice resistance to ShB has developed rapidly.

This review summarizes recent research on the mechanisms of ShB resistance in rice. Since several outstanding reviews about R. solani-rice interaction have been recently published (Liu and Wang, 2016; Datta et al., 2017; Molla et al., 2020; Li et al., 2021; Senapati et al., 2022), this review will mainly focus on QTLs, plant hormones, nutrition, and other defense-related genes.





Quantitative trait loci

In recent years, the identification of broad-spectrum disease resistance genes in rice has become of great interest, including disease resistance gene R, disease resistance regulatory genes, and QTLs (Liu et al., 2021). ShB resistance is a typical quantitative trait controlled by multiple genes (Pinson et al., 2005; Zuo et al., 2014). This is complicated by pleiotropy of major genes and co-dominance of major and minor genes. QTL is a statistically significant association between allele variation at specific loci and the phenotypic traits showing continuous variation (St. Clair, 2010). The identification, mapping, verification, and subsequent characterization of QTLs can accelerate the localization and cloning of important resistance genes. This can aid in the development of ShB-resistant rice varieties. With the increasing use of next-generation DNA sequencing and high-density molecular marker platforms, various QTLs for ShB have been identified and used to determine the source of these traits. QTL mapping has been performed using molecular markers. By analyzing the linkage relationships between the genotype values of molecular markers and the phenotypic values of quantitative traits, QTLs have been mapped to specific sites on chromosomes to estimate their genetic effects (Lynch and Walsh, 1998).

The ShB QTLs have been localized to two major loci: qShB9-2 and qSBR11-1 (Liu et al., 2009; Channamallikarjuna et al., 2010). For the first time, Li et al. (1995) used 113 uniformly distributed RFLP markers to study the F4 mixed population formed by the crosses of the susceptible variety Lemont with resistant variety Teqing, and six QTLs related to ShB resistance were identified (Li et al., 1995). The major qShB9-2 QTL was discovered by Li et al. (1995) and later confirmed in other studies (Han et al., 2002; Pinson et al., 2005; Liu et al., 2013). F2 populations (Pan et al., 1999; Sharma et al., 2009), backcrossed inbred lines (Sato et al., 2004; Eizenga et al., 2015), near-isogenic lines (NILs) (Loan et al., 2004), recombinant inbred lines (RILs) (Pinson et al., 2005), and chromosome segment substitution lines (CSSLs) (Zuo et al., 2013; Zuo et al., 2014) have commonly been used for QTL preliminary mapping. More than 200 QTLs for ShB resistance have been detected in other mapping populations. (Zeng et al., 2015). However, despite the detection of many QTLs for ShB resistance, only qSBR9-2, qSBR11-1, qSB-9TQ, and qSB-11LE were found to be specific genes. Relatively few QTLs contribute to phenotype, and are often affected by agronomic traits such as plant height and heading date. Only the main genes qSB-9TQ, qSB-11LE and qSB-11HJX have been used in resistance breeding (Li et al., 2021). There are 26 putative disease-related candidate genes in the qSBR11-1 region, including 11 tandem repeats of chitinase, and 12 candidate genes have also been detected in the qSB-9Tq region (Molla et al., 2020). The major QTL-qSB-9Tq conferring partial resistance to ShB has been verified on chromosome 9 of the Teqing indica rice cultivar, and it also has a great potential for enhancing the resistance of japonica rice to ShB (Zuo et al., 2008). Pyramiding disease resistance QTLs has been considered as an important strategy to develop ShB resistant cultivars. qSB-11HJX, located on chromosome 11 of Huajingxian 74, is one of the most effective resistance QTLs, which can reduce the ShB disease level by about 1.4 at the NIL level (Zhu et al., 2014). By constructing secondary segregation populations and composite interval mapping, qSB-11HJX was mapped between the molecular markers ZY27.49 and ZY27.92-11 with a physical distance of 430 kb (Zhu et al., 2014). Zuo et al. (2013) used CSSL populations in both greenhouse and field environments to fine-locate a QTL (qSB-11LE) of the resistance allele from parent Lemont to the interval of markers Z22-27C and Z23-33C, which was 78.87 kb long. The lines carrying qSB-11LE and qSB-11HJX have a significantly lower level of disease than the recurrent parent and lines with a single QTL under the same genetic background, indicating that QTL pyramiding can further increase the resistance to ShB (Li et al., 2019). The progress of QTL mapping for ShB resistance has been summarized in Table 1.


Table 1 | QTL mapping for ShB resistance in rice.



With the rapid development of molecular techniques, researchers have used association mapping and genome-wide association studies (GWAS) to identify resistance genes. GWAS are widely used to dissect the broader genetic variability of complex traits in plants (Huang et al., 2010; Zhao et al., 2011; Morris et al., 2013; Liu et al., 2017). Rice germplasm resources are very rich and can provide an excellent natural population for association analyses. To date, GWAS have been used to mine many QTLs related to agronomic traits, biotic and abiotic stresses, and yield in rice (Huang et al., 2010; Famoso et al., 2011; Zhao et al., 2011; Kang et al., 2016). GWAS together with next-generation sequencing are powerful complementary strategies for mapping complex traits in rice. Association mapping can improve the efficiency of aggregation of putative resistance alleles, thereby reducing the cycle of ShB resistance breeding. This strategy also provides a new method for marker-assisted breeding and basic resistance research into ShB (Taguchi-Shiobara et al., 2013; Liu et al., 2021).





Hormonal signaling




Auxin

Auxin plays a pivotal role in rice growth and development by regulating virtually all aspects of the plant life cycle (Zhao, 2010). Auxin is the only hormone that can be transported over long distances in plants. PIN-FORMED 1a (OsPIN1a) is an auxin efflux carrier responsible for auxin polar transport in rice (Xu et al., 2005; Kramer and Bennett, 2006). Sun et al. (2019) inoculated OsPIN1a overexpression and RNA-silenced lines with R. solani, demonstrating that this gene positively regulates rice resistance to ShB. These results indicated that auxin is correlated with ShB resistance (Sun et al., 2019). Qiao et al. (2020) identified an ShB-responsive small RNA (siR109944), which was inhibited by R. solani. Inoculation experiments showed that siR10944 negatively regulates rice resistance to R. solani, while its target gene OsFBL55 (a putative auxin receptor) positively regulates rice resistance to R. solani (Qiao et al., 2020).





Ethylene

As the only gaseous hormone, ethylene is best known for its function in promoting fruit ripening (Bleecker and Kende, 2000). In follow-up studies, ethylene was found to affect plant responses to abiotic and biotic stresses (Broekaert et al., 2006; Kazan, 2015). The results of several studies showed that enhanced ethylene biosynthesis or signal transduction could confer rice broad-spectrum resistance to multiple pathogens (Helliwell et al., 2013; Yang et al., 2017). OsACS2 encodes a key enzyme for ethylene biosynthesis, the overexpression of which leads to the over-accumulation of ethylene. OsPBZ1 is a typical PR (pathogen-related) gene, and its expression is dramatically induced in response to a pathogen attack. Helliwell et al. (2013) used an OsPBZ1 promoter to drive OsACS2 expression in rice. In the absence of pathogens, the expression of OsACS2 in overexpression lines is similar to that in wild-type plants. However, after pathogen inoculation, both OsACS2 expression and the ethylene content in OsACS2-overexpressing lines were significantly up-regulated, leading to enhanced resistance to ShB, compared with wild-type plants (Helliwell et al., 2013). In addition, our previous work showed that OsEIL1, the core component of the rice ethylene signaling pathway which regulates the expression of ethylene-responsive genes, positively regulates rice resistance to ShB (Yuan et al., 2018). These results demonstrate that ethylene contributes to ShB resistance, possibly by activating ROS and phytoalexin production or crosstalk with other defense-related hormones such as jasmonic acid (JA) and salicylic acid (SA) (Yang et al., 2017).





Salicylic acid and jasmonic acid

While both SA and JA are known defense-related hormones, they differ in function. SA primarily affects plant resistance to biotrophic and hemi-biotrophic pathogens and is critical for system-acquired resistance. JA regulates plant resistance to necrotrophic pathogens and insect herbivory (Howe and Jander, 2008; Browse, 2009; Vlot et al., 2009). Unlike Arabidopsis, the SA signaling pathway in rice has two branches. One is the same NPR1-mediated pathway while the other is regulated by OsWRKY45 (Shimono et al., 2007; Yuan et al., 2007). SA was previously thought to be responsible for resistance to biotrophic and semi-biotrophic pathogens. Since R. solani was also thought to be a necrotrophic fungus (Vidhyasekaran et al., 1997; Brooks, 2007), the role of SA in rice resistance to ShB remained unclear. Recently, the functional roles of SA in the rice-R. solani interaction have been comprehensively investigated. Kouzai et al. (2018) demonstrated that exogenous SA treatment enhanced ShB resistance, while NahG-overexpressing rice plants deficient in SA showed increased susceptibility to ShB compared to wild-type plants. These results demonstrated that SA positively regulates rice resistance to ShB (Kouzai et al., 2018). Interestingly, OsWRKY45 overexpression in rice plants had no positive effects on ShB resistance (Shimono et al., 2012). These results suggest that an OsWRKY45-independent SA signaling pathway confers ShB resistance on rice and is most likely OsNPR1-related. As a key regulator in plant SA signal transduction, NPR1 is located downstream of SA and upstream of PR protein gene expression. In the npr1 mutant, the gene encoding the PR protein could not be expressed, and the SAR could not be activated to produce disease resistance, indicating that the lack of NPR1 would lead to the loss of SAR in plants (Cao et al., 1994; Cao et al., 1997). In many plants, such as Arabidopsis, carrot, rice, tobacco, tomato, wheat, and apple, overexpression of NPR1 gene can enhance resistance to disease in plants (Fitzgerald et al., 2004; Lin et al., 2004; Chern et al., 2005; Makandar et al., 2006; Malnoy et al., 2007), indicating that NPR1 regulation of the immune response is common in higher plants.

Previous studies found that the gene responsible for JA biosynthesis is essential for rice resistance to ShB, and exogenous application of JA enhanced resistance (Taheri and Tarighi, 2010). Moreover, constitutive expression of the OsWRKY30 transcription factor promotes JA accumulation and PR gene expression to increase ShB resistance in rice, confirming that JA positively regulates rice resistance to ShB (Peng et al., 2012). Both SA and JA are plant defense-related hormones with sophisticated crosstalk since both synergistic and antagonistic effects have been reported. Surprisingly, based on the above studies, exogenous application of both SA and JA was found to enhance ShB resistance in rice, while suppression of SA and JA significantly reduced resistance (De Vleesschauwer et al., 2013). These results show that the traditional concept of the relationship between SA and JA is not applicable in the rice-R. solani system. Therefore, the mechanism of ShB resistance mediated by SA and JA requires further study.





Brassinosteroids

Brassinosteroids (BRs) are growth-promoting hormones with diverse roles in plant development (Ye et al., 2011). In rice, since BRs regulate plant height, branching, heading date, stress tolerance, and nutrient acquisition, they have become potential targets for breeding improvement (Tong and Chu, 2018; Wang et al., 2020; Yang et al., 2021). Emerging evidence has revealed that BRs also affect the rice response to biotic stresses (Nakashita et al., 2003; He et al., 2017). Taking advantage of rice BR mutants, Yuan et al. (2018) demonstrated that disruption of BR biosynthesis or signal transduction confers ShB resistance in rice, suggesting that BRs are negative regulators of rice resistance to ShB (Yuan et al., 2018). OsWRKY53, a newly identified rice BR signal transducer, has been shown to positively regulate BR signaling (Tian et al., 2017). Gao et al. (2021) showed that OsWRKY53 directly activates the expression of OsSWEET2a, a negative regulator of rice resistance to ShB, to confer susceptibility to ShB (Gao et al., 2021). These results provide insight into BR-mediated susceptibility to ShB in rice.





Other hormones

Current knowledge also implicates hormones related to plant growth and development, such as gibberellin (GA), abscisic acid (Sato et al.), strigolactone (SL), and cytokinin (CTK), either directly or indirectly in plant disease resistance or susceptibility.

GA is a class of plant hormones belonging to the tetracyclic diterpenes, which primarily regulate plant growth and development (Kurosawa, 1926). In rice, local application of GA lowered resistance to semi-living and living nutrients in Magnaporthe oryzae and Xanthomonas oryzae pv. oryzae (Xoo) (Yang et al., 2008; Qin et al., 2013). Although the means by which GA influences innate immunity in rice is not fully understood, several studies have demonstrated that GA is also associated with the inhibition of defense-related gene expression, plant antitoxin biosynthesis, and the regulation of SA and JA levels (Tanaka et al., 2006; Yang et al., 2008; Qin et al., 2013). GA is generally considered a negative regulator of rice innate immunity. SLENDER RICE 1 (SLR1) is the only DELLA protein in rice that inhibits GA signaling (Ikeda et al., 2001) and its mutation significantly increases susceptibility to Xoo (Yang, 2009). In addition, GA antagonizes JA signaling via DELLA proteins during rice development and immunity, thus acting as a major regulator of both hormonal pathways (Ikeda et al., 2001; Navarro et al., 2008).

ABA regulates many physiological processes involved in growth and development. Specifically, ABA has been extensively studied for its role in resisting abiotic stresses such as high salinity, drought, and low temperatures (Cutler et al., 2010). In recent years, ABA has also been shown to be significantly involved in the regulation and integration of defense responses. Both positive and negative ABA effects on disease resistance have been previously reported. However, ABA is primarily a negative regulator of immunity, regulating rice resistance to Xoo and M. oryzae (Jiang et al., 2010; Xu et al., 2013; Cao et al., 2016).

SLs are hormones found in many plants that inhibit branching and are involved in various developmental processes. The number of tillers, a key goal in rice breeding (Wang et al., 2018), can be significantly altered by genetically or chemically modifying the SL pathway (Waters et al., 2017). SLs stimulate seed germination of parasitic plants, induce the branching of mycorrhizal hyphae, and inhibit the branching in plants (Kumar et al., 2015; Kameoka and Kyozuka, 2018; Wang et al., 2020; Bhoi et al., 2021; Mashiguchi et al., 2021). However, since few studies to date have explored the role of SLs in resistance to ShB, this area of research requires further investigation.

CTK is the developmental hormone related to plant immunity. CTK is the earliest plant hormone found in maize seeds that can promote cell division. M. oryzae increases the CTK content of the host to facilitate its infection and rice can utilize this increase as a signal for pathogen infection to activate the defense response (Jiang et al., 2013). In Arabidopsis, high concentrations of CTK increase SA-mediated resistance to biotrophic pathogens, while lower concentrations increase sensitivity to biotrophic pathogens (Choi et al., 2010; Argueso et al., 2012). However, studies investigating the effects of GA, ABA, SLs, and CTK on rice resistance have primarily focused on rice blast and rice bacterial blight. The effects of these hormones on the ShB process are not clear and require further investigation. Plant hormones do not act independently on pathogens, but instead resist infection via mutual antagonism or synergy with other hormones (Figure 1). This interaction or crosstalk between individual hormones is thought to enable plants to adjust their induced defense arsenals based on the type of infective agent and cost-effectively use their limited resources (Verhage et al., 2010; De Vleesschauwer et al., 2013).




Figure 1 | Crosstalk between hormones and ShB. IAA, ETH, SA, JA, BR, GA, ABA, CTK, and SL regulate ShB resistance. PIN1a is an auxin efflux carrier responsible for auxin polar transport in rice. PIN1a positively regulates rice resistance to ShB. siR109944 expression is suppressed by R. solani inoculation. ACS2 leads to over-accumulation of ethylene. PBZ1 expression level is significantly induced in response to pathogen attacks. Following pathogen inoculation, the ACS2 levels and ethylene contents in ACS2-overexpression lines are significantly up-regulated, resulting in enhanced resistance to ShB. EIL1, the core component of the rice ethylene signaling pathway which regulates the expression of ethylene-responsive genes, positively regulating rice resistance to ShB. The SA signaling pathway in rice has two branches, one is the same NPR1-mediated pathway while the other is regulated by WRKY45. WRKY45 overexpression rice plants results in resistance to blast disease and leaf blight disease but has no positive effects (OPE) on ShB resistance. The function of NPR1 in the rice-ShB interaction remains unknown. Constitutive expression of transcription factor WRKY30 promotes JA accumulation and PR gene expression to increase ShB resistance in rice. JA positively regulates rice resistance to ShB. BR is a negative regulator of rice resistance to ShB. WRKY53 directly activates the expression of SWEET2a, a negative regulator of rice resistance to ShB, to confer susceptibility to ShB. SLR1 is the only DELLA protein in rice that inhibits GA signaling and its mutation significantly increases the disease susceptibility to leaf blight disease. ABA is primarily a negative regulator of immunity that regulates rice resistance to leaf blight disease and blast disease. The effects of SLs and CTK on the ShB process are not clear and require further investigation.








Nutrition

The primary purpose of pathogenic fungal infection of plants is to obtain nutrients for survival. Fungi use plants as carbon and nitrogen sources, which are crucial for the growth and development of plants themselves. Therefore, the nutritional status of rice determines the resistance of rice to ShB disease. Next, the effects of two plant nutrients, sugar and nitrogen, on rice ShB resistance are summarized.




Sugar

The assimilation products of photosynthesis in plants are transported in the form of sugars. Sugars from host plants are known to be taken up by fungi (Aked and Hall, 1993; Sutton et al., 1999). Currently, there are two hypotheses to explain the role of sugars in plant-pathogen interactions. The first is the “pathogen starvation hypothesis” and the second is the “sugar signaling hypothesis” (Bezrutczyk et al., 2018). Based on this inference, Gao et al. (2018) introduced a dominant-negative version of OsSWEET11 that is driven by the rubisco promoter which is expressed in green tissues but not in seeds to create ShB-resistant rice without penalty to yield (Gao et al., 2018). Sugar Will Eventually be Exported Transporter (SWEET) proteins transport hexose and sucrose across the cell membrane (Chen et al., 2015). OsSWEET11/Os8N3 play a vital role in seed filling and can also be exploited by pathogens to transport sugar into the extracellular space to provide nutrients for the pathogens. The Ossweet11 mutant shows resistance to multiple pathogens, but its seed-filling defect has a negative impact on the yield (Chen et al., 2010; Bezrutczyk et al., 2018). Therefore, the implantation of mutated OsSWEET11 in green tissues to inhibit the function of endogenous OsSWEET11 achieves enhanced disease resistance without compromising the yield. Gao et al (2021) revealed the important role of sugar in the rice-ShB interaction and confirmed that manipulation of endogenous sugar levels can alter rice susceptibility to ShB. Additional evidence is that OsSWEET2a negatively regulates rice resistance to ShB (Gao et al., 2021). Furthermore, the R. solani AG1-IA effector AOS2 that is secreted and targeted in the nucleus, interacts with WRKY53 and grassy tiller 1 (GT1) to activate SWEET2a and SWEET3a resulting in sugar efflux for nutrition (Yang et al., 2022). In addition, a recent study identified new QTLs for ShB resistance which included OsSWEET13 and 14 (Li et al., 2022). These results were consistent with Kim et al. (2021) study that identified OsSWEET14 overexpression plants that exhibited ShB resistance, while Ossweet14 mutants were more susceptible compared to wild-type plants, demonstrating that OsSWEET14 contributes to ShB resistance in rice. In summary, these studies indicate that sugar transporters are extensively involved in the interaction between rice and ShB (Figure 2).




Figure 2 | Effects of sugar on rice ShB. SWEET transports hexose and sucrose across the membrane. SWEET11/Os8N3 plays a vital role in seed filling and can also be exploited by pathogens to transport sugar to the extracellular space to provide nutrients for pathogens. While the sweet11 mutant showed resistance to multiple pathogens, it is defective in seed filling, thus reducing yield. Rhizoctonia solani AG1-IA effector AOS2 is secreted and targeted in the nucleus to interact with WRKY53 and GT1 to activate SWEET2a and SWEET3a to efflux sugar for nutrition. SWEET2a and SWEET11 negatively regulate ShB resistance in rice. Alternatively, SWEET14 contributes to ShB resistance in rice. Sugar transporters are extensively involved in the interaction between rice and ShB.







Nitrogen

Since the Green Revolution in the 1960s, nitrogen (N) fertilizer has played a significant role in increased rice yields. This issue originated when the semi-dwarf1 (sd1) allele was used extensively in rice breeding to develop semi-dwarf Green Revolution varieties (GRVs) that enhanced lodging resistance and increased yield. However, these GRVs exhibited poor nitrogen use efficiency (NUE) and therefore, large amounts of N fertilizer were necessary to produce the desired high yield in these varieties (Liu et al., 2022). High N fertilizer input promotes rice growth and development and also guarantees yield, but excessive N fertilizer will increase the prevalence of ShB (Savary et al., 1995). There is thus a dilemma where high applications of N fertilizer ensure good GRV yields but concomitantly aggravate the prevalence of ShB. Hence, it is particularly important to explore the N-mediated mechanism of rice resistance to ShB. A recent study reported clarification of the mechanism of ammonium-mediated resistance to ShB (Figure 3). Beginning with a susceptible mutant, Wu et al. (2022) found that the rice ammonium transporter OsAMT1;1 positively regulates rice resistance to ShB. However, this phenomenon was caused not by ammonium itself, but by N-derived metabolites (e.g., amino acids). Combining the results of genetics with physiological and biochemical experiments, Wu et al. (2022) proposed that OsAMT1;1 enhanced rice resistance to ShB via the accumulation of N metabolites (such as amino acids and chlorophyll) and activation of the downstream ethylene signaling pathway (Wu et al., 2022). In summary, overexpression of OsAMT1;1 could simultaneously improve yield (Ranathunge et al., 2014) and resistance to ShB. This suggests that OsAMT1;1 is a promising target for the genetic improvement of rice. Sun et al. (2014) identified and cloned a rice NUE-related QTL (qNGR9) and found that it is synonymous with DENSE AND ERECT PANICLE 1 (OsDEP1). Rice varieties carrying dep1 alleles are insensitive to N supply and display increased NUE (Sun et al., 2014). Meanwhile, OsDEP1 was also reported to affect ShB resistance. OsDEP1-silenced plants and Osdep1 mutants are resistant to ShB, while OsDEP1 overexpression lines demonstrated increased susceptibility to ShB. OsDEP1 interacts with the transcription factor LPA1 (Loose Plant Architecture 1) to inhibit its function of activating the expression of OsPIN1a, thereby inhibiting rice resistance to ShB (Miao Liu et al., 2021).




Figure 3 | Effects of nitrogen on rice ShB. The rice ammonium transporter AMT1;1 positively regulates rice resistance to ShB. This phenomenon is caused not by ammonium itself, but by N-derived metabolites. AMT1;1 enhances the resistance of rice to ShB by promoting the accumulation of N metabolites, such as amino acids and chlorophyll, and activating the downstream ETH signaling pathway. Amino acid (AA) accumulation can inhibit R. solani and promote chlorophyll synthesis, which is a positive regulator of rice ShB. A low concentration of   activates the ETH signal through AMT and a high concentration of   inhibits the ETH signal. ETH signaling positively regulates ShB resistance and  uptake, suggesting that ETH signaling acts downstream of AMT and that  uptake is also under feedback control.








Other defense-related genes

Due to the lack of ShB-resistant rice germplasm resources, it is challenging to breed varieties resistant to ShB using traditional breeding methods. The use of genetic engineering technology to transform ShB resistance-related genes is one of the most effective means to develop resistant varieties. In recent years, researchers have isolated and identified many ShB resistance-related genes from rice. IDD14 and IDD13 activate PIN1a to promote rice resistance to ShB (Sun et al., 2019; Sun et al., 2020). The interaction between DEP1 and IDD14 negatively regulates rice defense against ShB (Liu et al., 2021). Chitin is one of the main components of the fungal cell wall and the chitinase (chi11) gene can enhance ShB resistance in rice (Baisakh et al., 2001; Datta et al., 2001). Lignin is an important component of the structural integrity of plant cell walls and its deposition enables plant cell walls to resist pathogen infection. Furthermore, some phenols and free radicals produced during lignin synthesis can reduce the infection ability of pathogens by affecting the activity of physiologically-related enzymes of pathogens (Chezem et al., 2017). A GWAS in maize has shown that the F-box protein ZmFBL41 interacts with and degrades ZmCAD (lignin biosynthesis enzyme) to inhibit ShB resistance (Li et al., 2019). WRKY transcription factors have been extensively studied. Studies have demonstrated that they play key roles as regulators in plant immune responses under a variety of biotic stresses (Cui et al., 2019). WRKY genes are crucial in inhibiting or activating both plant defense responses via direct or indirect interaction with PAMPs/effector proteins or via MAPK regulation (Phukan et al., 2016). Multiple WRKY transcription factors regulate rice resistance to ShB through transcriptional activation or repression. The transcription factors WRKY24 and WRKY70 are highly expressed in disease-resistant rice varieties (Zhang et al., 2017). Previous studies have shown that transcription factors such as OsWRKY4,13,30, and 80 enhance ShB resistance in rice (Wang et al., 2015; Peng et al., 2016; Lilly and Subramanian, 2019). However, OsWRKY53-overexpression lines are more susceptible to ShB (Yuan et al., 2020). The rice sugar transporters SWEET11 and 14 negatively and positively regulate rice resistance to ShB, respectively (Gao et al., 2018; Kim et al., 2021). In addition, DOF11 promotes rice resistance to ShB via direct activation of SWEET14 (Kim et al., 2021).





Conclusion and perspectives

Rice is an important food crop throughout the world. However, it is susceptible to diseases such as ShB. The pathogen R. solani has a wide host range and can infect more than 200 plant species. These host plants belong to the Poaceae, Fabaceae, Solanaceae, Amaranthaceae, Brassicaceae, Rubiaceae, Malvaceae, Asteraceae, Araceae, Moraceae, and Linaceae families (Chahal et al., 2003). Up to 188 plant species belonging to 32 families were found to be infected by this fungus in Japan (Kozaka, 1961). In India, 62 important economic plants and 20 weed families have been reported (Roy, 1993). Several weed plants have been identified as adjunct hosts of pathogens in the absence of rice plants (Acharya and Sengupta, 1998) and as inoculums that contribute to the further spread of disease. In recent years, the prevalence of ShB has increased due to the increased intensity of climate change, the promotion and planting of dwarf varieties and hybrid rice, and the intensive rice production system characterized by the large-scale application of nitrogen fertilizer, high planting density, and wide use of high-yield varieties in the process of cultivation and management, seriously affecting both rice yield and quality (Slaton et al., 2003; Molla et al., 2020).

Therefore, it is essential to study ShB to contribute to the understanding and prevention of this severe disease. The planting of ShB-resistant varieties is the most economical and effective way to control ShB. Excavating ShB resistance germplasm resources and mapping ShB resistance genes are the premise and basis of the breeding of resistant varieties. The rice yield loss caused by ShB is estimated to be 10-40% per year and is becoming a major threat to rice cultivation (Savary et al., 2000). However, breeders have not yet identified highly resistant or immune varieties, significantly restricting the development of ShB resistance breeding and the discovery of excellent resistance genes. In the process of green and high-quality agricultural development in China, we should also increase the integrated promotion of green prevention and control technology of rice diseases and insect pests, and strive to make breakthroughs in the breeding and promotion of disease-resistant varieties, the screening and development of new pesticides such as biological and RNA pesticides, and the efficient application of pesticide technology. To date, there are many reported QTLs associated with ShB resistance. However, only a few genes have been shown to regulate ShB resistance. Therefore, the mining and screening of resistant germplasm resources and the mapping of ShB resistance genes/QTLs remain significant topics for future research on ShB.

When plants encounter biotic stresses, plant hormones activate defense genes to coordinate effective defense responses. The pathways regulated by SA and JA constitute the key part of the regulation of the immune system hormones (Wasternack and Song, 2017; Zhang and Li, 2019). Plant hormone signal transduction pathways can regulate the defense response of rice against R. solani. Transcription factors (such as WRKY, MYB, and RAV) are a class of proteins that regulate gene expression and are usually involved in different plant hormonal signaling pathways (Yamasaki et al., 2005; Yamasaki et al., 2008; Singh and Subramanian, 2017; Yuan et al., 2018). They bind to the promoter region upstream of the target gene to activate or inhibit the expression of the target gene and stimulate the defense mechanism of rice against R. solani.

SWEET is a gene family widely distributed in prokaryotes, animals, and many members are found in plants (especially in higher vascular plants). Plant SWEET genes have diverse functions, affecting the reproductive development of plants, participating in phloem sugar loading, pollen development, fruit or seed development, nectar secretion, leaf senescence, ion transport, and other physiological processes, including plant-pathogen interaction and abiotic stress (Yang et al., 2006; Seo et al., 2011; Chen et al., 2012; Lin et al., 2014; Sosso et al., 2015). Plant-pathogen interaction is a complex relationship determined by a variety of factors. Pathogens secrete transcription activator-like effectors (TALEs) into host cells and act as transcriptional activators of plant target genes in host cells to facilitate pathogen reproduction or interfere with innate plant immunity (Tadege et al., 1998; Asai et al., 2016), while sugars provide a carbon source for pathogens and their host plants and the sugar signal can therefore induce the expression of defense genes. SWEET sugar transporters play a key role in regulating the redistribution of sucrose in plant tissues, suggesting that they are vital for balancing resistance and yield. To simultaneously improve yield and resistance, Li et al. (2012) used a miRNA to specifically inhibit the expression of OsSWEET11 in rice leaf tissues, thereby increasing resistance to bacterial blight while maintaining the seed setting rate. Photosynthetic tissues in plants are the main source of sugars, which are then transported across the membrane into the phloem under the mediation of sugar transporters. This process provides a pathway for sugars to enter various sugar-dependent tissues and cells (Bezrutczyk et al., 2018). Therefore, SWEET genes can positively or negatively regulate rice resistance to ShB. As a new member of the sugar transporter family, SWEET provides a channel for pathogens to hijack sugar from hosts. The separation of disease-resistant varieties and disease-resistant genes is of great significance for future breeding. Therefore, these SWEET-associated molecular mechanisms contributing to rice resistance to ShB should be further explored.

Nitrogen is an important mineral nutrient for plant growth and development. It is also an important component of nucleic acids, chloroplasts, proteins, and many secondary metabolites. Increased nitrogen fertilizer application is the major means of increasing crop yield. Improving NUE is the common goal of many researchers. Previous studies have shown that high doses of N fertilizers can lead to a significant increase in ShB incidence (Molla et al., 2020). However, a limited nitrogen supply will limit plant growth and yield. Under the condition of limited nitrogen fertilizer, AMT1;1-mediated   transport can accelerate nitrogen metabolism in rice and regulate the expression of subsequent -dependent ethylene-related genes, thereby promoting ShB resistance. It has been suggested that adequate nitrogen uptake and assimilation are essential for the activation of rice defense mechanisms (Wu et al., 2022). With the advances in genomic technology and functional genomics research, the underlying genetic mechanisms responsible for plant nitrogen uptake, utilization, and signal regulation can be extensively analyzed, providing a theoretical and technical foundation for improving crop NUE via molecular genetic means.

Rice is a major food crop throughout the world and its safe production is of great significance in solving the global food crisis. ShB is the main factor responsible for reducing rice yield. In addition to the use of good farming systems, the use of chemicals is one of the main ways to control disease, but it increases costs and pollutes the environment. This review summarizes the research progress in ShB based on studies on QTLs, hormones, nutrition, and defense-associated genes, analyzes the mechanism of rice resistance to ShB, and provides a comprehensive and systematic theoretical basis for the future breeding of ShB-resistant varieties of rice.
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In the published article, there was an error in Figures 1, 3. Figures 1, 3 images were reversed, but the figure legends were correct.




Figure 1 | Crosstalk between hormones and ShB. IAA, ETH, SA, JA, BR, GA, ABA, CTK, and SL regulate ShB resistance. PIN1a is an auxin efflux carrier responsible for auxin polar transport in rice. PIN1a positively regulates rice resistance to ShB. siR109944 expression is suppressed by R. solani inoculation. ACS2 leads to over-accumulation of ethylene. PBZ1 expression level is significantly induced in response to pathogen attacks. Following pathogen inoculation, the ACS2 levels and ethylene contents in ACS2-overexpression lines are significantly up-regulated, resulting in enhanced resistance to ShB. EIL1, the core component of the rice ethylene signaling pathway which regulates the expression of ethylene-responsive genes, positively regulating rice resistance to ShB. The SA signaling pathway in rice has two branches, one is the same NPR1-mediated pathway while the other is regulated by WRKY45. WRKY45 overexpression rice plants results in resistance to blast disease and leaf blight disease but has no positive effects (OPE) on ShB resistance. The function of NPR1 in the rice-ShB interaction remains unknown. Constitutive expression of transcription factor WRKY30 promotes JA accumulation and PR gene expression to increase ShB resistance in rice. JA positively regulates rice resistance to ShB. BR is a negative regulator of rice resistance to ShB. WRKY53 directly activates the expression of SWEET2a, a negative regulator of rice resistance to ShB, to confer susceptibility to ShB. SLR1 is the only DELLA protein in rice that inhibits GA signaling and its mutation significantly increases the disease susceptibility to leaf blight disease. ABA is primarily a negative regulator of immunity that regulates rice resistance to leaf blight disease and blast disease. The effects of SLs and CTK on the ShB process are not clear and require further investigation.






Figure 3 | Effects of nitrogen on rice ShB. The rice ammonium transporter AMT1;1 positively regulates rice resistance to ShB. This phenomenon is caused not by ammonium itself, but by N-derived metabolites. AMT1;1 enhances the resistance of rice to ShB by promoting the accumulation of N metabolites, such as amino acids and chlorophyll, and activating the downstream ETH signaling pathway. Amino acid (AA) accumulation can inhibit R. solani and promote chlorophyll synthesis, which is a positive regulator of rice ShB. A low concentration of NH+4 activates the ETH signal through AMT and a high concentration of NH+4 inhibits the ETH signal. ETH signaling positively regulates ShB resistance and NH+4 uptake, suggesting that ETH signaling acts downstream of AMT and that NH+4 uptake is also under feedback control.



We apologize for this error and this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Powdery mildew (PM) is one of the most important diseases of greenhouse and field-grown tomatoes. Viruses can intervene beneficially on plant performance in coping with biotic and abiotic stresses. Tomato yellow leaf curl Sardinia virus (TYLCSV) has been reported recently to induce tolerance against drought stress in tomato, and its C4 protein acts as the main causal factor of tolerance. However, its role in response to biotic stresses is still unknown. In this study, transgenic tomato plants carrying the TYLCSV C4 protein were exposed to biotic stress following the inoculation with Oidium neolycopersici, the causal agent of tomato PM. Phytopathological, anatomic, molecular, and physiological parameters were evaluated in this plant pathosystem. Heterologous TYLCSV C4 expression increased the tolerance of transgenic tomato plants to PM, not only reducing symptom occurrence, but also counteracting conidia adhesion and secondary hyphae elongation. Pathogenesis-related gene expression and salicylic acid production were found to be higher in tomato transgenic plants able to cope with PM compared to infected wild-type tomato plants. Our study contributes to unraveling the mechanism leading to PM tolerance in TYLCSV C4-expressing tomato plants. In a larger context, the findings of TYLCSV C4 as a novel PM defense inducer could have important implications in deepening the mechanisms regulating the management of this kind of protein to both biotic and abiotic stresses.
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1 Introduction

Tomato (Solanum lycopersicum L.) is one of the most agronomically important food crops, with a total of 186 million tons globally produced in 2020 on more than 5 million hectares, out of which approximately 0.1 million hectares are cultivated in Italy (FAOSTAT; https://www.fao.org/faostat/en/#data/QCL). Although the tomato market is continuously growing, a large number of different pathogens affect this crop, inducing significant yield losses (Panno et al., 2021). Powdery mildew (PM) is a widespread disease affecting more than 10,000 different botanical species. It is caused by several ascomycete fungi (order Erysiphales), ectoparasites that act as obligate biotrophic organisms (Takamatsu, 2004). On tomatoes, PM is caused frequently by Oidium neolycopersici L. Kiss (On), which is considered a worldwide emerging pathogen that induces white powdery lesions on the upper surface of the leaves. White powdery colonies may also develop on lower leaf surfaces during late disease stages and, in case of severe epidemics, petioles, stems, and sepals, but not fruits can be attacked (Jones et al., 2001; Jacob et al., 2008). On causes significant yield losses both in the greenhouse and in the open field, favoring temperate and humid climates. These yield losses might be exacerbated by events related to the ongoing climate change, particularly increased humidity following heavy rainfalls (Jacob et al., 2008).

New global pathogen containment strategies are being developed to foster the transition towards sustainable farming practices and sustainable lifestyles, based on reduced pesticide use and on the selection of low-risk active substances. Innovative strategies are becoming fundamental as many previously registered pesticides are being withdrawn from commercialization, due to the development of resistance in the target pathogen or because of toxicity concerns. One of these strategies implies the use of biological control agents that may protect the plant from pathogen attack in different ways (e.g., competition for nutrients and space), complying with a sustainable disease management approach. In nature, combinations of virus and other pathogen infections cause the activation of overlapping or synergistic molecular and metabolic mechanisms, which can change the outcome of the disease epidemics (Lehtonen et al., 2006; Syller and Grupa, 2016; Köhl et al., 2019). Furthermore, there are reports of virus infection reducing the incidence of other pathogens in the same plants, including PM fungi, such as the cases of barley yellow dwarf virus, potato virus Y, and zucchini yellow mosaic virus (ZYMV) active against Blumeria graminis f. sp. hordei, Erysiphe cichoracearum, and Podosphaera ssp., respectively (Potter and Jones, 1981; Marte et al., 1992; Harth et al., 2018). However, these reports are mainly focused on the phytopathological aspects of the plants and do not thoroughly describe the key molecular and phytohormonal aspects involved in this kind of defense reaction.

Pathogen recognition activates signaling cascades resulting in conserved defense responses that can also act against other co-infecting viral and nonviral agents or towards subsequent parasite attacks (Jones and Dangl, 2006; Teixeira et al., 2021). Signaling cascades mainly operate through the recruitment of phytohormones, mostly salicylic acid (SA) and jasmonic acid (JA), which are key actors of plant defense strategies. Specifically, SA is considered the primary phytohormone that mediates resistance against biotrophic pathogens (An and Mou, 2011), while JA is primarily responsible for regulating defense responses against necrotrophic pathogens and herbivores (Wasternack, 2007). SA-dependent disease resistance was reported in the case of the PM-resistant 4 (pmr4) Arabidopsis mutant line (Nishimura et al., 2003) and in the PM partially resistant tomato line carrying the Ol-1 resistance gene when subjected to single (PM) or combined (PM and drought) stress (Sunarti et al., 2022). In the last decade, the biochemical processes underlying the infection and the resistance responses of tomato plants to On are being investigated, including the role not only of hormones (Achuo et al., 2004; Li et al., 2012), reactive oxygen species (ROS) (Mlícková et al., 2004; Tománková et al., 2006), and reactive nitrogen species (Piterková et al., 2009; Piterková et al., 2013), but also of elicitors (oligandrin, BABA) (Satková et al., 2017), whose effect can be related either to effector-triggered immunity (ETI) or to pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI).

A crosstalk between responses to different stresses exists and plants carrying genes from certain pathogens were shown to display resistance towards other pathogens, such as bacterium vs. virus and yeast vs. virus (Cao et al., 2013; Zhirnov et al., 2016; Yang et al., 2019). Given that plant disease management is continuously evolving and that the presence of viruses in plants can also have beneficial outcomes (Gorovits et al., 2022), we investigated if the presence of viruses or the expression of viral proteins in plants may be beneficial against other pathogen infections.

Geminiviruses are circular single-stranded DNA viruses belonging to one of the largest families of plant viruses (Geminiviridae), infecting an extremely broad number of hosts (Fiallo-Olivé et al., 2021). Several species from this family have the potential to trigger and overcome the complex antiviral immune response of the plant, which include RNA interference (RNAi), ETI, and PTI (Teixeira et al., 2021).

The C4/AC4 proteins of geminiviruses are the less conserved proteins within this family, display a broad diversity of functions during viral infection, and have been implicated in several functions (Medina-Puche et al., 2021), such as virus movement (Jupin et al., 1994; Rojas et al., 2001), suppression of RNA silencing (Amin et al., 2011; Luna et al., 2012; Ismayil et al., 2018; Rosas-Diaz et al., 2018), symptom induction (Rigden et al., 1994), promotion of hypersensitive response (Mei et al., 2020), and hyperplasia (Jing et al., 2019). Recently, we reported that the C4 protein of tomato yellow leaf curl Sardinia virus (TYLCSV) empowers drought stress tolerance in transgenic tomato plants overexpressing it (Pagliarani et al., 2022), similarly to the C4 protein of a related begomovirus, i.e., tomato yellow leaf curl virus (TYLCV) (Corrales-Gutierrez et al., 2020; Gorovits et al., 2022; Mishra et al., 2022). These TYLCSV-C4 overexpressing lines C4-151, -153, and -156 exhibit varying degrees of phenotypic alterations, including deformed leaves with a curly and crispy morphology, and a reduced size showed considerable level of resistance to drought compared to wild-type (WT) individuals. To date, the role of the C4 protein in tackling biotic stress responses remains elusive.

In this work, we explored whether the transgenic expression of the TYLCSV C4 protein, besides being beneficial for the plant response to abiotic stresses, might also have a role in the response to biotic stresses. For this purpose, we inoculated TYLCSV C4-expressing tomato plants with the biotrophic pathogen On, measuring the progress of the PM disease in both WT and transgenic plants and exploring molecular, anatomic, physiological, and phytohormonal responses. The expression of the TYLCSV C4 protein induced tolerance to PM disease in tomato plants, mainly through the modulation of stress marker genes and the biosynthesis of the SA phytohormone, providing novel insights into the molecular and phytohormone mechanisms tackled by this multifunctional viral component.




2 Materials and methods



2.1 Fungal maintenance

The isolate MB1 of the pathogenic fungus On originating from commercial tomato plants was maintained on tomato WT plants (cv. Moneymaker) in a greenhouse compartment at 23°C (day) and 19°C (night) with 70% relative humidity. ITS sequence was amplified through PCR using ITS4 and ITS5 primers (White et al., 1990) on DNA extracted from On. The obtained PCR amplicon (594 bp) was sequenced through the Sanger method (Biofab s.r.l., Rome, Italy) to identify the PM species as On (Supplementary File 1).




2.2 Experimental conditions

To evaluate if TYLCSV C4 expression has an impact on the infection by On, tomato plants of lines C4-151, C4-153, and C4-156 overexpressing the viral C4 gene under the control of the constitutive 35S promoter (Pagliarani et al., 2022) were artificially inoculated with On, using WT tomato plants (cv. Moneymaker) as controls. As all transgenic lines exhibited reduced PM symptomatology, further systematic experiments were conducted on the C4-151 line whose plants exhibit a homogeneous morphology which was described in detail by Pagliarani et al. (2022).

In detail, T3 plants of the C4-151 line, together with WT control plants, were grown in a glasshouse, under partially controlled climatic conditions, as described above. Each plant was grown in a 6-L pot filled with a substrate composed of sandy-loam soil/expanded clay/peat mixture (3:2:4 by volume). Two months after sowing, nine plants of each genotype were inoculated on two primary leaflets of three randomly selected leaves, using 10 µl of an On suspension (5 × 104 spores ml−1) prepared by washing conidial spores from leaves of heavily infected (sporulation stage) plants. After inoculation, plants were grown for another 20 days, daily monitoring the PM development. The experiment was repeated twice during the same season and the results shown in the manuscript have been mediated between the two repetitions.




2.3 Plant and fungal performanceе

The presence of On symptoms was assessed by visual inspection at 8, 13, and 15 days post-inoculation (dpi), according to Bai et al. (2008). Plants were photographed with a Casio Exilim EX-Z85 digital camera and images were analyzed with a dedicated Wolfram Mathematica script (Long Hanborough, UK). Depending on the stage of symptoms developed, the area of infection on individual leaves was quantified either considering the PM colonized region (white color) or the necrotic one (brown color), based on changes deduced from the RGB (red, green, and blue) values. The disease index (DI) was assessed at the same time points and on the same leaflets, using a scale from 0 to 4, according to Bai et al. (2008) and Patil et al (Patil and Bodhe, 2011), as follows: 0, apparently not infected; 1, 0%–25% leaf area infected; 2, 25%–50% leaf area infected; 3, 50%–75% leaf area infected; 4 >75% leaf area infected.




2.4 Chlorophyll content index

The chlorophyll content index (CCI) was determined on the second, third, and fourth fully developed leaves counting from the plant apex of three plants (nine leaflets in total), using a portable chlorophyll meter (SPAD 502, CCM-200; Opti-Sciences, Hudson, NH, USA).




2.5 Analysis of adhesion and elongation of germ tubes and secondary hyphae of On conidia

Conidia density and elongation of germ tubes and secondary hyphae of On were determined with scanning electron microscope (SEM) (TM3000, Hitachi High-Technologies Corp., Tokyo, Japan) images (120× magnification). For each group, three plants were observed, counting conidia of two leaves each.




2.6 Analysis of hormone content

Hormone content was quantified as reported in Pagliarani et al. (2022) and Nerva et al. (2022). Following freeze drying, 40 mg of tissue was homogenized and extracted in an ultrasonic bath for 1 h with 1 ml of a mixture of methanol:water (1:1, v/v), acidified with 0.1% formic acid. After centrifugation (15,000 rpm, 10 min, 4°C), the supernatant was used to quantify abscisic acid (ABA), indole-3-acetic acid (IAA), and SA, adopting the external standard technique, with calibration curves made with original analytical standards (all from Sigma Aldrich, purity ≥98.5% for ABA and ≥99% for IAA and SA). The HPLC apparatus (Agilent 1220 Infinity LC system model G4290B, Agilent, Waldbronn, Germany) was equipped with a gradient pump, an autosampler, and a column oven set at 30°C. A 170 Diode Array Detector (Gilson, Middleton, WI, USA) set at 265 nm was employed, using a Nucleodur C18 analytical column (5 μm length: 250 mm, ID: 4.6 mm, Macherey-Nagel GmbH & Co. KG, Düren, Germany). The mobile phases were water acidified with 0.1% formic acid (A) and acetonitrile (B), at a flow rate of 0.600 ml min−1 in gradient mode, 0–6 min: from 10% to 30% of B, 6–16 min: from 30% to 100% B, 16–21 min: 100% B. Twenty microliters per sample was injected, testing all biological replicates (n = 3).




2.7 Total RNA isolation and quantitative real-time PCR

Total RNA was extracted from 100 mg of leaf sample using Trizol (Thermo Fisher Scientific, Waltham, MA, USA) and treated with TURBO DNase (Ambion, Waltham, MA, USA) to eliminate DNA contamination. cDNA was synthesized from 500 ng of total RNA with the high-capacity cDNA reverse transcription kit (Applied Biosystems, Waltham, MA, USA), incubating samples at 25°C for 10 min, then at 37°C for 2 h , and finally at 85°C for 5 min. The qRT-PCR analysis was carried out in a CFX96 Real-Time PCR Detection system (Bio-Rad, Hercules, CA, USA). The mixture consisted of 1 µl of cDNA, 1× iTaq Universal SYBR Green Supermix (Bio-Rad), and 0.25 µM of each primer. Thermal cycling conditions included an initial denaturation at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. Specific annealing of primers was checked on dissociation kinetics performed at the end of each qRT-PCR run. The expression level of each tomato target transcript was normalized to the geometric mean of the elongation factor (SlEF) and ubiquitin (SlUBI) transcripts, used as endogenous controls, according to the 2−ΔΔCT method (Livak and Schmittgen, 2001). Three biological replicates, each with three technical repetitions, were tested for each sample for every condition. Gene-specific primers used in the qRT-PCR experiments are listed in Table 1.


Table 1 | List of gene-specific primers used for qRT-PCR.






2.8 Statistical analyses

The significance of sampling genotype (G), infection (I), and genotype × infection (G × I) interaction was performed by running a two-way analysis of variance (ANOVA), or Kruskal–Wallis test, for non-normally (Figure 1), or normally (Figures 2–6) distributed datasets, respectively. When results of the ANOVA test indicated that either genotype (G: “WT”, “C4”) or infection (I: healthy, infected at different time points) or their interaction (G × I) was significant, the Tukey’s honestly significant difference (HSD) post-hoc test (Figures 2–5, 6B) or the Student’s t-test (Figure 6A) was used to separate the means at the 1% probability level. The post-hoc Dunn’s test has been used to separate means at the 5% probability level for datasets of Figure 1. OriginPro software (Northampton, MA, USA) was applied for statistical elaborations and graphs.




Figure 1 | Effect of Oidium neolycopersici (On) infection on tomato Moneymaker wild-type (WT) and transgenic TYLCSV C4-expressing plants. (A) Leaflets of On-inoculated WT and C4 plants photographed at 8, 13, and 15 days post-inoculation (dpi). (B) Percentage of diseased area calculated using a dedicated Wolfram Mathematica script based on changes in RGB (red, green, and blue) values. For each group, the box plot chart refers to 36 leaflets from six biological replicates and reports the mean (filled square), the median (solid horizontal line), the first and the third quartile (box), 1.5 * interquartile range (IQR) below the first quartile and above the third quartile (whiskers), and the 1st and 99th percentiles (x symbols). Kruskal–Wallis test was carried out with multiple comparisons between groups and a statistically significant difference was accepted at the 1% probability level. Groups with the same letter do not have significant differences according to the post-hoc Dunn’s test at the 5% probability level. (C) Values of disease index (DI) calculated using image processing of leaflets based on the DI scale described in Patil et al (Patil and Bodhe, 2011). Statistical significance between groups was calculated as described in (B).






Figure 2 | Impact of Oidium neolycopersici (On) infection on wild-type (WT) and TYLCSV C4-expressing tomato plants. (A) Chlorophyll content index (CCI) of healthy and On-infected WT and C4-expressing tomato plants at 8, 13, and 15 dpi. For each group, the box plot chart refers to nine leaflets from three biological replicates and reports the mean (filled square), the median (solid horizontal line), the first and the third quartile (box), 1.5 * interquartile ranges (IQR) below the first quartile and above the third quartile (whiskers), and the 1st and 99th percentiles. The significance of genotype (G), infection (I), and genotype × infection (G × I) was assessed by two-way ANOVA. Groups with the same letter do not have significant differences according to the Tukey test at the 1% probability level. (B) Photographs of representative examples of WT and C4 On-infected plants at 15 dpi.






Figure 3 | Effect of TYLCSV C4-expression on the Oidium neolycopersici (On) conidia adhesion, the emergence of germ tubes, and elongation of secondary hyphae on the leaf surface. (A) Scanning electron micrographs of the upper surface of WT and C4 tomato leaves at 6, 24, and 48 hours post-inoculation (hpi) of On. Scale bar is as indicated in each image. (B) Number of On conidia on leaves after 24 and 48 hpi. (C) Length of germination tubes and secondary hyphae after 24 and 48 hpi. For each group, three plants were considered, counting conidia of two leaves each. For each group, the mean (filled square), the median (solid horizontal line), the first and the third quartile (box), 1.5 * interquartile ranges (IQR) below the first quartile and above the third quartile (whiskers), and the 1st and 99th percentiles. The significance of genotype (G), infection (I), and genotype × infection (G × I) was assessed by two-way ANOVA. Lowercase letters above bars are reported when G × I interaction or infection (I) main effects are statistically significant as attested by the Tukey test at the 1% probability level.






Figure 4 | Hormone regulation in wild-type (WT) and TYLCSV C4 tomato plants infected by Oidium neolycopersici. The content of (A) salicylic acid (SA), (B) indole-3-acetic acid (IAA), and (C) abscisic acid (ABA) evaluated 15 days post-inoculation (dpi). The pool of nine leaflets from three biological and three technical replicates for each group was presented. The significance of genotype (G), infection (I), and genotype × infection (G × I) was assessed by two-way ANOVA. Lowercase letters above bars are reported when G × I interaction and infection (I) main effects are statistically significant as attested by Tukey test at the 1% probability level. Error bars represent standard deviation (SD).






Figure 5 | Expression profiles of key late defense genes involved in biotic stress signaling pathways in leaves from WT and TYLCSV C4 tomato plants infected with Oidium neolycopersici (On) at 15 days post-inoculation (dpi): PR1a (A), PR2 (B), PR5 (C), and POD (D). Ubiquitin and elongation factor 1α genes were both used as endogenous housekeeping controls for the normalization of transcript levels. Significance of genotype (G), infection treatment (I), and infection × genotype (I × G) interaction was assessed by two-way ANOVA. Groups with the same letter do not have significant differences according to Tukey test at the 1% probability level. Error bars represent standard deviation (SD). For expression analyses, three independent biological replicates with three technical replicates each were used.






Figure 6 | Expression profiles of key early defense genes involved in biotic stress signaling pathways in leaves from wild-type (WT) and TYLCSV C4 tomato plants infected by Oidium neolycopersici (On) at 8, 24, and 48 hours post-inoculation (hpi) NPR1 (A) and NPR3 (B). Ubiquitin and elongation factor 1α genes were both used as endogenous housekeeping controls for the normalization of transcript levels. Significance of genotype (G), infection treatment (I), and infection × genotype (I × G) interaction was assessed by two-way ANOVA; n.s. = not significant. Groups with the same letter do not have significant differences according to Student’s t-test (a) or Tukey test (b) at the 1% probability level. Error bars represent standard deviation (SD). For expression analyses, three independent biological replicates with three technical replicates each were used.







3 Results and discussion



3.1 TYLCSV C4 transgenic plants exhibit reduced symptoms of On infection

The morphological features of the TYLCSV C4 transgenic lines used in this work, mainly consisting of convoluted, crumpled, and downward curled leaves (Supplementary Figure 1), were previously described in detail (Pagliarani et al., 2022). During the fungal infection experiments, typical PM symptoms induced by On started to become visible on leaves of WT plants at 6 dpi. As shown in Figure 1A, in these plants, the initially localized lesions evolved to necrosis by 13 dpi, along with the onset of diffuse chlorosis over the rest of the leaflets. Two days later (15 dpi), the whole leaf became completely necrotic. Since 8 dpi, all (100%) leaves of artificially inoculated WT plants showed On lesions (Supplementary Table 1). In the case of plants of lines C4-151, C4-153, and C4-156 overexpressing the viral C4 gene (Pagliarani et al., 2022), PM symptoms started to become evident at approximately 8 dpi, but fungal lesions were visible only in 60%–70% of leaves of inoculated plants (Supplementary Table 1). At later observation times (13 and 15 dpi), the percentage of symptomatic leaves ranged from 60% to 85% and 80% to 90%, respectively (Supplementary Table 1); moreover, fungal lesions remained typically restricted to a portion of the leaflets, without evolving to necrosis (Figure 1A).

To more precisely quantify the effect of fungal infection and to be in line with our previous observation in the context of abiotic stress (Pagliarani et al., 2022), we focused on the C4-151 line, which displayed attenuated On symptoms. Thus, the extension of the affected leaflet area was evaluated at each of the above time points on both WT and C4 plants. In WT plants, 34% of the leaflet area was affected at 8 dpi, reaching approximately 46% and 94% at 13 and 15 dpi, respectively (Figure 1B). Conversely, for C4 plants, the leaflet-affected areas were approximately 4%, 6%, and 11% at 8, 13, and 15 dpi, respectively, the latter corresponding to an 83% reduction compared to WT plants (Figure 1B). Therefore, expression of TYLCSV C4 leads to a dramatic reduction of On symptoms compared to non-transgenic plants.

Further confirmations of these results were obtained measuring the incidence of the PM through a DI scale ranging from 0 to 4. Indeed, the DI of C4 plants was significantly lower than that of WT plants, at all the time points considered (Figure 1C). In particular, at the end of the experiment (15 dpi), 94% of leaflets of WT plants reached the highest DI level of 4, while at the same time point, the majority (67%) of leaflets of transgenic TYLCSV C4 plants reached DI 1, and none of them overcame the DI of 2, a value overall lower than that of WT plants at 8 dpi (Figure 1C).

Altogether, the level of On symptom reduction here described for TYLCSV C4-expressing tomato plants is similar to that reported for the Arabidopsis line pmr4-1 (Nishimura et al., 2003) and the tomato Ol-1 line (Sunarti et al., 2022).




3.2 On infection has a lower impact on the chlorophyll content in TYLCSV C4-expressing tomato plants

The infection by biotrophic organisms is an energy-consuming process, due to the activation of plant defense responses and the competition for nutrients. Therefore, during plant–pathogen interactions, the photosynthetic process can be altered, as is the case of plants infected by On. Here, we evaluated the CCI of WT and C4-expressing transgenic plants inoculated with On. The CCI of uninfected WT and C4 plants did not statistically differ, in agreement with our previous data (Pagliarani et al., 2022) supporting the assumption that C4 does not impact the photosynthetic process. Following On inoculation, a strong decrease in CCI occurred in WT plants along with time progression, while the CCI value remained almost unaltered in C4-expressing plants (Figure 2A), a result in line with their reduced On symptoms. In addition, as shown in Figure 2B, WT infected plants were significantly smaller than On infected C4-expressing plants (124 ± 8 cm vs.149 ± 15 cm), possibly as the result of reduced photosynthesis. Since healthy C4-expressing plants are smaller than WT ones (Pagliarani et al., 2022), it is possible that C4 plants are less affected by the reduction of plant growth induced by On.

The strong impact on CCI recorded for WT tomato plants upon PM infection is in line with the trend reported by Kubienová et al (Kubienova et al., 2013). at early stages of infection and fits also with the behavior of plants at late infection stages, as previously predicted (Prokopová et al., 2010). Interestingly, the attenuated CCI decrease here observed for TYLCSV C4 plants challenged by On is in line with the results reported for tomato lines resistant to PM, which were obtained following partial introgression of the PM resistance genes Ol, such as the Ol-1 and Ol-4 (Bai et al., 2005); these plants were partially resistant to On when subjected to mild or severe drought stress (Sunarti et al., 2022), suggesting the hypothesis that C4 mimics the priming of drought stress imposition on fungal infection. Moreover, the lower impact of On infection on plant height observed for C4 plants compared to WT individuals is in line with the results of the Arabidopsis line pmr4-1 and the tomato line Ol-1, displaying partial PM resistance upon fungal inoculation (Nishimura et al., 2003; Sunarti et al., 2022).




3.3 TYLCSV C4 influences On conidia adhesion and secondary hyphae elongation

To provide insights into the mechanisms responsible for the delayed and reduced infection by On in the transgenic TYLCSV C4-expressing plants, the initial steps of fungal infection were explored. For this, a new inoculation experiment was conducted and both the number of conidia present on leaves and the emergence of germination tubes and secondary hyphae elongation were evaluated a few hours after the inoculation, using SEM observations. At 6 hours post-inoculation (hpi), no difference in the number of conidia was detected between WT and C4-expressing leaves (Figure 3A). However, at later observations, the number of conidia on leaves of WT plants was significantly higher than in C4-expressing plants, i.e., 5.4 ± 0.9 and 6.2 ± 1.6 conidia per mm2 at 24 and 48 hpi in WT plants, respectively, vs. 2.1 ± 1.5 and 1.4 ± 1.1 per mm2 in C4 plants (Figures 3A, B). In addition, the germination tubes were always visible along with secondary hyphae formation in WT at 24 hpi (100 ± 30 µm), while the C4 plants barely showed few germ tubes and secondary hyphae (30 ± 20 µm). At 48 hpi, secondary hyphae were significantly longer in WT (150 ± 60 µm) than in C4 plants (100 ± 40 µm) (Figures 3A, C). Overall, these results indicate that the expression of the TYLCSV-C4 product influences the first stages of On infection, by inhibiting conidia adhesion and disturbing/delaying not only their germination but also germ tube elongation. This indicates that the inhibition of On infection is affected by the host genotype and possibly relies on cellular-based processes, such as local production of ROS occurring after fungal penetration and their involvement in the plant resistance responses (Lebeda et al., 2014).




3.4 The plant hormone metabolism is altered in TYLCSV C4-expressing tomato plants during On infection

Since plant pathogen defense responses are orchestrated by a tightly organized hormonal network, we further quantified key hormones in both WT and C4-expressing tomato plants at the end of the On inoculation experiment (15 dpi). Firstly, we concentrated on SA, as it has a prominent role in local and systemic defense against biotrophs, and it was shown to play a key role in basal defense against PM, as well as in PM resistance mediated by some genes, such as the Arabidopsis pmr4 and tomato Ol-1 genes (Nishimura et al., 2003; Sunarti et al., 2022). A strong decrease in the accumulation of SA following fungal infection occurred in WT plants, differently from C4-expressing plants (Figure 4A). This may indicate that C4 expression helps to maintain a level of SA sufficient to counteract On infection. Alternatively, it is possible that On colonization, which is more abundant in WT plants, is associated with a pathogen-mediated suppression of the SA defense pathway. This possibility is consistent with the notion that pathogen effectors favor disease establishment by suppressing plant defense mechanisms (Jones and Dangl, 2006). In further support of this hypothesis, it was previously reported that no difference in On susceptibility occurred in NahG tomato plants (unable to accumulate SA) compared to WT susceptible plants (Achuo et al., 2004). However, there are disagreeing reports regarding the involvement of SA during PM infection. In fact, an SA-dependent disease resistance mechanism was described for the pmr4 Arabidopsis plants (Nishimura et al., 2003) and for the Ol-1 partially resistant PM tomato line, irrespective of a concomitant drought stress treatment (Sunarti et al., 2022).

Therefore, the significant change in SA regulation in WT plants and the unaltered SA content in TYLCSV C4 plants upon On infection warrant more extensive studies to clarify the role of SA in the tomato PM pathosystem. Moreover, the importance of such studies is also supported by recent reports describing a significant overproduction of SA in other hosts infected by PM, such as wheat (Pál et al., 2013), Arabidopsis (Wang et al., 2020), and grapevine (Yin et al., 2022).

In the case of indole-3-acetic acid (IAA), an auxin signaling molecule that promotes pathogen infection (Navarro et al., 2006; Chen et al., 2007; Bielach et al., 2017; McClerklin et al., 2018), we observed that in the absence of On infection, C4 plants accumulated almost 2.7 less IAA compared to WT individuals (Figure 4B). Upon fungal inoculation, WT plant encountered a strong reduction of IAA accumulation, while only a slight but non-significant decrease occurred in C4 plants (Figure 4B). In general, increased IAA level can be considered as part of a defense strategy and auxins have been reported to possess fungicidal activity (Abdel-Aty, 2010). Thus, the significant reduction of IAA in WT upon PM infection is expected to contribute to the fungal proliferation, while the lack of regulation in TYLCSV C4 plants suggests that the overexpression of this viral gene disrupts the IAA dependence of the PM infection process, in a way similar to results obtained for the grapevine-PM pathosystems (Pimentel et al., 2021).

ABA has a pivotal role in regulating abiotic (mainly drought and salt stress) responses, but recent studies indicate that this hormone also plays an important function in the response of plants to pathogen attack, implying considerable crosstalk between biotic and abiotic stresses tolerance pathways. In the course of this study, we observed that WT and C4 plants accumulate similar basal levels of ABA and that, upon On infection, ABA levels reach a higher, though non-significant, level in the WT group of plants compared to TYLCSV C4-expressing plants (Figure 4C). These results partially disagree with the report of Achuo et al. (2006) showing sensitivity of On infection to ABA.




3.5 Transcriptional changes of key plant defense genes



3.5.1 Pathogenesis-related genes and the stress-responsive POD gene

To better evaluate the effect of TYLCSV C4 expression on infection, the expression of key defense genes, i.e., pathogenesis-related (PR) genes and the stress-responsive gene POD, was analyzed at 15 dpi. The activation of defense responses via the SA signaling pathway is accompanied by the expression of PR genes (Uknes et al., 1992; Alexander et al., 1993; Anand et al., 2008; López-Gresa et al., 2016; Li T. et al., 2019). In this work, we investigated the transcriptional response of the PR1 gene encoding an antifungal protein (Antoniw et al., 1980; Niderman et al., 1995), the PR2 gene encoding a β-1,3-glucanase (Antoniw et al., 1980), and the PR5 gene encoding osmotin and thaumatin-like proteins (van Loon et al., 1994; Van Loon and Van Strien, 1999), which are considered markers for the activation of the SA defense pathway upon infection by biotrophic pathogens (Ali et al., 2018).

The transcriptional profile of the PR1a SA marker gene (Uknes et al., 1992; Hennig et al., 1993; Halder et al., 2019) was similar in uninfected WT and C4-expressing plants; however, upon On infection, significantly higher PR1a expression occurred in C4-expressing plants (Figure 5), in agreement with their higher SA content (Figure 4). Therefore, the increased PR1 expression (and SA accumulation) might contribute to the PM tolerance in C4 plants, in accordance with other plant defense responses activated against fungal infections and biotrophic pathogens (Uknes et al., 1992; Ali et al., 2018; Ghozlan et al., 2020).

A similar transcriptional profile during PM infection was observed for the other defense gene PR5, which was strongly activated in C4 plants compared to the WT controls. Such PR5 gene activation is expected to induce the production of osmotin, a multifunctional stress-responsive protein belonging to the PR-5 defense protein family, shown to have a strong antifungal activity (Bashir et al., 2020). Thus, our results indicate that the PR5 proteins might also contribute to confer PM tolerance in C4-expressing tomato plants, possibly being involved in favoring the protection of native proteins under stress conditions (Manghwar et al., 2018).

Conversely, upon On infection, the PR2 gene, encoding enzymes of the β-1,3-endoglucanase defense response family (van Loon et al., 2006), was more upregulated in infected WT plants compared to TYLCSV C4-expressing plants. Such transcriptional regulation might indicate that β-1,3-endoglucanase defense is not directly involved in the C4-associated tolerance to PM in this host. Our results are in agreement with data reported in (Satková et al., 2017) where genes encoding PR1 proteins are more highly upregulated during On infection in a susceptible tomato cultivar compared to genes encoding for β-1,3-endoglucanase.

Overall, we can conclude that the TYLCSV C4 gene product acts as an activator of SA in tomato, the main phytohormone inducing local and systemic-acquired resistance against biotrophic pathogens and of the downstream defense genes PR1 and PR5 (An and Mou, 2011; Li N. et al., 2019). This finding points to a novel role for this multifunctional protein, which can be added to the other previously described functions, such as virus movement (Jupin et al., 1994; Rojas et al., 2001), suppression of RNA silencing (Amin et al., 2011; Luna et al., 2012; Ismayil et al., 2018; Rosas-Diaz et al., 2018), symptom induction (Rigden et al., 1994), hypersensitive response (Mei et al., 2020), hyperplasia (Jing et al., 2019), and induction of drought stress tolerance in tomato (Pagliarani et al., 2022).

The observed effective defense response against tomato PM involving the phytohormone SA and the subsequent activation of the defense genes PR1 and PR5 fits with previous studies regarding other biotrophic pathogens, such as Peronospora tabacina, Phytophthora parasitica var. nicotianae, Puccinia striiformis f. sp. tritici, and tomato spotted wilt virus (Alexander et al., 1993; Cheng et al., 2013; Padmanabhan et al., 2019).

Regarding the transcriptional regulation of the POD gene an expression trend analogous to the PR1 and PR5 genes was observed (Figure 5D). POD expression is associated with the production of peroxidase, one of the most important antioxidant enzyme, contributing to alleviate the oxidative damage induced by scavenging ROS resulting from stress conditions, such as pathogen infection, as documented for other biotrophic pathogens (Do et al., 2003; Shi et al., 2014; Li et al., 2015), such as Phytophthora infestans and Xanthomonas campestris pv. vesicatoria.




3.5.2 Early defense genes

To further assess the impact of TYLCSV C4-expression on PM infection in tomato, we analyzed the expression of two early defense genes at 8, 24, and 48 hours after On inoculation. The two genes considered were (i) non-expressor of PR1 (NPR1) (Cao et al., 1994), encoding a signaling component that acts downstream of SA (Kunkel and Brooks, 2002) to activate defense-related genes, and (ii) the NPR1-paralog NPR3, coding for a receptor of the plant hormone SA, promoting the proteasomal degradation of NPR1 (Shi et al., 2013). During our experiments, NPR1 gene expression initially decreased and then increased upon infection in WT and TYLCSV C4-expressing plants compared to their uninfected counterparts; however, no significant difference was observed between the two genotypes at any of the different time points (Figure 6). Conversely, NPR3 expression was more upregulated in C4-expressing individuals compared to WT controls at all the time points considered, but especially at 24 and 48 hpi (Figure 6).

Overall, this confirms the concept that SA regulates the degradation of NPR1 mediated by the higher expression of NPR3, maintaining an appropriate NPR1 level to establish a plant immune response to pathogen attack (Fu et al., 2012; Wang and Xiang, 2020), in our case mediated by the TYLCSV C4 protein. Moreover, NPR3 acting as a receptor in the SA signaling pathway can bind to SA, regulating the content of NPR1, and the subsequent SA-mediated resistance response to PM, as already reported for other biotic stresses (Wang and Xiang, 2020).






4 Conclusions

Several geminiviruses are documented to have the ability to trigger the complex antiviral immune response of the plant cell, involving RNAi, PTI, and ETI (Teixeira et al., 2021). Such recognition scheme induces the activation of plant defense mechanisms that can protect plants against different co-infecting pathogens or against subsequent parasite attacks (Jones and Dangl, 2006; Teixeira et al., 2021). These signaling pathways act through the activity of phytohormones such as SA, being key factors of plant defense. In this study, we demonstrated that the C4 protein of a geminivirus (TYLCSV) might act as an activator of the signaling cascade and defense mechanism in tomato against the PM infection. This protein exploits the SA signaling pathway and the activation of the PR1 and PR5 genes, which lie behind the plant defense against biotrophic pathogens, such as On. Moreover, the activation of the POD gene in the C4-expressing plants might be associated with alleviation of oxidative damage caused by scavenging ROS, which are produced in response to the fungal infection. Such processes led to an increased tolerance of transgenic tomato plants to PM, enabling the reduction of the DI, mainly through the inhibition of conidial adhesion and sporulation and through the activation of molecular and hormonal pathways. These findings were supported by anatomic and physiological analyses showing that C4-On infected plants grew better and had a higher photosynthetic activity compared to WT control plants.

The C4/AC4 proteins of geminiviruses are the less conserved proteins encoded by this group of viruses (Medina-Puche et al., 2021). These proteins display a broad diversity of functions which are deployed not only during viral infection, but also during abiotic stresses. A few motifs potentially determining its localization on organelles and structures of the cell have been identified, such as myristoylation (myr), palmitoylation (pal), and a chloroplast transit peptide (cTP) sites (Medina-Puche et al., 2021); in addition, lines of experimental evidence that the C4/AC4 from TYLCV, beet curly top virus, and East African cassava mosaic virus are localized in the plasma membrane were also produced, as reviewed by Medina-Puche et al. (2021). Whether the TYLCSV C4 protein is associated with membranous structures is presently unknown. Indeed, while the presence of a myr site was predicted in the TYLCSV-C4 protein, no pal site could be detected using the GPS Lipid—an integrated resource for lipid modification tool (http://lipid.biocuckoo.org/webserver.php (Lebeda et al., 2014). In addition, using both the Psort (https://www.genscript.com/tools/psort) and the Balanced Subcellular Localization Predictor (http://gpcr2.biocomp.unibo.it/bacello/pred.htm), a high probability of nuclear localization was also predicted for TYLCSV-C4. As a dual membrane/nuclear localization was determined for the AC4 protein of the bipartite begomovirus mungbean yellow mosaic virus (Carluccio et al., 2018), experimental proofs of the real subcellular distribution of TYLCSV-C4 would deserve further attention.

Indeed, membrane-associated protein components involved in the resistance towards PM have been recently identified, such as proteins of the soluble N-ethylmaleimide-sensitive-factor attachment protein receptor (SNARE) complex (Pál et al., 2013; Wang et al., 2020), the actin-related protein 2/3 complex (Arp2/3 complex) (Yin et al., 2022), Rho-like GTPases (ROP) (Bielach et al., 2017), and protein encoded by Solanum habrochaites Oidium Resistance Required-1 gene (ShORR-1) (Chen et al., 2007). Therefore, it is tempting to speculate that localization of TYLCSV C4 on the membrane together with the above-mentioned membrane-anchored resistance associated components could reinforce the defense barriers, though by still unidentified mechanisms.

Interestingly, the perception of a biotic threat at the cell surface led to a membrane-to-chloroplast transition of the TYLCV C4 protein, reducing chloroplast-associated defense mechanisms, such as SA biosynthesis and downstream processing (Medina-Puche et al., 2020), crucial elements in the antiviral defense (Bai et al., 2005). Although it is unknown if On infection determines membrane-to-chloroplast translocation, our results indicate that the accumulation of SA in C4 plants infected by On was not impaired.

Another conserved feature of the C4/AC4 proteins from different geminiviruses is related to their ability to physically interact with receptor-like kinases (RLKs), altering signal transduction involved in the PTI response (Medina-Puche et al., 2021). As the relevance of RLKs in the initial steps of infection by extracellular pathogens such as bacteria or fungi is uncontested, future studies should be devoted to identify RLKs involved in the C4-mediated tomato resistance to PM.

On a broader perspective, the finding that TYLCSV C4 acts as a novel PM defense inducer in tomato deepens our knowledge on the mechanisms adopted by this multifunctional protein in the management of both biotic and abiotic stresses and adds new layers in the definition of the resistance mechanisms towards On. Overall, the obtained results indicate that the anti-PM activity based on TYLCSV-C4 operating in the tomato immune response might involve the activation of a PTI response. Future investigations will be devoted to evaluate the ability of C4 to counteract other tomato pathogens, such as Pseudomonas syringae pv. tomato, considering that common resistance-inducing genes have been recently discovered (Meng et al., 2022). Further omics-based analyses on the tomato C4 overexpressing lines will help to decipher the candidate genes responsible for the priming activity of this protein against environmental stresses.
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Mounting an efficient defense against pathogens requires RNA binding proteins (RBPs) to regulate immune mRNAs transcription, splicing, export, translation, storage, and degradation. RBPs often have multiple family members, raising the question of how they coordinate to carry out diverse cellular functions. In this study, we demonstrate that EVOLUTIONARILY CONSERVED C-TERMINAL REGION 9 (ECT9), a member of the YTH protein family in Arabidopsis, can condensate with its homolog ECT1 to control immune responses. Among the 13 YTH family members screened, only ECT9 can form condensates that decrease after salicylic acid (SA) treatment. While ECT1 alone cannot form condensates, it can be recruited to ECT9 condensates in vivo and in vitro. Notably, the ect1/9 double mutant, but not the single mutant, exhibits heightened immune responses to the avirulent pathogen. Our findings suggest that co-condensation is a mechanism by which RBP family members confer redundant functions.
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Introduction

RNA-binding proteins (RBPs) recognize RNAs through RNA-binding domains (RBDs) and modify the fates or functions of the target RNAs (Lunde et al., 2007; Hentze et al., 2018). Over 1,000 and 2,000 proteins are currently identified as RBP candidates in Arabidopsis and humans, respectively (Gerstberger et al., 2014; Marondedze et al., 2016; Marx, 2018; Zhou et al., 2021). RBPs participate in various cellular biological processes across eukaryotic cells, including growth, development, and biotic and abiotic stress responses (Glisovic et al., 2008; Lukong et al., 2008; Lorkovic, 2009; Turner and Diaz-Munoz, 2018). RBPs often have multiple family members, and it is unclear how these family members work redundantly to determine cellular activities. In this study, we focused on YT521-B homology (YTH) domain-containing proteins to address this question.

The YTH domain is a non-classical RNA-binding domain capable of recognizing RNAs modified with N6-methyladenosine (m6A) (Stoilov et al., 2002; Zhang et al., 2010; Liao et al., 2018). Phylogenetic analysis revealed that the YTH domain was highly conserved in eukaryotes (Hazra et al., 2019; Shi et al., 2019; Yue et al., 2019), but little is known about plant homologs.

Thirteen YTH domain-containing proteins were identified in Arabidopsis and grouped into the YTHDF subfamily and the YTHDC subfamily (Bhat et al., 2018). Further analysis assigned eleven EVOLUTIONARILY CONSERVED C-TERMINAL REGION (ECT) homologous proteins (i.e., ECT1-ECT11) to the YTHDF subfamily and the remaining two proteins, AtCPSF30 and AT4G11970, to the YTHDC subfamily (Li et al., 2014; Yue et al., 2019). Studies of these family members in Arabidopsis mainly focused on ECT1-4 (Arribas-Hernandez et al., 2020; Wu et al., 2020; Arribas-Hernandez et al., 2021a; Arribas-Hernandez et al., 2021b). ECT1 and ECT2 interact with CBL-INTERACTING PROTEIN KINASE 1 (CIPK1) to regulate gene expression by relaying cytosolic Ca2+ signals to the nucleus (Ok et al., 2005). As m6A readers, ECT2 and ECT3, cooperating with ECT4, are required for the correct leaf formation and normal leaf morphology through an m6A-YTH regulatory module in the cytoplasm (Arribas-Hernandez et al., 2018; Scutenaire et al., 2018; Wei et al., 2018). These results suggest that the ECTs have functional redundant roles, leaving the question of how the redundancy occurs.

RBPs often interact with RNAs and form condensates in cells. Many RBPs with intrinsically disordered regions (IDRs) or low complexity domains (LCDs) form membrane-less organelles (MLOs) by liquid-liquid phase separation (LLPS) (Alberti et al., 2009; Li et al., 2012; Alberti, 2017; Wang et al., 2018; Bentley et al., 2019). RNA granules, including nucleoli, Cajal bodies, nuclear speckles, processing bodies, and stress granules, regulate different cellular processes spatiotemporally (Li et al., 2018; Alberti et al., 2019; Shao et al., 2022). Recent studies have shown that RBPs form biomolecular condensates by LLPS and participate in plant growth and development, signal transduction, disease resistance, and stress responses (Zhou et al., 2021; Xuan et al., 2022). The Arabidopsis YTHDC subfamily member CPSF30 recognizes m6A-modified far-upstream elements of flowering-relevant transcripts to control alternative polyadenylation, which occurs in liquid-like nuclear bodies (Song et al., 2021). Despite increasing studies of LLPS of YTH proteins in mammals (Gao et al., 2019; Ries et al., 2019; Fu and Zhuang, 2020; Cheng et al., 2021), little is known about plant homologs, particularly during environmental stress responses.

Here, we show that the Arabidopsis YTHDF subfamily member ECT9 (AT1G27960) undergoes LLPS in vivo and in vitro. The formation of ECT9 condensates depends on the cooperation of the IDR and YTH domains, reminiscent of human YTHDF proteins. Intriguingly, ECT1 (AT3G03950) does not form condensates solely but can be recruited to ECT9 condensates in vivo and in vitro. In addition, ECT9 works collaboratively with ECT1 to restrict the immune response to the avirulent bacterium Pseudomonas syringae carrying the AvirRpt2 effector, suggesting a co-condensation mechanism for RBP homologs in plants to regulate plant immunity.





Results




Arabidopsis ECT9 forms condensates in vivo

To map the domain architectures of Arabidopsis YTH family members, we performed a phylogenetic analysis of 160 YTH protein candidates from 11 different species. We consistently detected YTHDF and YTHDC subfamilies (Scutenaire et al., 2018; Yue et al., 2019). In addition, we found that plant YTH members expanded in both subfamily clades because yeasts have a single member in each subfamily (Supplementary Figure 1A).

To reveal how Arabidopsis YTH proteins behave redundantly, we first examined their subcellular localization. We transiently expressed Arabidopsis YTH proteins in N. benthamiana leaves and tested their responsiveness to the immune signal SA. We found that three proteins (i.e., ECT4, ECT8 and CPSF30) were specifically localized in the nucleus, and the remaining proteins were distributed in the cytosol and nucleus (Supplementary Figures 1B, C). They displayed even distribution except for ECT9, which formed puncta before SA treatment (Figure 1A). We then performed an observation of ECT9 with different subcellular markers. We used UBP1b to label the bodies in the nucleus and cytosol, G3BP1 to label the bodies in the cytosol, and FCA to label the bodies in the nucleus (Nguyen et al., 2016; Fang et al., 2019; Abulfaraj et al., 2021; Reuper et al., 2021). We found that ECT9 puncta co-localized with all these body markers, indicating that ECT9 is a component of these bodies (Supplementary Figure 2A).




Figure 1 | ECT9 exhibits liquid-liquid phase separation (LLPS) behavior in vivo and responds to salicylic acid (SA). (A) Number of puncta in N. benthamiana leaves expressing 35S:ECT9-mYFP after 3-hour treatment with 2 mM SA. Mean ± SD (n = 5). Mock, H2O. Scale bar, 10 µm. p value by Two-sided Student’s t-test. (B) Protein and mRNA expression levels of ECT9 in (A). Relative value of protein was marked by Image Lab. Ponceau S, protein loading control. bar, the selection marker gene basta on the 35S:ECT9-mYFP binary T-DNA vector. (C) Disordered region prediction of ECT9. Top, schematic diagram of protein domains of ECT9 from UniProt. Bottom, disordered score predicted by ‘Predictor of Natural Disordered Regions’ (PONDR; http://www.pondr.com/). Scores above 0.5 indicate disordered regions. (D) Fluorescence time-lapse microscopy of N. benthamiana leaves expressing 35S:ECT9-mYFP. Three fusing bodies are zoomed in. Scale bar, 10 µm (left) and 2.5 µm (right). (E) FRAP of ECT9-mYFP condensates. Time 0 indicates the start of the photobleaching pulse. Scale bar, 2 µm. (F) A plot showing the time course of the fluorescence recovery after photobleaching mYFP-ECT9 condensate. Mean ± SD (n = 8). Data are representative of three independent experiments.



We observed that the number of ECT9 puncta was significantly reduced when the N. benthamiana leaves expressing ECT9-mYFP were treated with 2 mM SA. However, we did not detect noticeable changes in the YFP signals of the other YTH family members after SA treatment (Supplementary Figure 1B). To find out how ECT9 puncta disappeared, we measured the protein level of ECT9 and detected a corresponding reduction (Figure 1B). This reduction at the protein level was not due to the SA effect on ECT9 transcription because we did not detect any mRNA changes during SA treatment (Figure 1B). We further confirmed the sensitivity of ECT9 to SA in Arabidopsis mesophyll protoplasts, and a similar result was observed after SA treatment (Supplementary Figure 2B).

Since RBPs containing a PrLD (Prion-Like Domain) or LCD were prone to form granules or fuse into droplets in cells through LLPS, we then predicted the disordered structure of ECT9 protein by the PONDR website (“http://www.pondr.com/“). A disordered region was found at the N-terminal of ECT9 (Figure 1C), indicating that ECT9 has a potential for LLPS. Surprisingly, other members also have predicted disordered regions, suggesting that carrying the predicted disordered region is insufficient to form condensates in vivo (Supplementary Figures 1B, C). It is also possible that these family members form condensates in other unknown conditions.

To test whether the ECT9 puncta formed in N. benthamiana leaves resulted from LLPS, we explored the puncta’s fluidity, reversibility, and fusion properties. Using time-lapse microscopy, we found that ECT9 puncta could fuse (Figure 1D). We then assessed the dynamic of ECT9 puncta by the fluorescence recovery after the photobleaching (FRAP) assay. The spatiotemporal analysis of bleaching events showed that ECT9 redistributed rapidly from the unbleached area to the bleached area (Figures 1E, F). We conclude that ECT9 localizes to the nuclear and cytoplasmic bodies with liquid-like properties, suggesting that ECT9 can undergo LLPS in vivo.





Full-length ECT9 undergoes phase separation in vitro

We investigated whether ECT9 is capable of undergoing LLPS in vitro. Specifically, we expressed the recombinant full-length ECT9 fusion protein (MBP-mYFP-ECT9) in E. coli Rossetta (DE3) and purified it to a high homogeneity (Figure 2A). After digesting the purified protein with Factor Xa to remove the MBP tag, we used the purified mYFP-ECT9 fusion protein to examine phase separation behavior in vitro. We observed pronounced phase separation of mYFP-ECT9 at 28 µM, which was illustrated by enhanced turbidity and the formation of spherical droplets in the presence of the crowding agent that strengthened intermolecular interaction (Figure 2B). However, mYFP-ECT9 did not undergo phase separation at a high salt concentration that disrupted such interaction (Figure 2B). Confocal microscopy allowed us to observe the high-resolution results (Figure 2C). We also performed FRAP experiments to observe the mobility of ECT9 within the droplets. FRAP analysis indicated that mYFP-ECT9 molecules diffused rapidly within droplets and exchanged between droplets and the surrounding solution. The curve plot showed that the intensity of the mYFP labeled ECT9 fluorescence signal recovered over 50% within 30 s after photobleaching (Figures 2D, E). Together, these data indicate that mYFP-ECT9 undergoes LLPS in vitro.




Figure 2 | Full-length ECT9 undergoes phase separation in vitro. (A) Schematic of the full-length protein fusion used for in vitro phase separation assay. (B) Phase separation behaviors of purified mYFP-ECT9 (28 µM) in the presence of crowding agent PEG with or without 2.5 M NaCl by a white light photograph in tubes (top) and DIC microscopy observation for droplet formation (middle) and optical density measurement at 600 nm (OD600 nm) of turbidity changes (bottom). Turbidity data are presented as means ± SD of OD600 nm value (n = 4). Scale bar, 50 µm. (C) In vitro phase separation assay of mYFP-ECT9 by a confocal laser scanning microscopy photograph. Scale bar, 20 µm. (D) FRAP of mYFP-ECT9 condensates in vitro. Time 0 indicates the start of the photobleaching pulse. Scale bar, 1 µm. (E) A plot showing the time course of the fluorescence recovery after photobleaching mYFP-ECT9 droplets. Mean ± SD (n = 8). Data are representative of three independent experiments.



To determine the functional structure required for ECT9 droplet formation in vivo and in vitro, we conducted a truncation screen for ECT9 function. We expressed the N-terminal disordered domain (ECT9N, 1-317 aa) or C-terminal YTH domain (ECT9C, 318-539 aa) separately in the E. coli DE3 strain (Supplementary Figure 3A). After cleaving the MBP tag with Factor Xa, we found that neither mYFP-ECT9N nor mYFP-ECT9C formed spherical droplets. Instead, we only observed fiber-like aggregates under the confocal microscope with the addition of 20% PEG8000 (Supplementary Figure 3B). These aggregates were fibrotic and non-liquid since the FRAP assay did not capture fluorescence recovery after bleaching them (Supplementary Figure 3C). The result suggests that the ability of phase separation to form liquid-like droplets in vitro depends on the intact structure of the ECT9 protein. We also transiently expressed ECT9 truncation in N. benthamiana leaves and found that ECT9N and ECT9C proteins had different subcellular localizations compared to the full-length ECT9 protein. Specifically, ECT9N was detected in the cytosol and nucleus, while ECT9C was mainly observed in the nucleus (Supplementary Figure 3D). Furthermore, we did not observe puncta formation of ECT9N or ECT9C (Supplementary Figure 3D). These results indicate that both N-terminal and C-terminal structures are required for the condensation behavior of ECT9 in vivo.





ECT9 interacts and co-condensates with ECT1

To investigate how ECT9 interplays with other family members, we examined if ECT9 interacted with other homologs to form a protein complex that enables the formation of heterotypic condensates. We screened the interaction between ECT9 and the other 12 members by performing the Split Luciferase Complementation Assay (SLCA). The fluorescence signal was mainly detected by combining nLUC-ECT9 with cLUC-ECT1 but not others (Supplementary Table 4). We then confirmed the interaction between ECT9 and ECT1 in vivo. We performed the co-immunoprecipitation (Co-IP) assay in planta. Proteins were extracted from N. benthamiana leaves expressing ECT9-FLAG and mYFP-ECT1 constructs. We used the GFP-trap beads to capture the interactor of ECT1 and detected ECT9 in the IP complex, suggesting that ECT9 interacted with ECT1 in planta (Figure 3A). We then performed colocalization between ECT9 and ECT1 in cells. We showed that ECT1 was diffused in the cytosol (Supplementary Figure 1C). However, in the co-localization assay, we found a completely overlapping fluorescence signal of ECT9 and ECT1 in the cytosol in a condensate form (Figure 3B). It suggests that ECT9 interacts with ECT1 and recruits it into the co-existed condensates.




Figure 3 | ECT9 directly interacts and co-phase separates with ECT1. (A) Co-IP assay showing the interaction between ECT9 and ECT1 expressed in N. benthamiana leaves. Extracted proteins were incubated with GFP-trap agarose beads. The immunoprecipitates were analyzed by immunoblotting (IB) with anti-GFP or anti-FLAG antibodies. (B) Co-localization of ECT9 with ECT1.The mYFP-ECT1 fusion proteins were co-expressed with ECT9-CFP or empty CFP fusions in N. benthamiana leaves. Scale bar, 20 µm. The right panels show plots of relative CFP (red) or mYFP (green) fluorescence intensity along the line from a to b depicted in the corresponding merged images. Solid white line rectangles indicate the area used to calculate the co-localization score (P, Pearson’s R-value) depicted at the bottom-left of merged images. (C) Co-condensation of ECT9 with ECT1. The purified proteins were isolated or mixed for in vitro phase separation (induced condition: 32 µM mYFP-ECT9 and/or CFP-ECT1, 20% PEG8000). Scale bar, 8 µm (top and bottom) and 25 µm (middle). Data are representative of three independent experiments.



To validate the relevancy of co-condensation of ECT9 and ECT1, we expressed and purified recombinant fusions of ECT9 and ECT1 and then performed the phase separation assay in vitro. We found that under the same protein and PEG concentrations, ECT1 formed fiber-like aggregates similar to ECT9N and ECT9C, different from the typical spherical liquid-like droplets of the full-length ECT9 (Figure 3C). Surprisingly, we observed the spherical liquid-like droplets of ECT1 when we mixed it with ECT9 (Figure 3C). It was not due to the protein or PEG concentration since we controlled their final concentration to be the same as separate tests. The result was in line with our observation of the co-localization of ECT9 and ECT1 in the puncta in planta. Together, these results suggest that ECT9 affords condensation capability to the incapable ECT1.





ECT9 and ECT1 play a negative role in plant immunity

To test whether the cooperation of these two family members also acted during immune responses, we generated ECT1 and ECT9 knockout lines in Col-0 background using the CRISPR system (ect1 and ect9; Supplementary Figure 4A). We backcrossed these lines with Col-0 three times to remove the potential off-target effects. We deleted 922 bp from -52 bp before the ATG start codon of ECT1, and the residual ect1 mRNA was unlikely to produce functional proteins (Supplementary Figures 4A, B). We also deleted 1791 bp within the genomic DNA of ECT9, and the residual ect9 mRNA was very low (Supplementary Figures 4A, B). We then crossed ect1 into ect9 and obtained the double mutant ect1/9. Expression analysis showed that the expression of ECT9 and ECT1 was dramatically decreased in the double mutant (Supplementary Figure 4B). We did not notice any growth or developmental defects in the single or double mutants compared to the wild type (WT; Supplementary Figure 4C). It suggests that ECT1/9 are not involved in plant growth and development or that other ECT family members are increased to support the ECT1/9 deficiency in the double mutant.

We then investigated the defense responses of ect1 and ect9 plants to the virulent bacterial pathogen Psm ES4326. The ect1 mutant did not differ from the WT plants, while the ect9 mutant exhibited slight resistance to Psm ES4326 despite no statistical significance (Supplementary Figure 5A). We found that the ect1/9 double mutant showed higher resistance to Psm ES4326 (Supplementary Figure 5A). However, the variation among individuals caused no statistical significance. It suggests that ECT1 and ECT9 are not the essential immune components in basal resistance.

To elucidate the role of ECT1 and ECT9 in plant innate immunity, we tested the defense responses in pattern-triggered immunity (PTI) and effector-triggered immunity (ETI). We activated PTI responses by infiltrating plants with bacterial epitope elf18, a microbe-associated molecular pattern that can be recognized by the pattern-recognition receptor EFR. We observed a complete PTI response in the single or double mutants by examining bacterial growth and callose deposition (Supplementary Figures 5B, C). Therefore, ECT1 and ECT9 are not essential immune components in PTI response.

We then tested the ETI responses by testing bacterial growth after infiltrating the avirulent pathogen Psm ES4326 (AvrRpt2). We found that the rps2 mutant had a dramatic bacterial growth because of the defect in recognizing the AvrRpt2 effector. However, we found that the ect1 or ect9 single mutant did not differ in bacterial growth compared to the WT (Figure 4A). In contrast, the ect1/9 double mutant exhibited reduced bacterial populations, showing a resistance to the pathogen (Figure 4A). We then transformed the native promoter-driven ECT9-mYFP (ProECT9:ECT9-mYFP) into the ect1/9 double mutant and tested the bacterial growth on multiple T1 lines. The complementation lines have similar bacterial growth to the ect1 single mutant, suggesting that the fusion protein of ECT9-mYFP is functional (Supplementary Figure 5D). Increased ETI resistance is usually accompanied by enhanced hypersensitive response cell death. We examined the cell death rate by measuring the ion leakage in these mutants. We detected a minor increase in electrolyte leakage in the ect1/9 double mutant (Figure 4B). These results suggest that ECT9 and ECT1 play a negative role in ETI response in a redundant manner.




Figure 4 | ECT9 and ECT1 play a negative role in resistance to Psm ES4326 (AvrRpt2). (A) Psm ES4326 (AvrRpt2) was infiltrated into Arabidopsis leaves at OD600 nm = 0.001. Bacterial growth was determined at 3 dpi (mean ± SD; n = 7). Data were analyzed using one-way ANOVA with Dunnett’s test. dpi, days post-inoculation. (B) Cell death in Col-0, ect1, ect9, ect1/9, and rps2 mutants by photographs (top) and the conductivity assay (bottom). Conductivity measurements were performed every 3 hours after infiltration with Psm ES4326 (AvrRpt2). Mean ± SD (n = 4). Data are representative of three independent experiments.







Transcriptome analysis of ect1/9 during ETI activation

To explore the ECT1/9-mediated regulatory network in response to Psm ES4326 (AvrRpt2), we performed an RNA-seq analysis using the 4-week-old WT and ect1/9 double mutant with the treatment of Mock (H2O) and Psm ES4326 (AvrRpt2). We calculated the Pearson correlation coefficient (r) for each pair of the two biological replicates for genes with the fragments per kilobase million (FPKM) of protein-coding genes (FPKM > 1). The high correlation coefficients of the two biological replicates (r = 0.98) indicated a reproducibility (Supplementary Figure 6). Compared with the WT, 3809 differentially expressed genes (DEGs), including 2099 up-regulated and 1710 down-regulated genes, were detected in ect1/9 double mutant with the Mock treatment. Gene ontology (GO) analysis showed that defense-related genes and hypoxia-related genes were significantly enriched in the up-regulated genes (FDR < 0.05; Figure 5A). These results may account for a slight basal defense against the virulent Psm ES4326 observed in the ect1/9 double mutant. Furthermore, 668 up-regulated and 358 down-regulated genes were detected in ect1/9 plants versus WT plants after Psm ES4326 (AvrRpt2) inoculation. GO categories revealed that up-regulated genes were relevant to defense responses (Figure 5B). Many defense genes such as NPR3, RBP-DR1, PEPR1, LHY, DAR5 and hypoxia-related genes LOX1, LOX3, RD20, SQP1, MO1, significantly increased their expression under ETI treatment (Supplementary Table 3). Further analysis showed that an overlapping set of 389 genes were observed in the up-regulated genes of the ect1/9 plants with or without ETI treatment, which also enriched genes in the defense response pathways (Figure 5C). These data suggest that ECT1 and ECT9 restrict immune gene expression.




Figure 5 | RNA-seq analysis of ect1/9. (A) Analysis of ect1/9 without ETI activation (Mock). The volcano plot shows differentially expressed genes (DEGs) based on two replicates of RNA-seq data in the ect1/9 double mutant compared with the wild type Col-0. Violet dots represent up-regulated DEGs, green dots represent down-regulated DEGs, and gray dots represent the genes with no significant change. The y-axis shows -log10 (adjusted p-value), while the x-axis shows log2(fold change) values. Right, the top 10 significantly enriched Gene Ontology (GO) terms of up-regulated DEGs in the ect1/9 double mutant (FDR < 0.05). The color of the square indicates the significance of the term. The size of each point corresponds to the gene number of each GO term. (B) Analysis of ect1/9 with ETI activation by Psm ES4326 (AvrRpt2). (C) Venn diagrams show the overlaps between up-regulated DEGs in the ect1/9 double mutant with (ETI) and without (Mock) Psm ES4326 (AvrRpt2) treatment. The numbers of overlapping DEGs were further used for GO analysis. The top 10 significantly enriched GO terms shared of up-regulated DEGs were shown in the right panel.








Discussion

RBPs are often referred to as “RNA clothes” as they regulate various aspects of RNA function from production to degradation (Marx, 2018). In this regard, there are usually multiple homologs within a family to secure the redundant role of RBPs. This study aimed to answer the question of how RBP family members achieve these redundant biological functions, and ends with the discovery of ECT9 and ECT1 co-condensation as a potential mechanism.




Phase separation behavior of YTH family proteins

Previous studies have shown that mammal YTHDF and YTHDC family members can undergo phase separation (Ries et al., 2019; Wang et al., 2020; Cheng et al., 2021). However, this characteristic is rarely studied in plant YTH proteins. Recently, an Arabidopsis YTHDC family member, CPSF30-L (also known as a polyadenylation factor), was characterized as an m6A reader, and the m6A-binding activity of CPSF30-L enhances the formation of liquid-like nuclear bodies where the mRNA polyadenylation occurs (Song et al., 2021). This study shows that an Arabidopsis YTHDF subfamily member ECT9 can undergo phase separation in vivo and in vitro (Figures 1, 2). It has been reported that IDRs of RBPs are one of the main driving forces for phase separation. In our study, the disordered region of ECT9 (ECT9N) alone could not form liquid-like droplets in vivo and in vitro, and the YTH domain of ECT9 (ECT9C) alone was also unable to phase separate. The phase separation of ECT9 requires the participation of the full-length amino acid sequence, similar to previous research on human disease-related protein FUS, whose LLPS requires both the N-terminal PrLD and the C-terminal RBD (Wang et al., 2018). ECT1 cannot undergo LLPS, but it can co-condensate with ECT9. This co-condensation was also observed for Arabidopsis ATG3, which facilitates the LLPS of ATG8e to promote autophagy (Guan and Xue, 2022). Hence, ECT9 might serve as a helper to accelerate the phase transition of other ECTs proteins to respond to environmental stresses.

We analyzed the liquid-liquid phase separation ability of ECT9 in its native condition using the transgenic line transformed with the native promoter-driven ECT9-mYFP (ProECT9:ECT9-mYFP/ect9). Unfortunately, we did not observe this phase separation in leaves, roots, or mesophyll cells, with or without SA treatment. We also tried several independent transgenic lines with similar negative results. We attributed the following reasons. First, ECT9 has a specific expression pattern depending on different tissues and growth and development stages. Second, ECT9 phase separation in the native condition requires a specific signal, a phase separation partner or varying stimulus strength. Third, ECT9 has multiple homologs, causing a low expression level in the complementation lines. Accordingly, we did not observe any immune phenotype on the ect9 single mutant (Figure 4A, Supplementary Figure 6A). Fourth, ECT9 condensation may require a specific genetic background to favor its protein accumulation. In the literature, researchers have discovered that the nuclear bodies formed by the AtCPSF30 under its native promoter were unsuitable for photobleaching due to a limited protein level (Song et al., 2021). Nevertheless, we thought that the ECT9 condensates exist, because, under the same expression conditions, only ECT9, instead of the other 12 proteins, showed LLPS condensates in vivo (Supplementary Figure 1C). Also, we found that ECT9 but not ECT1 formed LLPS condensates in vitro under the same conditions of protein and PEG concentration (Figure 3C). More work is required to find the situations under which ECT9 condensates will be observed under the native condition.





ECT9 and ECT1 play a synergistic inhibitory role in the immune response

It is hypothesized that the full-length ECT9 protein recognizes and binds the m6A-modified RNA via its YTH domain. Then it folds into the correct conformation with the N-terminal disordered region. ECT9 perhaps interacts with other factors by forming liquid-like droplets to promote the degradation of these co-factors. Accordingly, after SA treatment, fewer ECT9 condensates were observed (Figure 1). This mechanism is suggested to be responsible for the function of ECT9 and ECT1 in plant immunity. In WT plants, nucleic and cytoplasmic bodies formed by ECT9 could absorb immune mRNAs to avoid overactivation. However, in the ect1/9 double mutant, these immune mRNAs are likely less engaged by the ECT9-associated bodies. These immune mRNAs continue to be transcribed and translated, resulting in elevated levels of immune proteins that increase resistance to the phytopathogen. Accordingly, the RNA-seq data analysis shows the up-regulated genes in the ect1/9 mutant are involved in defense responses (Figures 4, 5). Recent studies show that translational reprogramming is a fundamental layer of immune regulation. It remains possible that the elevated immune mRNAs undergo selective translation (Xu et al., 2017; Chen et al., 2023; Zhou et al., 2023).

It is possible that some mRNA regulatory elements, such as linear motifs, unique structures, or nucleotide modifications, mark these immune mRNAs for recognition by the ECT9-associated bodies. The nucleotide modification with m6A is a potential selective regulatory element since mammalian ECT9 homologs recognize mRNAs with m6A modification. Further investigation is required to determine whether these immune mRNAs up-regulated in the ect1/9 mutant have hallmarks of m6A modification. We preliminarily searched these immune mRNAs in the plant m6A database (http://180.208.58.19/m6A-Atlas/#) and found some methylated genes. Therefore, more efforts are required to investigate the selectivity of mRNAs by ECT9, such as using MeRIP-seq or DART-seq (Dominissini et al., 2012; Meyer, 2019).

Our study has some uncertain flaws. We did not show a direct connection between ECT9 condensation and defense responses. It would be best to complete the ect1/9 mutant with a condensation-incapable form of ECT9. It is assumed that the enhanced resistance could not be reversed but could be achieved by the full-length ECT9. Although ECT9N and ECT9C lose the typical LLPS behaviors that the full-length ECT9 has, the complementation of the ect1/9 mutant with these two truncation versions cannot faithfully demonstrate the direct contribution of ECT9 condensation to immune responses due to the large deletion in these two truncation forms. We expected to find some key point mutations that compromise ECT9 condensation but minimize their effect on the whole structure.

If ECT9-mediated co-condensation of ECT1 is involved in the immune responses, it is unlikely that ECT9 is the sole or dominant condensation protein. If ECT9 is the dominant one, we would have observed the elevated resistance in the ect9 single mutant. Therefore, other RBPs must be able to mediate the condensation of ECT1 in the absence of ECT9. Accordingly, we found that ECT9 was co-localized with UBP1b, a nuclear and cytosolic body maker. We previously demonstrated UBP1b homolog UBP1c as a condensation-capable RBP using in vivo and in vitro assays (Zhou et al., 2021). This assumption aligns with the general recognition that RBPs must work redundantly to secure the mRNA fate, the essential process of delivering genetic information.






Materials and methods




Plant materials and growth conditions

All A. thaliana plants used in this study are in the Columbia-0 (Col-0) background. The ect1 and ect9 mutants were constructed using the CRISPR-Cas9 editing system (see section: The CRISPR-Cas9 editing system). The double mutant ect1/9 was generated by the genetic cross and verified by PCR. The seeds were surface-sterilized and soaked in 1% Plant Preservative Mixture (PPM) and kept at 4°C in the dark for 2-3 days for vernalization, following sown on 1/2 Murashige and Skoog (MS) medium (0.22% MS, 0.05% MES, 1% sucrose, 0.8% agar, pH 5.8) plates and cultivated in the greenhouse for 6-8 days at 22 °C before being transferred to soil grown under long photoperiod conditions (16-h light of 130 µmol•m-2•s-1/8-h dark). The bacterial growth assay used a short-day (SD) condition (12-h light/12-h dark). N. benthamiana plants used for transient expression were grown on soil (Pindstrup, Denmark) in a phytotron at 22 °C under a 12-h light/12-h dark photoperiod with 55% relative humidity.





Plasmid construction and genetic transformation

This study used a zero-background ligation-independent cloning procedure for vector construction, as described previously (Zhou et al., 2021). Two primary vector conformations (X-mYFP and mYFP-X) were used for construction of N. benthamiana transient transformation vectors. The PCR products of 13 YTH domain-containing genes coding sequences (ECT1-ECT11, CPSF30, AT4G11970) were amplified from Col-0 cDNA and alternatively cloned into primary vectors with different adaptors. For the co-localization and Co-IP assay, the full-length CDS of ECT9 and other marker genes, UBP1b (AT1G17370), G3BP1 (AT5G48650) and FCA (AT4G16280), were amplified and cloned into the pZT219-FLAG, pZT158-CFP and pZT156-mYFP vectors to generate the 35S:ECT9-FLAG, 35S:ECT9-CFP, 35S:UBP1b-mYFP, 35S:G3BP1-mYFP and 35S:FCA-mYFP constructs. For SLCA assay, the CDS of ECT9 was cloned into nLUC-pMR78 and other YTHs’ CDS were cloned into cLUC-pMR31 or pGX12-cLUC. To construct truncated ECT9 vectors, a truncated N-terminal fragment (ECT9N, 1-317 aa) and C-terminal fragment (ECT9C, 318-539 aa) were amplified and cloned into the pJG054 and pYL181 vectors for subcellular localization and phase separation experiments, respectively. For constructing ECT1 and ECT9 mutants, the CRISPR-Cas9 editing system was used. Two single-guide RNA of ECT1 and ECT9 were designed and further cloned into the pHEE401E vector by the BsaI-Golden Gate Assembly strategy (NEB, E1601L). The A. thaliana transgenic plants were generated by the Agrobacterium-mediated floral dipping method (Zhang et al., 2006). All plasmids and primers mentioned above are listed in Supplemental Table 1.





The CRISPR-Cas9 editing system

To construct CRISPR knockout mutants, we designed two guide RNA (gRNA) sequences for each gene using CRISPR-P (“http://crispr.hzau.edu.cn/CRISPR2/“) and expressed them under Arabidopsis U6-26 (AT3G13855) and U6-29 (AT5G46315) promoter, respectively (Liu et al., 2017). The vector pHEE401E was used as an acceptor vector. The CRISPR-associated endonuclease zCas9 was from the Zea mays, driven by Arabidopsis EC1.1 (AT1G76750) promoter (Xing et al., 2014). Homozygous transgenic plants were identified using PCR-based and sequenced genotyping. All primers used for genotyping are listed in Supplemental Table 1.





Phylogenetic analysis

Amino acid sequences of 160 YTH domain-containing proteins from 11 species were collected, including six monocotyledons (Oryza sativa, Zea mays, Triticum aestivum, Hordeum vulgare, Brachypodium distachyon, Sorghum bicolor), three dicotyledons (Arabidopsis thaliana, Glycine max, Gossypium raimondii), mammal (Homo sapiens), and Yeast (Saccharomyces cerevisiae and Schizosaccharomyces pombe). YTH domain sequences were aligned by the ClustalW method with the default settings in MEGA, and the phylogenetic tree was constructed by the Neighbor-Joining model with a default setting using a post-aligned document. For phylogenetic analysis among 13 Arabidopsis YTH domain-containing proteins, full-length protein sequences were used to align by the ClustalW method. The resultant Neighbor-Joining evolutionary tree was beautified on Evolview version 2 (“http://www.evolgenius.info/evolview/#/“) (Subramanian et al., 2019). The protein domain sequences and DNA sequences were organized from UniProt and TAIR websites, respectively. The disordered score was predicted from the PONDR website (“http://www.pondr.com/“) with a VSL2 predictor. The full-length amino acid sequences and YTH domain sequences used for alignment are listed in Supplemental Table 2.





Subcellular localization and confocal observation

To determine the subcellular localization of Arabidopsis YTH domain-containing proteins, 4-week-old N. benthamiana leaves were infiltrated with Agrobacterium tumefaciens GV3101 strain carrying 13 transient transformation vectors. Fluorescence images were photographed 48 hours post-infiltration (hpi) using LEICA TCS SP8 laser scanning confocal microscope (Leica). For co-localization of ECT9 with ECT1 and body marker proteins, 35S:ECT9-CFP and corresponding vectors transformed separately into Agrobacterium GV3101 by liquid nitrogen freezing and thawing method and co-expressed in N. benthamiana leaves and further imaged. At least three leaves per construct on 2-3 plants in each experiment and at least 3 repeats on different days were conducted for confocal imaging.

Arabidopsis mesophyll protoplasts were prepared as described previously and transformed with ECT9 fused mYFP fluorescent protein (Yoo et al., 2007). After incubation for 18 h in darkness at 22 °C, a final concentration of 2 mM SA or H2O (Mock) was added into 1 mL protoplast culture for another 3 h incubation at the same conditions and photos were taken by confocal microscope (Leica). We used the following settings for excitation/emission of fluorescence: YFP (514/525-580 nm) and CFP (448/458-505 nm). Images were analyzed using Leica Application Suite X software 3.5.2.18963 and Fiji (ImageJ v2.3.0).





Co−immunoprecipitation and immunoblotting

The combinations of ECT9-FLAG and mYFP-ECT1 were co-transfected into N. benthamiana leaves. After 48 hours, the total proteins were extracted with lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.2% NP40, 0.1% Triton-100, 20 mM DTT and 1 mM PMSF) supplemented with 1 × complete protease inhibitor cocktail (Roche). After centrifugation, the supernatant was incubated with 20 µL GFP-Trap® _A beads (Chromotek) for 2 h at 4°C. Then the purified proteins were detected using immunoblotting with anti-GFP antibody (ProteinGene, 2057) and anti-FLAG antibody (ProteinGene, 2064), respectively. Chemiluminescence signals were detected using the ChemiDoc ™ XRS+ imaging system (BIO-RAD).

To evaluate the effect of SA on ECT9 protein levels in vitro, N. benthamiana leaves infiltrated with Agrobacterium GV3101 carrying 35S:ECT9-mYFP were sprayed with 2 mM SA or H2O (Mock) 3 h before protein extraction. The protein extraction and western blot protocol as described above.





Recombinant protein expression and purification in vitro

To construct recombinant protein expression strains, the MBP-YFP-ECT9, MBP-YFP-ECT9N, MBP-YFP-ECT9C, and MBP-CFP-ECT1 plasmids were transformed into E. coli Rosetta (DE3) competent cells. The bacteria strains were cultured in terrific broth supplied with carbenicillin (50 mg•L-1) for 6 hours at 25 °C on a sharker of 250 rpm until OD600 nm = 1, and then induced by 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 18 h at 16°C. Cells were then spun down, resuspended in lysis buffer (20 mM Tris-HCl pH 7.4, 1 mM EDTA, 500 mM NaCl, 10 mM 2-Mercaptoethanol, 1 mM PMSF), and lysed with a high-pressure homogenizer (ATS Engineering, FB-110X). The cell lysate was centrifuged at 15,000 g for 30 min at 4 °C. The fusion protein in the soluble supernatant was purified with Dexrein Beads 6FF (Smart-Lifesciences, SA026010) according to the manufacturer’s instructions. MBP tag was removed by incubation with 10 µg•mL-1 Factor Xa protease (NEB, P8010S) overnight at 23 °C. Protein concentration was measured using Bradford-based Easy Protein Quantitative Kit (TransGen, DQ101-01) and examined by SDS-PAGE through Coomassie brilliant blue staining. Purified protein was flash-frozen in liquid nitrogen and stored in the storage buffer (20 mM Tris-HCl pH 7.4, 1 mM EDTA, 50 mM NaCl) at -80 °C until use.





Phase separation assay and FRAP

Phase separation assay in vitro was performed with 28 µM purified protein (full length and truncated ECT9) in the storage buffer. Phase separation was induced by adding PEG8000 (Sigma, BCCC7539) at a final concentration of 20% (w/v) or reversed by adding NaCl at a final concentration of 2.5 M. Samples were dropped to a confocal dish and observed with Leica TCS SP8 upright microscopy equipped with 63× oil immersion objective using a 514 nm laser for excitation and 525-580 nm filter for emission. Bright field was captured by a differential interference contrast microscopy (Leica DMC4500) with HC PL FLUOTAR 40× objective. Turbidity was measured as optical density at 600 nm with a 500 µL volume using Nanodrop One Microvolume Spectrophotometer (Thermo Fisher Scientific).

FRAP was performed on a two-photon laser scanning fluorescence confocal microscopy (Leica, TCS SP8). For the in vivo experiments, FRAP of mYFP-ECT9 puncta formed in N. benthamiana was performed using a 40× objective lens. Bleaching was done using a 514 nm laser pulse (2 iterations, 60% intensity), and recovery was recorded for 30 pictures (a total of 39 s 18 ms) after bleaching. Ten regions of interest (ROIs) were defined for in vivo experiments, and eight were used for calculation. For in vitro FRAP analysis, technology was the same as in vivo experiments except for 20 pictures (a total of 26 s 21 ms) were recorded after bleaching, and four ROIs were calculated for FRAP of mYFP-ECT9N and mYFP-ECT9C floccules. The recovery curves were analyzed using GraphPad Prism 8.





RNA extraction and real-time qPCR

For gene expression analysis in SA treatment, tobacco leaves infiltrated with 35S:ECT9-mYFP agrobacterium was sampled for total RNA extraction with and without 2 mM SA treatment. The mYFP expression level is equally regarded as ECT9, and the Basta resistance gene bar was used as an internal control. The A. thaliana mutants were sampled for knock-down genes analysis. All tissues were immediately placed in liquid nitrogen and stored at -80 °C. Total RNA was extracted using the RNA isolation Total RNA Extraction Reagent Kit (Vazyme, R401-01), and 1 µg of total RNA was subjected to reverse transcription using the HiScript® III 1st Strand cDNA Synthesis Kit (Vazyme, R312-01). Quantitative RT-PCR was performed using a ChamQ Universal SYBR qPCR Master Mix (Vazyme, Q711-02) on a CFX Connect Real-Time PCR Detection System (BIO-RAD). UBIQUITIN5 (UBQ5) (AT3G62250) was used as an internal control for sample normalization in the gene expression analysis (2-ΔΔCt method) (Schmittgen and Livak, 2008). The primers used are listed in Supplemental Table 1.





Bacterial infections and ion leakage analysis

The Psm ES4326 and Psm ES4326 (AvrRpt2) strains were streak-cultured overnight at 28 °C in King-Bertani medium and screened with streptomycin (Str, 100 mg•L-1) and Str + tetracycline (Tet, 10 mg•L-1), respectively. Bacterial colonies were collected and resuspended in 10 mM MgCl2 and adjusted to an OD600 nm of 0.001 for ETI and PTI assay. The 21-25-day-old A. thaliana leaves were infiltrated with the bacteria by a needleless syringe and dried with KiWi paper and inoculated plants were kept under a short-day greenhouse for 72 h and then sampled for bacterial growth. Three leaves were punched using a hole puncher as one biological replicate and 8 biological replicates for each genotype. For PTI, plants were infiltrated with 1 µM elf18 or H2O one day earlier than a bacterial infection. The number of colonies (CFU per drop) was calculated, and bacterial growth was represented as CFU•cm-2 of leaf tissue. For ion leakage measurement, leaves were infiltrated with Psm ES4326 (AvrRpt2) of OD600 nm of 0.02 before 10 am and waited for absorption for 2 h. Subsequently, six leaf discs per replicate were transferred to a 50 mL sterile conical tube containing 6 mL distilled water followed by washing with 50 mL H2O up and down and 4 biological replicates for each genotype. The conductivity was determined at appointed times using an Orion Star A222 Conductivity Portable Meter (Thermo Fisher Scientific, K13720) and analyzed using GraphPad Prism 8.





Callose quantification

Callose deposition was quantified by aniline blue staining and microscopy analysis described previously (Luna et al., 2011). Briefly, 4-week-old Arabidopsis leaves were infiltrated with 1 µM elf18 and incubated for 24 h. Leaf discs were then collected and soaked in 95% ethanol until all tissues were transparent. After washing with distilled water for 30 minutes, leaf discs were incubated overnight in 0.07 M phosphate buffer containing 0.01% aniline blue (Sangon Biotech, 28632-66-5) by gently shaking before microscopic analysis. Observations were performed using Leica TCS SP8 two-photon laser scanning fluorescence confocal microscopy equipped with a UV filter (excitation/emission: 405 nm/420-480 nm).





RNA-seq analysis

Two biological replicates of Col-0 and ect1/9 mutant leaves were collected 24 h after pressure infiltration with Psm ES4326 (AvrRpt2) (OD600 nm = 0.001). For each sample, equal amounts of RNA from two biological replicates were pooled for RNA-seq library construction. Sequencing was performed on an Illumina NovaSeq PE150 platform with 150-bp single-end reads (Novogene). All the downstream analyses were based on clean data with high quality. Reads were mapped to the Arabidopsis TAIR10 genome. Differential expression analysis (DEGs) of Mock and ETI treatment was performed using the DESeq2 package (1.34.0) and graphically represented in a volcano plot by GraphPad Prism 8. The DEGs were identified with the criteria set as P-adjust < 0.05 and fold change > 2. Two valid biological replicates were carried out for the transcriptomic analysis. GO analysis was performed and plotted on ShinyGO 0.76.3 (“http://bioinformatics.sdstate.edu/go/“). Venn diagrams were generated using the web tool Draw Venn Diagram (“http://bioinformatics.psb.ugent.be/webtools/Venn/“). A description of the DEGs of each sample is listed in Supplemental Table 3.
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Botrytis cinerea, a plant pathogenic fungus with a wide host range, has reduced sensitivity to fungicides as well as phytoalexins, threatening cultivation of economically important fruits and vegetable crops worldwide. B. cinerea tolerates a wide array of phytoalexins, through efflux and/or enzymatic detoxification. Previously, we provided evidence that a distinctive set of genes were induced in B. cinerea when treated with different phytoalexins such as rishitin (produced by tomato and potato), capsidiol (tobacco and bell pepper) and resveratrol (grape and blueberry). In this study, we focused on the functional analyses of B. cinerea genes implicated in rishitin tolerance. LC/MS profiling revealed that B. cinerea can metabolize/detoxify rishitin into at least 4 oxidized forms. Heterologous expression of Bcin08g04910 and Bcin16g01490, two B. cinerea oxidoreductases upregulated by rishitin, in a plant symbiotic fungus Epichloë festucae revealed that these rishitin-induced enzymes are involved in the oxidation of rishitin. Expression of BcatrB, encoding an exporter of structurally unrelated phytoalexins and fungicides, was significantly upregulated by rishitin but not by capsidiol and was thus expected to be involved in the rishitin tolerance. Conidia of BcatrB KO (ΔbcatrB) showed enhanced sensitivity to rishitin, but not to capsidiol, despite their structural similarity. ΔbcatrB showed reduced virulence on tomato, but maintained full virulence on bell pepper, indicating that B. cinerea activates BcatrB by recognizing appropriate phytoalexins to utilize it in tolerance. Surveying 26 plant species across 13 families revealed that the BcatrB promoter is mainly activated during the infection of B. cinerea in plants belonging to the Solanaceae, Fabaceae and Brassicaceae. The BcatrB promoter was also activated by in vitro treatments of phytoalexins produced by members of these plant families, namely rishitin (Solanaceae), medicarpin and glyceollin (Fabaceae), as well as camalexin and brassinin (Brassicaceae). Consistently, ΔbcatrB showed reduced virulence on red clover, which produces medicarpin. These results suggest that B. cinerea distinguishes phytoalexins and induces differential expression of appropriate genes during the infection. Likewise, BcatrB plays a critical role in the strategy employed by B. cinerea to bypass the plant innate immune responses in a wide variety of important crops belonging to the Solanaceae, Brassicaceae and Fabaceae.
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Introduction

Botrytis cinerea, commonly known as grey mold, is one of the most economically important pathogens. It affects approximately 1,400 plant species across several plant families (Elad et al., 2016) and brings severe yield losses to high impact crops such as grapevine, Solanaceae (tomato, potato, bell pepper), Brassicaceae (canola, cabbage, broccoli), Fabaceae (pea, bean, soybean) among others. However, recent studies employing multi-omic strategies hint that B. cinerea’s potency as a pathogen as well as the evolutionary path towards broad host necrotrophy remains largely an enigma (Hahn et al., 2014; Frías et al., 2016; Derbyshire et al., 2017; Valero-Jiménez et al., 2019). Similarly, virulence across plant species is enabled by complex interactions that include key fungal processes such as oxidative stress response (N'Guyen et al., 2021) and cell wall integrity (Cui et al., 2021; Escobar-Niño et al., 2021).

B. cinerea craftily manipulates plant defenses, resulting in necrosis of host tissues by means of plant cell death inducing proteins (PCIDs) (Petrasch et al., 2019; Leisen et al., 2022), creating a favorable environment for necrotrophy. Thereafter, it prompts the plant host to an exchange of enzymes and toxins, modulated by phytohormone crosstalk, to launch an induced systemic resistance (Mbengue et al., 2016; Bi et al., 2022). An important plant defense mechanism against necrotrophic pathogens is the production of phytoalexins, a diverse group of compounds which are toxic to invading organisms. These phytoalexins were shaped and diversified through phylogenetic lineages and plant-pathogen interaction events, which led to the formation of a wide variety of structurally distinct compounds. Structural variations, impeccable timing and synergistic action among these phytoalexins offer an effective counter to most fungal pathogens (Pedras and Abdoli, 2017; Allan et al., 2019; Newman and Derbyshire, 2020; N'Guyen et al., 2021; Westrick et al., 2021; Zhou et al., 2022). In some cases, phytoalexin-mediated autophagy also drove non-host resistance against necrotrophs (Sanchez-Vallet et al., 2010; Prasad et al., 2022). Hence, detoxification of phytoalexins became imperative and paved the success of cosmopolitan phytopathogens such as Sclerotinia and Botrytis (Westrick et al., 2019; Kusch et al., 2022). In concrete terms, robust fungal pathogenic systems deploy cytochrome P450 genes, multi-functional enzymes that confer virulence through nullification of diverse phytotoxins (van den Brink et al., 1998; Pedras and Ahiahonu, 2005). Their versatility enables numerous ways to metabolize phytoalexins, of which oxidoreduction takes pre-eminence (Shin et al., 2018; Kuroyanagi et al., 2022). Despite having extensive descriptions of phytoalexin-detoxification products, few cytochrome P450 genes have been functionally characterized in fungi as compared to plant and animal systems (Park et al., 2008; Chen et al., 2014).

Non-degradative detoxification mechanisms play an equally significant role in tolerating phytoalexins, especially among broad-host range pathogens such as B. cinerea. Membrane-bound fungal transporters were deemed to be key not only in regulating endogenous phytotoxins but also xenobiotics such as fungicides which further augments flexibility among generalist pathogens (Pedras et al., 2011; Hahn et al., 2014; Vela-Corcía et al., 2019; Chen et al., 2020). Using combined transcriptomic and metabolomic approaches, multidrug resistance to fungicides was found to be primarily aided by efflux transporter genes enhancing virulence of key fungal pathogens (Kretschmer et al., 2009; Zhang et al., 2019; Samaras et al., 2020; Shi et al., 2020; Wang et al., 2021; Bartholomew et al., 2022; Harper et al., 2022; Wang et al., 2022). More specifically, ABC (ATP-binding cassette) and MFS (major facilitator superfamily) transporters dispose key phytoalexins by exporting them out of fungal cells (Newman and Derbyshire, 2020; Kumari et al., 2021; Madloo et al., 2021; Westrick et al., 2021) paving the way to generalist pathogen lineages. Functional analysis of transporter genes such as BcatrB and mfsM2, elucidated the contribution of these genes to multidrug and fungicide resistance (Kretschmer et al., 2009). This provides crucial insight into the control of economically important fungal pathogens such as B. cinerea. Fungal transporters, encoded by single genes, can be conveniently transferred across fungal phyla through horizontal gene transfer, leading to enhanced polyxenous behavior and plant host colonization (Soanes and Richards, 2014; Milner et al., 2019).

In summary, the mechanism conferring generalist pathogens to overcome phytoalexins and drastically expand their host range is likely driven by two important processes: enzymatic transformation of key antimicrobial metabolites; and efflux processes facilitated by membrane transporters. Hence, this study aspires to provide a novel perspective in understanding molecular mechanisms governing the interaction between phytoalexin production in various plant model systems and its subsequent metabolism and efflux in the polyxenous grey mold pathogen B. cinerea.





Materials and methods




Biological material, growth conditions and incubation in phytoalexins

Botrytis cinerea strain AI18 (Kuroyanagi et al., 2022), Epichloë festucae strain Fl1 (Young et al., 2005) and their transformants used in this study are listed in Supplementary Table 1. They were grown on potato dextrose agar (PDA) at 23°C. For the incubation in phytoalexins, mycelia plugs (approx.1 mm3) were excised from the growing edge of the colony using a dissection microscope (Stemi DV4 Stereo Microscope, Carl Zeiss, Oberkochen, Germany) and submerged in 50 μl of water or indicated phytoalexin in a sealed 96 well clear plate. The plate was incubated at 23°C for the indicated time.

Capsidiol was purified from Nicotiana tabacum as previously reported (Matsukawa et al., 2013) and synthesized rishitin (Murai et al., 1975) was provided by former Prof. Akira Murai (Hokkaido University, Japan). Resveratrol and brassinin were obtained from Sigma-Aldrich (Burlington, MA, USA). Glyceollin (glyceollin I) was obtained from Wako pure chemical (Osaka, Japan). Medicarpin was obtained from MedChemExpress (Monmouth Junction, NJ, USA).





Detection of rishitin and their metabolites using LC/MS

For the detection of rishitin and their metabolites after the incubation with B. cinerea or E. festucae transformants, the supernatant (50 μl) was collected, mixed with 50 μl acetonitrile and measured by LC/MS (Accurate-Mass Q-TOF LC/MS 6520, Agilent Technologies, Santa Clara, CA, USA) with ODS column Cadenza CD- C18, 75 x 2 mm (Imtakt, Kyoto, Japan) as previously described (Kuroyanagi et al., 2022).





RNAseq analysis

Extraction of RNA and RNA sequencing analysis were performed as previously described (Rin et al., 2020; Kuroyanagi et al., 2022). The nucleotides of each read with less than 13 quality value were masked and reads shorter than 50 bp in length were discarded, and filtered reads were mapped to annotated cDNA sequences for B. cinerea (ASM83294v1, GenBank accession GCA_000143535) using Bowtie software (Langmead et al., 2009). For each gene, the relative fragments per kilobase of transcript per million mapped reads (FPKM) values were calculated and significant difference from the control was assessed by the two-tailed Student’s t-test. RNA-seq data reported in this work are available in GenBank under the accession numbers DRA013980.





Extraction of genomic DNA, PCR and construction of vectors

Genomic DNA of B. cinerea was isolated from fungal mycelium grown in potato dextrose broth (PDB) using DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany). PCR amplification from genomic and plasmid DNA templates was performed using PrimeStar Max DNA polymerase (Takara Bio, Kusatsu, Japan) or GoTaq Master Mix (Promega, Madison, WI, USA). Vectors for heterologous expression, detection of promoter activity, gene knock out used in this study are listed in Supplementary Table 2 (Tanaka et al., 2008; Niones and Takemoto, 2015). For the heterologous expression of B. cinerea Bcin08g04910 and Bcin16g01490 genes in E. festucae, Aureobasidium pullulans TEF promoter (Vanden Wymelenberg et al., 1997) was used for constitutive expression (Takemoto et al., 2006). For the production of reporter strains, codon-optimized GFP for B. cinerea (Leroch et al., 2011) or codon-optimized Luc gene for Neurospora crassa (Gooch et al., 2008) was used as previously reported (Kuroyanagi et al., 2022). Sequences of primers used for the construction of vectors and PCR to confirm the gene knockout are listed in Supplementary Table 3.





Fungal transformation

Protoplasts of E. festucae and B. cinerea were prepared from freshly grown mycelia or geminating conidia, respectively, as previously described (Kuroyanagi et al., 2022). Protoplasts were transformed with 5 µg of either circular or linear (for gene knock out) plasmids using the method previously described (Kuroyanagi et al., 2022). Candidate colonies were exposed to BLB blacklight for the induction of sporulation and single spore isolation was performed to obtain purified strains. Note that ΔbcatrB-14 and -23 were isolated from separate transformation experiments. Transformants of E. festucae and B. cinerea used in this study are listed in Supplementary Table 1 (Kayano et al., 2013).





Pathogen inoculation

Leaves or fruits (tomato, grape) of plant species were kept moistened and sealed in a plastic chamber. Leaves detached from the plant were covered with a wet tissue at the cut end of the stem. Mycelial plugs (approx. 5 mm x 5 mm) of B. cinerea were excised from the growing edge of the colony grown on PDA and placed on the abaxial side of the leaf or on the fruit and covered with wet lens paper. For the inoculation on tomato, mycelial blocks of B. cinerea were placed on the cut surface of tomato, and the fruits were kept at high humidity at 23°C for 5 days. B. cinerea conidia formed on tomato were washed off in 15 ml water, and number of conidia in water was counted using a hemocytometer.





Microscopy

Images of B. cinerea expressing GFP under the control of the BcatrB promoter were collected using a confocal laser scanning microscope FV1000-D (Olympus, Tokyo, Japan). The laser for detection of GFP was used as the excitation source at 488 nm, and GFP fluorescence was recorded between 515 and 545 nm. Images were acquired with settings that did not saturate the fluorescence, and the total fluorescence per spore was determined using ImageJ software (Schneider et al., 2012).





Detection of luciferase activity in B. cinerea P_BcatrB : Luc transformant

B. cinerea P_BcatrB : Luc transformant was grown on PDA at 23°C. Three mycelia plugs (approx. 2 mm x 2 mm) were excised from the growing edge of the colony and submerged in 50 μl of water or indicated phytoalexin containing 50 μM D-luciferin in a sealed 96-well microplate (Nunc 96F microwell white polystyrene plate, Thermo Fisher Scientific, Waltham, MA, USA). Changes in luminescence intensity were measured over time with Mithras LB 940 (Berthold Technologies, Bad Wildbad, Germany).






Results




Rishitin treatment induced genes predicted to be involved in the metabolization and efflux of the phytoalexin in B. cinerea

Previously, we have performed RNA-seq analysis of B. cinerea in response to sesquiterpenoid (rishitin and capsidiol) and stilbenoid (resveratrol) phytoalexins. Bccpdh, encoding a short chain dehydrogenase, was identified as a gene specifically induced in B. cinerea treated with capsidiol, and BcCPDH was revealed to be involved in the detoxification of capsidiol to less toxic capsenone (Kuroyanagi et al., 2022).

In this study, we focused on genes induced by rishitin treatment. To identify rishitin-induced genes, we profiled the transcriptome of rishitin-treated B. cinerea using RNAseq analysis. Differentially expressed genes included genes from various gene families in B. cinerea, such as cytochrome P450/oxidoreductases, ABC transporters, cell wall degrading enzymes (CWDEs), and secondary metabolite synthesis (Figure 1). Expression of several ABC transporter genes was also induced and may potentially be involved in the efflux of rishitin to enhance the tolerance of B. cinerea (Figure 1B). Our RNAseq data indicates that expression of BcatrB (Bcin13g00710) is induced in rishitin and resveratrol, but not in capsidiol. Conversely, expression of BcatrD (Bcin13g02720) and Bmr3 (Bcin07g02220) was significantly higher during rishitin treatment as compared to other phytoalexins. While the ABC transporter genes described above are induced in rishitin-treated B. cinerea, expression of a different set of transporter genes is activated when treated with capsidiol (Kuroyanagi et al., 2022). Interestingly, some genes that are not directly involved in the detoxification of phytoalexins, but instead related to the virulence of B. cinerea, are upregulated in B. cinerea treated with rishitin. For example, expression of genes encoding CWDEs, such as genes for polygalacturonase Bcpg1 (Bcin14g00850), xylanase BcXyn11a (Bcin02g01960) and glycosyl hydrolase (Bcin02g01960), were induced by rishitin treatment (Figure 1C). Genes that are part of a subtelomeric cluster for the production of phytotoxic botcinic acid are also activated by rishitin and capsidiol treatment (Figure 1D). Further, some genes induced by rishitin were potentially involved in the metabolization of rishitin into its oxidized form, including an oxidoreductase (Bcin08g04910) and cytochrome P450 genes (Bcin16g01490, Bcin06g00650, Bcin07g05430) (Figure 1A, Kuroyanagi et al., 2022). As such these genes were investigated further in terms of their ability to metabolize rishitin.




Figure 1 | Transcriptional changes in Botrytis cinerea genes induced by rishitin. (A) Cytochrome P450/oxidoreductases, (B) ABC transporters, (C) Cell wall degrading enzymes (CWDEs) and (D) Botcinic acid biosynthesis genes. TF, transcription factor. The gene expression (FPKM value) was determined by RNA-seq analysis of B. cinerea cultured in CM media containing 500 µM rishitin, 500 µM resveratrol or 100 µM capsidiol for 24 h. Data are mean ± SE (n = 3). Asterisks indicate a significant difference from the control (CM) as assessed by two-tailed Student’s t-test, **P < 0.01, *P < 0.05.







Heterologous expression of rishitin-induced B. cinerea genes in symbiotic fungus results in the metabolization of rishitin to its oxidized forms

Rishitin is metabolized to at least 4 oxidized forms by B. cinerea (Figure 2A, Kuroyanagi et al., 2022). In potato, which produces rishitin, oxidation of rishitin is known as a detoxification reaction (Camagna et al., 2020). To investigate the function of rishitin-induced B. cinerea cytochrome P450 and oxidoreductase genes in rishitin oxidation (Figure 1A), candidate genes were heterologously expressed in the grass symbiotic fungus Epichloë festucae to detect the enzymatic activity of the encoded proteins. Kuroyanagi et al. (2022) have used the same system to identify a dehydrogenase BcCPDH, which can convert capsidiol to capsenone. Two genes upregulated in B. cinerea treated with rishitin, Bc08g04910 and Bc16g01490, were expressed in E. festucae under the control of the TEF promoter (Vanden Wymelenberg et al., 1997) for constitutive expression. These E. festucae transformants were incubated in rishitin solution to examine their function in rishitin oxidation. Two days after incubation in 100 µM rishitin, the E. festucae strain expressing Bcin08g04910 caused a reduction of rishitin, whereupon oxidized rishitin was detected (Figure 2B). Similarly, oxidized rishitin was detected after the incubation of rishitin with the E. festucae strain expressing Bcin16g01490, although a significant reduction of rishitin was not observed after 2 days. Reduction of rishitin and pronounced production of two oxidized rishitin derivatives was observed after 10 days of incubation with E. festucae expressing Bcin16g01490 (Supplementary Figure 1). E. festucae control strains expressing DsRed did not induce a reduction or oxidation of rishitin (Figure 2B). While B. cinerea produced various rishitin metabolites after the incubation with rishitin, each of the E. festucae transformants showed one or two peaks, which demonstrated an increase in mass, indicative of the presence of an additional oxygen atom in the rishitin molecule. These results suggest that enzymes encoded by Bc08g04910 and Bc16g01490 can metabolize rishitin into oxidized forms. Employing these two E. festucae transformants in large scale incubation with rishitin should enable further insights into the chemical structure of the oxidized rishitin compounds. This study has yet to identify all genes that correspond to the metabolization of rishitin into several oxidized forms by the wild-type B. cinerea strain. Multiple genes are involved in the detoxification/oxidation of rishitin (Figure 2B), KO of single gene may therefore not have a significant effect on the virulence of this pathogen.




Figure 2 | Metabolization of rishitin by Botrytis cinerea and Epichloë festucae transformants expressing rishitin-induced B. cinerea genes. (A) Mycelial block (approx. 1 mm3) of B. cinerea was incubated in 50 µl of 500 µM rishitin for 4 days and remaining rishitin and oxidized rishitin were detected by LC/MS. (B) Mycelial block (approx. 1 mm3) of E festucae transformants expressing DsRed gene (control) or rishitin-induced B. cinerea genes (Bcin08g04910 or Bcin16g01490) were incubated in 50 µl of 100 µM rishitin for 2 days and remaining rishitin and oxidized rishitin were detected by LC/MS. See Supplementary Figure 1 for 10 days incubation of E festucae transformants expressing Bcin16g01490 in rishitin.







BcatrB KO mutants showed increased sensitivity to rishitin

Previous studies on BcatrB established its role in the tolerance of B. cinerea to structurally unrelated phytoalexins such as resveratrol and camalexin, as well as to the fungicide fenpicionil (Schoonbeek et al., 2001; Vermeulen et al., 2001; Stefanato et al., 2009). Expression of BcatrB is upregulated by rishitin (Figure 1B), thus BcatrB is presumably involved in the tolerance of B. cinerea to rishitin. To investigate the role of BcatrB in rishitin tolerance of B. cinerea, BcatrB knock out strains (ΔbcatrB) were generated (Supplementary Figure 2). Conidial germination of wild type and ΔbcatrB strains were measured after treatment with rishitin or capsidiol (Figure 3A). In 100 µM capsidiol, the length of B. cinerea germ tubes were comparatively shorter than untreated conidia (Figure 3A). However, knock out of BcatrB yielded no significant effect on the sensitivity of B. cinerea to capsidiol, consistent with the RNAseq data that BcatrB is not induced under capsidiol treatment (Figure 1B). In contrast, BcatrB mutants showed enhanced sensitivity to rishitin compared with wild type strain (Figure 3A). Given that rishitin production has been detected in tomato fruits, but not in leaves, upon pathogen attack (Sato et al., 1968, de Wit and Flach, 1979), virulence of BcatrB strains was tested on tomato fruits. A higher sporulation rate was observed for the wild type compared to the ΔbcatrB strains in tomato fruits (Figure 3B), while the sporulation rate of the complemented strain was comparable to the wild type (Supplementary Figure 3A). In tomato leaves, the difference in the development of disease symptoms between wild and KO strains was not as pronounced as in fruit (Supplementary Figure 4A). Moreover, no significant differences were observed between wild type and ΔbcatrB strains in the lesion formation on bell pepper fruits (Figure 3C), which produce capsidiol as a major phytoalexin (Watson and Brooks, 1984). These results suggest that BcatrB is crucial in the tolerance of B. cinerea to rishitin, but not to capsidiol.




Figure 3 | Deletion of BcatrB gene compromises the rishitin tolerance of Botrytis cinerea. (A) Conidial suspension of B. cinerea was incubated in water (H2O), 100 µM capsidiol or 500 µM rishitin and the length of germ tube was measured after 18 h incubation. Bars = 100 µm. Data are mean ± SE (n = 60). Asterisks indicate a significant difference from WT as assessed by two-tailed Student’s t-test. **P < 0.01. N. S., not significant. Lines and crosses (x) in the columns indicate the median and mean values, respectively. (B) Tomato fruits (cut in half) were inoculated with mycelia plug (approx. 5 x 5 mm) of B. cinerea wild type (WT) or ΔbcatrB strains and produced conidia were counted 7 days after the inoculation. Data are mean ± SE (n = 3). Asterisks indicate a significant difference from WT as assessed by two-tailed Student’s t-test. **P < 0.01. (C) Fruits of bell pepper (Capscicum annuum) were inoculated with mycelia plug (approx. 5 mm diameter) of B. cinerea WT or ΔbcatrB strains. Data are mean ± SE (n = 12). N. S. indicate no significant difference from WT as assessed by two-tailed Student’s t-test.







B. cinerea BcatrB promoter is activated during the infection in plants belonging to Solanaceae, Brassicaceae and Fabaceae

In previous studies using GUS and GFP reporter strains of B. cinerea, it was shown that the expression of BcatrB is induced during the infection in Arabidopsis or upon treatment with camalexin, eugenol (Brassicaceae phytoalexins) or several fungicides (Stefanato et al., 2009; Leroch et al., 2011). To explore other phytoalexins that could be potential substrates of the BcatrB transporter, B. cinerea transformants expressing GFP under the control of the 1 kb BcatrB promoter (P_BcatrB_GFP) were inoculated onto 25 host plants across 13 plant families. Among the plant species surveyed, expression of GFP was mostly detected during the infection in Brassicaceae, Fabaceae and Solanaceae species (Figure 4, Supplementary Table 4). GFP expression ranged from weak, such as in the case of eggplant and N. benthamiana, to intense signals detected from red clover and Arabidopsis incubations. Similarly, activity of the BcatrB promoter was perceived to widely vary across members of the same family. The intensity of promoter activation also varied among plants at lower taxonomic levels such as in the case of red clover and white clover (genus Trifolium). Moreover, tissue-specific expression was also observed for tomato and grape, with BcatrB being strongly expressed in fruits but weak or no expression in leaves (Figure 5). BcatrB expression was also detected in infection cushions, which were only formed in fruit tissues (Figure 5).




Figure 4 | Botrytis cinerea BcatrB promoter is activated during the infection in Fabaceae, Brassicaceae and Solanaceae species. Leaves of indicated plants were inoculated with the mycelia of B. cinerea P_BcatrB : GFP transformant and hyphae at the edge of the lesion were observed by confocal laser microscopy 2 or 3 d after the inoculation. Bars = 100 µm.






Figure 5 | Botrytis cinerea BcatrB promoter is activated during the infection in fruits of tomato and grape. Leaves or fruits of tomato (top) or grape (bottom) were inoculated with the mycelia of B. cinerea P_BcatrB : GFP transformant and hyphae at the edge of the lesion was observed by confocal laser microscopy 2 or 3 d after the inoculation. Arrowheads indicate infection cushions. Bars = 100 µm.







BcatrB is involved in virulence expression on red clover, a Fabaceae plant producing pterocarpan phytoalexins

To evaluate the effect of in vitro phytoalexin treatment on BcatrB activation, conidia of P_BcatrB_GFP transformant were treated with several phytoalexins from Brassicaceae, Fabaceae and Solanaceae species. Consistent with the RNAseq analysis data, the BcatrB promoter was activated by rishitin, but not by capsidiol (Figure 6A). The activation of the BcatrB promoter in N. benthamiana (Figure 4), which mainly produces capsidiol, is presumably due to its response to other antimicrobial substances produced in N. benthamiana (Shibata et al., 2016; Imano et al., 2022). Indole phytoalexins from Brassicaceae species, brassinin and camalexin, significantly activated the expression of GFP under the control of the BcatrB promoter. Pterocarpan phytoalexins produced in Fabaceae, medicarpin and glyceollin, also induced the activation of the BcatrB promoter (Figure 6A). Therefore, activation of the BcatrB promoter during the infection of Brassicaceae and Fabaceae plants (Figure 4) is linked to the recognition of indole and pterocarpan phytoalexins by B. cinerea.




Figure 6 | (A) Botrytis cinerea BcatrB promoter is activated by Solanaceae, Brassicaceae and Fabaceae phytoalexins. Conidia of B. cinerea P_BcatrB : GFP were treated with 1% DMSO (Control) or 100 µM of indicated phytoalexins, and GFP fluorescence was detected by confocal laser microscopy 2 days after the treatment. Bars = 100 µm. Data are mean ± SE (n = 20). Asterisks indicate a significant difference from control as assessed by two-tailed Student’s t-test. **P < 0.01. (B) Leaves of red clover (Trifolium pratense) were inoculated with mycelia plug (approx. 5 x 5 mm) of B. cinerea wild type (WT) or ΔbcatrB strains and lesion diameter was measured 3 days after the inoculation. Data are mean ± SE (n = 6). Asterisks indicate a significant difference from WT as assessed by two-tailed Student’s t-test. **P < 0.01.



B. cinerea during the infection of red clover (Trifolium pratense) exhibited the most substantial activation of the BcatrB promoter (Figure 4). To further substantiate BcatrB as a critical virulence factor for the infection of red clover, we performed inoculations using the ΔbcatrB KO strains. Compared to the wild type strain, the ΔbcatrB strains resulted in lower lesion scores (Figure 6B), indicating that BcatrB is required for full virulence on red clover, which produces the pterocapan phytoalexins medicarpin and maackiain (Dewick, 1975). Virulence was recovered upon complementation, with WT and ΔbcatrB-14-C1 strains yielding similar lesion scores, confirmed the importance of BcatrB for the virulence of B. cinerea on red clover (Supplementary Figure 3B).

Leaves of green bean, broccoli and cabbage were also inoculated with ΔbcatrB KO strains. There was a trend showing a slight decrease in lesion size of KO strains compared with wild type (Supplementary Figures 4B-D), although the difference was not as apparent compared to red clover, where activation of BcatrB promoter was markedly more intense (Figure 4).





B. cinerea rapidly activates the BcatrB promoter in response to Solanaceae, Brassicaceae and Fabaceae phytoalexins

To investigate the activation profile of the BcatrB promoter in response to different phytoalexins, we produced a P_BcatrB : Luc transformant of B. cinerea which expresses a luciferase gene under the control of the 2 kb long promoter region of BcatrB. Activation of the BcatrB promoter was detected as luciferase-mediated chemiluminescence within 10 min after 100 µM rishitin treatment. Activation of the promoter reached its peak within 1 h and quickly declined (Figure 7). Kuroyanagi et al. (2022) reported that rishitin is completely metabolized into oxidized forms within 6 h after treatment initiation.




Figure 7 | Activation of the BcatrB promoter detected in Botrytis cinerea transformant expressing Luciferase gene under the control of 2 kb BcatrB promoter (P_BcatrB : Luc). (A) P_BcatrB : Luc transformant was incubated in 1% DMSO (control), 100 µM rishitin, 50 µM brassinin or 50 µM glyceollin containing 50 µM D-Luciferin (substrate of luciferase). Data are mean ± SE (n = 3). Dotted vertical lines indicate the time point of highest value for each treatment. (B) Activation of BcatrB promoter at early time points shown in (A). Asterisks indicate a significant difference from the control as assessed by two-tailed Student’s t-test, **P < 0.01, *P < 0.05.



Activation of the BcatrB promoter was also tested with brassinin and glyceollin. Treatment of 50 µM brassinin or glyceollin induced transient activation of the BcatrB promoter as in the case of rishitin treatment. However, the induction peak of BcatrB expression under glyceollin treatment occurred significantly later than those induced by rishitin and brassinin (Figure 7A). Likewise, activation of the BcatrB promoter by the brassinin treatment occurred within 15 min, whereas weak activation was detected 30 min after glyceollin treatment (Figure 7B). These results suggest that the induction of BcatrB expression by rishitin/brassinin and glyceollin might be activated by different regulatory mechanisms.






Discussion




Phytoalexins produced from different plant families induce differential gene expression of a suite of pathogenicity and virulence factors

Necrotrophs and generalist fungal pathogens induce cell death and lead to global tissue damage, which can lead to an increased release of plant chemical defense materials. Transcriptional reprogramming aids generalists in fine-tuning their molecular toolkits to reduce the extent of damage and mount an effective defense response by modulating antifungal metabolites such as phytoalexins (Newman and Derbyshire, 2020; Westrick et al., 2021). On top of this, there is also tight regulation in fungal pathogens in response to phytoalexins leading to continual flux and temporal variation of transcripts, compounded by the interaction of generalist pathogens across plant hosts (Westrick et al., 2019; Reboledo et al., 2020; Chen et al., 2022).

In this study, BcatrB, together with BcatrD and Bmr3 were significantly upregulated upon rishitin treatment. These genes are likely responsible for the efflux of rishitin to enhance the tolerance of B. cinerea. Moreover, capsidiol and resveratrol mobilize distinct transcriptional programming as compared to that by rishitin. These findings suggest that the effective transporters differ depending on the phytoalexins, and B. cinerea could be inducing expression of the appropriate transporter genes by recognizing different phytoalexins. ABC transporter BcatrB has been reported to export structurally unrelated phytoalexins such as resveratrol, camalexin (Vermeulen et al., 2001; Stefanato et al., 2009), as well as the fungicide fenpiclonil (Schoonbeek et al., 2001). Likewise, a number of studies link the transcriptional activation of efflux ABC transporter genes such as BcatrB and BcatrD to induction by phytoalexins and fungicides (Hayashi et al., 2001; Perlin et al., 2014; Seifbarghi et al., 2017). On the other hand, upregulation of Bmr1 and Bmr3 has been reported in response to several fungicides, a phytoalexin (resveratrol) and other toxic metabolites (Makizumi et al., 2002). Similar upregulation of such transporters has been reported in other fungal necrotrophs. Treatment of indolic phytoalexins and glucosinolate breakdown products to Alternaria brassicicola has also resulted in transcriptional activation of drug efflux transporters (Sellam et al., 2007). Transporter-encoding genes were also induced among B. cinerea-infected strawberry fruits (Xiong et al., 2018). These findings offer proof that B. cinerea, along with other necrotrophs, could induce the expression of the appropriate transporter genes by recognizing different phytoalexins.

Previous studies have also elaborated on the role of B. cinerea’s toolkit of cell wall degrading enzymes (CWDEs) as virulence factors. Knockout of a polygalacturonase gene Bcpg1 had no effect on primary infection but caused significant decrease in secondary infection (development of the lesion) (ten Have et al., 1998). BcXyn11a, encoding an endo-β-1,4-xylanase for the degradation of hemicellulose, is shown to be required for full virulence of B. cinerea (Brito et al., 2006). In addition, production of toxic secondary metabolites such as botcinins (polyketide synthesis genes) also facilitate fungal pathogens in subduing plant defenses (Moraga et al., 2021; Bi et al., 2022; Leisen et al., 2022). Given that these genes involved in the spread of disease symptoms are also induced by rishitin in B. cinerea, implies that phytoalexins produced by plants as resistance factors are used by B. cinerea as cues to promote virulence. Modulations in the transcriptomes of B. cinerea and other necrotrophs enable these pathogens to counter diverse plant defense strategies by activating virulence factors involved in xenobiotic metabolism, efflux of multiple toxic substrates, enhanced necrotrophy by means of CWDEs, and production of fungal phytotoxic metabolites.





Evolution of versatile fungal cytochrome p450s in detoxifying phytoalexins

Degrading toxic plant metabolites is critical for the pathogenicity of B. cinerea (Rodríguez-Bonilla et al., 2011; Hahn et al., 2014; Valero-Jiménez et al., 2019; Leisen et al., 2022). It is not surprising then to find considerable variation among fungal pathogens in terms of breaking down phytoalexins into less toxic forms. In some cases, detoxification of phytoalexins may only involve the action of a single enzyme, such as in the case of capsidiol (Kuroyanagi et al., 2022) and pisatin (Matthews and Van Etten, 1983). On the other hand, a series of enzymatic reactions catalyze the conversion of cruciferous phytoalexins such as brassinin and camalexin into their less toxic forms. This multi-enzyme catalysis of detoxification reactions was shown across a range of fungal pathogens including necrotrophs such as B. cinerea and Sclerotinia sclerotiorum (Pedras et al., 2011; Pedras and Abdoli, 2017; Kuroyanagi et al., 2022). In a similar circumstance, a brassinin detoxification factor, Bdtf1 together with 10 other putative enzymes were reported to be important in the chemical modification of brassinin by Alternaria brassicicola (Cho et al., 2014). Differential gene expression of cytochrome P450 genes have also aided S. sclerotiorum in navigating across phytoalexin substrates from phylogenetically distant dicot species (Kusch et al., 2022). Stilbene-phytoalexins are detoxified by a single peroxidase gene (POX) to yield three oxidation products (Rodríguez-Bonilla et al., 2011). Despite capsidiol and rishitin having similar structural profiles, B. cinerea employs different mechanisms for the detoxification process, both in terms of sequential steps in detoxification and number of oxidized products (Kuroyanagi et al., 2022). In this study, oxidation of rishitin was catalyzed by two oxidoreductases (Bcin16g01490 and Bcin08g04910). However, these enzymes were still unable to account for three other metabolites present in the wild type. Previous reports have provided us with alternative scenarios on possible enzymatic transformation processes.

Studying events that led to the diversity of detoxification processes in fungal systems may also provide valuable clues towards mining possible enzyme pathways. Expansion of cytochrome P450 genes catering to phytoalexin substrates likely resulted from both convergent and divergent evolution events (Jawallapersand et al., 2014; Shang et al., 2016). At the division level, cytochrome P450 genes have undergone several divergences in the course of fungal evolution, with highly conserved structural motifs but very low sequence similarity (Chen et al., 2014). Moreover, horizontal gene transfer and gene duplication also drove cytochrome P450 diversification (Syed et al., 2014). Fungal cytochrome P450s have complex evolutionary histories at all taxonomic levels that enable expansion of roles towards detoxifying toxic plant metabolites such as phytoalexins. Understanding these complexities is crucial in crafting alternative strategies to mitigate the damage caused by B. cinerea across several crop species.





Efflux and enzymatic detoxification of phytoalexins act in tandem across several filamentous fungi

Phytoalexins induce damage to cell ultrastructure as well as conidial germination of B. cinerea (Adrian and Jeandet, 2012). While BcatrB has been shown to be an important efflux transporter for a variety of anti-microbial chemicals, other transporters have also been reported to be involved in resistance of B. cinerea to toxins. Deletion of MFS transporters in B. cinerea, Bcmfsg and Bcmfs1, resulted in the increased sensitivity to natural toxic compounds produced in plants (Hayashi et al., 2002; Vela-Corcía et al., 2019). These previous reports clearly demonstrate the use of multiple ABC and MFS transporters in reducing damage to B. cinerea by removal of these chemicals, natural or artificial, by efflux transport mechanisms.

In this study, it was shown that B. cinerea employs two important processes such as efflux and enzymatic detoxification to tolerate phytoalexins and, hence enhancing the virulence. In particular, functional analysis revealed that ΔbcatrB had reduced pathogenicity on red clover leaf and lesser sporulation rate in tomato fruits. Tolerance to phytoalexins has also been documented for other fungal pathosystems as well. Gibberella pulicaris ABC transporter Gpabc1, sharing high homology with Magnaporthe oryzae ABC1, was also shown to be a crucial virulence factor for tolerating rishitin and conferring virulence in potato (Fleißner et al., 2002). Moreover, Nectria haematococca also utilized the two-pronged approach to detoxifying pisatin through the ABC transporter Nhabc1 and a cytochrome P450. Moreover, Nhabc1 is also phylogenetically related to both Gpabc1 and MoABC1 (Coleman et al., 2011). Interestingly, the proponents suggested that detoxification occurred in a step-wise manner, with the energy for transporting pisatin being used as springboard to propel its enzymatic transformation. This coordinated approach was also shown in the xenobiotic metabolism in Sclerotinia homeocarpa. In a multi-drug resistant field strain of Sclerotinia homeocarpa, various stages of detoxification are coordinated by a mutated transcription factor ShXDR1. Heterologous expression of mutated (dominant active) ShXDR1 in B. cinerea also increased expression of a cytochrome P450 (BcCYP65) and a transporter (BcatrD) leading to tolerance to multiple fungicides (Sang et al., 2018). These findings imply that this tandem strategy is highly conserved among filamentous fungi and may be a viable and more effective biocontrol approach to destructive fungal pathogens.

Differential expression of BcatrB was prompted by a localized production of rishitin and resveratrol in fruits of tomato and grape, respectively. Similarly, in this study, there was also tissue-specific expression of GFP under the control of the BcatrB promoter. Infection cushions have been shown to be formed alternatively with appressoria during less favorable conditions, to facilitate infection by penetration of the host tissue and upscaling virulence factors (Choquer et al., 2021; Bi et al., 2022).

Previous analysis revealed that some fungicide-resistant B. cinerea isolated from fields express high levels of BcatrB. A common mutation in these isolates was found in the coding sequence of the Zn(II)2Cys6-type transcription factor Mmr1 (Kretschmer et al., 2009), suggesting that adapting the transcriptional regulation of gene(s) for drug resistance transporters, like BcatrB, is an important process in the evolution of gray mold fungi to become pleiotropic pathogens. BcatrB homologues, and proximal genes/orthologues, are widely conserved in the Botrytis genus as well as closely related taxa (data not shown). However, there is variability in host ranges, with most representatives having narrow or limited host ranges. Moreover, GFP expression under the BcatrB promoter was limited to plants belonging to Family Solanaceae, Brassicaceae and Fabaceae. Thus, it will be interesting to examine whether Botrytis sp. with a narrow host range can induce the expression of BcatrB orthologs in response to phytoalexins from the nightshade, crucifer and bean families (rishitin, brassinin, and glyceollin/medicarpin). A detailed analysis of the BcatrB promoter may provide clues as to whether there are multiple cis elements involved in fine-tuning the expression of BcatrB across phytoalexin treatments.

This current study details how B. cinerea employs a two-pronged approach towards detoxifying rishitin. Using transcriptomic data, we discovered the utilization of an ABC transporter BcatrB and two oxidoreductases in metabolizing rishitin by efflux or oxidation, respectively. Genes for cell wall degrading enzymes as well as botcinin production were also upregulated by rishitin treatment. This provided proof of the oxidation of rishitin by two oxidoreductases. ΔbcatrB strains also exhibited increased sensitivity to rishitin, while having reduced pathogenicity in red clover and tomato fruits. In addition, B. cinerea expressing GFP under the control of the BcatrB promoter was activated upon infection of leaves of plants belonging to Solanaceae, Brassicaceae and Fabaceae plants. Likewise, phytoalexins that were produced from these plants also induced the activation of the BcatrB promoter, indicating BcatrB expression is induced by B. cinerea recognizing indole and pterocarpan phytoalexins. Under the luciferase reporter assay, BcatrB expression is presumed to have different cis-regulatory elements for the efflux of rishitin, brassinin and glyceollin. Further research into the regulation of these promoter elements may be crucial towards further understanding the flexibility of B. cinerea in tolerating a wide diversity of phytoalexins.

Overall, the diversity of strategies employed by fungal pathogens to overcome plant defenses highlights the complex and dynamic nature of the interactions between plants and their pathogens. Understanding these interactions and the mechanisms underlying them is essential for developing effective strategies for managing fungal diseases in agricultural and natural ecosystems in the future.
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Armillaria root rot (ARR) poses a significant threat to the long-term productivity of stone-fruit and nut crops in the predominant production area of the United States. To mitigate this issue, the development of ARR-resistant and horticulturally-acceptable rootstocks is a crucial step towards the maintenance of production sustainability. To date, genetic resistance to ARR has been found in exotic plum germplasm and a peach/plum hybrid rootstock, ’MP-29‘. However, the widely-used peach rootstock Guardian® is susceptible to the pathogen. To understand the molecular defense mechanisms involved in ARR resistance in Prunus rootstocks, transcriptomic analyses of one susceptible and two resistant Prunus spp. were performed using two causal agents of ARR, including Armillaria mellea and Desarmillaria tabescens. The results of in vitro co-culture experiments revealed that the two resistant genotypes showed different temporal response dynamics and fungus-specific responses, as seen in the genetic response. Gene expression analysis over time indicated an enrichment of defense-related ontologies, including glucosyltransferase activity, monooxygenase activity, glutathione transferase activity, and peroxidase activity. Differential gene expression and co-expression network analysis highlighted key hub genes involved in the sensing and enzymatic degradation of chitin, GSTs, oxidoreductases, transcription factors, and biochemical pathways likely involved in Armillaria resistance. These data provide valuable resources for the improvement of ARR resistance in Prunus rootstocks through breeding.
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1 Introduction

Plants have evolved an intricate and unique immune system to resist colonization from pathogens such as viruses, fungi, and bacteria (Jones and Dangl, 2006). Unlike mammalian cells, plants lack circulatory immune cells and a somatic adaptive immune system to detect invaders (Jones and Dangl, 2006). Plant immune systems are seemingly far less complex; however, plant immune responses are precise and often create a persistent memory of the encountered pathogen, resembling vertebrate immunity features (Spoel and Dong, 2012). Plants rely on two layers of their innate immune system to recognize and respond to pathogen invasions which include pattern-triggered immunity (PTI) and effector-triggered immunity (ETI) (Jones and Dangl, 2006; Thomma et al., 2011; Spoel and Dong, 2012; Cui et al., 2015; Peng et al., 2018). The plant cell wall surface is the first line of plant defense and contains pattern recognition receptors (PRRs) that can detect microorganism-associated molecular patterns (MAMPS) – such as lipopolysaccharides, peptidoglycans, and bacterial flagellin (Spoel and Dong, 2012) to activate a defense response against the invading pathogens (Jones and Dangl, 2006; Zipfel, 2014). Typical plant PRRs are described as families of genes belonging to Receptor-like kinases (RLKs, also knowns as receptor kinases) and receptor-like proteins (RLPs) (Boller and Felix, 2009). Typical RLKs have an extracellular domain for ligand detection, transmembrane, and intracellular kinase domains (Jones and Dangl, 2006; Zipfel, 2014; Zipfel and Oldroyd, 2017). Furthermore, RLPs are essentially RLKs that lack the kinase domain (Jones and Dangl, 2006; Zipfel, 2014; Couto and Zipfel, 2016; Zipfel and Oldroyd, 2017). Plant receptors comprised of these motifs have evolved extracellular domains that recognize a wide range of bacterial ligands (Yu et al., 2017). The other critical component of plant immunity, ETI, is a result of co-evolution with pathogens (Spoel and Dong, 2012). This type of immunity is induced by pathogen-produced effector molecules that trigger host-encoded resistance proteins (R genes). Resistance genes sense changes in host signaling networks (or through direct binding) that can initiate a hypersensitive response leading to programmed cell death of the infected cells and the production of phytoanticipins limiting pathogen spread and local resistance (Spoel and Dong, 2012; Kourelis and van der Hoorn, 2018). Characteristic signatures of R genes include nucleotide binding-site leucine-rich repeats (NBS-LRR) (Jones and Dangl, 2006; Han, 2019), coiled-coil domains (Dangl and Jones, 2001; Jones and Dangl, 2006), TIR (toll/interleukin-1 receptors) and LRR-like domains, and kinase domains (Dangl and Jones, 2001; Jones and Dangl, 2006). Many R-genes are found in clusters on the genome, which may reflect their common ancestry and/or functional redundancy (Chen et al., 2020; Mizuno et al., 2020).

Armillaria root rot (ARR) is a severe threat to many economically significant stone fruit and nut crops throughout the U.S. The pathogenic fungi responsible for ARR consist of three geographically isolated species: Armillaria mellea (Vahl) P. Kumm in California, A. solidipes Peck (=A. ostoyae (Romag.) Herink) in Michigan, and Desarmillaria tabescens (Scop.) R. A. Koch & Aime comb. nov. in the southeast (Proffer et al., 1988; Schnabel et al., 2005). As facultative necrotrophs, these fungi initially enter the host root cambium through close root-to-root contact via fungal mycelium and/or through rhizomorph extensions of the hyphae (Baumgartner et al., 2011; Cleary et al., 2012) and then live as a saprophyte consuming the dead root tissue as its source of nutrition (Baumgartner et al., 2011). During this phase, a characteristic white rot is typically observed as Armillaria spp. decomposes the host plant cell wall components (Coetzee et al., 2011; Devkota and Hammerschmidt, 2020). This infection process often kills the host during its most productive phase, which greatly reduces the lifespan of what should be long-lived perennial crops. Furthermore, Armillaria spp. can survive in roots in the soil in a vegetative state for years to decades and serve as inoculum for future replantings (Baumgartner and Rizzo, 2002). Armillaria spp. also has a broad host range that includes many other tree fruit species plus important forest tree species, most notably oak trees (Raabe, 1962; Hood, 1991). Many factors contribute to the ARR epidemic and the subsequent rapid spread of the disease in production sites. Armillaria can spread effectively from tree to tree with an average spread per year of 0.2 (Vanderkamp, 1993) to 1 m (Peet et al., 1996) and can also travel from orchard to orchard on tilling equipment. These characteristics make this pathogen challenging to manage and control.

ARR disease management has been ongoing for well over fifty years with limited success. The most promising cultural practice, termed root collar excavation (Schnabel et al., 2012), includes planting the trees shallow on a soil berm to allow the roots to establish for several years before removing the berm leaving the tree taproot aboveground. The inability of the fungus to grow above the soil line prevents lower crown colonization by the infected root (Schnabel et al., 2012). This practice extends orchard life by about two years but is not a long-term solution, such as genetic resistance, leaving the development of tolerant rootstocks a priority. Among the Prunus crops, plum species have exhibited the highest natural resistance to ARR (Guillaumin et al., 1991). In pursuit of this resistance, interspecific crosses have been developed over the years to confer this resistance to susceptible Prunus species while achieving graft compatibility and other necessary production traits. Two interspecific resistant rootstocks, ‘Sharpe’ (Beckman et al., 2008) and ‘MP-29’ (Beckman et al., 2012), that are graft compatible with peach scions have been developed. However, both rootstocks have major drawbacks. For example, ‘Sharpe’ is susceptible to peach tree short life syndrome (PTSL) and reduces tree vigor and fruit size compared to peach seedling-type rootstocks (Beckman et al., 2008). The interspecific plum-peach rootstock ‘MP-29’ is resistant to both ARR and PTSL but, is a devigorating rootstock for peach scion productivity (Beckman et al., 2012). Furthermore, ‘MP-29’ is challenging to propagate in the nursery, so grower demands for this rootstock routinely go unmet. Disease screening in the field can take decades and is challenging because of the uneven distribution of inoculum loads in an ARR ‘hot’ site (Raabe, 1979). Greenhouse challenge assays have been developed, but reproducibility has been difficult (Mansilla et al., 2001; Raziq and Fox, 2005). An in vitro, agar-based method that greatly accelerated the screening process and significantly removed error margins from the process was more recently presented (Baumgartner et al., 2018). This screening system can determine resistance/susceptibly phenotypes within several months. Still, a primary drawback is that the roots were maintained in an anoxic environment leaving the roots non-lignified (herbaceous), and lacking some structures of well-developed root tissues, which may, in turn, influence the phenotypic outcome (Adelberg et al., 2021).

The present study investigates the transcriptional responses of three genotypes ‘MP-29’ (ARR resistant hybrid rootstock), Prunus cerasifera (plum species with known ARR genetic resistance), and ‘Guardian®’ (ARR susceptible peach rootstock) when challenged with A. mellea and D. tabescens in an advanced in vitro system (Adelberg et al., 2021). This system uses an aerated substrate, Oasis® IVE, for improved root development that mimics field-produced roots and a larger vessel that allows for simultaneous growth of multiple plants (Adelberg et al., 2021; Parris et al., 2022). This research aims to identify biochemical pathways, gene regulatory networks, and the genetic coordination of resistance to ARR in various Prunus genotypes.




2 Materials and methods



2.1 Plant materials and fungal inoculation

Three Prunus genotypes, P. persica (Guardian®), P. cerasifera (14-4) and the peach plum hybrid (MP-29) with contrasting performance on resistance to ARR were used in this study. ‘Guardian®’ is susceptible to ARR while ‘14-4’ and ‘MP-29’ exhibited different levels of resistance to ARR. Plant material was inoculated with A. mellea and D. tabescens following protocol described in Adelberg et al. (2021). In short, agar-based stock plants, established from the aseptic cultures, were rooted in phenolic foam Oasis® IVE (Smithers-Oasis Company, Kent, OH) housed in the RV 750 rectangular polycarbonate culture vessels (EightomegFIVE, Santa Paula, CA). The fungal inoculum for each species A. mellea and D. tabescens was prepared in the IVE foam following protocol described in Adelberg et al. (2021).




2.2 ARR disease scoring and sample collection

Plant response to ARR inoculation was scored on a weekly basis after co-culture assembly, using previously defined scoring scale from 0-5 (5, no symptoms; 4, a few leaves with necrotic tips; 3, half of the leaves showing necrosis; 2, half of the leaves were dead and widespread necrosis on the others; 1, almost the entire plant was dead; and 0, the whole plant was dead) (Adelberg et al., 2021). Root tissues sampled at 72 hours, 2 weeks, 5 weeks, and 8 weeks post inoculation were collected for RNA extraction. Each timepoint had three biological replicates drawn from the 15 plants in each vessel. Timepoints had been assigned to four vessels for each of the three genotypes, in the three fungus treatments (A. mellea, D. tabescens, Control). At each harvest stage, roots were carefully cut out of the IVE foam matrix with a scalpel, gently blotted dry and input into a cryovial, and immediately flash frozen in liquid nitrogen and stored at -80°C for RNA isolation.




2.3 RNA isolation, library construction and Illumina sequencing

Total RNA was extracted from each sample following the methods of Meisel et al. (2005). Total RNA was analyzed for quality and integrity via UV spectroscopy (Nanodrop8000 ThermoFisher Scientific) and Bioanalyzer 2100 (Agilent), respectively. All samples had a minimum RNA integrity score of 7. Total RNA was quantified using a double-stranded dye binding assay on the qubit (ThermoFisher Scientific). Library preparation was conducted with the NEBNext Ultra II RNA Library Prep Kit for Illumina following the manufacturer’s recommended procedures and pooled in equimolar ratios for sequencing. Paired-end reads for each sample (2×150bp) were collected on an Illumina NovaSeq 6000 S4 flow cell to an approximate depth of 40 million read pairs. Raw sequence reads were preprocessed for low-quality bases and adapter sequences with the Trimmomatic software (Bolger et al., 2014). Clean reads were then mapped to the Armillaria reference genome (Sipos et al., 2018) to identify and remove reads with fungal origin.




2.4 De novo transcriptome assembly and annotation

For each rootstock, a de novo transcriptome was assembled from the clean reads using the Trinity (v2.9.1) de novo assembler (Grabherr et al., 2011). The de novo transcriptomes for each genotype were assessed for completeness using the BUSCO (Simao et al., 2015) software and the embryophyte_odb9 (1,440 conserved genes) single-copy ortholog dataset. Transcripts were stringently assessed for genuine coding sequence with the TransDecoder software (Haas, 2021a) and only transcripts with protein sequences predicted were kept for further analysis. Trinotate pipeline (v3.2.0) was used to functionally annotate the final transcriptome for each genotype (Haas, 2021b). The databases used in the Trinotate pipeline include NCBI, SwissProt, HMMER, PFAM, singalP, tmHMM, GO and eggNOG. Principal components and co-expression analyses were only performed in ‘MP-29,’ for which data were available for all time points and treatments.




2.5 Differential gene expression analysis

Differential expression analysis was conducted using the Trinity RNA-seq analysis pipeline (Haas et al., 2013). In brief, preprocessed reads for each genotype were mapped to each respective reference transcriptome with the ‘Bowtie2’ short read aligner. Expectation-Maximization (RSEM) method was used for transcript abundance estimation. The raw count data were normalized with trimmed mean of means (TMM) method. Principal component analysis was performed to determine the relatedness of biological replicates. Differentially expressed genes (DEGs) between control group and treatment group were determined with edgeR package (Robinson et al., 2010). The final list of differentially expressed genes were filtered for a false discovery rate < 0.01 and an absolute value of the log2 (fold change) > 2.




2.6 Gene ontology enrichment analysis

Gene ontology enrichment analysis was performed using the clusterProfiler R package (Wu et al., 2021). GO annotation of each gene was extracted from the output of Trinotate pipeline, and related terms with similar annotations were merged to reduce redundancy. GO terms that were significantly enriched for DEGs were identified by comparing with the whole genome background based on a false discovery rate (FDR) < 0.01. P-values were adjusted for multiple comparisons using the Benjamini & Hochberg (BH) method (Ferreira, 2007).




2.7 Weighted gene co-expression network analysis

The co-expression network analysis was performed using Weighted Gene Co-expression Network Analysis (WGCNA) (Langfelder and Horvath, 2008). This analysis identifies genes with highly similar transcriptional patters and classifies them into co-expression modules. The normalized read counts were used to calculate adjacency matrices, and a soft thresholding power of six was used. The adjacency matrices were used to calculate topological overlap dissimilarity matrices which were subsequently used for estimating gene clustering trees. The minimum number of genes for the cluster is set to 50. After a module was identified, gene expression information within the module was used to estimate the module eigengene. The key modules associated with different timepoint/treatment combinations were identified based on module eigengene, which was the first principal component of a given module. The identified modules were used to identify hub-genes associated with biological processes of interest. From each module, the top five genes were considered as the hub genes based on the values of connectivity and gene significance obtained from WGCNA. The interaction network of hub-genes in each module was visualized using Cytoscape v3.9.1 (Shannon et al., 2003). Differential expression analysis and weighted gene co-expression network analysis were used to identify modules associated with host immunity and defense-related genes.




2.8 Identification of R-genes and orthologs between different Prunus species

The identification of orthologs between different species was performed by BLAST approach based on the reciprocal best hits (RBHs) by default parameters. Two transcriptomes were compared in a pairwise manner using amino acid sequences. To find orthologs as RBHs we sorted the BLAST hits from highest to lowest bit-scores, if the bit-scores were identical, and from smallest to highest E-values. The first hit within the sorted data was identified as the best hit. We also performed ortholog analysis with OrthoFinder software (https://github.com/davidemms/OrthoFinder) to identify the orthogroups among three Prunus species by default parameters. We detected nucleotide-binding site, leucine-rich repeat (NBS–LRR) domains by searching the interproscan output for the protein family ID PF00931.





3 Results



3.1 Defense responses to fungal infection (A. mellea and D. tabescens) in Prunus spp

Defense responses to fungal infection manifest differentially over time in the three Prunus genotypes (Figure 1A). All genotypes remained asymptomatic at ‘72h’ for both A. mellea and D. tabescens infections. ‘Guardian®’ (known ARR susceptible rootstock) began to show a decline in plant health at the ‘2w’ timepoint, with chlorosis and necrotic leaf tips as foliar symptoms which continued to progress during the time course when compared to ‘MP-29’ and ‘14-4’. For the A. mellea infection, ‘MP-29’ displayed resistance for eight weeks, while ‘14-4’ declined in health over the latter weeks but did display a resistance profile when compared to ‘Guardian®’. Conversely, ‘14-4’ exhibited substantial resistance for D. tabescens infection while ‘MP-29’ showed a continuous decrease in plant health (Figure 1B, C). The results of the disease rating analysis revealed that ‘Guardian®’ was susceptible to both fungi. Furthermore, ‘MP-29’ exhibited a higher level of resistance to A. mellea compared to ‘14-4’, which showed a higher level of resistance to D. tabescens, indicating that the genotypes have fungus-specific responses. Overall, insight into the temporal dynamics of the resistance to these fungi suggest that both ‘MP-29’ and ‘14-4’ are more resistant than ‘Guardian®’ (Figure 1).




Figure 1 | Defense responses to fungal infection in Prunus spp. (A) Variation in ARR resistance of three Prunus genotypes (‘MP-29’, ‘14-4’ and ‘Guardian®’) at different time points (72 hours, 2 weeks, 5 weeks, and 8 weeks) after being inoculated with A. mellea and D. tabescens. (B) The plants were evaluated using a disease rating scale, where 0 represents the complete death of the plant and 5 represents the absence of symptoms. The scale also includes intermediate stages of disease severity, such as a few leaves with necrotic tips (4), half of the leaves showing necrosis (3), half of the leaves dead and widespread necrosis on the others (2), and almost the entire plant dead (1). (C) Plant performance after fungal infection in three genotypes, illustrated at week 2 and 8.






3.2 High-quality de novo transcriptome assembly for ‘MP-29’, ‘14-4’ (P. cerasifera) and ‘Guardian®’

A de novo transcriptomics approach was used to profile gene expression in a genotype-specific manner for the three Prunus genotypes. Approximately 368 Gb raw data were generated for each genotype, ‘Guardian®’, ‘MP-29’ and ‘14-4’, respectively. Clean reads comprised ~94% of the data, ranging from 11.3 to 17.4 Gb per library (Supplementary Table 1). As expected, most fungal infected samples contained a high proportion of sequences derived from fungal RNA, including ‘Guardian®’ at 2-weeks treated by A. mellea, ‘Guardian®’ at 5-weeks treated by D. tabescens, ‘MP-29’ at 2-weeks treated by A. mellea, ‘MP-29’ at 2-weeks treated by D. tabescens and ‘14-4’ at 2-weeks treated by A. mellea. Fungal reads were binned, and the final dataset used for transcriptome assembling were 286, 426 and 240 Gb for ‘Guardian®’, ‘MP-29’ and ‘14-4’, respectively (Supplementary Table 1). Following the general workflow of the Trinity pipeline, a de novo transcriptome was assembled independently for each of three Prunus genotypes. Clean reads were assembled as contigs and further refined into unigenes. A total of 146,710, 148,398, and 110,743 transcripts were generated for ‘MP-29’, ‘14-4’ and ‘Guardian®’, respectively. These transcripts correspond to 43,936, 49,706 and 29,096 primary unigenes (Table 1). The unigene content for ‘MP-29’ and ‘14-4’ was almost doubled to that of ‘Guardian®’, corroborating that ‘MP-29’ is an interspecific hybrid, and suggesting that ‘14-4’ may also be as well. Single-copy gene ortholog content was assessed with BUSCO using the embryophyta_odb10 database and the results indicated a high level of completeness for all three genotypes with 93.7%, 93.5% and 95.8% for ‘MP-29’, ‘14-4’ and ‘Guardian®’, respectively (Table 1). Functional annotations were assigned to most of the predicted proteins.


Table 1 | Statistics of assembled transcriptomes for ‘MP-29’, ‘14-4’ and ‘Guardian®’.






3.3 Differentially expressed genes in ‘MP-29’ (control vs. inoculation)

To investigate the molecular mechanisms underlying the defense response to Armillaria/Desarmillaria fungi in Prunus genotypes, a comprehensive analysis of gene expression was performed in ‘MP-29’. This was done because the available datasets for ‘MP-29’ were the most complete with all time points and treatments available (except D. tabescens treatment at 8 weeks). A Principal component analysis (PCA) of the transcriptome data from infected and uninfected samples over time showed that the first principal component largely reflected the fungal treatments, while the second principal component largely reflected the time post-inoculation, indicating that the treatment response was the more significant variable (Figure 2). The uninoculated (control) and two-fungal treated samples were clearly separated according to PC1. For each treatment, samples at 72 hours and 2 weeks appeared to be clustered together according to PC2. In contrast, subsequent time points exhibited differential transcriptional responses to infection, as indicated by PC2. The biological replicates for each time point and condition clustered exceptionally well, underscoring the value of the experimental control offered by the in vitro system (Adelberg et al., 2021).




Figure 2 | Principal component analysis (PCA) of gene expression in ‘MP-29’.



To further investigate the differentially expressed genes (DEGs) associated with ARR in ‘MP-29’, pairwise gene expression profiles of treated and untreated samples were analyzed at each time point. The results of the differential expression analysis indicate that a higher number of DEGs were identified for A. mellea inoculated samples compared to D. tabescens inoculated samples (Figure 3, Supplementary File 1). Specifically, a total of 3,918 transcripts were differentially expressed (2,203 up-regulated and 1,715 down-regulated) at 72 hours post-inoculation with A. mellea, indicating a rapid and strong response to infection in ‘MP-29’. The number of DEGs decreased over time for A. mellea treatment, with 2,547 DEGs identified at the final time point (Figure 3A). Additionally, 233 and 51 DEGs were consistently up-regulated and down-regulated across all time points, respectively. For D. tabescens treatment, the number of DEGs increased over time, with the most (1,931) identified at the final time point. Furthermore, 75 and 27 DEGs were consistently up- and down-regulated, respectively (Figure 3B).




Figure 3 | Differential transcriptomic responses to fungal infections. (A) Number of differentially expressed genes (P value < 0.01, log2(fold change) > 2) in each treatment/time point for ‘MP-29’. (B) Venn diagrams comparing DEGs between timepoints within treatment.



To investigate the variations in the response of ‘MP-29’ to A. mellea and D. tabescens, we compared the DEGs identified in each treatment across all time points. A higher number of DEGs were identified in the A. mellea treatment than the D. tabescens treatment. Specifically, a total of 1,876, 1,612, and 1,047 unique DEGs were identified for A. mellea treatment at 72 hours, 2 weeks, and 5 weeks, respectively. Additionally, 325, 503, and 604 DEGs were commonly up-regulated between the two fungal treatments at 72 hours, 2 weeks, and 5 weeks, respectively (Supplementary Figure 1). Furthermore, we observed that 46 DEGs were consistently up-regulated across different treatments and time points (Supplementary Table 2, Supplementary File 1). These genes were annotated as encoding GSTs, hydrolases, and ribonucleases, which may play a role in ARR resistance. Overall, these results indicate that ‘MP-29’ exhibits different responses to A. mellea and D. tabescens based on the high number of unique DEGs identified between two treatments, which is consistent with the disease rating results.




3.4 Functional enrichment analysis of DEGs

To gain insight into the biological processes and gene functions involved in ARR resistance, we identified the most significantly enriched Gene Ontology (GO) terms at each time point in both A. mellea and D. tabescens treatments. For the A. mellea treatment, the results showed that most of the enriched GO terms were shared between time points (Figure 4). For example, at 72 hours post-inoculation, the most significantly enriched molecular function terms were “glucosyltransferase activity”, “monooxygenase activity”, and “glutathione transferase activity”, along with “secondary metabolic process”, “cellular response to hypoxia”, and “cellular response to oxygen levels” as the most enriched biological process terms. Additionally, “response to wounding” was only present at 2 weeks and 5 weeks. Compared to the A. mellea treatment, unique GO terms identified in the D. tabescens treatment, included “antioxidant activity”, “peroxidase activity”, and “dehydrogenase activity” as the enriched molecular function terms, and “cell wall macromolecule catabolic process”, “amino sugar catabolic process”, and “phenylpropanoid metabolic process” as the enriched biological process terms (Figure 4). The differences in enriched terms between treatments reinforce that ‘MP-29’ exhibited different responses to the two fungal infections. Collectively, these observations suggest possible molecular functions and involved biological processes of key genes underlying the ARR resistance.




Figure 4 | Gene Ontology (GO) term enrichment of differentially express genes in ‘MP-29’. (A) GO enrichment results of A. mellea treatment at four time points were visualized by dot plot. (B) GO enrichment results of D. tabescens treatment at three time points were visualized by dot plot.






3.5 Gene co-expression network analysis and the identification of hub genes

Weighted gene co-expression network analysis (WGCNA), to gain insight into the molecular mechanisms of ARR resistance, revealed 12 distinct modules, indicated with different colors in Figure 5A. Each module comprised clusters of genes with similar expression patterns. These modules can help explain biological processes and identify key genes associated with them. The number of DEGs ranged from 130 to 2,235 in each module. Additionally, seven modules (turquoise, green, blue, black, tan, green, yellow, and red) displayed a significantly high correlation with each infected sample, as shown in Figure 5B. Five hub genes were identified from each module based on their connectivity and significance (Supplementary Table 3).




Figure 5 | Weighted gene co-expression network analysis (WGCNA) of differentially expressed genes. (A) A hierarchical cluster dendrogram showing the co-expression modules. The genes were clustered based on dissimilarity measure. (B) Module-sample relationships: each row corresponds to a module and each column corresponds to a sample (treatment/timepoint). The coefficient of correlation and its corresponding P-value were presented in each box. (C) GO term enrichment for each WGCNA identified module in ‘MP-29’.



The module designated as “turquoise” is found to be significantly correlated with samples infected with A. mellea at 72 hours, with a correlation coefficient of 0.74. Analysis of the enriched GO terms within this module revealed enrichment for processes related to secondary metabolism and glucosyltransferase activity. Furthermore, the hub genes identified within this module have been previously found to play a role in detoxification, including genes encoding for enzymes such as UDP-glycosyltransferase, methyltransferase, oxidoreductase, glutathione-disulfide reductase, and glutathione transferase (Figures 5C, 6, Supplementary Table 3). A separate module, designated as “green”, was found to be highly correlated with samples infected with A. mellea at 2 weeks, with a correlation coefficient of 0.92. This module was enriched for GO terms related to response to chitin, wounding, hypoxia, oxygen levels, water deprivation, and salicylic acid. The hub genes within this module include those encoding for a dicarboxylic acid transmembrane transporter, DNA-binding transcription factor, and defense response-related genes (Figures 5C,  6, Supplementary Table 3).




Figure 6 | The hub genes identified in each module based on the co-expression analysis. (A) ‘turquoise’, (B) ‘red’, (C) ‘blue’, (D) ‘green yellow’, (E) ‘green’, (F) ‘black’ and (G) ‘tan’.



The modules designated as “blue” and “black” were found to be significantly correlated with samples infected with A. mellea at 5 and 8 weeks, respectively. Analysis of the enriched GO terms within these modules revealed similarities to those identified in the previously discussed “turquoise” and “green” modules. Specifically, protein kinase and chitinase were identified as hub genes for the “blue” and “black” modules, respectively (Figures 5C, 6, Supplementary Table 3). Additionally, three further modules were found to correspond to samples infected with D. tabescens. These include the “tan” module for samples at 72 hours, the “green yellow” module for samples at 2 weeks, and the “red” module for samples at 5 weeks. Analysis of these modules revealed unique GO terms, such as those related to nitrate metabolism and peroxidase activity. Notably, no GO terms were significantly enriched in the “green yellow” module. The only hub genes identified in the “green yellow” and “red” modules were leucine-rich repeat proteins (Figures 5C, 6, Supplementary Table 3). Overall, these results provide insights into the molecular mechanisms underlying resistance to A. mellea and D. tabescens, as well as a gene list that may be useful for biomarker development.




3.6 Differential expression analysis in Prunus cerasifera (‘14-4’) and ‘Guardian®’

A differential expression analysis was conducted to examine the differences in resistance of Prunus cerasifera (‘14-4’) to A. mellea and D. tabescens. The analysis identified 783 and 642 differentially expressed genes (DEGs) for A. mellea and D. tabescens treatments at 72 hours, respectively (Figure 7A, Supplementary File 2). The number of DEGs increased at the subsequent time point of 2 weeks, with 1,938 DEGs for A. mellea and 1,661 DEGs for D. tabescens. The analysis indicated that more DEGs were up-regulated than down-regulated for all comparisons except for D. tabescens at 2 weeks. The majority of DEGs were unique between the two fungal treatments, demonstrating distinct responses of P. cerasifera to A. mellea and D. tabescens (Figure 7B). A total of 28 DEGs were consistently up-regulated across all treatments and time points (Supplementary Table 4). The GO enrichment analysis of ‘14-4’ showed an overrepresentation of plant cell wall-related terms, such as cell wall organization and biogenesis, cell wall macromolecule metabolism, pectin metabolism, and cell wall polysaccharide metabolism, at 72 hours for both treatments (Figure 7C, Supplementary Table 5). These results suggest a connection between the varying levels of ARR resistance in the two species. DEGs were also identified for the susceptible genotype ‘Guardian’® and the results were summarized in Supplementary File 3.




Figure 7 | Differential transcriptomic responses to fungal infections in Prunus cerasifera (14-4). (A) The number of differentially expressed genes (P value < 0.01, log2(fold change) > 2) in each treatment/timepoint for ‘14-4’. (B) Venn diagrams comparing all DEGs between timepoints and treatments. (C) GO term enrichment of differentially express genes.






3.7 Ortholog analysis between different Prunus genotypes

An ortholog analysis was conducted to identify potential genes associated with ARR resistance in ‘MP-29’. This method was selected as it was hypothesized that the ARR resistance genes in ‘MP-29’ originated from plum rather than peach. As a result, transcripts present only in plum were of interest. Out of the 146,710 ‘MP-29’ transcripts assembled, 112,150 and 115,013 had orthologs in ‘Guardian®’ and ‘14-4’, respectively. The identification of these orthologs allowed us to compare the difference in gene expression across Prunus genotypes used in this study (Supplementary File 4). A total of 102,076 ‘MP-29’ transcripts were found to have orthologs identified in both ‘Guardian®’ and ‘14-4’. We observed that most orthologs differentially expressed in ‘MP-29’ have no difference in gene expression in ‘Guardian®’ and ‘14-4’ across time points and treatments. For example, 3,821 (97.5%) and 3748 (94.9%) orthologs out of 3,918 DEGs identified in ‘MP-29’ for A. mellea treatment at 72 hours exhibited no difference in gene expression in ‘Guardian®’ and ‘14-4’, respectively. These results not only explain the observed resistance in ‘MP-29’ compared to ‘Guardian®’ but the different resistant mechanisms between ‘MP-29’ and ‘14-4’.

We identified a total of 405 transcripts were up- or down-regulated in ‘MP-29’ and ‘14-4’ at the same time but not significantly regulated in the ‘Guardian®’. GO enrichment analysis of these genes indicates that oxidoreductase activity, chitinase activity, response to jasmonic acid could play a role in the resistance to Armillaria since these terms were also highlighted in single species analysis (Supplementary Figure 2). The presence or absence of orthologs was examined for the 35 hub genes identified by network analysis and 50 common DEGs that were consistently up- or down-regulated across treatments and time points (Figure 8). Only two hub genes and six common DEGs were found to have orthologs presented in '14-4' but no orthologs presented in ‘Guardian®’(Supplementary Tables 2, 3). Two hub genes include a DNA-binding transcription factor (‘TRINITY_DN4194_c0_g1_i9’) and an oxidoreductase enzyme (‘TRINITY_DN25216_c0_g1_i2’). Six common DEGs include glutathione S-transferase (‘TRINITY_DN8533_c1_g1_i19’), oxidoreductase (‘TRINITY_DN17407_c0_g1_i2’), transglycolase (‘TRINITY_DN287_c0_g1_i1’) that have potential antifungal activity against Armillaria (Figure 8).




Figure 8 | Heatmap of the 50 Differentially Expressed Genes (DEGs) that were consistently up- or down-regulated across different treatments and timepoints.






3.8 Expression analysis of disease resistance genes (RLK, RLP and NBS-LRR) between different Prunus genotypes

Based on transcriptome data, we have identified 1,219 transcripts of nucleotide-binding site, leucine-rich repeat (NBS-LRR or R genes, Pfam ID: PF00931), 92 transcripts of receptor-like kinases (RLK), and 340 transcripts of receptor-like proteins (RLP) in ‘MP-29’. Out of these, a total of 130 transcripts (107 R genes, 5 PLKs and 18 PLPs) exhibited differential expression for at least one treatment or time point (Supplementary File 5). However, no disease resistance gene was found to be consistently up- or down-regulated across all treatments and time points. Notably, R gene ‘TRINITY_DN317_c0_g1_i1’ was consistently downregulated at all time points for the A. mellea treatment, but not induced for D. tabescens treatment at all (Supplementary Figure 3). The Transcript ‘TRINITY_DN619_c0_g1_i1’ was expressed relatively high in control samples, and significantly downregulated in both fungal treatments quickly after 72 hours (Supplementary File 5). An induce R-gene (‘TRINITY_DN15385_c1_g1_i14’) was upregulated late in the co-culture, around 5 weeks, in both fungal treatments. By comparing the expression of disease resistance genes in different Prunus genotypes using ortholog analysis, we observed that almost all disease resistance genes that were up- or down-regulated in ‘MP-29’ were not significantly regulated in ‘Guardian®’ and ‘14-4’ (Supplementary File 4). These results suggest that disease resistance genes have a role in Armillaria resistance and further reinforce the existence of different resistant mechanisms among Prunus genotypes.





4 Discussion

Identification of genetic resistance to ARR in peach rootstocks is of great importance for the management and control of this destructive disease. The use of gene expression analysis to identify differentially expressed genes (DEGs) in peach rootstocks that are resistant to the fungus can provide valuable insights into the molecular mechanisms underlying ARR resistance. This information can then be used to develop strategies for improving the resistance of peach orchards to the disease. Furthermore, the identification of hub genes and DEGs that are consistently up- or down-regulated across different treatments and time points can provide a gene list that may be useful for biomarker development. Additionally, ortholog analysis between species can further filter the candidate genes related to ARR resistance, specifically those that originated from plum rather than peach, as it was shown that the ARR resistance comes from plum (Beckman et al., 2012). This knowledge could help in the development of new resistant cultivars, which would be of great benefit to the peach industry.

In our in vitro co-culture experiments, we challenged three Prunus genotypes, two rootstocks and one P. cerasifera accession, with two ARR species and were able to collect detailed and accurate phenotypic data over the course of the study (Adelberg et al., 2021). This was achieved by maintaining optimal control over the experimental environment, including light, temperature, growth media components, and isolation from any potential contaminants, such as endophytes. One particularly challenging component to the experiment was the harvesting and manipulation of infected plant roots, as the amount of biomass was limited. One major challenge was the presence of polysaccharides, polyphenols, and other contaminants that can interfere with the extraction and purification of RNA, leading to poor yields and low quality of the final RNA product. The presence of fungal pathogens can also lead to the degradation of the plant’s RNA, resulting in low yield and poor quality of the RNA, which was observed in ‘14-4’ and several ‘Guardian®’ samples over time. Additionally, the fungal infection and/or direct competition for nutrient resources between the fungus and the plant can lead to changes in the metabolic activity of the plant (stress metabolism), which can further complicate the extraction and purification of RNA and reveal genetic signatures not directly related to disease.

Our study observed differential responses to the two fungi, A. mellea and D. tabescens, in the ARR resistant rootstock and plum accession, ‘MP-29’ and ‘14-4’. Notably, ‘14-4’ exhibited substantial resistance to D. tabescens, while ‘MP-29’ showed a higher level of resistance to A. mellea (Figure 1). In contrast, the ‘Guardian®’ (ARR susceptible) rootstock showed a decline in plant health around 2 weeks, and rapidly worsened thereafter. These results suggest that each genotype may have a unique mechanism of resistance to the fungi. Additionally, these observations indicate that the two fungi may have unique infection dynamics.

To dissect these observations at the genetic level, we used high-resolution transcriptomics from each of the three genotypes over an infection time course. The BUSCO analysis of single-copy gene ortholog assessments of the de novo transcriptome assemblies indicate a high level of completeness (>94% for each) providing a high-quality dataset. An analysis of diversity based on gene expression using principal components in ‘MP-29’ revealed separation of the fungal treatments primarily by the first principal component. The second principal component showed differences based on the time post-inoculation, indicating that the treatment response was the more significant variable (Figure 2). Samples from 72h and 2 weeks clustered for each treatment on the second principal coordinate, which suggests that the signaling and initiation of the resistant response (at the gene level) takes place early (within the first 3 days upon infection).

Pairwise gene expression analysis showed distinct transcriptional responses in ‘MP-29’ to A. mellea and D. tabescens, suggesting different defense mechanisms may be involved (Figure 3). The gene expression profiles support the diversity observed in the principal component analysis (Figure 2), indicating a swift genetic response in ‘MP-29’ to each pathogen. There were 46 genes that were upregulated in ‘MP-29’ in response to both A. mellea and D. tabescens that were common across time points and treatments. These genes include Glutathione S-Transferases (GSTs), hydrolases, and ribonucleases. Glutathione S-transferase genes play a critical role in plant resistance to fungal pathogens. GSTs are involved in detoxifying harmful substances produced by fungi, including phytotoxins, and they can also act as scavengers of reactive oxygen species generated during the plant’s defense response (Gullner et al., 2018; Wahibah et al., 2018). Studies have demonstrated the significance of GSTs in regulating plant defense against various fungal pathogens and abiotic stressors. For instance, the over-expression of a particular GST gene in Brassica napus was shown to improve its resistance to powdery mildew (Mikhaylova et al., 2021). In transgenic tobacco plants expressing a GST from Pyrus pyrifolia, improved tolerance to abiotic stress was observed (Liu et al., 2013). Another study demonstrated that transgenic tobacco plants overexpressing an alfalfa GST exhibited improved saline tolerance (Du et al., 2019). Plant hydrolytic enzymes also play an important role in plant defense against fungal pathogens. These enzymes break down fungal cell walls and help to prevent pathogen attachment and penetration into the plant. Some examples of hydrolytic enzymes involved in plant defense include chitinases (Punja and Zhang, 1993) and beta-1,3-glucanases (Balasubramanian et al., 2012). RNA degrading enzymes have also been implicated in response to pathogen attack and as a component of host resistance (Singh et al., 2020).

Gene set enrichment analysis revealed significant enrichment of genes in biological processes, molecular functions, and cellular components (Figure 4). The 72-hour post-inoculation timepoint showed the highest significance, with the enriched terms being “glucosyltransferase activity”, “monooxygenase activity”, and “glutathione transferase activity”, and biological processes such as “secondary metabolic process”, “cellular response to hypoxia”, and “cellular response to oxygen levels.” In contrast, the D. tabescens challenge revealed enriched molecular function terms such as “antioxidant activity”, “peroxidase activity”, and “dehydrogenase activity”, as well as enriched cellular components including “cell wall macromolecule catabolic process”, “amino sugar catabolic process”, and “phenylpropanoid metabolic process.” Expression of genes and biochemical pathways in these categories indicate sophisticated genetic response that includes activation of enzymatic pathways, defense related genes, and mechanisms that may activate cell wall biosynthesis leading to a physical barrier of defense. These results suggest that ‘MP-29’ exhibited distinct responses to the two fungal pathogens and indicate potential mechanisms of host defense. Upon directed analysis of disease resistance genes (R-genes) during fungal co-culture, we observed an interesting pattern of expression. Although a total of 130 transcripts exhibited differential expression for at least one treatment or timepoint, we did not observe any apparent signatures of R-gene upregulation specifically at early timepoints. However, we did detect transcriptional signals at later timepoints (after 2 weeks), which could potentially indicate the activation of effector-triggered immunity.

The construction of a gene co-expression network is a valuable technique for deciphering relationships among genes and their functions from gene expression data. This process maps the interdependence of multiple genes, represented as nodes, by connecting them with edges reflecting the correlation strength and direction. The network visually represents gene interactions and unveils complex regulatory relationships, including those implicated in specific biological processes or responses. Hub genes, as key nodes, can have a significant impact on gene regulation and act as central regulators of gene expression. The network is further composed of modules, clusters of highly interconnected genes that may indicate functional units or biological processes. The results indicated that seven of the twelve modules exhibited a strong correlation with infected samples (Figure 5B). The turquoise module, comprised of hub genes associated with plant defense against pathogens such as glutathione transferase, glutathione-disulfide reductase, oxidoreductase, methyltransferase, and UDP-glycosyltransferase, demonstrated significant correlation with the ‘MP-29’ response at 72 hours post-challenge with A. mellea (Figure 6A). Glutathione-disulfide reductase (GSR) is crucial in plant antifungal defense by reducing glutathione disulfides to glutathione, preserving its reduced state, and enabling its function as an antioxidant, thereby protecting the plant against oxidative stress during fungal attack (Zechmann, 2020). Oxidoreductases can alter the redox state of plant cells, triggering the expression of defense-related genes, thereby enhancing the plant’s resistance to fungal attacks (Blee, 1998). Histone methyltransferase activity has been demonstrated to play a vital role in plant defense against fungal pathogens by regulating a subset of genes within the jasmonic acid (JA) and/or ethylene signaling pathway (Berr et al., 2010). Methylation also allows the plant to retain a memory of previous encounters with pathogens, resulting in stronger and quicker defense mechanisms during future infections. UDP glycosyltransferases, a multigenic and diverse superfamily of enzymes, are involved in the synthesis and modification of plant secondary metabolites, including phytohormones and phytoalexins, which play crucial roles in plant defense against biotic and abiotic stress, including fungal pathogens (Gachon et al., 2005). These enzymes modify the structure of phytohormones such as salicylic acid and jasmonic acid, which serve as central signaling molecules in plant defense response. For instance, UDPs can modify SA to produce novel compounds that modulate SA signaling, leading to increased defense responses (von Saint Paul et al., 2011). They also participate in the biosynthesis of phytoalexins, toxic compounds produced by plants in response to pathogen attack, serving as direct protection against fungal infections (Reim et al., 2021).

Other hub genes present in multiple modules include various transcription factors, oxidoreductases, Leucine Rich Repeats (LRRs), chitinases, and various transporters (Figure 6). Notably, Chitinases are enzymes that play a key role in plant defense against fungal pathogens. They degrade chitin, a component of fungal cell walls, causing damage and weakening the fungal structure, which results in reduced fungal growth and increased plant resistance. Additionally, the production of chitinases can trigger the expression of other defense-related genes, leading to a more robust plant defense response. Chitinases are considered hub genes, as they are commonly present in multiple gene modules involved in plant defense (Wang et al., 2020). The expression of chitinases has been linked to salicylic acid and jasmonic acid signaling pathways, two central signaling molecules in plant defense response. Overall, chitinases are important components of the plant’s defense mechanism against fungal pathogens.

Our transcriptomic analysis uncovers intricate molecular processes governing the Armillaria root rot (ARR) response in Prunus spp. Our findings show that each genotype demonstrated distinct responses to infections caused by A. mellea and D. tabescens, as reflected by plant health performance and transcriptional alterations. Additionally, we observed variations in ARR resistance among different genotypes when infected with the same Armillaria fungi. Importantly, our study identified multiple components contributing to ARR resistance, including detoxifying enzymes (e.g., GSTs, UDP-glycosyltransferases, oxidoreductases), Leucine Rich Repeats (LRRs), chitinases, and various transcription factors. These results offer not only new insights into the molecular regulation of ARR resistance, but also serve as a valuable resource for the improvement of ARR resistance in Prunus rootstocks through breeding.
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WRKY transcription factors (TFs) play an important role in regulating the mechanism of plant self-defense. However, the function of most WRKY TFs in upland cotton (Gossypium hirsutum) is still unknown. Hence, studying the molecular mechanism of WRKY TFs in the resistance of cotton to Verticillium dahliae is of great significance to enhancing cotton disease resistance and improving its fiber quality. In this study, Bioinformatics has been used to characterize the cotton WRKY53 gene family. we analyzed the GhWRKY53 expression patterns in different resistant upland cotton cultivars treated with salicylic acid (SA) and methyl jasmonate (MeJA). Additionally, GhWRKY53 was silenced using a virus-induced gene silencing (VIGS) to determine the contribution of GhWRKY53 to V. dahliae resistance in cotton. The result showed that GhWRKY53 mediated SA and MeJA signal transduction pathways. After VIGS of the GhWRKY53, the ability of cotton to resist V. dahliae decreased, indicating that the GhWRKY53 could be involved in the disease resistance mechanism of cotton. Studies on the levels of SA and jasmonic acid (JA) and their related pathway genes demonstrated that the silencing of GhWRKY53 inhibited the SA pathway and activated the JA pathway, thereby reducing the resistance of plants to V. dahliae. In conclusion, GhWRKY53 could change the tolerance of upland cotton to V. dahliae by regulating the expression of SA and JA pathway-related genes. However, the interaction mechanism between JA and SA signaling pathways in cotton in response to V. dahliae requires further study.
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1 Introduction

Upland cotton is an important economic crop in China and one of the major cultivars grown in the northwest of the country due to its high yield and good fiber quality. In recent years, Verticillium dahliae outbreaks were frequent in cotton due to changing climatic conditions, long-term monocultures, and the frequent introduction of new cotton varieties across the globe (Shaban et al., 2018). V. dahliae is a soil-borne, semi-living parasitic plant pathogenic fungus that causes verticillium wilt in cotton. It has the characteristics of wide distribution, harmful effects, strong infectivity, and is very hard to cure (Klosterman et al., 2009). Due to the absence of a targeted control agent for infected plants (Fradin et al., 2006), V. dahliae seriously affects cotton yield in China.

Recently, it was established that secondary metabolites and hormones were involved in cotton disease resistance. When plants sense signals of pathogenic fungus invasion, self-defense responses are regulated through hormonal signal transduction. Currently, salicylic acid (SA), jasmonic acid (JA), ethylene (ET), abscisic acid (ABA), gibberellins (GAs), and brassinosteroids (BRs) are widely studied. In Gossypium barbadense disease-resistant cultivars inoculated with V. dahliae, it was found that the content of SA increased, and the expression of SA synthesis genes (PAL, phenylalanine ammonia-lyase and ICS, Isochorismate synthase) and downstream reaction genes (NPR1, nonexpressor of pathogenesis-related genes 1 and PR1, polyadenylic acid 1) also increased (Zhang et al., 2013; Zhang et al., 2017). The exogenous application of methyl jasmonate (MeJA) to cotton activated the expression of PR genes in the jasmonate signaling pathway and enhanced plant disease resistance (Li et al., 2014). Similar results were also obtained after spraying with ET (Guo et al., 2016).

As a plant-specific class of transcriptional regulators, WRKY transcription factors (TFs) possess conserved domains that determine their functions and provide a basis for the classification of the WRKY family of TFs (Eulgem et al., 2000). Domain C of WRKY TFs has a characteristic zinc finger structure with seven amino acid residues of conserved WRKYGQK in the N-terminus. This helps in its specific binding to w-box (T/C) TGAC (T/C) sites in genes regulating phytohormone signaling, including ABA, ET, JA, and SA, and in the disease resistance mechanisms of cotton (Pandey and Somssich, 2009; Zhang et al., 2015). Studies showed that WRKY TFs specifically recognize w-box sites in the promoters of the PR of SA signaling pathways to promote disease resistance response (Rushton and Somssich, 1998). WRKY TFs, including those in Capsicum CaWRKYd (Huh et al., 2012), tobacco NtWRKY12 (Van et al., 2011), Populus trichocarpa PtrWRKY73 (Duan et al., 2015), OsWRKY53 (Zhang et al., 2015), etc have been shown to regulate plant resistance to pathogens by inducing the expression of the PR in the SA, ABA, and GA signaling pathways.

As a member of the WRKY family, the WRKY53 transcription factor was first discovered in Arabidopsis leaves and was found to be specifically expressed in the early stage of leaf senescence (Hinderhofer and Zentgraf, 2001). Wan et al. (2004) through transgenic expression experiments on tobacco, it was demonstrated that active mutant NtMEK2 induced the expression of WRKY33 and WRKY53, thereby confirming that this class of transcription factors played a role in signal transmission. Murray et al. (2007) identified that WRKY53 belonged to type III WRKY transcription factors and that most of the type III WRKY transcription factors were associated with plant resistance to pathogenic fungus. In addition, it had been reported that WRKY53 could be a major factor affecting JA and SA synergy (Miao and Zentgraf, 2007; Shang et al., 2011). Luna and Ton (2012) found that plant immune response to pathogen invasion could be inherited under disease pressure. Also, after plant infestation, a transgenerational defense phenotype was developed through the activation of SA-induced defense genes, including GENE1, WRKY 6, and WRKY53.

Upland cotton, the largest cultivated variety in China, strongly supports the country’s national economic development. However, the invasion of V. dahliae has brought great loss to cotton farmers. With no chemical agents available against V. dahliae, cotton farmers resort to the use of cultivation measures, including stubble rotation, mid cultivation, and deep turning, to alleviate the effects of verticillium wilting. Apart from cultivation measures, the most economical and effective measures are to cultivate and promote disease-resistant varieties. Research on disease-resistant genes is of great significance to breeding disease-resistant cotton varieties. In this study, we identified the GhWRKY53 and analyzed its expression patterns in different resistant upland cotton cultivars treated with SA and MeJA. GhWRKY53 was silenced using VIGS to determine the contribution of GhWRKY53 to V. dahliae resistance in cotton. Changes in the levels of SA and MeJA and their roles in the expression of GhWRKY53 to V. dahliae resistance in cotton were also studied. Our study provides a theoretical basis for investigating the signaling pathways and molecular mechanisms of cotton resistance to V. dahliae and the breeding of high-resistance cultivars.




2 Materials and methods



2.1 Identification of GhWRKY53 family genes

The genomes of G. raimondii, G. arboreum, G. hirsutum and G. barbadense were downloaded from CottonGen (https://www.cottongen.org/). Blastp (E-value ≤ 10-10) was carried out in cotton genome using GhWRKY53 encoded amino acid sequence as a probe to obtain WRKY53 protein sequence in each of the four cotton species. Multiple sequence alignment of GhWRKY53 was performed with DNAMAN (Kumar et al., 2016). Conserved motifs of the WRKY53 protein sequence were predicted with the use of online software, MEME (https://meme-suite.org/). RT-qPCR was used to analyze the gene expression level of GhWRKY53 in the roots, stems, and leaves of resistant and susceptible cotton varieties.




2.2 Virus-induced gene silencing of GhWRKY53

Tobacco rattle virus (TRV) derived vectors, pTRV1 and pTRV2, were used for VIGS (Liu et al., 2002). The VIGS vector construction and experimental procedure were carried out according to the protocol previously described (Lu et al., 2021). The fragment targeting GhWRKY53 was amplified using the forward primer of 5’-GAATTCGGGCAAAAAGACATCCTGGG-3’ and the reverse primer 5’-GGTACCGAAAGAAGTTGCCATCTCGGT-3’ (the underlined nucleotides in the forward and reverse primers represent the restriction sites of Eco R1 and Kpn I, respectively). The PCR cycles and confirmation of the fragment were done according to Lu et al. (2021). The cotton variety used in VIGS was Upland cotton ZZM2 and XLZ7. The method of V. dahliae infection of cotton was done according to Li et al. (2023). All primers used for the VIGS were designed with Primer3 software and are shown in Table S1.




2.3 Determination of endogenous SA and MEJA contents in cotton after V. dahliae infection

For the SA and MeJA treatment experiments, two-leaf stage seedlings of cotton were sprayed with 1mmolL−1 SA or 100 µmol L−1 MeJA (Xiong et al., 2019). Patients treated for 0 hours were selected as the control group. Collect root samples of cotton seedlings at 0, 6, 12, 24, and 48 hours after treatment. Roots of TRV::00 and TRV::GhWRKY53 inoculated with V. dahliae for 0 and 48 h were selected to determine the endogenous levels of SA and MEJA. Moreover, the roots from five individual seedlings of cottons at two-leaf stage were collected to measure the expression profiles of GhPAL, GhPR1, GhAOS1, GhPDF1.2 and GhLOX after V.dahliae infection in TRV::00 and TRV::GhWRKY53 plants by qRT-PCR. The differences between groups were compared using Student’s t-test (* P < 0.05; ** P < 0.01).




2.4 qRT-PCR analysis

Total RNA was extracted from leaves of TRV1/TRV2::00 or TRV1/TRV2::GhWRKY53 treated ZZM2 and XLZ7 plants (both control and V.dahliae treated), and then reverse transcribed into cDNA to be used in qRT-PCR to analyze the effect of inoculation with V.dahliae treatment on gene expression changes. qRT-PCR was carried out by the SYBR Green (Roche, Rotkreuz, Switzerland) on a Light Cycler 480II (Roche, Germany) with default parameters. All primers used for the validation experiments were designed with Primer3 software and are shown in Table S1. The GhUBQ7 gene served as an internal control to normalize differences between samples. The relative expression levels of genes from three biologically independent experiments were calculated using the 2-ΔΔCTmethod (Livak and Schmittgen, 2001).




2.5 Statistical analysis

SPSS 26.0 (SPSS, Chicago, USA) was used for data processing and analysis of variance. The data were analyzed by a one-way analysis of variance (ANOVA) and the significance of the difference was tested using the Duncan multiple comparison method. Origin 2022 (OriginLab, Northampton, USA) was used to plot the figures.





3 Results



3.1 Sequence alignment and phylogenetic analysis of GhWRKY53

The 2, 2, 4, and 4 WRKY53 genes were identified in G. arboreum, G. raimondii, G. barbadense, and G. hirsutum, respectively. Further, the conserved domains of GhWRKY53 were demonstrated by multiple protein sequence alignments of GhWRKY53. Almost all proteins contained the WRKY domain and zinc finger structure in the form of CX7C23HXC (Figure 1A). Based on the results of a motif analysis of GhWRKY53 proteins using MEME suite, a total of ten conserved motifs were identified. GrWRKY53-2, GbWRKY53-2D and GhWRKY53 contained nine motifs, while the others contained ten motifs (Figure 1B). Additionally, the promoter region of WRKY53 in each cotton species contained at least two plant hormone cis-acting elements (Figure 1C). Of them, an ETH cis-responsive element was found in the promoter region of each WRKY53 gene. And a MeJA cis-responsive element and an SA were found in four WRKY53 (GaWRKY53-2, GbWRKY53-2A, GbWRKY53-1D and GbWRKY53-2D). The results also showed that the GaWRKY53-1, GhWRKY53-1A and GhWRKY53-1D exclude MeJA and SA cis-responsive element (Figure 1C). The above results indicated that cotton WRKY53 was regulated by a variety of hormones and was involved in different types of hormone response.




Figure 1 | Sequence alignment, motifs, cis-acting elements analysis of WRKY53. (A) Multiple sequence alignment of cotton WRKY53 gene. (B) Motif of 12 WRKY53 proteins. Ten motifs were investigated using the MEME online tool. (C) Statistical analysis of the types and quantity of cis-acting elements in the promoter of WRKY53. GaWRKY53-1 (Ga08G1308), GaWRKY53-2 (Ga12G0445), GrWRKY53-1 (Gorai.004G134600), GrWRKY53-2 (Gorai.008G253300), GbWRKY53-1A (GB_A08G1300), GbWRKY53-2A (GB_A12G2642), GbWRKY53-1D (GB_D08G1397), GbWRKY53-2D (GB_D12G2648), GhWRKY53-1A (GH_A08G1141), GhWRKY53-2A (GH_A12G2543), GhWRKY53-1D (GH_D08G1341), GhWRKY53 (GH_D12G2563).






3.2 Analysis of GhWRKY53 expression pattern

qRT-PCR analysis showed that GhWRKY53 was expressed in roots, stems and leaves of the ZZM2 and XLZ7, especially in the roots and stems. And its expression levels in leaves were relatively low. For XLZ7, a susceptible variety, GhWRKY53 expression levels in the stems were significantly higher than roots. However, GhWRKY53 expression levels were higher in the roots of disease-resistant variety ZZM2 (Figure 2). To further analyze the function of GhWRKY53 in cotton verticillium wilt resistance, the two-leaf stage seeding was inoculated with V. dahliae by the root irrigation method (Xiong et al., 2019). The results showed that GhWRKY53 expression levels were significantly up-regulated in the root and stem tissues of ZZM2 after 12 h of V. dahliae inoculated (Figures 3A, B). The GhWRKY53 showed significantly up-regulated after 24 h of V. dahliae inoculated in the root and stem of XLZ7 (Figures 3A, B). However, the up-regulated of GhWRKY53 expression levels of XLZ7 in roots and stems was not significant than ZZM2. In the resistant variety ZZM2, GhWRKY53 had higher expression levels in the root and was more sensitive to the stress response of V. dahliae. It also indicated that GhWRKY53 may play an important role in cotton resistance to verticillium wilt.




Figure 2 | Expression levels of GhWRKY53 in cotton roots, stems and leaves. XLZ7: V. dahliae-susceptible cotton vatiety; ZZM2:V. dahliae-resistant cotton vatiety. GhUBQ7 is an internal reference gene. The data are three independent biological replicates. Different lowercase letters indicate significant differences (P < 0.05) between groups determined using Duncan’s multiple range test.






Figure 3 | Expression levels of GhWRKY53 after V.dahliae inoculation and SA, MeJA treatment. (A) The relative expression levels of GhWRKY53 in cotton roots with V.dahliae inoculation at 0, 12, 24, 48 and 72 h. (B) The relative expression level of GhWRKY53 in cotton stems with V.dahliae inoculation at 0, 12, 24, 48 and 72 h. (C) The relative expression levels of GhWRKY53 in cotton roots with SA at 0, 12, 24, 48 and 72 h. (D) The relative expression level of GhWRKY53 in cotton stems with MeJA at 0, 12, 24, 48 and 72 h. XLZ7: V. dahliae-susceptible cotton vatiety; ZZM2: V. dahliae-resistant cotton vatiety. GhUBQ7 is an internal reference gene. The data are three independent biological replicates, Significance analysis using T test (*P < 0.05; **P < 0.01).






3.3 Expression pattern analysis of GhWRKY53 under different hormone treatments

The upstream promoter sequence of GhWRKY53 contains cis-acting elements of SA and MeJA, suggesting that GhWRKY53 may be involved in disease resistance related to hormone response. Cotton seedlings treated with different hormones were sampled to detect the changes in GhWRKY53 expression levels in the roots of the ZZM2 and XLZ7 after SA and MeJA treatment. The results show that the GhWRKY53 expression levels were significantly up-regulated after 6, 12, and 24 h after SA treatment in ZZM2 (Figure 3C). However, the expression levels of GhWRKY53 in sensitive variety XLZ7 showed a slow upward trend from 6 to 24 h after SA treatment (Figure 3C). After MeJA treatment, GhWRKY53 expression levels in both XLZ7 and ZZM2 showed a trend of first downregulation and then upregulation, and GhWRKY53 expression levels in both cotton varieties were significantly up-regulated at 48 h (Figure 3D). These results indicated that GhWRKY53 was specifically regulated by SA and MeJA in different verticillium wilt resistant varieties.




3.4 Effect of silencing GhWRKY53 on V. dahliae resistance of cotton

To study the function of GhWRKY53 on the cotton resistance to V. dahliae, VIGS was used to silence GhWRKY53. Seedlings infiltrated with A. tumefaciens carrying pTRV1/pTRV2::GhCHLI (plants-TRV:: GhCHLI) that targeted a gene encoding a ChlI subunit of magnesium chelatase were used as a positive control. After about ten days of injection, plants-TRV::GhCHLI showed a yellowing phenotype, indicating that VIGS system was functioning properly (Figures 4A, 5A). Compared to the control plant (plants-TRV2::00), GhWRKY53 expression levels in ZZM2 and XLZ7 respectively infiltrated with A. tumefaciens carrying pTRV1/pTRV2::GhWRKY53, decreased significantly, indicating that GhWRKY53 was effectively silenced in XLZ7 and ZZM2 (Figures 4B, 5B). And then cotton seedlings were inoculated with V. dahliae to verify plants resistance to V. dahliae after silencing GhWRKY53. At 14 days after inoculation with V.dahliae, GhWRKY53-silenced plants were more sensitive to V. dahliae infection than control plants in XLZ7. XLZ7-pTRV2::GhWRKY53 also showed severe leaf yellowing and wilting, with more shedding of leaves (Figure 4C). The longitudinal section of stems after 21 d pathogen infection showed that the browning degree of the stems in the XLZ7-pTRV2::GhWRKY53 was more significant (Figure 4D). Additionally, the pathogen colonies isolated from the stems of XLZ7-pTRV2::GhWRKY53 were larger and darker than that of XLZ7 (Figure 4E). At 14 d and 21 d, the disease index of XLZ7-pTRV2::GhWRKY53 plants were 47 ± 2.04 and 85.67 ± 3.70, respectively, significantly higher than that of TRV::00 plants at each time point (Figure 4F). Meanwhile, the relative contents of pathogen in the stem tissues and the recovery of pathogen were detected. The results showed that the biomass of pathogen in the stems of XLZ7-pTRV2::GhWRKY53 was significantly higher than that of control plants, and its biomass was about three times that of XLZ7(Figure 4G). These demonstrated that silencing GhWRKY53 further reduces the resistance of susceptible cotton variety XLZ7 to V. dahliae. In ZZM2, after 14 d inoculation, GhWRKY53-silenced plants (ZZM2-pTRV2::GhWRKY53) exhibited poor growth with severe disease and yellowing of leaves compared with control plants ZZM2. Compared with the control plant, leaves of ZZM2-pTRV2::GhWRKY53 had significant withering (Figure 5C). The longitudinal section of stem showed that the accumulation of pathogen in ZZM2-pTRV2::GhWRKY53 with severe browning was more than that in control plants, and the stem browning was severe (Figure 5D). The results of the pathogen recovery experiment showed that the colonies isolated from the stems of ZZM2-pTRV2::GhWRKY53 were larger and had a denser villous shape than that of control plants (Figure 5E). The disease index of the ZZM2-pTRV2::GhWRKY53 on the 14 d and 21d was 13.17 ± 2.02 and 47.17 ± 3.01 respectively, and far higher than the control plant(Figure 5F). Compared to the control plants, the stems of ZZM2-pTRV2::GhWRKY53 accumulated more pathogen, and its biomass was about five times that of XLZ7 (Figure 5G). These were similar to the results observed in XLZ7, indicating that the silencing of GhWRKY53 also significantly reduced the resistance of cotton to V. dahliae.




Figure 4 | Silencing of GhWRKY53 in V. dahliae- susceptible XLZ7. (A) Observation of the expected yellowing leaf phenotype in TRV::GhCHLI plants. (B) GhWRKY53 expression in the TRV::00 and TRV::GhWRKY53 plants. (C) Disease symptoms of the TRV::00 and TRV::GhWRKY53 plants at 14 day post inoculation. (D) Comparison of vascular browning between TRV::00 and TRV::GhWRKY53 plants at 14 day. (E) Fungal isolation in the stem sections from TRV::00 and TRV::GhWRKY53 plants at 14 dpi. (F) Disease index for the TRV::00 and TRV::GhWRKY53 plants at 14 and 21-day post-inoculating. (G) Quantification of the relative fungal biomass in stems of the TRV::00 and TRV::GhWRKY53 plants at 21 day post inoculation. The data are three independent biological replicates, Significance analysis using T test (*P < 0.05; **P < 0.01).






Figure 5 | Silencing of GhWRKY53 in V. dahliae- resistance ZZM2. (A) Observation of the expected yellowing leaf phenotype in TRV::GhCHLI plants. (B) GhWRKY53 expression in the TRV::00 and TRV::GhWRKY53 plants. (C) Disease symptoms of the TRV::00 and TRV::GhWRKY53 plants at 14 day post inoculation. (D) Comparison of vascular browning between TRV::00 and TRV::GhWRKY53 plants at 14-day. (E) Fungal isolation in the stem sections from TRV::00 and TRV::GhWRKY53 plants at 14 dpi. (F) Disease index for the TRV::00 and TRV::GhWRKY53 plants at 14 and 21-day post-inoculating. (G) Quantification of the relative fungal biomass in stems of the TRV::00 and TRV::GhWRKY53 plants at 21-day post-inoculating. The data are three independent biological replicates, Significance analysis using T test (*P < 0.05; **P < 0.01).






3.5 Effect of silencing GhWRKY53 on SA and JA signaling pathways

To explore whether the deterioration of V. dahliae resistance in GhWRKY53-silenced plants is mediated by JA and SA signaling pathways, we measured JA and SA concentrations in the roots of the GhWRKY53-silenced plants and control plants, and the expression of signaling pathway-related genes also were analyzed. The results showed that SA content was up-regulated in both the control and silenced plants after inoculation with V. dahliae for 48 h in ZZM2 and XLZ7. For XLZ7, at 0 h after V. dahliae infected, the content of SA in GhWRKY53-silenced plants and control plants were 52.16 and 113 15 ng/g, respectively. And at 48 h, the content of SA increased to 122.51 and 130.67 ng/g, respectively (Figure 6A). Simultaneously, the content of JA in TRV::GhWRKY53 and TRV::00 were 8.05 and 3.46 ng/g at o h, respectively. And increased to 11.75 and 9.59 ng/g at 48 h, respectively (Figure 6B). However, it was noted that the SA content in the GhWRKY53-silenced plants of XLZ7 was lower compared to the control plants at 0 h after V. dahliae inoculation (Figure 6A). Consistent with this result, SA biosynthesis gene (GhPAL) and response gene (GhPRI) were significantly up-regulated at 48 h (Figures 6C, D). And JA biosynthesis gene (GhLOX) and JA response gene (GhPDF1.2) also followed a similar trend (Figures 6E, F). For ZZM2, the SA content of TRV::GhWRKY53 (68.92 ng/g) was significantly lower than TRV::00 (120.32 ng/g) at 48 h post-inoculation (hpi) (Figure 7A), with a similar trend being seen in the expression levels of SA biosynthesis gene (GhPAL) and response gene (GhPRI) (Figures 7C, D). The content of JA in TRV::GhWRKY53 plants and TRV::00 plants at 48 hpi increased 9.43 and 2.67 ng/g than 0 hpi after V. dahliae inoculation (Figure 7B), while the expression levels of JA biosynthesis genes (GhAOS and GhLOX) were also significantly induced at 48 hpi (Figures 7E, F). These results were support the notion that GhWRKY53 plays a positive role in V. dahliae resistance by activating JA signaling pathway and repressing SA signaling pathway.




Figure 6 | Changes in SA and JA content and the expression levels of related pathway genes in XLZ7 after V. dahliae inoculation. (A) Changes in SA content of TRV::00 and TRV::GhWRKY53 plants after V. dahliae inoculation. (B) Changes in MEJA content of TRV::00 and TRV::GhWRKY53 plants after V. dahliae inoculation. (C) qRT-PCR detects the expression changes of GhPAL after V. dahliae inoculation in TRV::00 and TRV::GhWRKY53 plants. (D) GhPR1. (E) GhPDF1.2. (F) GhLOX. Significance analysis using T test (*P < 0.05; ** P< 0.01).






Figure 7 | Changes in SA and JA content and the expression levels of related pathway genes in ZZM2 after V. dahliae inoculation. (A) Changes in SA content of TRV::00 and TRV::GhWRKY53 plants after V. dahliae inoculation. (B) Changes in MEJA content of TRV::00 and TRV::GhWRKY53 plants after V. dahliae inoculation. (C) qRT-PCR detects the expression changes of GhPAL after V. dahliae inoculation in TRV::00 and TRV::GhWRKY53 plants. (D) GhPR1. (E) GhPDF1.2. (F) GhLOX. Significance analysis using T test (*P < 0.05; **P < 0.01).







4 Discussion

As one of the most prominent transcription factor families in plants, members of the WRKY gene family play an essential role in many plant life processes, such as plant response to biotic and abiotic stresses, secondary metabolism of plants, and plant growth and development. Verticillium wilt caused by Verticillium dahliae is a destructive cotton disease causing severe yield and quality losses worldwide. WRKY transcription factors play important roles in plant defense against pathogen infection. However, little has been reported on the functions of WRKYs in cotton’s resistance to V. dahliae. Overexpression of GhWRKY27a reduced the tolerance of transgenic plants to drought stress and resistance to Rhizoctonia solani (Yan et al., 2020). In 2020, the reported that GhWRKY70D13 negatively regulates cotton’s resistance to V. dahliae mainly through its effect on ET and JA biosynthesis and signaling pathways (Xiong et al., 2020). In this study, we explored the regulation of GhWRKY53 in the V. dahliae resistance of cotton by silencing GhWRKY53. The gene-silenced plants had severe disease conditions and higher fungal contents, thereby indicating the positive regulatory role of GhWRKY53 in the resistance mechanism of G. hirsutum to V. dahliae.

Studies have shown that WRKY TFs are involved in hormonal signal transduction processes (Zhang et al., 2015). At present, a large number of cis-acting elements related to SA and JA hormones have been identified in the promoter regions of WRKY TFs in Arabidopsis, tomato, wheat, and rice (Liu et al., 2007; Miao and Zentgraf, 2007; Murray et al., 2007; Van et al., 2014). In Arabidopsis, AtWRKY18, AtWRKY40, and AtWRKY60 act as negative regulators of ABA signaling for seed germination and development (Chen et al., 2010). This study demonstrated multiple hormone-related cis-acting elements in the promoter regions of WRKY53 genes in four cotton species by predicting the cis-acting elements of cotton WRKY53. Among them, the cis-acting elements of MeJA and SA were ubiquitously present in the promoter region of the WRKY53 gene. In response to cotton hormone treatment, the results showed that GhWRKY53 was induced by SA and MeJA at 24 and 48 h. Similar to the WRKY53 gene in G. barbadense, GbWRKY53 expression increased after SA and MeJA induction, with SA responding more compared to MeJA (Li et al., 2017). We speculated that GhWRKY53 might act as a regulatory factor in the SA and MeJA signaling processes of cotton.

Researchers found that WRKY53 was specifically induced by SA following Arabidopsis infection to improve the plant’s defense against pathogenic fungus (Hu et al., 2012). In Arabidopsis, WRKY53 enhanced the disease resistance of plants by inhibiting the MeJA signaling pathway and activating the SA signaling pathway. In this study, both silenced and control plants were inoculated with V. dahliae, and the expression levels of SA and MEJA were measured. The results showed that the SA content in the silenced plants was significantly lower in different resistance varieties, while the MEJA content in the silenced plants was significantly higher at 48 h of inoculation. GhPAL and GhPRI have been confirmed to be involved in plant resistance to fungal infection and can be used as innate immunity markers in plants (Zhang et al., 2023). To further explore the function of GhWRKY53 in defense against V. dahliae, the relative expression levels of the SA biosynthesis gene (GhPAL) and response gene (GhPRI) were monitored before and after V. dahliae treatment in gene-silenced plants. Additionally, the relative expression levels of the JA biosynthesis genes GhLOX and the JA signal response genes GhPDF1.2 were monitored. Expression of the related pathway genes also followed a similar trend. The results suggest which further confirmed that GhWRKY53 might act as a positive regulator in resistance to V. dahliae. It was speculated that the silencing of GhWRKY53 inhibited the signaling pathway of SA and activated the signaling pathway of MEJA in cotton, thereby reducing the resistance of cotton to V. dahliae. These factors work together to enhance the resistance of cotton plants to V. dahliae infection. However, the interaction mechanism between MEJA and SA signaling pathways in cotton in response to V. dahliae requires further study.




5 Conclusion

In this study, We identified and obtained the gene encoding type III WRKY transcription factor GhWRKY53 in upland cotton. Expression of GhWRKY53 and the contents of SA and MeJA in different resistant varieties inoculated with V. dahliae showed that GhWRKY53 mediated SA and MeJA signal transduction. Silencing of GhWRKY53 inhibited the SA pathway and activated the MEJA pathway, thereby reducing the resistance of plants to V. dahliae. Our study demonstrated that GhWRKY53 can change the tolerance of upland cotton to V. dahliae by regulating the expression of SA and MEJA pathway-related genes.
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Phenylalanine ammonia-lyase (PAL) is a key enzyme and rate-limiting enzyme of phenylpropanoid metabolism, which is a very important pathway in plants, and the secondary products it produces play an important role in plant growth and development, disease resistance, and stress resistance responses. However, PALs still lack systematic characterization in tomato. Based on a bioinformatics methods, PAL family genes were identified and characterized from tomato. qRT-PCR was used to study the expression of PAL genes in cultivated tomato after root-knot nematode infection. In this study, 14 and 11 PAL genes were identified in cultivated and wild tomatoes, and phylogenetic analysis classified them into three subfamilies, with different subfamilies of PAL proteins evolving in different directions in monocotyledonous and dicotyledonous plants. The extensive presence of stress, growth, hormone, and light response elements in the promoter sequences of SlPAL (Solanum lycopersicum) and SpenPAL (Solanum pennellii) genes suggests that this family has a critical role in abiotic stress. Collinearity indicates that members of the tomato and Arabidopsis PAL genes family are from the same ancestor, and the SlPAL10 gene is directly homologous to monocotyledonous rice and maize, suggesting that the SlPAL10 gene was present before monocotyledonous differentiation. Two co-expressed gene modules containing PAL genes were screened by WGCNA, and the core genes in the network were mined and functionally annotated by calculating the connectivity of genes within the modules. In addition, the expression of some genes changed significantly after root-knot nematode infection, with up-regulation of 4 genes and down-regulation of 3 genes. This result provides a data reference for the study of PAL family gene functions in tomato, and also provides a potential application for the subsequent selection of PAL genes in tomato for root-knot nematode resistance.
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1 Introduction

Phenylalanine ammonia-lyase (PAL, EC 4.3.1.5), an intracellular inducible enzyme, is an acidic protein (Costa et al., 2003), which is a key and rate-limiting enzyme in the metabolism of phenylpropanoids and the most studied enzyme in the metabolic pathway of phenylpropanoids (Ritter and Schulz, 2004; MacDonald and D’Cunha, 2007). It is widely found in plants, fungi, yeast and algae, but has not been found in animals (Huang et al., 2010). Phenylpropanoid metabolism is a very important pathway in plant metabolism, and all substances containing the phenylpropanoid backbone are synthesized directly or indirectly by this pathway (Xu and Yang, 2009). Phenylpropanoid metabolism generates a variety of secondary metabolites such as flavonoids and lignans, which play important roles in plant growth and development, disease resistance, and resistance responses (Li et al., 2018; Deng et al., 2019; Dong and Lin, 2021). PAL genes play an important role in plant defense systems and are mainly involved in the biosynthesis of the signaling molecule salicylic acid, which is organic acid essential for the acquisition of resistance in plant systems (Nugroho et al., 2002; Chaman et al., 2003). PAL genes are found in a variety of plants, such as Arabidopsis (Arabidopsis thaliana) (Huang et al., 2010), aspen (Populus tremula) (Shi et al., 2013), banana (Musa nana) (Wang et al., 2016), rice (Oryza sativa) (Zeng et al., 2018) and walnut (Juglans rega) (Yan et al., 2019), among others.

Members of the plant PAL gene family respond differently to various hormones and stresses and are differentially expressed in different tissues and developmental stages of the plant body. The PAL gene family consists of four genes in Arabidopsis, AtPAL1-4, of which AtPAL1, AtPAL2, and AtPAL4 are highly expressed in the stem, and both AtPAL2 and AtPAL4 are expressed in the seed (Fraser and Chapple, 2011). In addition, the expression of AtPAL1 and AtPAL2 in leaves was induced by low temperature and nitrogen depletion (Olsen et al., 2008). There are 12 members of the PAL gene family in watermelon, of which 11 ClPAL genes are abundantly expressed in stems, male and female flowers, and 6 ClPAL genes are abundantly or moderately expressed in fruits, and their expression levels are regulated by ethylene signaling (Dong and Shang, 2013). Also PAL has good disease resistance, and overexpression of AevPAL1 in bread wheat (Aegilops variabilis) significantly enhanced resistance to the pathogen cereal cyst nematode (CCN) (Zhang et al., 2021). In wheat (Triticum aestivum), 11 PAL genes expression was up-regulated and 14 PAL genes expression was down-regulated after inoculation with Puccinia striiformis. The disease severity of TaPAL32 and TaPAL42 silenced plants was found to be higher than that of control plants 14 days after inoculation by VIGS (Zhan et al., 2022).

Tomato (Solanum lycopersicum) occupies an extremely important position in vegetable production in China and is characterized by high nutrient content and yield (Liu et al., 2022; Song et al., 2022). However, during the growth and development of tomato, it is highly susceptible to root-knot nematode (Meloidogyne incognita) infection, which seriously affects the yield and quality of tomato. The aim of this study was to identify the composition of PAL genes in cultivated  tomato (Solanum lycopersicum) and wild tomato (Solanum pennellii) at the genome-wide level by bioinformatics methods and analyze their physicochemical properties, phylogenetic relationships, gene structure, covariance, promoter elements, and protein interactions. In order to analyze the expression regulation and function of tomato PAL gene family in root-knot nematode resistance, and to verify its expression pattern in root-knot nematode infection by qRT-PCR, and to provide clues for the discovery of excellent genetic resources and improvement of resistant varieties of tomato.




2 Materials and methods



2.1 Experimental materials

Southern root knot nematode (Meloidogyne incognita), collected from Langfang, Hebei, China, and single egg masses were picked for expansion and culture on susceptible tomatoes. Egg masses were manually picked from the root system and second stage juveniles at 25 °C were used for inoculation. Tomato ‘AC’ model variety, provided by the Tomato genetic breeding group, Institute of Horticultural Crops, Xinjiang Academy of Agricultural Sciences. Planted in the Key Laboratory of Genome Research and Genetic Improvement of Xinjiang Characteristic Fruits and Vegetables, the planting conditions were inoculated with 1000 second instar larvae of root-knot nematodes/plant in sterile sandy soil (7: 3) from tomato roots after 3-4 weeks. 5 days after inoculation, tomato roots were collected and four biological replicates were set up for each treatment and stored at -80°C after liquid nitrogen snap freezing for RNA Extraction.




2.2 Identification of tomato PAL protein sequences

Download the tomato 5.0 genome annotation file from the Solanaceae Genome Database (http://solomics.agis.org.cn/tomato/), and download the S. pennellii genome annotation file from the Solanaceae Database (https://solgenomics.net/). Four AtPAL amino acid sequences (Huang et al., 2010) were downloaded from the TIAR website (http://www.arabidopsis.org) based on known reports. AtPALs were used as genome-wide query sequences in the Phytozome (https://phytozome.jgi.doe.gov) database for BLASTP to obtain PAL members of rice, potato (Solanum tuberosum) and maize (Zea mays) (Goodstein et al., 2012; Fernandez-Pozo et al., 2015). Hidden Markov files (PF00221.21) of PAL structural domains were downloaded from the Pafm database (https://www.ebi.ac.uk/interpro/search/text/), and tomato and S pennellii candidate genes (E-value: 1e-5) were extracted using Hmmsearch (Eddy, 2008; Finn et al., 2011). The protein sequences of the Arabidopsis PAL family genes were used as seed sequences for local construction of BLAST libraries, which were analyzed using Smart (http://smart.embl.de/) and NCBI-CDD (https://www.ncbi.nlm.nih.gov/cdd) online software to validate the tomato and S. pennellii PAL family gene The tomato and S. pennellii PAL family genes were finally identified by deleting genes without typical PAL family domains (Sonnhammer et al., 1997; Schultz et al., 2000). The physicochemical properties of PAL genes were predicted by the online Expasy (https://web.expasy.org/protparam/) tool (Artimo et al., 2012) and by WoLF PSORT (https://www.genscript.com/wolf-psort.html?src=leftbar) online software to predict protein subcellular localization (Horton et al., 2007).




2.3 Chromosome localization, phylogenetic tree construction, gene structure and conserved motifs

Chromosome lengths and all tomato PAL family loci were obtained based on the genome annotation file GFF3 and then conformed using Map Inspect software (Jiang et al., 2019). The phylogenetic tree was constructed using MEGA7 software to analyze the PAL amino acid sequences of Arabidopsis, rice, maize, potato, tomato, and S. pennellii by multiple sequence alignment and set by Neighbor-joining (NJ) and Maximum likelihood (ML), Bootstrap test 2000 replicates (Kumar et al., 2016). Itools online website (https://itol.embl.de/) was used to display the midpoint root tree. Mapping of intron exons was performed in TBtools software using existing tomato gff files and tomato PAL gene family IDs to map the tomato PAL gene structure. motif was then obtained using meme software to obtain the meme.xml file of the SlPAL family genes, with the search motif value set to 20 and other default parameters (Grundy et al., 1997). The conserved motifs were then predicted for analysis using Visualize MEME/MAST Motif Pattern in TBtools software (Chen et al., 2020). Structural domain analysis was performed using the SlPALs protein sequence in NCBI-cdd to obtain hit data files, which were plotted by TBtools software.




2.4 Cis-regulatory elements, collinearity and interaction network analysis

The 2000 bp sequence upstream of all tomato PAL genes was extracted as candidate promoter sequences using tomato genome annotation files, cis-acting element analysis was performed using PlantCare (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) website (Rombauts et al., 1999), and cis-acting element mapping was performed using TBtools software (Chen et al., 2020). For multispecies covariance, MCscanX in TBtools software was used to extract covariate genes of species pairs and finally mapped using Multiple Synteny Plot. The substitution rate of paralogous genes was calculated using KaKs_Calculator 2.0 (Wang et al., 2010). Protein-protein interaction relationships were predicted using the STRING online website (https://string-db.org/) (Szklarczyk et al., 2019).




2.5 Validation of tomato PAL family genes by qRT-PCR

Plant root RNA was extracted using the Tiangen Plant Polyphenol Polysaccharide Total RNA Extraction Kit (Beijing, China). The extracted total RNA was then subjected to cDNA synthesis using the 5 × All-ln-One RT MasterMix (AccuRT Genomic DNA Removal Kit; G492, ABM, Vancouver, Canada) reverse tanscription kit. qRT-PCR primers for SlPAL family members were designed using DNAMAN6 software. The designed qRT-PCR primers were sent to Biotech Biologicals (Shanghai, China) for synthesis (Supplementary Table S1). Quantitative PCR (qPCR) analysis was subsequently performed on a LightCycler machine using ChamQ Universal SYBR qPCR Master Mix (Q711, Vazyme, Nanjing, China). The Slactin was used as the internal reference gene. Each treatment contains four independent biological replicates, and each replicate contains three technical replicates. Gene expression was calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001).





3 Results



3.1 Identification and physicochemical property analysis of tomato PAL family members

In this study, we used HMM search and Arabidopsis amino acid sequences (AtPALs) for BLAST. The results were finally combined, redundant sequences were removed, and they were named according to their positions on the chromosomes (Table 1). Finally, 14 members of the cultivated tomato PAL family gene were identified and named SlPAL1-SlPAL14, and the 11 members of the wild relatives of S. pennellii PAL family gene were named SpenPAL1-SpenPAL11. Two tomato PAL family amino acids range in length from 218 (SpenPAL4) to 1274 (SlPAL10). Molecular weights were in the range of 23065.33 (SpenPAL4)-139461.81 (SlPAL10). pI ranged from 5.61 (SlPAL3)-9.44 (SpenPAL4). The pI values of 11 PAL genes of cultivated tomatoes were less than 7, and the pI values of 10 genes PAL genes of S. pennellii were also less than 7, indicating that most of these two tomatoes belong to acidic proteins. The pI values ranged from 78.17 (SlPAL6) to 104.10 (SlPAL5), hydrophobic values ranged from 0.055 to -0.432, only SlPAL5 was 0.055, and the rest of the PAL family hydrophilic values of cultivated tomatoes and S. pennellii were less than zero, indicating that these proteins are hydrophobic. In subcellular localization, it can be found that there are 8 SlPAL genes distributed in chloroplasts, one in cytoplasm of 3 distributions, one in mitochondria, plasma membrane and endoplasmic reticulum respectively, 6 SpenPAL genes distributed in chloroplasts, two in cytoplasm and endoplasmic reticulum respectively, and one in plasma membrane.


Table 1 | Identification of SlPAL and SpenPAL family gene members and analysis of their physicochemical properties.






3.2 Chromosomal localization gene structure of tomato PAL family members

To fully understand the gene distribution mechanism of the tomato PAL family on chromosomes (Figure 1), 14 SlPAL genes and 11 SpenPAL genes were mapped by TBtools, all distributed on chromosomes 3, 5, 9, and 10, respectively. And the SlPAL and SpenPAL families have 4 and 3 gene clusters, respectively, indicating that tandem replication is likely to be the main amplification mechanism of these two tomato gene families.




Figure 1 | Chromosomal localization map of SlPAL and SpenPAL family gene members (A): Chromosomal localization of Solanum lycopersicum PAL genes; (B): Chromosomal localization of Solanum pennellii PAL genes.






3.3 Multi-species PAL family phylogenetic tree construction

To investigate the evolutionary relationships of PAL genes, phylogenetic analysis was performed on Arabidopsis (4), rice (9), maize (13), potato (8), cultivated tomato (14), and S. pennellii (11) altogether PAL genes (Figure 2). A phylogenetic tree diagram was constructed by comparison using MEGA 7.0 software. These PAL genes were clustered into three subclades (GroupI, GroupII, GroupIII). From the figure, we can find that monocotyledons and dicotyledons are more distantly related, and monocotyledons are all clustered on Group II subfamily, and PAL proteins of these subfamilies may evolve in different directions in monocotyledons and dicotyledons. The dicotyledonous plants potato, cultivated tomato, and S. pennellii occupy two subfamilies, Group I and Group III, thus confirming that the PAL genes of these three species are very inwardly related and may have similar biological functions.




Figure 2 | Phylogenetic analysis of multispecies PAL family proteins Phylogenetic trees were constructed for 59 PAL genes using the NJ method with 2000 bootstrap replicates. Different shapes represent different species. Different colors in the circle diagram represent different subclades.






3.4 Analysis of tomato PAL family gene structure, conserved motifs and structural domains

To further understand the differences within the tomato PAL family, mapping was performed by TBtools software (Figure 3). The results showed that there were five structural domains in tomato PAL family, Lyase_aromatic, Lyase_I_like superfamily were the typical structural domains. It can be found that the tomato PAL family with Lyase_aromatic structural domains are also relatively uniform in their conserved motifs. Group III subfamily SlPAL10 has two Lyase_aromatic and its conserved motifs are duplicated, SlPAL6, SlPAL7, SpenPAL4 have the structural domains of Lyase_I_like the conserved motifs and structural domains of SlPAL5 and SlPAL8 of Group I subfamily are identical.




Figure 3 | Conserved motifs, structural domains, gene structures of SlPAL and SpenPAL family gene (A): Phylogenetic trees were constructed for the PAL genes of Solanum lycopersicum and Solanum pennellii using the NJ method with 2000 bootstrap replicates; (B): Conserved motifs of SlPAL and SpenPAL genes, the numbers 1-20 and the different colored boxes indicate motifs; (C): Structural domains of SlPAL and SpenPAL genes, different colors indicate different structural domains; (D): Gene structures of SlPAL and SpenPAL genes, green boxes indicate exons, yellow boxes indicate UTRs, and black lines indicate introns.



The intron (Intron), coding region (CDS), and untranslated region (UTR) of 14 SlPAL and 11 SpenPAL gene families were mapped using TBtools. 11 SpenPAL genes had 1-3 CDSs, 6 of which had 2 CDSs, but none of the 11 SpenPAL genes had a UTR. SlPALs genes have 2-13 CDSs, and SlPAL14 gene has the most CDSs. Ten of the SlPALs genes had UTRs, and five had two UTRs.




3.5 Comparison of tomato PAL family sequences using multiple sequence alignment

Multiple sequence alignment analysis revealed (Figure 4) that the amino acid sequences of both SlPAL and SpenPAL genes contain the active site GTITASGDLV(L)PLSYIAG of PAL, except for SlPAL1, SlPAL5, SlPAL6, SlPAL7, and SpenPAL3. In this site is contains the Ala-Ser-Gly composition of the highly conserved methylene imidazolone (MIO) electrophilic group. In the active sites of SlPAL5 and SpenPAL4, isoleucine (I) at position 3 may be mutated to valine (V), and glycine (G) at position 17 may be mutated to arginine (R) and valine (V). In the active sites of SlPAL11, SlPAL12, SlPAL13, and SpenPAL10, isoleucine (I) at position 3 may be mutated to leucine (L). The alanine (A) at position 16 in the active site of SpenPAL6 may be mutated to valine (V).




Figure 4 | Multiple amino acid sequence alignment of SlPAL and SpenPAL gene families The red line indicates the active site of PAL. The box shows the electrophilic groups composed of Ala Ser Gly amino acid residues in PAL protein.






3.6 Promoter analysis of PAL genes in tomato

Many studies have shown that the PAL gene family is involved in various stress responses. To better understand and elucidate the possible regulatory functions of SlPALs and SpenPALs under different stresses, we identified stress-related and phytohormone-related cis-elements from the 2000 bp promoter region of the start codon (Figure 5).




Figure 5 | Cis-acting elements analysis of the promotors of SlPALs and SpenPALs genes Number: total number of elements found from the 2000 bp promoter region of the start codon; Color: from blue to red indicates the number of elements from small to large. The distance of the black line indicates elements of the same type.



According to the data obtained from PlantCARE, five stress response control elements were found in the promoters of SlPALs and SpenPALs: anaerobic induction (ARE), drought (MBS), defense and stress response (TC-rich repeats), cold stress (LTR), and hypoxia-specific enhancers (GC-motif). 6 major growth and developmental response control elements were identified: regulation of maize protein metabolism (O2-site), involvement in endosperm expression (GCN 4 _ motif), participation in circadian control (circadian), participation in meristem expression (CAT-box), participation in cell cycle regulation (MSA-like), and participation in palisade mesophyll cell differentiation (HD-Zip 1). All found 20 major photoresponse elements: (AT1-motif, Sp 1, LAMP-element, GT1-motif, G-Box, ATC-motif, ATCT-motif, Box 4, MRE, AE-box, TCC-motif, G-box, TCT-motif, chs-CMA 1 a, ACE, CAG-motif, 3-AF1 binding site, AAAC-motif, GATA-motif, chs-CMA1a). 4 hormone-responsive elements were found: phytoauxin (TGA-element), gibberellin (P-box, TATC-box, GARE-motif), methyljasmonic acid (TGACG-motif, TCA-element, CGTCA-motif), and abscisic acid (ABRE). The heat map made to select the largest number of control elements in stress, growth, light response, and hormones shows that ARE elements in stress, O2-site elements in growth and development, Box 4 and G-box elements in light response, and ABRE elements in hormones are generally more abundant in SlPALs and SpenPALs, while SlPALs and SpenPALs also contain a large number of other regulatory elements. These results suggest that PAL genes are widely involved in a variety of life activities such as plant growth and development and stress response.




3.7 Multi-species PAL gene collinearity analysis

To reveal the evolutionary origin and direct homology of the tomato PAL gene family, a covariance analysis of the PAL gene family on the chromosomes of four dicots [tomato (S. lycopersicum, S. pennellii), Arabidopsis, and potato] and two monocots (maize and rice) was performed in this study (Figure 6). The results showed that two genes of SlPALs were direct homologs with AtPALs, among which SlPAL10 had colinearity with AtPAL1 and AtPAL3, and SlPAL14 had colinearity with AtPAL2 and AtPAL4. There are 6 genes of SlPALs that are orthologous with SpenPALs, among which, SlPAL10 has collinearity with SpenPAL6 and SpenPAL11, SlPAL14 has collinearity with SpenPAL6 and SpenPAL11, and the collinearity of other genes corresponds. SlPALs have 1 gene that is direct homolog to OsPALs, but SlPAL10 has colinearity with OsPAL1 and OsPAL5. SlPALs also have 1 gene that is direct homolog to ZmPALs are direct homologs, but also SlPAL10 has colinearity with ZmPAL3 and ZmPAL9. For example, two genes, AtPAL1 and AtPAL3, have colinearity with SlPAL10, suggesting that the two pairs of genes may regulate similar or complementary functions, respectively. It can be found that most PAL genes in Arabidopsis and S. pennellii potato, which are dicotyledons, are direct homologs of the two genes SlPAL10 and SlPAL14. Interestingly, the PAL genes of rice and maize, two monocotyledons, are only direct homologs of SlPAL10, suggesting that the SlPAL10 gene existed before monocotyledon differentiation.




Figure 6 | Interspecific collinearity analysis of SlPAL and SpenPAL family genes At, Arabidopsis thaliana; Sl, Solanum lycopersicum; St, Solanum tuberosum; Spen, Solanum pennellii; Os, Oryza sativa; Zm, Zea mays. From top to bottom, the PAL genes of dicotyledons directly homologous to tomato, the PAL genes of Solanum pennellii directly homologous to tomato, and the PAL genes of monocotyledons directly homologous to tomato.






3.8 Duplication gene and Ka/Ks analysis of PAL genes in tomato

Repeated sequences on the tomato chromosome set were extracted by native BLAST and McscanX software to explore the co-linearity of the PAL gene family within the S. pennellii genome (Figure 7). As shown in the figure, there is one paralogous homologous gene pair each in cultivated tomato and S. pennellii, SlPAL10/SlPAL14 and SpenPAL6/SpenPAL11, and both of these paralogous homologous gene pairs originate from duplication of segments on their respective chromosomes 9 and 10.




Figure 7 | Intraspecific collinearity analysis of SlPAL and SpenPAL family genes Sl, Solanum lycopersicum; Spen, Solanum pennellii. Two species were analyzed for intraspecific homologous PAL genes. Red lines indicate homologous genes.



The Ka/Ks ratio is usually an important indicator of selection pressure in evolution (Table 2). The ka/ks values of SlPAL10/SlPAL14 and SpenPAL6/SpenPAL11 paralogous homologous gene pairs were calculated by TBtools to be less than 0.3, indicating that the evolution of these two gene pairs was affected by purifying selection pressure, and the gene functions tended to be conserved and the evolutionary rate was slowed down.


Table 2 | Repeat SlPALs and SpenPALs gene ka/ks values.






3.9 Protein–protein network analysis of PAL family genes in tomato

The mechanism of action of different tomato PAL proteins was specifically analyzed by constructing the interaction network of SlPALs and SpenPALs proteins (Figure 8). We excluded some proteins with missing annotations and low values, and the results showed that the highest number of proteins interacted with SlPAL8, SlPAL3, SlPAL14 and SlPAL10 in cultivated tomato and they had strong interactions with each other. Among them, SlPAL6 and SlPAL7 had no direct interactions with other PAL proteins. In contrast, the highest number of proteins interacted with SpenPAL4, SpenPAL5, SpenPAL7 and SpenPAL11 in S. pennellii. Among them, there were no direct interactions between SpenPAL6 and other PAL proteins. As can be seen from the figure, different tomatoes exhibited similar protein action mechanisms. Chalcone synthase (CHS) is the first rate-limiting enzyme in the plant flavonoid biosynthetic pathway, and the expression of CHS is closely related to the anthocyanin synthesis and accumulation metabolism. The CHS gene is also involved in plant response to abiotic stresses, with implications for plant flower color formation, growth and development, adversity stress, hormone regulation and transport (Dao et al., 2011). Flavonoid 3’-hydroxylase (F3’H), an intermediate in the synthesis of anthocyanins, often cooperates with chalcone isomerase and chalcone synthase to form different anthocyanins, an important step in flower color formation (Winkel-Shirley and Flavonoid, 2001). PAT proteins are members of lipid droplet proteins family that regulates cellular lipid storage. It may play an important role in the rapid synthesis of lipid droplets, the stabilization of nascent lipid droplets, the regulation of lipid droplet maturation, and the intracellular transport of lipid droplets (Wolins et al., 2005). 4-coumarate: CoA ligase (4CL) regulates plant lignin metabolism and is involved in the synthesis of flavonoids and other secondary metabolites synthesis. Studies have shown that 4CL is important for cell wall formation, water transport, plant stress resistance, and disease resistance (Chen et al., 2019b; Geng et al., 2020; Xiao et al., 2021). There are also some missing annotated proteins in the interaction network map. They have obvious direct or indirect synergistic effects with SlPALs and SpenPALs proteins, but their functions remain unclear.




Figure 8 | SlPAL and SpenPAL family genes protein interactions (A): Solanum lycopersicum; (B): Solanum pennellii. Each node is a protein and the presence of each edge representing an interaction node indicates the number of interactions, i.e. the thickness of the edge indicates the value of the combined score, with red nodes representing PAL proteins, yellow nodes representing stress-related proteins, and blue nodes representing proteins lacking annotation.






3.10 Gene co-expression module construction

To identify genes associated with SlPAL expression patterns, we performed a weighted gene co-expression network analysis (WGCNA) using tomato resistance and fruit development-related RNA-seq sequencing data (PRJNA888477). A total of 18224 tomato genes with expression levels (FPKM) ≥10 in at least one sample were calculated for the construction of WGCNA (Figure 9). The results showed that there are two PAL genes present in separate co-expression modules, module A contains 21 co-expressed genes, of which Solyc01T002708.1 and Solyc11T000183.1 have mangiferin biosynthesis function, implying that PAL is involved in mangiferin synthesis together with these genes. Module B contains 32 co-expressed genes, of which Solyc06T000114.1 and Solyc09T002292.1 have successful functions in encoding enzymes and proteins, implying that PAL is involved in enzyme and protein synthesis together with these genes. The genes with the highest connectivity in the 2 modules were selected as the core genes and mapped separately for the interactions network. the functional annotation of the 53 core genes in the 2 key modules is shown in (Supplementary Table S2).




Figure 9 | SlPAL8 and SlPAL10 module key gene interaction network (A): SlPAL8; (B): SlPAL10. Genes with edge weights of >0.1 were visualized using Cytoscape, with each node representing a gene and connecting lines between genes indicating co-expression correlations. Co-lines between the SlPAL gene and other genes are indicated by red lines.






3.11 Expression of tomato PAL genes after root-knot nematode infection

To verify the potential role of SlPALs under root-knot nematode infection, their expression levels were analyzed by qRT-PCR (Figure 10). It could be found that after root-knot nematode infection, the expression of SlPAL5, SlPAL8, SlPAL11, and SlPAL12 genes were higher than the control, and the expression of SlPAL3, SlPAL4, and SlPAL6 genes were lower than the control.




Figure 10 | qRT-PCR analysis of SlPAL genes under root-knot nematode treatment CK: control group, naturally grown tomatoes without any treatment. Infected: tomatoes infected with root knot nematodes for 5 days. Data represent the means ± SD of four biological replicates, The asterisk represents a significant difference compared with the control based on Student’s t-test (*p < 0.05), ****: p-value<0.0001.







4 Discussion

Secondary metabolism is the result of long-term evolutionary adaptation of plants to the ecological environment, and it plays an important role in dealing with the relationship between plants and the ecological environment. It enables plants to better adapt to their environment during development and to change themselves to form their unique individual characteristics (Dangl and Jones, 2001). As a key secondary metabolic pathway, phenylpropane metabolism begins with phenylalanine and eventually leads to the production of secondary metabolites such as flavonoids, phenols and lignans (Wang et al., 2016; Zhan et al., 2022). PAL, as an enzyme in the first reaction step of phenylpropane metabolism, plays a key and has a major impact on the subsequent secondary metabolism (Wei et al., 2023). The number of PAL family members currently varies among plants, e.g., four PAL genes were identified in Arabidopsis, 13 in maize, nine in rice, and four in citrus. 14 and 11 were identified in cultivated tomato and S pennellii, respectively, in the present study, with numbers similar to those of the monocotyledonous plant maize. The number of SlPAL and SpenPAL genes far exceeded that of Arabidopsis, suggesting that tomato may have undergone genomic duplication events occurred during evolution (Wanner et al., 1995; Raes et al., 2003), and tandem and fragmental duplication can be seen to have occurred in cultivated tomato and S. pennellii based on chromosomal localization and intraspecific co-linearity (Figures 1, 7). Replication events are important in the expansion and evolution of gene families and include whole genome replication, small fragment replication, local tandem replication or a combination of these possibilities (Ober, 2005; Lei et al., 2012; Xue et al., 2012).

Physicochemically, both SlPALs and SpenPALs are basically acidic hydrophobic proteins, which are also similar to the reported PAL genes of other plants (Zhan et al., 2022; Wei et al., 2023). Most of the SpenPALs have around 700 amino acids, while the number of amino acids in SlPALs varies widely. According to previous reports, there is a clear separation between monocotyledonous and dicotyledonous PAL genes in the phylogenetic tree (Sun et al., 2016), and this distribution also appeared in this study, and their functional differentiation may have been formed before the differentiation of monocotyledonous and dicotyledonous plants. The functions of genes and their structures are inextricably linked, and most of the SlPAL and SpenPAL genes contain a highly conserved methylene imidazolinone (MIO) electrophilic motif, a characteristic sequence of the PAL gene family (Song and Wang, 2009; Chen, 2019).

CHS is associated with the synthesis of flavonoids and phenolics and is the first rate-limiting enzyme in the plant flavonoid synthesis pathway. CHS and F3H are important steps in flower color formation and both are closely related to anthocyanin synthesis and metabolism (Dong and Lin, 2021). In Arabidopsis, AtMYB75 leads to increased expression of related PAL genes, resulting in elevated anthocyanin content (Bhargava et al., 2010). AtPAL1 and AtPAL2 are highly expressed in roots and mature flowers, but hardly expressed in leaf tissue (Wanner et al., 1995; Raes et al., 2003), thus suggesting that PAL genes have an important role in the control of flower color. It is evident through protein interactions that PAL genes are indeed inextricably linked to the production of various secondary metabolites such as lignin and flavonoids. When plants are subjected to external biotic persecution, the process of phenylpropanoid synthesis is activated, resulting in a rapid increase in PAL enzyme activity, which improves plant tolerance to biotic stress by producing secondary metabolites such as lignin (Dixon and Paiva, 1995; Chezem et al., 2017; Zhou et al., 2018). 4CL regulates plant lignin metabolism, lignin enhances cell walls, enhances tissue lignification, and forms a mechanical barrier against invasion by pathogenic bacteria (Liu et al., 2018), and in rice, PAL1 affects resistance to rice blast fungus by altering lignin content (Solekha et al., 2020).

The ability of tomato to respond to stress directly affects its yield and quality, thus it is important to explore stress-responsive genes in wild sources. Previous studies have shown that PAL genes from different plants are widely involved in the regulation of various biotic stresses (Zhan et al., 2022; Wei et al., 2023). These studies have mainly focused on the relationship between the products of this metabolic pathway and plant root-knot nematode resistance. Phytochemicals have toxic and tropic effects on herbivorous root-knot nematode, and there is an indirect relationship between the production of these compounds and PAL content. Numerous experiments have demonstrated that the level of PAL activity is strongly related to plant root-knot nematode resistance and that feeding by herbivores can also induce high PAL activity (Gao, 2009). However, there are fewer reports on the direct involvement of PAL in root-knot nematode resistance in tomato. We treated tomatoes with root-knot nematodes, resulting in qRT-PCR analysis of the SlPAL genes family (Figure 10). The results showed that SlPAL5, SlPAL8, SlPAL11, and SlPAL12 genes responded positively to root-knot nematode infection and that the expression of SlPAL8 and SlPAL11 was approximately 18-fold higher than that of the control. Interestingly SlPAL3 and SlPAL4 underwent a significant negative regulation, probably because these two genes are not involved in the infection of root-knot nematodes. Our qRT-PCR results further conclude that the SlPAL partial gene family is positively regulated for root-knot nematode infection.




5 Conclusion

In this study, the composition of tomato PAL genes was identified at the genome-wide level by bioinformatics methods, and a total of 11 and 14 PAL genes were identified from S. pennellii and cultivated tomatoes and analyzed for their physicochemical properties, phylogenetic relationships, gene structure, covariance, promoter elements, and protein interactions. Expression analysis of tomato under root-knot nematode resistance treatment based on qRT-PCR assay revealed that SlPAL genes were significantly expressed in response to root-knot nematode treatment. Thus, it provides a theoretical basis for an in-depth study of tomato PAL family members under biotic stresses.
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Introduction

The fungal pathogen Fusarium verticillioides (Sacc.) Nirenberg (Fv) causes considerable agricultural and economic losses and is harmful to animal and human health. Fv can infect maize throughout its long agricultural cycle, and root infection drastically affects maize growth and yield.





Methods

The root cell wall is the first physical and defensive barrier against soilborne pathogens such as Fv. This study compares two contrasting genotypes of maize (Zea mays L.) roots that are resistant (RES) or susceptible (SUS) to Fv infection by using transcriptomics, fluorescence, scanning electron microscopy analyses, and ddPCR.





Results

Seeds were infected with a highly virulent local Fv isolate. Although Fv infected both the RES and SUS genotypes, infection occurred faster in SUS, notably showing a difference of three to four days. In addition, root infections in RES were less severe in comparison to SUS infections. Comparative transcriptomics (rate +Fv/control) were performed seven days after inoculation (DAI). The analysis of differentially expressed genes (DEGs) in each rate revealed 733 and 559 unique transcripts that were significantly (P ≤0.05) up and downregulated in RES (+Fv/C) and SUS (+Fv/C), respectively. KEGG pathway enrichment analysis identified coumarin and furanocoumarin biosynthesis, phenylpropanoid biosynthesis, and plant-pathogen interaction pathways as being highly enriched with specific genes involved in cell wall modifications in the RES genotype, whereas the SUS genotype mainly displayed a repressed plant–pathogen interaction pathway and did not show any enriched cell wall genes. In particular, cell wall-related gene expression showed a higher level in RES than in SUS under Fv infection. Analysis of DEG abundance made it possible to identify transcripts involved in response to abiotic and biotic stresses, biosynthetic and catabolic processes, pectin biosynthesis, phenylpropanoid metabolism, and cell wall biosynthesis and organization. Root histological analysis in RES showed an increase in lignified cells in the sclerenchymatous hypodermis zone during Fv infection.





Discussion

These differences in the cell wall and lignification could be related to an enhanced degradation of the root hairs and the epidermis cell wall in SUS, as was visualized by SEM. These findings reveal that components of the root cell wall are important against Fv infection and possibly other soilborne phytopathogens.





Keywords: transcriptomic, fusariosis, histology, SEM, lignin, ddPCR




1 Introduction

Fusarium rots in maize (Zea mays L.) are caused by several Fusarium species (Leyva-Madrigal et al., 2015; Okello et al., 2019). These serious fungal diseases decrease maize production worldwide by affecting yield, plant growth, and/or seed quality mainly through the production of fumonisin or deoxynivalenol mycotoxins (Lizárraga-Sánchez et al., 2015; Hao et al., 2022). F. graminearum Schwabe and F. verticillioides (Sacc.) Nirenberg were the most predominant species reported in agriculture fields in Germany and New Zealand (Hussein et al., 2003; Görtz et al., 2008). Fv has also been detected in Brazil (de Sousa et al., 2022), China (Qiu et al., 2015), France (Atanasova-Penichon et al., 2014), and Mexico (Leyva-Madrigal et al., 2015). Mexico has high maize yield losses from Fusarium rot (González Huerta et al., 2007; Briones-Reyes et al., 2015; Lizárraga-Sánchez et al., 2015). For example, in Sinaloa State; the main maize producer reported a harvest of 5.5 million tons collected in the 2021 agricultural cycle (SIAP, 2021). These maize fields can exhibit Fusarium infection levels of up to 84% (Apodaca-Sánchez and Quintero-Benítez, 2008; García Pérez et al., 2012), with some maize fields reporting losses of 100% (personal communication from local farmers). In addition to these losses, the mycotoxins produced by Fv on maize grains are potentially harmful to human and animal health when consumed (Ross et al., 1990; Riley et al., 2006; Riley et al., 2015; Schrenk et al., 2022).

One current strategy to prevent the incidence of fungi is the application of chemical fungicides (Bashir et al., 2018). However, this practice can also be harmful to the environment and public health (Dangond Araujo and Guerrero Dallos, 2006). The breeding of maize-resistant genotypes is therefore an ideal and environmentally safe solution to address this problem. However, conventional breeding for disease resistance based on phenotypic characterization requires observing symptoms and screening large numbers of plants, making this approach expensive, time-consuming, and susceptible to misinterpretation (Haile et al., 2020). Massive sequencing technologies (“omics”) can provide tools to make this process more efficient, through marker-assisted selection (Haile et al., 2020; Wang et al., 2020) or the characterization and cloning of resistance genes (Steuernagel et al., 2016; Arora et al., 2019; Kim et al., 2021). In addition, omics strategies could help to understand plant biological processes such as growth, development, and abiotic and biotic stress resistance (Agrawal et al., 2015). As a first step, relevant gene expression can be selected from a comparative transcriptomics analysis between contrasting phenotypes, such as resistance (RES) vs. susceptible (SUS) maize phenotypes to pathogen infection. Indeed, the maize response to several pathogens, such as F. graminearum, Cercospora zeae-maydis, and F. virguliforme has already been studied using transcriptomics analysis (Liu et al., 2016; Yu et al., 2018; Baetsen-Young et al., 2020). These studies show that these pathogens trigger common defense mechanisms in resistant lines, including the silencing of auxins, salicylic acid accumulation, activation of reactive oxygen species pathways, and the expression of transcriptional factors such as PR-genes and R-genes, which are involved in the plant–pathogen interaction. Genes implicated in cell wall reinforcement and the modification of silk and kernels have also been reported (Kebede et al., 2018; Zhou et al., 2020). Recently, Wang et al. (2022) analyzed the fungal pathogenic response to maize-susceptible B73 and reported the importance of diterpenoids, phenylpropanoid, and lignin (cell wall) pathways during disease resistance in ear rot. Specifically, Fv can cause rot throughout the life cycle of maize, from seed to post-germination to the reproductive stage, in ears and kernel tissue (Wu et al., 2011; Roman et al., 2020). In the case of root rot, Fv colonizes the roots via injuries or wounds generated by the emergence of lateral roots or root growth (Wu et al., 2011). This fact is important since this phytopathogen is ubiquitous in the soil (Wu et al., 2011). Moreover, the root cell wall acts as the first barrier against infection before the fungus spreads to other plant tissues. This current study examines the transcriptomic response of two contrasting maize phenotypes (pathogen resistant, or RES, and pathogen susceptible, or SUS) to root Fv infection. The aim of this was thus to determine if the cell walls in the maize inbred lines have any role in Fv infection.




2 Materials and methods



2.1 Biological material

The inbred maize lines SUS (IL09) and RES (IL02) were used, whose contrasting responses to Fv root rot were previously evaluated (Román, 2017; Roman et al., 2020). The highly virulent Fv strain DA42 was previously characterized by Leyva-Madrigal et al. (2015) and was used to conduct the infection experiments.




2.2 Seedling root rot

Previously described protocols were used for seedling preparation (Warham et al., 1996; Román, 2017; Roman et al., 2020). Briefly, the seeds were superficially disinfected by sonication (2.8 L Ultrasonic Bath, Fisher Scientific) in sterile distilled water with Tween 20 (five drops of Tween 20/100 ml of distilled water) for 5 min. Subsequently, the seeds were immersed in 1.5% (V/V) sodium hypochlorite at 52°C for 20 min in a thermobath (FE-377, Felisa) and rinsed three times in sterile distilled water under sterile conditions in a biological safety cabinet (Herasafe KS, Thermo Scientific). The fungus was cultured in Spezieller Nährstoffarmer agar medium (SNA) (Leslie and Summerell, 2007) with 1 cm2 filter paper at 25 ± 2°C for 14 days. Conidia were harvested by adding 5 ml of sterile saline solution (0.8% NaCl) to the culture medium with gentle shaking. The conidia working aqueous solution was prepared at a final concentration of 1 × 106 conidia/ml by quantification in a Neubauer chamber (cat. No. 3110, Hausser Scientific, USA) using a light microscope (B-383-M11, Optika, Italy). Disinfected seeds were immersed for 5 min in the conidia work solution, whereas control seeds were immersed in sterile water. Subsequently, 10 seeds were distributed, each 2 cm thick, on sterile Kraft paper (40 cm length × 20 cm width), moistened with sterile water, rolled up, and placed in plastic bags. The seeds germinated in a 16:8 h light:dark photoperiod for seven to 10 days at 25°C. The humidity of the rolls was maintained by irrigating them with 15 ml of water every 24 h. Visual records and photographs were taken every day with a stereo microscope (model M205FA, Leica, Germany).




2.3 From RNA extraction to in silico analysis

Root RNA was extracted at seven days old after seed germination for both RES (uninfected and infected) and SUS (uninfected and infected) genotypes. Total RNA extraction was performed using the RNeasy® Plant Mini Kit (Qiagen, Cat. No. 74904), according to the manufacturer. For library preparation and sequencing, 500 ng of RNA were used as input material for each RNA sample preparation. Twelve libraries (three independent biological replicates) per analyzed condition (uninfected and infected plants) from the SUS and RES genotypes were generated. The TruSeq RNA Sample Preparation Kit (Illumina, Cat. N°RS-122-2002) was used following the manufacturer’s recommendations, and index codes were utilized to identify each sample independently. The libraries were sequenced on the NextSeq 500 platform (Illumina) using the 2 × 150 bp paired-end sequencing protocol in the facilities of LANGEBIO (langebio.cinvestav.mx). The bioinformatic analysis was conducted on the OOREAM server of IPN, CIIDIR Sinaloa. The quality of reads was examined with FastQC v0.11.7 (www.bioinformatics.babraham.ac.uk/projects/fastqc/) before and after the trimming process. Raw reads were filtered with Trimmomatic 0.36 (Bolger et al., 2014) to eliminate adapters, low-quality reads (Q <20), and short reads (<50 bp). Trimmed reads were pseudo-aligned with Kallisto v0.46.2 (Bray et al., 2016) to the reference transcriptome of Z. mays cv. B73 v5 (www.maizegdb.org). The transcript abundance files were imported into R v4.2.2 with the package tximport v1.26.1, and then differential expression analysis was conducted with the package DESeq2 v1.38.3 (Love et al., 2014). Differentially expressed genes (DEGs) were defined as those genes with an adjusted P-value <0.05 and a log2 fold change ±1. DEGs were subjected to KEGG (Kyoto Encyclopedia of Genes and Genomes) and GO (Gene Ontology) enrichment analyses with the packages clusterProfiler v4.6.2 (Wu et al., 2021) and REVIGO (Supek et al., 2011), respectively.




2.4 Microscopy analyses

Primary root tissue close to the seed (the first 0.5 cm) was harvested for light microscopy and scanning electron microscopy (SEM) studies. For light microscopy, tissues were fixed in 96% ethyl alcohol and stored at 4° C. Tissues were then placed in a histocassette and gradually dehydrated in ethyl alcohol. Subsequently, they were placed in a 1:1 solution of ethyl alcohol and 100% xylol (Spintissue Processor STP120 and Histo Star Embedding Centre, Thermo Scientific). The dehydrated samples were embedded in Histoplast (cat. no. 22900700, Fisherbrand), and 5 μm-thick cross-sections were cut with a microtome (Microm HM 340E, Thermo Scientific) and incubated in a drying oven (DX402, Yamato) at 60° C for 30 min, then placed in xylene for 2 min to remove paraffin. Tissue samples were then rehydrated in 1× PBS and visualized for endogenous fluorescence by epifluorescence microscopy (DIM6000, Leica, Germany). For SEM, the samples were treated as previously described by Olivares-Garcia et al. (2020).




2.5 Cell wall gene expression

RNA was extracted from RES (C and +Fv) and SUS (C and +Fv). Each sample was integrated with the root tissue from 20 plants, and the tissue was macerated in liquid nitrogen. Total RNA isolation was performed using TRIzol™ (15596018, Ambion, CA) according to the manufacturer’s specifications. The cDNA was synthesized using 1,000 ng of RNA treated previously with DNAse (AM2222, Invitrogen) using the Super Script™ IV First Strand Synthesis System kit (18091050, Invitrogen) according to the manufacturer’s protocol. A ddPCR (droplet digital PCR) was performed according to the manufacturer’s instructions; briefly, the Supermix for EvaGreen Qx200TM was used, and the reaction was carried out in a final volume of 20 µl with final concentrations of 1× Qx200, 100 nM for each primer, and 50 ng of cDNA. The drops were generated in droplet generator equipment, and these were recovered and transferred to a 96-well ddPCR plate (BIO-RAD, USA). The PCR protocol consisted of one cycle of enzyme activation at 95°C for 5 min; 40 cycles of denaturation at 95°C for 30 s; alignment and extension at 60°C for 1 min with an increase of 2°C every second; and one signal stabilization cycle consisting of 4°C for 5 min and then 90°C for 5 min. And in the end, a storage temperature of 4°C. The reaction was carried out in a T100™ thermal cycler (BIO-RAD, USA). At the end of the protocol, the drops were read on the QX200™ Droplet Reader (BIO-RAD, USA). Three technical replicas for each independent biological replicate were used for the quantification assay. The result was reported in copies per µl (copies/µl), and the statistical analysis and the graphics were performed by OriginPro 8.5 software (developed by OriginLab Corporation, Northampton, USA), using the statistical Tukey test with a significance of 0.05. Primers were designed for peroxidases (XM_020546021, Fw-CCGAGGACATCATCAAGCAA and Rv-GAGTTGATGAGGATGGAGCC), cellulose synthases (XM_035960774.1, Fw-CGCTGGATTTGACGACGA and Rev-AGGAACACCACCATACTCCA), and expansin (EU960208.1, Fw-TTTTCTCCTCCCCATCCAGT and Rev-CTTCACGGAGGCACTTAACA) involved in cell wall. The design was carried out using the Primer3plus software with parameters suggested for the dd PCR.




2.6 Statistical analyses

Raw data from the microscopy studies were analyzed to determine if they differed from a normal distribution (Shapiro–Wilk test). Variables that conformed to parametric assumptions were analyzed using one-way analysis of variance (ANOVA) and Duncan’s means test (α <0.01); those that did not were analyzed using the non-parametric Kruskal–Wallis test and Dunn’s pairwise comparison test. The experiment was repeated three times independently, with three replicates (n = 15) for microscopy analyses. All statistical analyses were conducted in R v4.2.2. Origin v8.5.1 and CorelDraw v20.0.0.633 were used to generate graphs and figures, respectively.





3 Results



3.1 RES and SUS genotypes display macroscopic differential responses to Fv infection

An infection time course was performed to investigate the Fv infection (+Fv) process in RES and SUS genotypes and to determine the optimal day to visualize sample root tissue for transcriptomics analysis (Figure 1). The color of the pericarp turned purple in the infected seeds of RES and SUS, and the Fv mycelium was visualized by stereomicroscopy three days after seed inoculation (DAI). However, the mycelium was visible until four DAI (Figure 1A, arrowheads). Mycelium abundance was more evident in SUS than in RES, and the pericarp displayed necrotic spots only in SUS (Figure 1A, circle). At four to five DAI, small necrotic spots were visible on SUS seed roots, and seed rot commenced, whereas necrotic spots were observed on RES between six and seven DAI. Necrotic spots on secondary roots began at five DAI in SUS. In contrast, RES only showed a color change up to eight DAI in the same tissue. SUS seed rot began at five or six DAI, becoming evident at eight DAI (Figure 1B). Interestingly, seed rot in RES was observed at 12 DAI (data not shown), demonstrating that seven DAI is the most suitable time for the analyses.




Figure 1 | Time-course observations reveal that Fusarium verticillioides infection spreads faster in SUS than RES. (A) Resistant (RES) inbred lines and susceptible (SUS) inbred lines that were either uninfected (C) or infected with F. verticillioides (+Fv) were observed over 10 days. Seeds were infected with an F. verticillioides conidia concentration of 1 × 10−6 conidia/ml and recorded daily. The arrowheads indicate the onset of F. verticillioides mycelia growth, whereas the circles represent the start of necrotic spots. (B) Schematic representation of changes in seeds and roots of RES and SUS genotypes. The red arrow indicates the sample time used for subsequent studies.






3.2 Differential expression analysis from RES (+Fv/C) and SUS (+Fv/C) genotypes

Gene expression during Fv root infection in RES and SUS genotypes was analyzed by RNA-Seq. Since Fv induces necrosis in infected tissues, seven DAI were selected for RNA isolation from root tissue to preserve the highest possible RNA integrity and quality. Only samples with RNA integrity numbers between 7.9 and 9.9 were considered for library construction and sequencing. Three biological replicates for each condition were obtained, but one atypical replicate per condition was removed according to principal component analysis (Supplementary Figure S1A). On average, 83.2 and 76.2 million trimmed reads per library were kept for RES (C and +FV) and SUS (C and +FV) genotypes, respectively (Supplementary Table S1). The differential expression analysis in response to +Fv infection (Supplementary Tables S2, S3 for RES and SUS, respectively) showed 798 and 624 DEGs for RES and SUS genotypes, respectively. From those, 733 and 559 DEGs were exclusive for RES and SUS, respectively, and only 65 DEGs were common in both genotypes. In RES, 294 DEGs (40%) were upregulated and 439 DEGs (60%) were downregulated. While in SUS, 258 DEG (46%) were upregulated and 301 DEGs (54%) were downregulated (Supplementary Figure S2). The expression profiles of DEGs for RES and SUS genotypes were visualized in heatmaps (Supplementary Figures S1B, C), showing similar profiles between the two replicates of each condition.




3.3 KEGG and GO terms analysis

To identify pathways involved in Fusarium infection, we performed a KEGG enrichment analysis. At a p-value threshold of ≤0.05, several pathways were highlighted in the two comparisons (Figure 2 and Table 1). In general, RES genotype showed metabolic pathway enrichment to produce specific metabolites, i.e., coumarin and furanocoumarin, phenylpropanoids, and transcripts related to plant-pathogen interactions (GeneRatio = 1). In contrast, only SUS showed positive enrichment for transcripts involved in membrane rearrangements (endocytosis), and a negative enrichment for pathways involved in photosystems and the plant–pathogen interaction pathway, among others (GeneRatio >0.8). Specific transcripts involved in the KEGG analysis (Supplementary Table S4) indicate that several transcripts are related to cell wall proteins (pectinesterase, phenylalanine ammonia-lyase, beta-amylase, and peroxidase). In addition, the RES genotype exhibits enrichment in the phenylpropanoid biosynthesis pathway, which contains transcripts related to cell wall biogenesis.




Figure 2 | KEGG pathway enrichment analysis of unigenes shows activation in RES and suppression in SUS at seven DAI. KEGG enrichment pathways of the DEGs were exclusively detected in (A) RES (+Fv/C) and (B) SUS (+Fv/C). Significantly enriched pathways with a corrected p-value (q value) <0.05 are shown. The number indicates the size of the dot, describing the number of unigenes enriched in the pathway. The color bar represents the RF value and indicates the significance of the enrichment.




Table 1 | Uniprot ID identified in the KEGG enrichment analysis (p-value <0.5).



A more detailed analysis of the DEG was conducted to identify the GO terms in abundance (Figures 3A, B). This analysis made it possible to identify clustered transcripts related to proteins in the same pathways, which were also previously detected in KEGG enrichment analysis. In general, GO term abundance analysis revealed transcripts related to secondary metabolism, phenylpropanoids, lignin, cell wall processes, plant–pathogen interactions, and hormone signal transduction in maize RES and SUS genotypes. Interestingly, some cell wall transcripts related to cell wall organization biogenesis, cell wall organization, cell wall biogenesis, pectin biosynthesis, and cellulose biosynthesis were also detected. Attention was therefore focused on transcripts related to the cell wall that were identified in the transcriptomes of both maize genotypes.




Figure 3 | DEG GO enrichment and cell wall-related protein analysis. Scatterplot showing the enrichment of biological processes in abundance for (A) RES (+Fv/C) and (B) SUS (+Fv/C) in the transcriptome using REVIGO. The circle size is proportional to the GO DEG abundance. Cell wall proteins were obtained from DEG identification in RES (C) and SUS (D). The blue and yellow bars represent up and down log2 fold changes in gene expression.






3.4 Cell wall-related transcripts analysis

Twenty-one transcript IDs in the RES genotype and eleven transcript IDs in the SUS genotype were identified as cell wall-related transcripts (Figures 3C, D). Some of these transcripts were also identified in the previous KEGG enrichment analysis, specifically peroxidase (A0A1D6K433), UDP-glycosyltransferase (A0A1D6HWI3), beta-amylase (B6SYP0), and pectinesterases (A0A3L6FHM0 and B8A2X5). The RES genotype shows a higher number of expressed cell wall-related transcripts as compared to the SUS genotype. RES genotype also has a high percentage (47%) of cell wall transcripts that are highly expressed in relation to the control condition, whereas SUS genotype shows a high percentage (64%) of downregulated cell wall-related transcripts relative to the control condition (Figures 3C, D). DEG transcripts putatively related to lignin metabolism, including peroxidases and laccases, were upregulated (1.7 to 7.2 log2 fold change) in RES genotype, whereas the phenylalanine ammonia-lyase transcript was surprisingly downregulated (−23.1 log2 fold change) in the SUS genotype. Interestingly, another cell wall remodeling enzyme, beta-amylase, was upregulated (9.9 log2 fold change) in the RES genotype, whereas it was downregulated (−10.5 log2 fold change) in the SUS genotype. In addition, pectinesterases were strongly downregulated (−23.8 Log2 FC) in the SUS genotype. Finally, beta-amylase and several pectinesterases were strongly reduced in the SUS genotype, suggesting cell wall disorganization in this genotype, whereas the RES genotype displayed more transcriptional activity than the SUS genotype among genes related to cell wall dynamics.




3.5 The cell wall of maize roots is stronger in the RES genotype than in the SUS genotype

To examine the potential role of the cell wall in maize roots during Fv infection, histological sections were made from the first 5 mm of the primary root at the pedicel zone and visualized by endogenous fluorescence (Figure 4). The spatial distribution of fluorescence was slightly higher in the SUS genotype than in the RES genotype (Figure 4B). However, the RES genotype fluorescence was increased in the first cellular layers of the epidermis–hypodermis zone during Fv infection (Figure 4A, arrowheads). In contrast, the SUS genotype presented a more homogenous fluorescence along with more fragile cellular tissues during histological manipulation (Figure 4A, asterisks), which could compromise the epidermis–hypodermis integrity during Fv attack. The average endogenous fluorescence decreased in both RES and SUS genotype tissues during Fv infection in comparison to the control, although no statistical differences were observed. The SUS genotype displayed a higher fluorescence in both control and infected samples than the RES genotype (Figure 4B). To study the first cellular layer (epidermis), which is the first site to be targeted by Fv attacks, the primary roots of uninfected and infected tissues were observed by SEM (Figure 5). In the uninfected conditions, RES root hairs were turgid and there was a homogenous distribution of epidermis cells, whereas the root hairs in SUS were not turgid, and SEM of SUS epidermis cells revealed small holes between cell–cell junctions, probably due to an abnormal distribution in the cells (Figure 5, arrowheads). In infected roots, SUS root hairs and the epidermis cell wall were degraded by Fv infection, whereas in RES, the Fv mycelium could be visualized between the root hairs (Figure 5, arrows), and cells were slightly turgid but not collapsed. Taken together, these results suggest that the cell walls of the first cellular layers in maize roots play an important role during Fv infection. Lignin content and confocal microscopy analysis (manuscript in preparation) have revealed a spatial distribution of lignin (stained with basic fuchsin) similar to that observed by endogenous fluorescence, which was correlated with the increased signal in sclerenchyma cells (hypodermis). These findings suggest that the cell wall of the first cell layers at the epidermis–hypodermis zone may have an active role against Fv infection due to the strengthening of the cell wall by lignification.




Figure 4 | Endogenous fluorescence emission is increased in sclerenchymal cells of the hypodermis zone in RES roots infected with Fusarium verticillioides. (A) Cross-sections of RES roots and SUS roots that were either uninfected (control) or infected (+Fv) by Fusarium verticillioides were excited by a UV–visible lamp and recorded in the green emission range. (B) The measurement of endogenous fluorescence emission cross-sections is represented as the total pixel number along the y-axis.






Figure 5 | The susceptibility of SUS is related to cell wall weakness. Scanning electron microscopy of the primary root close to the pedicel of RES and SUS that was either uninfected (control) or infected (+Fv) by Fusarium verticillioides.






3.6 The resistance of the root cell wall is correlated with higher gene expression levels of cell wall-related genes in RES than SUS

The gene expression levels of the three-cell wall-related genes evaluated were higher in RES than in SUS during Fv infection (Figure 6). In the control, Prx gene expression was higher in SUS than RES; however, the expression has increased in RES, contrary to SUS, where its expression was downregulated in roots infected by Fv. For Cesa, in both RES and SUS genotypes, expression was closed, whereas Cesa expression was stimulated by Fv infection; suppressively, SUS root cells did not change their expression levels. This same behavior in gene expression was observed when expansin expression was evaluated. These observations suggest that the root cell wall in RES has a better dynamic to protect against Fv infection.




Figure 6 | Cell wall-related gene expression was more upregulated in RES than SUS during Fv infection. (A) Peroxidase, (B) Cellulose synthase, and (C) Expansin gene expression was quantified in RES and SUS roots uninfected (control) and infected (+Fv) at 7 days after Fusarium verticillioides seed inoculation by droplet digital PCR (ddPCR).







4 Discussion

To ensure food security, breeders must focus on making crop plants more resilient to abiotic and biotic stresses as well as diseases. Fv is a phytopathogen that decreases maize production by affecting plant growth and grain quality (Lizárraga-Sánchez et al., 2015). Fv secretes mycotoxins that cause neural tube defects, cancer, craniofacial anomalies, and other birth defects in humans and animals (Marasas et al., 2004; Riley et al., 2006; Riley et al., 2015). One strategy to bring down this pathogen and its harmful effects from the food chain is to develop maize hybrids that are resistant to Fv rots (Roman et al., 2020); studies of contrasting phenotypes in maize could also help to understand plant mechanisms used for defense or resistance against the Fusarium infection process.

Here, we conducted a comparative root study involving transcriptomics, cellular analyses, and ddPCR in RES and SUS maize genotypes infected with Fv. In general, there are important differences in Fv infection between RES and SUS genotypes (Figure 1), especially at the beginning. Fv colonization and necrosis spread faster in SUS than in RES, notably with a difference of 3–4 days. Necrosis symptoms in the SUS genotype appeared at five DAI. Similarly, the study of Fv infection via GFP expression in susceptible maize revealed discolored seedlings and infected radicle symptoms 24 h after inoculation and visible seed rot symptoms (purple color in roots) at five DAI (Gai et al., 2018). These differences could be due to differences in inoculation methods, maize genotype, and/or Fv strain.

Our results indicate that the RES genotype increased the number of cellular layers or cell wall thickness in the hypodermis zone during Fv infection (Figure 4). Brown spots were observed on the root epidermis but not in vascular tissues, although the endogenous fluorescence was slightly higher in the SUS genotype with a wider distribution. Similar results were observed in contrasting cotton cultivars, where the Fusarium infection caused vascular browning in susceptible cultivars but not in resistant cultivars. When these tissues were observed by endogenous fluorescence emission, a more intense fluorescence was seen in the vascular tissue of susceptible cultivars (Zhu et al., 2022). Root hypodermis cells are formed from sclerenchymal cells, which have thick-walled, frequently lignified cell walls (Esau, 1965). Therefore, differences in Fv infection in these genotypes could be related to cell wall modifications as well as gene expression.

Regarding expression analysis, the libraries obtained 733 and 559 unique DEGs for RES (rate C/+Fv) and SUS (rate C/+Fv), respectively (Supplementary Figure S2). These numbers are quite low in comparison to other studies of contrasting maize genotypes. For example, 2,250 and 2,442 DEGs were previously obtained for resistance and susceptibility to Fv ear rot, respectively (Lanubile et al., 2014). These differences in transcriptomic number could be due to the studied tissues and/or genotypes. In the current study, DEG analysis revealed that the RES genotype has 1.3-fold more DEGs than the SUS genotype, although a similar number of DEGs were up and downregulated in both genotypes. Similar results were obtained by Lanubile et al. (2014), with 73% and 82% of upregulated genes in Fv resistance and susceptibility to ear rot, respectively. KEGG analysis (Figure 2) shows that plant–pathogen interactions, phenylpropanoids, and secondary metabolism pathways are enriched in the RES genotype, whereas the SUS genotype shows negative enrichment for these pathways. Specific genes involved in the KEGG analysis show highly regulated proteins involved in cell wall modification. Resistance mechanisms, secondary metabolism, and phenylpropanoid metabolism were also represented in the DEG analysis conducted on contrasting maize genotypes during ear rot (Lanubile et al., 2014). In sugarcane, phenylpropanoid metabolism was enriched during Fv infection in the resistant variety (Wang et al., 2019). Phenylpropanoids are a large class of secondary metabolites that are implicated in physiological processes, including cell wall fortification by lignin during plant pathogen attack (Santiago et al., 2013; Yadav et al., 2020; Bauters et al., 2021). The GO terms abundance analysis (Figure 3) shows similar results to those obtained in the KEGG enrichment analysis, detailing several specific cell wall-related transcripts. These transcripts are related to cell wall organization biogenesis, pectin biosynthesis, and cellulose biosynthesis. Other authors have also reported the abundance of GO terms enriched in the response to stimuli and carbohydrate metabolic processes (Lambarey et al., 2020). The abundance of GO terms involved in cell wall modification has also been documented in contrasting sugarcane cultivars (Wang et al., 2019). Specifically, the current study showed that the more regulated cell wall transcripts (up and down) included beta-amylase, glucuronoxylan methyltransferase, peroxidases, laccase, phenylalanine ammonia lyase, and pectinesterases. Similarly, lignin, cellulose, callose, and pectin genes are differentially regulated in contrasting cultivars during the infection process (Wang et al., 2019). Gene quantification of cell wall-related genes showed higher expression in RES than SUS during Fv infection (Figure 6). This data supports the involvement of the cell wall as a physical barrier against Fv infection. The presence of lignin and other cell wall components can also help reduce the spread of fungal infections (Miedes et al., 2014). Lignin is a complex molecule that plays an important role in resisting fungal infection by mechanical and hydration resistance, in addition to producing antifungal molecules by lignin-derived phenolic compounds (Santiago et al., 2013; Yadav and Chattopadhyay, 2023). Another highly downregulated transcript encodes phenylalanine ammonia lyase (PAL). This key enzyme is at the beginning of the phenylpropanoid pathway and is therefore involved in the biosynthesis of phenol molecules such as lignin (Vanholme et al., 2019). In addition, PAL silencing increased the penetration of the fungus Blumeria graminis f. sp. tritici in wheat (Bhuiyan et al., 2009). Pectin is an important component of plant cell walls involved in cell-cell adhesion and cell wall porosity, as its alteration/modification affects the plant disease response, and pectinesterase activity helps to loosen and increase cell wall extensibility (Shin et al., 2021; Wan et al., 2021).

SEM analysis (Figure 5) revealed small holes between cell–cell junctions in the SUS epidermis cells and the degradation of root hairs under Fv infection. In contrast, RES root hairs became slightly turgid but did not degrade under Fv infection. Lignin content is higher (data not shown) in RES than in SUS, and lignin distribution between the first cell layers might be involved in strengthening the cell wall in the RES genotype. Fungi, including Fv, are more likely to infect and colonize roots with weak cell walls than roots with a high amount of lignin accumulation possible by cross-linking among arabinoxylans and phenols (Santiago et al., 2013; Lee et al., 2019). Gene expression supports our observations of the cell wall by SEM, in which the RES genotype exhibits stronger cell walls than the SUS genotype. This deterioration in the cell wall of the epidermis and degradation of root hairs could facilitate the entry of Fv and other pathogens. In addition, plant growth is also affected since the plant cannot take up (disrupt) water and soil nutrients, and sap flux is interrupted. Taken together, these results suggest that the root cell wall is the first target during Fv attack, and it could have a more relevant role in the RES genotype than in the SUS genotype. To our knowledge, this is the first report to use comparative transcriptomics and microscopy to study root RES vs. root SUS infected with Fv in maize genotypes.




5 Conclusion

We applied comparative RNA-Seq analysis and cellular biology studies to examine how contrasting maize ILs respond to Fv infection, providing the first evidence of a maize root mechanism involved in pathogen infection. Our results demonstrate that the RES genotype is resistant to Fv due to the increased lignin content in the first cellular layers and that this epidermis–hypodermis zone is not easily degraded, as it is in the SUS genotype. To our knowledge, this is the first evidence of any root lignin mechanisms involved in the soilborne Fv pathogen infection process, and it is possible that other soilborne pathogens use similar mechanisms of infection.
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As the primary energy source for a plant host and microbe to sustain life, sugar is generally exported by Sugars Will Eventually be Exported Transporters (SWEETs) to the host extracellular spaces or the apoplast. There, the host and microbes compete for hexose, sucrose, and other important nutrients. The host and microbial monosaccharide transporters (MSTs) and sucrose transporters (SUTs) play a key role in the “evolutionary arms race”. The result of this competition hinges on the proportion of sugar distribution between the host and microbes. In some plants (such as Arabidopsis, corn, and rice) and their interacting pathogens, the key transporters responsible for sugar competition have been identified. However, the regulatory mechanisms of sugar transporters, especially in the microbes require further investigation. Here, the key transporters that are responsible for the sugar competition in the host and pathogen have been identified and the regulatory mechanisms of the sugar transport have been briefly analyzed. These data are of great significance to the increase of the sugar distribution in plants for improvement in the yield.
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Introduction

The contradiction between the growing population’s demand for food and the safety of food production is becoming increasingly severe. Furthermore, plant diseases continue to seriously threaten the safety of food production worldwide (Strange and Scott, 2009). The global yield loss due to plant diseases and insect pests in different crops including potato, soybean, wheat, maize, and rice can reach 17.2%-30.3% annually (Ristaino et al., 2021). To facilitate the reduction of food loss caused by plant diseases and maintain food security, future studies should focus on identifying the QTLs of partial and persistent resistance of plants and the relatively conservative pathogenic factors, including pathogen-associated molecular patterns (PAMPs) and effectors, in the pathogenic bacteria from the level of host-pathogen interaction, the disease-resistant gene as one of the effective tools of disease management will be exchanged and managed in a wide range (Boyd et al., 2013; Garrett et al., 2017). Therefore, to identify effective and stable resistance genes, the key factors involved in the competition between pathogens and hosts are of significant interest.





Photosynthetic sugar is the key nutrient for plants and microbes

The primary competitive nutrients between plants and pathogens, such as sugars, may become significant factors in disease control. Sugar, as the main source of energy, is vital for plants and pathogens and involved in regulating different physiological functions and metabolic pathways, including growth regulation, signal transduction, structural component synthesis (i.e., carbon skeleton), and osmotic pressure (Rolland et al., 2006; Saddhe et al., 2021). Although fatty acids, as organic carbon sources for fungi, play a significant role in fungal symbiosis, sugars also function as precursors or nutrients in both plants and pathogens(Luginbuehl et al., 2017; Bouwmeester, 2021). As a producer, plants synthesize carbohydrates that are transported from ‘source’ to ‘sink’ by sugar transporters in the form of sucrose via photosynthesis and assimilated in the mesophyll (Julius et al., 2017). During the invasion process, pathogenic bacteria must secure sugar from the plant host to supply their own growth. To capture more sugar, the pathogen must force the host plant to transport the sugar (e.g., glucose, fructose, or sucrose) from within the cell to the apoplast, a frontline where the host and the pathogen can interact with each other. This process requires the participation of the plasma membrane-localized sugar transporters (Julius et al., 2017) (Naseem et al., 2017).





The host sugar transporter is hijacked by the microbes to export sugar from the cell

Sugars Will Eventually be Exported Transporters (SWEETs) are one of the three known sugar transporter families, including monosaccharide transporters (MSTs) and sucrose transporters (SUTs)(Misra et al., 2019). They are involved in the intracellular and extracellular transport of sugar by pH-independent uniporters and undertake the central role in phloem loading, nectar secretion, seed filling, pollen nutrition, and plant senescence (Chen et al., 2012; Eom et al., 2015). The SWEET protein is composed of α-helix transmembrane domains (TMs) and functions as a sugar efflux carrier by forming oligomers (Xuan et al., 2013). In addition, the SWEET proteins play an important regulatory role in the plant-pathogen interaction (Breia et al., 2021). Within the pathosystem, SWEETs function as susceptible (S) genes and are induced during pathogen infection, resulting in increased pathogen virulence (Gupta, 2020; Mondal et al., 2021). The transcriptome data of different rice lines (resistant Teqing (T) and susceptible Lemont (L) were analyzed. The results demonstrated that eight SWEET genes (OsSWEET2a, 6b, 7d, 11, 13, 14, 15, and 16) were up-regulated following Rhizoctonia solani AG1-IA strain inoculation (Wang et al., 2021) (Figure 1); two SWEETs (OsSWEET11 and 14), of the susceptible Pujiang6 rice line were up-regulated (3.4 and 5.8-fold, respectively) after nine days following the inoculation with Ustilaginoidea virens P4 strain (Fan et al., 2020) (Figure 1A). Ten SWEET genes (OsSWEET2a, 2b, 3a, 3b, 6a, 6b, 7d, 11, 14, and 16) of the resistant Hui1586 and susceptible Nipponbare (NIP) lines responded to Magnaporthe oryzae Guy11 strain induction (Yang et al., 2021) (Figure 1B). In the susceptible CT 9737-6-1-3P-M rice line, six SWEET genes (OsSWEET1b, 2a, 2b, 11, 13, and 16) were up-regulated by Xanthomonas oryzae pv. oryzae P3 and P6 strains following inoculation. However, in the resistant NSIC RC154 line, seven SWEET genes (OsSWEET1b, 2a, 2b, 3b, 13, 14, and 16) were up-regulated following inoculation while two were not (OsSWEET4 and 7d) (Shu et al., 2021)(Figure 1C). Transcriptomic analysis, as well as the analysis of gene expression and sugar contents, of the inoculated samples has shown that SWEETs are up-regulated in response to competition with invading pathogens for sugar. Twenty-one SWEETs have been identified in rice, among which Xa13/OsSWEET11 (targeted by PthXO1) and Os11N3/OsSWEET14 (targeted by TALC) are induced by various transcription activator-like (TAL) effectors secreted via type III secretion system of Xoo, which cause bacterial leaf blight. Xa25/OsSWEET13 has been shown to be induced by Xoo PXO339 strain as a susceptible allele (Yang et al., 2006; Antony et al., 2010; Liu et al., 2011). SWEET-mediated susceptibility dependence on TAL effector also occurs in other plants, where GhSWEET10 in cotton is specifically activated by an Avrb6-mediated effector (Cox et al., 2017) and CsSWEET1 in citrus is activated by effector pthAw or pthA4 from the X. citri strain (Hu et al., 2014). Streubel et al. identified that OsSWEET12 and 15 are induced by artificial TALs to promote the distribution of sugar flow (primarily sucrose) in pathogens (Streubel et al., 2013). However, SWEET-targeting has been reported in other bacteria and fungi. OsDOF11 (DNA BINDING WITH ONE FINGER 11) regulates the expression of OsSWEET11, OsSWEET14, and OsSUT1 by directly binding to the gene promoter. Furthermore, the overexpression of DOF activates SWEET14 gene expression, therefore improving rice resistance to sheath blight caused by the invasion of R. solani AG1-IA (Wu et al., 2018; Kim et al., 2020). Moreover, Gao et al. determined that R. solani promotes sugar efflux and increases pathogenicity by activating SWEET11 (Gao et al., 2018). Recent research has demonstrated that the infection by the rice blast fungus may activate the BR signal via WRKY53 and induce SWEET2a expression via negative regulation of rice ShB resistance (Gao et al., 2021). Further research identified that the effector AOS2 secreted by R. solani interacts with WRKY53 and GT1 to form a transcription factor complex, activating the SWEET genes (including SWEET2a and 3a) and increasing the virulence of fungi through nutritional competition (Yang et al., 2022). During the symbiosis of Medicago truncatula and arbuscular mycorrhizal (AM) fungi, MtSWEET1b is also induced to promote a glucose efflux carrier (An et al., 2019). Phloem loading is a central link to the long-distance transport of sugars in plants, where SWEET-mediated sugar efflux carriers transport sugars from phloem parenchyma cells to the apoplast. Then, the sugars are transferred into sieve tubes and companion cells via SUC, a sucrose carrier (Ruan, 2014). Plant SWEET genes are systematically divided into four subclasses. Clades I, II, and IV primarily contain SWEET genes that are monosaccharide efflux transporters that transport glucose, galactose, and/or fructose. However, Clade III members preferentially transport sucrose (Chandran, 2015). The discovery that pathogens with different types and sugar requirements alter the expression of plant SWEET transporters demonstrates that pathogens use a common strategy to extract sugar from the host (Schüßler et al., 2006; Wahl et al., 2010). The strategies used by pathogens to target plant SWEETs differ according to their sugar preferences, and multiple SWEETs in different clades of the SWEET family have been found to be targeted. Therefore, SWEET genes play a primary role in sugar efflux and have a positive effect on microbial pathogenesis (Figure 2).




Figure 1 | Heat map of the expression pattern of the differentially expressed SWEET genes in the rice transcriptome induced by four pathogens. (A) Gene expression at 0, 12, 24, 48, and 72 h post-inoculation with R. solani AG1-IA in the resistant Teqing (T) or susceptible Lemont (L) rice lines and the FPKM at 9 days post-inoculation with Ustilaginoidea virens P4 strain in susceptible Pujiang6 rice variety. Every three columns marketed by 1, 2, or 3 correspond to a time or a treatment result (Fan et al., 2020; Wang et al., 2021). (B) log2 fold gene expression at 12, 24, 36, and 48 h post-inoculation with Magnaporthe oryzae Guy11 strain in the resistant Hui1586 or susceptible Nipponbare (NIP) rice lines (Yang et al., 2021). (C) Gene expression at 0, 12, 24, 48, and 72 h post-inoculation with Xanthomonas oryzae pv. oryzae P3 and P6 strains in resistant NSIC RC154 or susceptible CT 9737-6-1-3P-M lines (Shu et al., 2021).






Figure 2 | An illustration demonstrating the putative mechanism of sugar transporter regulated by a signal or regulator molecule from different microbes during host-pathogen interaction. To meet the demand for sugar, microbes directly or coupled with transcription factors (TF) such as WRKY53 or GT1, activate the SWEET genes in the plant that mediate glucose or sucrose efflux via effector protein (AOS2) or transcription activator-like (TAL) (e.g., PthXO1, TALC, and pthAw) effector secretion into the host (Yang et al., 2006; Antony et al., 2010; Liu et al., 2011; Hu et al., 2014; Yang et al., 2022). However, CWIN in plants is also activated to hydrolyze the sucrose in the apoplast increasing the content of extracellular hexose and causing the host and pathogen to compete for hexose via hexose transporter (STP/H+ in plants and MST/H+ or SglT/H+ in microbes) (Voegele et al., 2001; Helber et al., 2011; Proels and Hückelhoven, 2014; Zhang et al., 2023). Following microbial absorption, hexose (especially glucose) is perceived by the LuxR receptor as a signal molecule, leading to the activation of an important pathogenic protein (PIP) (Zhang et al., 2023). Similarly, glucose also mediates the activation of the host immune response when sugar leakage occurs in the host-microbe interaction interface (Schuler et al., 2015). In addition, the host FLS2 responds to bacterial flagellin and interacts with BAK1 to phosphorylate STP to accelerate hexose absorption by the host(Yamada et al., 2016). This restriction is relieved by the nutrition strategy of microbes absorbed by sucrose. Pathogenic bacteria have a greater advantage in competition with low-affinity sucrose transporters (SUTs) in plants via high-affinity sucrose transporters (SRT) (Wahl et al., 2010).







Host immunity and sugar recovery are activated following response to sugar leakage

With the pathogen hijacking SWEET in the host to expel sugar to the apoplast for its growth, the plant also made a counterattack. In plants and pathogenic bacteria, invertases (INV) are divided into the following categories according to subcellular localization and cleavage of sucrose into fructose and glucose: cell wall invertase (CWIN), cytoplasmic invertase (CIN), and vacuolar invertase (VIN). CWIN plays a key role in the production of crops, particularly in the development of seeds and fruits (Kocal et al., 2008; Ruan, 2014). GIF1 (GRAIN INCOMPLETE FILLING 1) encoding a CWIN is a putative domestication gene, which is required for carbon distribution at the early stage of grain filling in rice (Wang et al., 2008). Furthermore, the activity and expression of CWIN are induced during a pathogen invasion in a plant. Therefore, CWIN is key invertase regulating sugar, specifically sucrose metabolism during plant defense response and is responsible for the hydrolysis of sucrose into fructose and glucose in the apoplast. These hexoses are further recovered by sugar transport proteins in the host and function as signal molecules in the sugar signal pathway (Proels and Hückelhoven, 2014; Liao et al., 2020). Following the infection with Xanthomonas campestris pv. vesicatoria in tomato, the increased CWIN activity induced by pathogenic bacteria causes the increase of hexose formation, which may further trigger increased negative regulation of photosynthesis and photosynthetic gene expression and positive regulation of sugar-induced pathogenesis-related genes (Kocal et al., 2008). Reduced photosynthesis and improved basic defense response levels are accompanied by reduced sugar outflow and high resistance of the host.

To respond to the microbe-induced sugar leakage, plants can also “starve the pathogens to death” by retrieving sugars (mainly sucrose and glucose) from apoplasts via sugar transporters. In plants, along with SWEET genes, monosaccharide transporters (MST) (generally including the sugar transporters protein (STP)) also play an important role in sugar transport, specifically in the process of phloem loading and unloading, pathogen defense, and yield formation (Doidy et al., 2012; Li et al., 2018; Zhang et al., 2019) The MST family is subdivided according to sequence differences and substrate specificities into the STP, PLT (polyol/monosaccharide transporter), VGT (vacuolar glucose transporter), INT (inositol transporter), TMT (tonoplast monosaccharide transporter), pGlcT (plastidic glucose translocator), and ERD (early response to dehydration 6-like) subgroups (Büttner, 2007; Deng et al., 2019).

SUT is a sucrose-H+ symporter and is characterized into five groups: SUT1 to SUT5. SUT1 is present in a specific branch of dicotyledonous plants and members of SUT2 and SUT4 branches are found in both monocotyledonous and dicotyledonous plants (Figure 3). SUT is expressed in the source leaves and sink cells, and participates in the process of phloem loading and unloading, and responds to dehydration, photosynthesis, circadian rhythm, and the development of nodules (Misra et al., 2019). In the phloem loading process, sucrose is discharged into the apoplast via the SWEET family sugar transporters in the sink cells and then absorbed or loaded into the phloem by SUT or SUC sugar transporters. Sucrose transported via the companion cells-sieve elements (CC-SE) complexes will eventually be exported or unloaded into the phloem apoplasmically by SWEETs and then absorbed into the sink cells by the action of sucrose/H+ cotransporter. Alternatively, this sucrose can be hydrolyzed by the CWIN to produce hexose and then enter the surrounding source cells via the hexose transport protein (Braun, 2022). OsSUT1 plays a role in seed filling, germination, and early seedling growth, but is also responsible for sucrose recovery from plastids along the transport path during phloem loading in rice (Scofield et al., 2007). TaSUT1 also functions to recover leaked sucrose from phloem apoplast (Aoki et al., 2014). The source-sink distribution of sucrose plays a key role in regulating plant yield development (Chen and Ham, 2022). Therefore, SWEET-SUT regulates the long-distance transportation of sugars to regulate yield rather than immunity.




Figure 3 | Phylogenetic tree of the sucrose transporters (SUTs) in monocotyledonous plants (Oryza sativa) and dicotyledonous plants (Arabidopsis thaliana). Multiple sequence alignment analysis of sucrose transporters was conducted by Cluster W (version 2) and the phylogenetic evolution tree was constructed using the Neighbor-Joining (NJ) method using MEGA7.0 software. The phylogenetic analysis was performed using 1,000 bootstrap reiterations with the Jones-Taylor-Thornton (JTT) model.



For monosaccharide-dependent pathogenic bacteria, plants can recover hexose from the extracellular spaces via highly efficient and plasma membrane-localized monosaccharide transport proteins to inhibit the loss of sugar. Similar to SUT, as a member of the major facilitator superfamily, MSTs contain 12 transmembrane domains linked by hydrophilic loops and have the ability of H+-sugar cotransporters. STP, as a member of the monosaccharide transporters family, absorbs broad-spectrum monosaccharide substrates with high affinity and retrieves hexose from the plant extracellular spaces, especially when challenged by microbe (Büttner, 2010; Deng et al., 2019; Sosso et al., 2019). In Arabidopsis, the widespread biotrophic pathogen Erysiphe cichoracerum significantly induces AtSTP4 gene expression following inoculation. The pathogenic fungus Botrytis cinerea causing grey mold disease induces AtSTP13 gene expression to enhance the level of glucose absorption of plants and improves plant resistance to Botrytis cinerea (Fotopoulos et al., 2003; Lemonnier et al., 2014). Furthermore, AtSTP13 is phosphorylation-dependent and functions as a positive regulator of disease resistance in Arabidopsis. In the presence of pathogenic bacteria, flagellin sensitive 2 (FLS2), the pattern recognition receptors (PRRs) expressed on the cell surface, and BRASSINOSTEROID INSENSITIVE 1–associated receptor kinase1 (BAK1) interacts with STP13 by phosphorylating it at the threonine 485 site, resulting in improved hexose absorption capacity by the plant. The pathogenicity of bacteria is therefore weakened by limiting the nutrient absorption from the host (Yamada et al., 2016). Therefore, SUT and STP located on the plant plasma membrane absorb sucrose into the sink tissue and retrieve monosaccharides from the apoplast to reduce sugar loss (Figure 2). These sugar transporter functions are instrumental to the development of plant yield and the improvement of resistance.





Microbes scramble for sugar to survive at the conflict border

The ability to utilize sugars in plant tissues promotes the intensity of the synthesis of photosynthesis products to a certain extent (Braun et al., 2014). Following the invasion of a pathogen, the increased sugar utilization in plant tissues also causes increased sugar flow to the pathogen, resulting in the loss of yield (Figure 2) (Pommerrenig et al., 2020). The glomeromycotan fungus (Geosiphon pyriformis) monosaccharide transporter GpMST1 is a proton cotransporter and contains a very low GC content and has the highest affinity for monosaccharides, including glucose, mannose, galactose, and fructose (Schüßler et al., 2006). Due to the hydrolysis of sucrose by plant CWIN at the host-microbe interaction interface numerous glucose and fructose molecules are present in the apoplast. In order to avoid the immune defense reaction caused by the activation of plant CWIN, the microbes also encode their own CWIN (Doidy et al., 2012). The invertase UfINV1 of Uromyces fabae rust fungus has been identified and has been found to disturb sugar partitioning during host-pathogen interaction (Voegele et al., 2007). Pathogens can directly absorb these hexoses to maintain growth and toxicity. In B. cinerea, a gray mold pathogen, a high-affinity proton symporter FRT1 transports fructose specifically and plays a key role in the process of vegetative growth and pathogenesis (Doehlemann et al., 2005). Another high-affinity monosaccharide transporter MST2 expressed on symbiotic hyphae of Rhizophagus irregularis mediates sugar absorption from the interface of Glomus-Medicago truncatula interaction (Helber et al., 2011). U. fabae obtains sugar from Vicia faba via haustoria, where concentrated gene expression encoding hexose transport proteins, including HXT1, specifically combines the substrate D-glucose and D-fructose (Voegele et al., 2001). HXT1 has a high substrate affinity for glucose, fructose, and mannose. The hexose absorption capacity and toxicity of the microbe are therefore significantly weakened with an HXT1 mutation. The heterologous expression of CgHXT3 and AtSTP1, which have high-affinity hexose transporter comparable to HXT1, fail to repair the pathogenicity defect, suggesting that HXT has dual functions of a hexose receptor and transporter during the plant invasion process (Schuler et al., 2015). In line with this, pathogen invasion as an exogenous stress activates CWIN (AtCWINV1) and SWEET (AtSWEET2 and 15) genes in plants, resulting in glucose accumulation in the infected plastids. The glucose absorbed by the sugar transporter SglT of Xanthomonas campestris pv. campestris (Xcc) combines with the orphan governor XccR, the homologous protein of cognate receptors LuxR, to activate the proline aminopeptidase-encoded gene PIP and enhance virulence (Zhang et al., 2023). Directly-absorbed and abundant hexose, represented by glucose, is the necessary nutrient and signal molecule for the pathogen. Hexose-dependent nutrition strategy is limited by what plants have evolved as a defense mechanism to reprogram immune-related genes in response to the changes in glucose content at the infection sites (Ehness et al., 1997).

However, the strategy of reducing energy to limit microbial virulence is overcome by pathogens with sucrose as the primary carbon source (Talbot, 2010). Sucrose, as the major product of photosynthesis and the main form of long-distance transport, is very abundant in plants. This kind of pathogen avoids utilizing the invertase to cleave sucrose to hexose in the extracellular spaces and avoids the recognition and activation of plant defense reactions, including active oxygen burst and cell death. The sucrose transporter (Srt1) is localized on the plasma membrane of Ustilago maydis, which causes corn smut. Srt1 has extremely high substrate affinity and specificity for sucrose, outperforming plant sucrose transporters (such as SUT) with low sucrose affinity and energy dependence to absorb sucrose from the apoplast of the host directly and avoids the plant immune response triggered by monosaccharide leakage (Talbot, 2010; Wahl et al., 2010). This strategy of pathogenic bacteria increases the sugars in the apoplast flow in the form of sucrose to support its own virulence and growth requirements.





Conclusions and future prospects

Sugar is a key nutrient for which both plants and pathogens compete (Saddhe et al., 2021). Pathogens, irrespective of whether they are necrotrophic, biotrophic, or hemibiotrophic, compete for sugar with the host at the extracellular boundary formed between plants and pathogens (apoplast) during the establishment of the parasitic relationship (Naseem et al., 2017). The absorption of sugar by fungi and bacteria is mediated by sugar transporters, which differ according to the type of sugar absorbed, the way the sugar is ultimately utilized, and interactions with plant immunity, all of which are dependent on the varying sugar requirements of different pathogens. The competitive absorption of sugar generally includes two kinds of sugars: sucrose and hexose. The outcome of the competition is determined by characteristics and substrate specificities of sucrose and monosaccharide transporters in both host and pathogen. Therefore, investigation of the functions of proteins responsible for sugar transport in pathogens with different sugar preferences assists in the identification of immune-related regulatory pathways associated with pathogens with the same infection strategy and the overall spectrum of disease-resistance strategies. (Figure 4).




Figure 4 | Sugar competition in plant-microbe interactions involves the participation of SWEETs, STPs, SUTs, and INVs of plants and pathogens. Once the pathogen successfully invades the host, the SWEET genes [OsSWEET2a (Gao et al., 2021), OsSWEET3a (Scofield et al., 2007), MtSWEET1b (An et al., 2019), OsSWEET11 (Gao et al., 2018), AtSWEET15 (Zhang et al., 2023), CsSWEET1 (Hu et al., 2014), and GhSWEET10 (Cox et al., 2017)] in the host are activated by the microbe target, and the INVs (CWINs) of the plant or microbe is induced, causing the sucrose (and glucose) in the host to flow out to the apoplast and partially hydrolyze into glucose and fructose (Proels and Hückelhoven, 2014; Liao et al., 2020). The extracellular sugar concentration therefore increases. Hexose is competitively absorbed by plant [AtSTP4 (Fotopoulos et al., 2003), AtSTP13 (Misra et al., 2019), and GpMST1 (Schüßler et al., 2006)] and pathogen [XcSglT (Zhang et al., 2023), BcFRT1 (Lemonnier et al., 2014), RiMST2 (Helber et al., 2011), and UfHXT1(Schuler et al., 2015)] MSTs, while sucrose is competing for the absorption by the plant [ZmSUT1 (Sosso et al., 2019), OsSUT1 (Scofield et al., 2007), and TaSUT1 (Aoki et al., 2014)] and microbe [UmSRT1 (Wahl et al., 2010)] sucrose transporters. Plants respond to the changes in the extracellular glucose concentration caused by microbial colonization to activate the immune response. The CWIN secreted by the microbe and the pathogenic sucrose absorption strategies removes the restriction imposed by the sugar leakage in plants.



In the “sugar attack and defense” between plants and pathogens, plant sugar metabolism, signal transduction, and sugar transport proteins have received significant attention while the research on the sugar transport and metabolism of pathogens requires further investigation (Liu et al., 2022). More proteins related to sugar transport and metabolism of pathogenic bacteria require identification to improve the known regulatory networks of plant-pathogenic bacteria interaction, providing more direction for disease prevention and control. At present, the research on host sugar transporters reveals that pathogenic bacteria obtain sugar in plants via regulation of the host sugar transporters (such as SWEET) (Ji et al., 2022) and that some pathogenic bacteria avoid the host innate immune defense response caused by monosaccharide loss via sucrose absorption (Wahl et al., 2010). Therefore, inhibiting SWEET gene expression induced by pathogenic bacteria or increasing the expression level of plant transporters that mediate sugar recovery can be used as an effective strategy to improve plant disease resistance (Breia et al., 2021). AtSWEET2, located in vacuoles, reduces the availability of sugar released by vacuoles in the root after Pythium invasion, thereby increasing resistance (Chen et al., 2015). Therefore, the transport protein SWEET with its bidirectional transport function is crucial in the competition with pathogens for nutrients. In addition, SWEET genes play an important role in the process of phloem loading and unloading, specifically in the regulation of sugar distribution between source and sink, which is crucial for crop yield development (Braun, 2012). Consequently, the increase of plant resistance mediated by the SWEET mutation is accompanied by the reduction of crop yield. For example, the mutation of seed-filling related genes OsSWEET4, 11, 15, and ZmSWEET4c is accompanied by the reduction of grain weight of rice and maize (Gao et al., 2018; Li et al., 2021). There is a trade-off between yield and immunity mediated by SWEET proteins, which may be more fully understood as more SWEET gene functions are discovered.

The processes by which hosts and pathogens recognize each other are as important as the processes involved in competition. Previous studies have demonstrated changes in the expression of plant CWIN genes in response to signals of pathogen invasion, accompanied by local hydrolysis of sugars and promoting immune responses (Kocal et al., 2008). Glucose is not only a nutrient but also a signaling molecule that is recognized by sugar signaling receptors, such as HXT1 (Ehness et al., 1997; Patrick et al., 2013; Schuler et al., 2015). Therefore, the extracellular accumulation of hexose mediated by CWIN is the key factor in the induction of sugar-signaling immunity. The sugar-associated immune pathway involving the combination of monosaccharide transporter proteins for sugar recovery and receptor molecules for the recognition of hexose accumulation thus expands the immune regulatory network of the plant.

However, based on the recent research and according to the different modes of inducing plant susceptibility genes by different pathogens, the disease resistance of plants such as those with quantitative trait resistance (i.e., Oryza sativa) (Costanzo et al., 2011), can be enhanced to some extent by simultaneously combining multiple genes and providing more effective gene resources to direct broad-spectrum disease resistance breeding.
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The bacterial elicitor flagellin induces a battery of immune responses in plants. However, the rates and intensities by which metabolically-related defenses develop upon flagellin-sensing are comparatively moderate. We report here that the systemic acquired resistance (SAR) inducer N-hydroxypipecolic acid (NHP) primes Arabidopsis thaliana plants for strongly enhanced metabolic and transcriptional responses to treatment by flg22, an elicitor-active peptide fragment of flagellin. While NHP powerfully activated priming of the flg22-induced accumulation of the phytoalexin camalexin, biosynthesis of the stress hormone salicylic acid (SA), generation of the NHP biosynthetic precursor pipecolic acid (Pip), and accumulation of the stress-inducible lipids γ-tocopherol and stigmasterol, it more modestly primed for the flg22-triggered generation of aromatic and branched-chain amino acids, and expression of FLG22-INDUCED RECEPTOR-KINASE1. The characterization of the biochemical and immune phenotypes of a set of different Arabidopsis single and double mutants impaired in NHP and/or SA biosynthesis indicates that, during earlier phases of the basal immune response of naïve plants to Pseudomonas syringae infection, NHP and SA mutually promote their biosynthesis and additively enhance camalexin formation, while SA prevents extraordinarily high NHP levels in later interaction periods. Moreover, SA and NHP additively contribute to Arabidopsis basal immunity to bacterial and oomycete infection, as well as to the flagellin-induced acquired resistance response that is locally observed in plant tissue exposed to exogenous flg22. Our data reveal mechanistic similarities and differences between the activation modes of flagellin-triggered acquired resistance in local tissue and the SAR state that is systemically induced in plants upon pathogen attack. They also corroborate that the NHP precursor Pip has no independent immune-related activity.
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Introduction

Pattern-triggered immunity (PTI) is an important first line of inducible plant defense against attack by pathogenic microbes (DeFalco and Zipfel, 2021). PTI is based on the recognition of molecular patterns that either represent conserved microbial structures (pathogen- or microbe-associated molecular patterns [PAMPs, MAMPs]) or products released by the plant host after tissue damage (damage-associated molecular patterns [DAMPs]) (Lee et al., 2021). Well-characterized PAMPs from bacteria include flagellin, lipopolysaccharides (LPS) and elongation factor Tu (EF-Tu), while chitin, β-1,3-glucan and ergosterol constitute classical fungal PAMPs (Boutrot and Zipfel, 2017). Flagellin is the most prominent protein subunit of the eubacterial flagellum, which functions as a motility organelle (Haiko and Westerlund-Wikström, 2013). In Arabidopsis thaliana, flagellin is perceived by leucine-rich repeat (LRR) domains of the plasma membrane-resident receptor kinase FLAGELLIN-SENSING 2 (FLS2) (Gómez-Gómez and Boller, 2000; Chinchilla et al., 2006). The elicitor-active domain of flagellin is situated in the N-terminal region of the protein, and a peptide corresponding to a highly conserved 22 amino acid stretch of the flagellin protein (flg22) functions as a potent elicitor of plant defense responses (Felix et al., 1999).

Plants activate a series of signaling events and defense responses at the cellular, tissue and organismal levels upon molecular pattern recognition. Flagellin perception results in H+- and Ca2+-influxes into the cytoplasm, a transient H2O2-burst, and activation of mitogen-activated protein kinase (MAPK) cascades. Moreover, it induces ethylene biosynthesis, increases expression of pathogenesis-related (PR) genes, and triggers callose deposition to the cell wall (Felix et al., 1999; Gómez-Gómez et al., 1999; Asai et al., 2002; Boller and Felix, 2009). In addition, several defense-related metabolic changes occur in flagellin-exposed plants that are also observed in response to challenge by pathogenic bacteria. In Arabidopsis leaves, flagellin perception induces the biosyntheses of the defense hormone salicylic acid (SA) and the phytoalexin camalexin (Mishina and Zeier, 2007; Tsuda et al., 2008; Frerigmann et al., 2016; Zhao et al., 2021). Flagellin sensing also triggers accumulation of the non-protein amino acid pipecolic acid, the unsaturated sterol stigmasterol, and the vitamin E variant γ-tocopherol (Griebel and Zeier, 2010; Návarová et al., 2012; Stahl et al., 2019).

The flagellin-induced activation of plant defenses during a compatible plant-bacterial interaction significantly contributes to plant basal immunity. This is exemplified by the increased susceptibility of FLS2-defective and thus flagellin-insensitive Arabidopsis mutants to infection by virulent Pseudomonas syringae strains (Zipfel et al., 2004). Plant basal immunity to compatible bio- and hemibiotrophic pathogens largely depends on a functional SA signaling pathway (Thomma et al., 1998; Nawrath and Métraux, 1999; Dewdney et al., 2000). The more recently employed terminology designates basal immunity also as PTI (Boller and Felix, 2009). However, the contribution of flagellin sensing to PTI within a progressing plant-bacterial interaction (basal immunity) must be distinguished from the enhanced state of immunity that plants acquire upon exogenous (pre-)treatment with flagellin (Zipfel et al., 2004). Flagellin-induced acquired resistance is usually assayed locally, i.e., in the flg22-pretreated tissue (Zipfel et al., 2004; Tsuda et al., 2009). Interestingly, a localized flg22-treatment of leaf tissue can also increase pathogen resistance in distant, non-treated leaves. This systemic response to flagellin mechanistically resemble systemic acquired resistance (SAR) (Mishina and Zeier, 2007).

SAR is commonly defined as a plant response that is induced by a localized leaf inoculation with a pathogen and results in enhanced, broad-spectrum immunity of distantly located leaves (Sticher et al., 1997; Shah and Zeier, 2013; Vlot et al., 2021; Zeier, 2021). This systemic immunization is associated with a strong transcriptional response in the distant tissue that includes the up- and down-regulation of several thousand genes (Bernsdorff et al., 2016). SAR establishment is triggered by the L-Lys-derived, immune-active metabolite N-hydroxypipecolic acid (NHP), which accumulates in both inoculated and distant leaves of a pathogen-attacked plant (Hartmann et al., 2018). NHP is synthesized in response to pathogen inoculation by a biochemical sequence that involves the N-hydroxylation of the non-protein amino acid pipecolic acid (Pip) by FLAVIN-DEPENDENT MONOOXYGENASE1 (FMO1) as a final step (Chen et al., 2018; Hartmann et al., 2018). The NHP biosynthetic precursor Pip, which itself strongly accumulates systemically in Arabidopsis and other plants upon biotic attack (Návarová et al., 2012; Hartmann and Zeier, 2018; Schnake et al., 2020), is biosynthesized by α-transamination of L-Lys via AGD2-LIKE DEFENSE RESPONSE PROTEIN1 (ALD1), and subsequent reduction of the resulting dehydropipecolic acid intermediates by the reductase SAR-DEFICIENT4 (SARD4) (Návarová et al., 2012; Ding et al., 2016; Hartmann et al., 2017).

Accumulation of NHP in plants as a consequence of pathogen attack is indispensable for the biological, pathogen-triggered induction of SAR. In addition, exogenous application of NHP to plants via soil application or treatment of single leaves is sufficient to trigger a strong immune response systemically in the Arabidopsis leaf rosette that closely resembles biologically-induced SAR, both at the resistance and the transcriptional levels (Návarová et al., 2012; Bernsdorff et al., 2016; Chen et al., 2018; Hartmann et al., 2018; Yildiz et al., 2021; Yildiz et al., 2023). Notably, Arabidopsis mutants unable to accumulate SA because of defects in key SA biosynthetic genes such as ISOCHORISMATE SYNTHASE1 (ICS1) or avrPphB SUSCEPTIBLE3 (PBS3) only induce modest NHP-triggered and biological SAR responses (Hartmann et al., 2018; Yildiz et al., 2021). These and other findings demonstrate that the NHP and SA immune pathways positively interact to activate SAR (Zeier, 2021). In addition, the SA receptor NON-EXPRESSOR OF PR GENES1 (NPR1) and TGA transcription factors act downstream of NHP in the induction of SAR and the SAR-associated transcriptional response (Yildiz et al., 2021; Yildiz et al., 2023). Remarkably, for the termination of SAR, the immune-active metabolites NHP and SA are simultaneously glucosylated by the same glycosyltransferase and thus inactivated in concert (Bauer et al., 2021; Cai et al., 2021; Holmes et al., 2021; Mohnike et al., 2021; Zeier, 2021).

The second line of inducible defense at pathogen inoculation sites is termed effector-triggered immunity (ETI). ETI results in the rapid activation of defense responses, is generally associated with a hypersensitive cell death response (HR), and provides effective protection against attempted invasion by incompatible pathogens (Thordal-Christensen, 2020). By comparison, the PTI-related responses that are associated with basal immunity are quantitatively moderate and not able to entirely prohibit compatible pathogen infection. SAR activation by a first localized pathogen inoculation provides a powerful solution for this dilemma, because the SAR state systemically primes plants for a timely and boosted response to compatible microbial challenge, which consequently results in increased immunity at the whole plant level (Jung et al., 2009; Návarová et al., 2012; Conrath et al., 2015). Analysis of Arabidopsis mutants for their capacity to systemically establish a primed state upon leaf pathogen inoculation demonstrate that NHP functions as a decisive signal for SAR-associated defense priming, while SA has an amplifying role in this process (Návarová et al., 2012; Bernsdorff et al., 2016; Hartmann et al., 2018). Consistently, exogenous treatment with NHP proved sufficient to systemically trigger a primed state in Arabidopsis (Yildiz et al., 2021). Plants with activated SAR as a consequence of either an inducing pathogen inoculation or pre-treatment with NHP show a strongly enhanced capacity to trigger metabolic defense reactions in response to a challenge attack by compatible P. syringae (Bernsdorff et al., 2016; Yildiz et al., 2021).

We report here that NHP primes plants for a defined pattern-triggered response – the response to bacterial flagellin. Pre-treatment of plants with NHP resulted in a strongly boosted activation of several metabolic defense pathways observed in flg22-exposed leaves, and also primed plants for enhanced expression of flg22-inducible genes. Our data show that the NHP and SA signalling pathways function additively in plant basal resistance to bacterial and oomycete challenge, as well as in early camalexin accumulation. They further indicate that SA accumulation enhances NHP biosynthesis in an early stage of a compatible plant-bacterial interaction, while NHP biosynthesis augments SA production. In later infection stages, however, SA moderates the accumulation of NHP. Further, NHP and SA also additively contribute to the immune response triggered in flg22-treated leaf tissue. Our study reveals mechanistic overlap but also differences between the locally induced flagellin-acquired resistance response and SAR induced systemically by pathogen inoculation. It further corroborates the function of Pip as a per se immune-inactive precursor of its direct derivate, the FMO1-generated and SAR-inducing hormone NHP.





Materials and methods




Plant material and cultivation

The cultivation of Arabidopsis (Arabidopsis thaliana) plants was conducted as described previously (Hartmann et al., 2018). The plants were grown individually in pots containing a mixture of soil (Substrat BP3; Klasmann-Deilmann), vermiculite, and sand (8:1:1) in a growth chamber with a 10-h-day (9 AM to 7 PM)/14-h-night cycle, a photon flux density of 100 μmol m-2 s-1 during the day, a relative humidity of 60%, and 21°C day and 18°C night temperatures, respectively. Experiments were performed with 5-week-old plants.

The following Arabidopsis lines were used: Col-0 [Nottingham Arabidopsis Stock Centre (NASC) ID: N1092], sid2 (sid2-1; Nawrath and Métraux, 1999), ald1 (Salk_007673; Návarová et al., 2012), fmo1 (Salk_026163; Mishina and Zeier, 2006), sid2 ald1 (sid2-1 ald1; Bernsdorff et al., 2016), sid2 fmo1 (sid2-1 fmo1; this study), ald1 fmo1 (this study), fls2 (fls2c; SAIL_691C4; Zipfel et al., 2004), pad4 (pad4-1; N3806), eds1 (eds1-2; Bartsch et al., 2006), npr1 (npr1-3; N3802), mpk3 (mpk3-1; Salk_151594; Wang et al., 2018a), and mpk6 (mpk6-2; Salk_073907; Wang et al., 2018a).

The sid2 fmo1 double mutant was generated by crossing sid2-1 (female parent) and fmo1 (male parent) single mutants. F1 seeds were collected from fertilized siliques, planted, and flowering F1 plants self-fertilized. The resulting F2 plants were screened for homozygosity of the fmo1 (Salk_026163) T-DNA insertion using PCR-based genotyping with gene specific and T-DNA left border (LBb1.3) primers (Supplementary Table 1; Supplementary Figure 4; Mishina and Zeier, 2006; O’Malley et al., 2015). Plants homozygous for the fmo1 genotype were examined for the presence of the sid2-1 genotype by verifying the SA-induction-deficiency by GC-MS analysis of P. syringae-inoculated plants as described below. Similarly, the ald1 fmo1 double mutant was generated by crossing ald1 (female parent) and fmo1 (male parent) single mutants. The homozygosity of fmo1 and ald1 genotypes was confirmed by PCR-based analyses using gene specific primers and the LBb1.3 T-DNA left border primer (Supplementary Table 1; Supplementary Figure 4; Mishina and Zeier, 2006; Návarová et al., 2012; O’Malley et al., 2015; Bernsdorff et al., 2016).





Cultivation of Pseudomonas syringae, plant inoculation and bacterial growth assays

For bacterial inoculations, Pseudomonas syringae pv. maculicola strain ES4326 (Psm), Psm expressing the luxCDABE operon from Photorhabdus luminescens (Psm lux), P. syringae pv. tomato DC3000 (Pst) expressing luxCDABE (Pst lux), Psm expressing AvrRpm1 (Psm avrRpm1), and Pst expressing AvrRpt2 (Pst avrRpt2) were cultivated at 28°C in King’s B medium with the appropriate antibiotics as described (Fan et al., 2008; Tsuda et al., 2009; Bernsdorff et al., 2016; Gruner et al., 2018). For plant inoculation, bacterial suspensions obtained from overnight cultures were washed with 10 mM MgCl2 and diluted to different final optical densities at 600 nm (OD600). The bacterial suspensions were then carefully infiltrated into Arabidopsis rosette leaves using needleless syringes in the morning between 10AM and 12PM.

For the determination of metabolite accumulation upon Psm challenge, suspensions of OD600 = 0.005 were infiltrated into three rosette leaves of 5-week-old Arabidopsis plants. As a control treatment, a mock-infiltration with 10 mM MgCl2 solution was performed. The treated leaves were harvested at 12, 24 or 48 h after treatment, fresh weights (FW) determined and the leaf samples shock-frozen in liquid nitrogen. Each replicate sample consisted of six leaves from two different plants. Four to five replicate samples were analyzed in each experiment.

For the bacterial growth assays, the Psm lux, Pst lux, Psm avrRpm1 and Pst avrRpt2 strains were diluted to OD600 = 0.001 and the suspensions infiltrated into three Arabidopsis rosette leaves. The compatible, bioluminescent Psm lux and Pst lux strains were used to assess basal resistance (Fan et al., 2008; Gruner et al., 2018). Bacterial numbers were determined 2.5 days post inoculation (dpi) by measuring the bioluminescence of leaf discs from the inoculated leaves (d = 12 mm, one disc per inoculated leaf) with a Sirius FB12 luminometer (Berthold Detection Systems, http://www.titertek-berthold.com). The bacterial numbers were expressed as relative light units (rlu) per cm2 leaf area. At least 15 replicate leaf samples were assayed for one genotype and/or treatment. To assess ETI-related resistance, three leaves per plant were infiltrated with Psm avrRpm1 or Pst avrRpt2. The infiltrated leaves were harvested at 3 dpi, and three leaf discs from the three infiltrated leaves per plant were homogenized in 1 ml 10 mM MgCl2. Appropriate dilutions (in 10 mM MgCl2) were plated on King’s B medium containing rifampicin (50 µg l-1), and the numbers of developing colonies on plates were quantified two days after incubating them at 28°C (Zeier et al., 2004). The bacterial numbers were expressed as colony-forming units (cfu) per cm2 leaf area. At least 9 replicate samples were analyzed for one genotype.





Inoculation of Hyaloperonospora arabidopsidis and growth assay

The protocol for inoculation of Arabidopsis with Hyaloperonospora arabidopsidis (Hpa) isolate Noco2 and the associated disease scoring procedure was described previously in detail (Hartmann et al., 2018). Briefly, the rosette leaves were spray-inoculated with a suspension of 5×104 sporangia per ml of H2O. The inoculated plants were then maintained for 5 days on trays sealed with a transparent lid under the above-mentioned growth conditions. Leaves were harvested, stained with Trypan blue and destained with chloral hydrate solution. Photographic images of leaves were captured with a Canon EOS 6D DSLR camera, and the digital images analyzed using the ImageJ software to determine the length of intercellular hyphae (IH) per cm2 leaf area.





Flagellin-induced acquired resistance and systemic acquired resistance

The local flagellin-induced acquired resistance response was generally determined by co-applying flg22 peptide (Felix et al., 1999; synthesized by Mimotopes; http://www.mimotopes.com/) with compatible Psm lux to leaves. More specifically, suspensions of Psm lux (OD = 0.001) containing or lacking 1 µM of flg22 were infiltrated into three leaves of a given plant and bacterial numbers assessed 2.5 days later in the same leaves via the determination of bacterial bioluminescence as described above. In addition, a pre-application procedure was performed, whereby three leaves of a given plant were syringe-infiltrated with an aqueous solution of 1 µM flg22 or with water as a control treatment. One day later, the same leaves were inoculated with Psm lux and bacterial numbers assessed 2.5 days later. 15 to 18 replicate leaf samples were assayed per genotype and treatment.

To assess SAR, three lower rosette leaves of a plant were inoculated with Psm (OD600 = 0.005) or mock-infiltrated with 10 mM MgCl2, and three upper leaves challenge-inoculated with Psm lux (OD600 = 0.001) two days later. The numbers of Psm lux were assessed 2.5 days after the challenge inoculation via bioluminescence determination (see above; Gruner et al., 2018). At least 15 replicate leaf samples were assayed for one genotype and treatment.





Exogenous treatments with NHP or Pip to asses priming of flg22 responses

Exogenous plant treatments were performed with an aqueous, 1 mM N-hydroxypipecolic acid (NHP; Hartmann et al., 2018) or a 1 mM pipecolic acid (Pip; Sigma-Aldrich S47167; Návarová et al., 2012) solution. Therefore, 10 ml of NHP (Pip) solution or 10 ml of water (control treatment) was pipetted onto the soil of individually cultivated Arabidopsis Col-0 plants. One day later, three rosette leaves were infiltrated with 1 µM flg22 solution or mock-treated with water. The leaves of another set of plants were not treated at all after the NHP (Pip) treatment. The leaves were harvested at 8, 24 or 48 h after the flg22- or control-treatments and frozen in liquid nitrogen for the determination of metabolite contents. The transcript levels of defense-related genes were assessed at 8 h post leaf treatment. Replicate leaf samples consisted of six leaves from two different plants, and three replicate samples per treatment and time point were analyzed.





Determination of leaf metabolite levels by GC/MS

The metabolite contents presented in the current study were determined by a gas chromatography/mass spectrometry (GC/MS)-based qualitative and quantitative analysis of trimethylsilylated compounds. The tissue extraction, work-up and derivatization steps, as well as the details of the GC/MS parameters of this procedure have been described in detail previously (Hartmann et al., 2018; Yildiz et al., 2021). For the quantitative determination of metabolites, specific peaks of analytes and related internal standards from selected ion chromatograms were integrated [analyte (m/z) related to internal standard (m/z)]: Pip (m/z 156), related to D9-Pip (m/z 165); NHP (m/z 172), related to D9-NHP (m/z 181); SA (m/z 267), related to D4-SA (m/z 271); NHP-β-glucosid (NHPG) (m/z 172), NHP glucose ester (NHPGE) (m/z 172), SA-β-glucosid (SAG) (m/z 267) and SA glucose ester (SGE) (m/z 193): all related to salicin (m/z 268); camalexin (m/z 272), related to indole-3-propionic acid (m/z 202); Phe (m/z 218), Tyr (m/z 218), Trp (m/z 202), Val (m/z 144), Leu (m/z 158), Ile (m/z 158), α-aminoadipic acid (m/z 260): all related to norvaline (m/z 218); γ-tocopherol (m/z 488) and stigmasterol (m/z 484): both related to tocol (m/z 460). For absolute quantification of analytes, experimentally determined correction factors were considered. The metabolite levels were related to the FW of the leaf samples. Due to the unavailability of authentic compounds for NHPG and NHPGE, a relative quantification was performed (calculated numerical values are related to the sample FW and result from the consideration of correction factors with an assumed value of 1).





Determination of transcript levels by RT-qPCR analysis

The transcript levels of specific genes were determined by RT-qPCR analysis using 50 mg of frozen and ground leaf tissue. The protocol of the RNA isolation, cDNA synthesis, and RT-qPCR steps has been previously outlined in detail (Návarová et al., 2012). As a reference gene, the POLYPYRIMIDINE TRACT-BINDING PROTEIN 1 (PTB1) gene was used (Czechowski et al., 2005). The gene-specific primers used for RT-qPCR analysis are given in Supplementary Table 1. Expression value for each biological replicate was obtained by taking the mean of two technical replicates. Gene transcript levels were expressed relative to the mean value of the water-control sample.





Statistical procedures

The numbers of biological replicates for each presented experiment are indicated in the figure legends. Numerical values of the bacterial and oomycete growth assays were log10-transformed and subject to ANOVA with post-hoc Tukey’s HSD test (significance level P<0.05 for each data subset; Hartmann et al., 2018). For metabolite and RT-qPCR-derived gene expression results, non-transformed numerical values were analysed by ANOVA with post-hoc Tukey’s HSD test (P<0.05) or by a non-parametric one-way ANOVA according to Kruskal-Wallis with stepwise step-down comparisons (P<0.05). The statistical analyses were performed with the SPSS® statistical software (version 26; IBM® Corporation). The depicted results were confirmed in at least one other independent experiment.






Results




NHP primes plants for enhanced flagellin-induced metabolic and transcriptional responses

Elevated levels of NHP in plants, either as a consequence of biological stimulation of its endogenous synthesis or because of exogenous treatment, trigger a primed state that boosts the P. syringae-induced accumulation of several (immune-related) metabolites and expression of defense-related genes (Návarová et al., 2012; Yildiz et al., 2021). To examine whether NHP would also prime a defined pattern stimulus, we comparatively investigated the metabolic response of Arabidopsis leaves to the peptide flg22 in naïve control plants and in NHP-pre-treated plants.

Infiltration of leaves from naïve Arabidopsis Col-0 plants with a 1 µM solution of flg22 triggered the accumulation of the Trp-derived phytoalexin camalexin, the lysine-derived metabolites Pip, NHP and α-amino adipic acid, and the shikimate pathway-derived phenolic SA. In addition, increased levels of SA glucose conjugates (SA-β-glucoside [SAG] and SA glucose ester [SGE]) and the NHP N-O-glucoside NHPG were detected. Moreover, the flg22-treatment resulted in enhanced levels of the aromatic amino acids Phe, Tyr, and Trp, the branched-chain amino acids Val, Leu, and Ile, the vitamin E form γ-tocopherol, and the unsaturated phytosterol stigmasterol (Figures 1, 2; Supplementary Figures 1, 2). However, the flg22-treatment triggered a much weaker overall metabolic response than a bacterial challenge - with respect to both the quantities and the rates of compound accumulation (Griebel and Zeier, 2010; Návarová et al., 2012; Stahl et al., 2016; Hartmann et al., 2018; Stahl et al., 2019; Bauer et al., 2021; Yildiz et al., 2021). For example, while camalexin accumulated up to more than 100 µg g-1 fresh weight (FW) upon Psm attack at 48 h post inoculation (hpi) and was produced from about 10 hpi onwards in Psm-infected leaves (Stahl et al., 2016), it remained below 1 µg g-1 FW in the leaves of naïve, flg22-treated plants (Figure 1; Supplementary Figure 3). Moreover, accumulation of every of the examined metabolites was observed at 24 h but not yet at 8 h post flagellin treatment. Except for camalexin, Pip, SAG, NHPG, and stigmasterol, the flg22-induced metabolic increases in the naïve plants had transient character and declined at 48 h post treatment (Figures 1, 2; Supplementary Figures 1–3).




Figure 1 | Exogenous N-hydroxypipecolic acid (NHP) primes Arabidopsis Col-0 plants for enhanced flg22-induced accumulation of (defense) metabolites. Single plants were watered with 10 ml of 1 mM NHP or 10 ml of H2O (1° treatment), and three leaves infiltrated one day later with a 1 µM aqueous solution of flg22-petide (flg) or water (w) as a mock-treatment (2° treatment). Metabolite levels of leaves were determined 8, 24, and 48 h after the 2° treatment. The leaves of a third set of plants were left untreated with respect to the 2° treatment (-), and leaf samples were harvested at the same time than those of the 2°-treated plants. One replicate sample consisted of six leaves from two plants. Accumulation of (A) camalexin, (B) pipecolic acid, (C) phenylalanine, (D) valine, (E) γ-tocopherol, and (F) stigmasterol [in µg g-1 fresh weight (FW)]. Bars represent means ± SD of three biological replicates (n = 3). Different letters denote significant differences (p < 0.05, ANOVA and post-hoc Tukey HSD test). The experiment was conducted twice with similar results. The degree of priming of flg22-responses is illustrated by a priming factor (red values). The factor is calculated by dividing the mean of the leaf metabolite levels of flg22-treated leaves from NHP-pretreated plants by the mean of those without pretreatment, if significant differences between these treatments were detected. See also Supplementary Figures 1–3.






Figure 2 | NHP primes Arabidopsis Col-0 for enhanced flg22-induced accumulation of salicylic acid and SA glucose conjugates. (A) total SA, i.e. the sum of free SA, SA-β-glucoside (SAG) and SA glucose ester (SGE), (B) free, unconjugated SA, (C) SAG, (D) SGE. Different letters denote significant differences (p < 0.05, ANOVA and post-hoc Tukey HSD test). Red values indicate the priming factor. For further details please refer to Figure 1.



Whereas a pre-treatment of plants with NHP had no direct effect on camalexin accumulation, it significantly accelerated and quantitatively enhanced the flg22-triggered biosynthesis of the phytoalexin (Figure 1A). In the leaves of NHP pre-treated plants, a marked accumulation of camalexin was already observed at 8 h after flg22-application, and this priming effect was discernible also at 24 and 48 h post flg22-treatment. To estimate the degree of NHP-induced priming, we calculated a priming factor (PF) as the ratio of the metabolite levels in flg22-treated leaves of NHP-pretreated plants and those in flg22-treated leaves of naïve plants at a given time-point (Figures 1, 2; Supplementary Figures 2, 3). For camalexin accumulation, the PFs amounted to 8.7, 3.7, and 4.4 for samples collected at 8 h, 24 h, and 48 h post flg22-treatment, respectively (Figure 1A). Priming of the flagelling-induced biosynthesis of camalexin was similarly observed when the NHP biosynthetic precursor Pip was exogenously applied to plants instead of NHP (Supplementary Figure 3).

NHP pre-treatment directly elevated Pip levels to a small extent but, more strikingly, resulted in an early and strong priming of the flg22-triggered generation of Pip (Figure 1B). At 8 h post flg22-treatment, naïve plants still contained basal levels of Pip, but NHP-pre-treated plants showed a significant flg22-induced Pip accumulation (PF = 32). This priming effect was still considerable at 24 h post flg22-treatment (PF = 8), with Pip accumulating to high levels in NHP-pre-supplied and flg22-treated plants (Figure 1B). Similarly, we observed an early and strong priming of the flg22-stimulated biosynthesis of SA, as indicated by priming factors of 13, 4, and 4 for the total levels of SA (per definition the sum of unconjugated SA, SAG, and SGE) at 8 h, 24 h, and 48 h post flg22-treatment, respectively (Figure 2). In this process, it was obvious that the flagellin-induced accumulation of SA and SGE were primed by NHP most strongly at 8 h post flg22-treatment (Figures 2B, D), while the priming of SAG occurred more steadily during the early and later phases of the experiment (Figure 2C).

The application of flg22 to the leaves of naïve Arabidopsis plants also significantly induced the accumulation of the amino acids Phe, Tyr, Trp, Val, Leu, and Ile at 24 h post treatment (Figures 1C, D; Supplementary Figures 2A-D). Following NHP pre-treatment of plants, flg22 triggered the accumulation of the three aromatic amino acids already at 8 h post treatment (PF 3.1, 2.3, and 2.7 for Phe, Tyr and Trp, respectively), while the NHP-induced priming was generally lower or even absent for the branched chain amino acids Val, Leu and Ile (PF always lower than 1.5). Further, flg22 induced the accumulation of γ-tocopherol and stigmasterol (Figures 1E, F), two non-polar metabolites whose production is stimulated by reactive oxygen species (ROS; Griebel and Zeier, 2010; Stahl et al., 2019). NHP pre-treatment significantly primed the production of γ-tocopherol and stigmasterol in later phases (24 and 48 h) after flg22-treatment but not yet at 8 h post application (Figures 1E, F). Similarly, NHP-mediated priming of the flg22-triggered accumulation of α-amino adipic acid, which is synthesized from Lys via the saccharopine pathway (Galili et al., 2001; Návarová et al., 2012), was observed in the later time-points after the application of the flg22-peptide (Supplementary Figure 2E).

To examine whether the NHP-mediated priming of flagellin responses would be also apparent at the level of gene transcription, we assessed the flg22-induced expression of genes involved in the biosynthesis of camalexin [PHYTOALEXIN-DEFICIENT3 (PAD3)], NHP (ALD1 and FMO1), and SA (ICS1 and PBS3), as well as expression of the strongly flagellin inducible gene FLG22-INDUCED RECEPTOR-LIKE KINASE1 (FRK1; Asai et al., 2002) in the leaves of naïve and NHP-pretreated plants. Augmented NHP levels alone were sufficient to induce increased expression of any the genes under examination, and their transcript levels were elevated by factors between 3- and 8-fold following NHP treatment (Figure 3). Moreover, each gene exhibited significant responsiveness to flagellin. At 8 h post treatment, flg22 induced moderate elevations of PAD3 and ALD1 transcript levels (~ 3- to 4-fold), stronger increases of FMO1, ICS1, and PBS3 transcript levels (~ 10- to 25-fold), and very strong (~ 900-fold) induction of FRK1 expression (Figure 3). NHP-pre-treatment of plants markedly primed the leaves for the flg22-induced expression of ALD1, FMO1, PAD3, and PBS3, while the flg22-induced expression of ICS1 and FRK1 was hardly influenced (Figure 3). The significant priming of PAD3 (PF = 7) and ALD1 (PF = 69) expression corresponds to the priming of camalexin and Pip accumulation at the metabolic level, respectively (Figures 1A, B).




Figure 3 | NHP primes Arabidopsis Col-0 plants for enhanced flg22-induced expression of genes involved in camalexin, Pip/NHP, and SA biosynthesis. Plants were 1°-treated with NHP or water, followed by a 2° treatment of the leaves with 1 µM flg22. Control plants were left untreated (-) with respect to the 2° treatment. Leaf samples, which consisted of 6 leaves from two plants, were harvested 8 h after the 2° treatment. Expression of (A) PHYTOALEXIN-DEFICIENT3 (PAD3) [camalexin biosynthesis], (B) AGD2-LIKE DEFENSE RESPONSE PROTEIN1 (ALD1) [Pip and NHP biosynthesis] and FLAVIN-DEPENDENT MONOOXYGENASE1 (FMO1) [NHP bionsynthesis], (C) ISOCHORISMATE SYNTHASE1 (ICS1) and avrPphB SUSCEPTIBLE3 (PBS3) [SA biosynthesis], and (D) FLG22-INDUCED RECEPTOR-LIKE KINASE1 (FRK1) was determined by RT-qPCR. Bars represent means ± SD of gene transcript levels calculated from three biological replicates (n = 3). The transcript levels for each gene are expressed relative to the mean value of the water-control sample. Different letters denote significant differences (p < 0.05, ANOVA and post-hoc Tukey HSD test). Red values indicate the priming factor. Further experimental details are described in Figure 1.



Together, our data indicate that NHP primes Arabidopsis plants for a stronger activation of flagellin-induced metabolic responses. Thereby, the degree and timing of priming might differ for different immune responses. This goes hand in hand with the observation that distinct flagellin-inducible genes can have different predisposition for an NHP-mediated, primed expression.





NHP and SA mutually promote their biosynthesis in early stages of the compatible Arabidopsis-P. syringae interaction and additively enhance camalexin formation

An interplay between accumulating NHP and SA is crucial for the establishment of biologically-triggered SAR in Arabidopsis (Bernsdorff et al., 2016; Chen et al., 2018; Hartmann et al., 2018; Yildiz et al., 2021). To further elucidate the interaction of the salicylate- and pipecolate pathways in mediating immune responses, we generated sid2 ald1, sid2 fmo1, and ald1 fmo1 double mutants with the aim to compare their resistance characteristics with those of the respective single mutants and the Col-0 wild-type (Figure 4; Supplementary Figure 4; Bernsdorff et al., 2016). We first leaf-inoculated this set of Arabidopsis plants with the compatible P. syringae pv. maculicoa ES4326 (Psm) strain and then monitored accumulation of Pip, NHP, SA and their glycosylated derivates in the attacked leaves (Figure 4). As expected, single and double mutant plants lacking functional ALD1 were unable to accumulate Pip, NHP as well as the NHP glucose conjugates NHPG and NHP glucose ester (NHPGE) upon Psm inoculation, while those possessing functional ALD1 but lacking FMO1 were able to generate Pip but not NHP and its derivates. Moreover, single and double mutants with sid2 backgrounds were SA-induction deficient, failed to accumulate SA as well as its glucose conjugates SAG and SGE upon pathogen attack, and contained reduced basal SA levels (Figure 4; Supplementary Figure 5). Thus, direct comparisons of sid2 ald1 or sid2 fmo1 with the respective single mutants and the wild-type enabled us to study whether the execution of particular immune responses would require Pip, NHP and SA or a combination thereof. Further, comparison of defense phenotypes of Pip-accumulating fmo1 with Pip-deficient ald1 fmo1 and ald1 allowed us to reassess whether an independent function of Pip beyond functioning as a precursor for immune-active NHP would exist. In addition, a comparison of the ald1 fmo1 double mutant with the ald1 single mutant was supposed to provide information about a hypothetical existence of an independent immune function of FMO1 beyond its role as Pip-N-hydroxylating NHP synthase.




Figure 4 | Accumulation of defense-related metabolites in Arabidopsis wild-type plants and mutant lines defective in NHP- and/or SA-biosynthesis at early [12 hours post inoculation (hpi)] and later (24 hpi) phases following bacterial inoculation. (A) Levels of Pip, NHP, and total SA (sum of SA, SAG and SGE) in leaves of Arabidopsis Col-0 (wild type), the single mutants sid2-1, ald1, and fmo1 as well as the double mutants sid2-1 ald1, sid2-1 fmo1, and ald1 fmo1 inoculated with compatible P. syringae pv. maculicola (Psm) at 12 hpi. Control plants were mock-treated with 10 mM MgCl2. (B) Accumulation of the same set of metabolites in leaves inoculated with Psm at 24 hpi. Bars represent means ± SD of five biological replicates (n = 5) for (A) and four biological replicates (n = 4) for (B). One replicate sample consisted of six leaves from two plants. Different letters denote significant differences (p < 0.05, Kruskal-Wallis H test). nd: not detected. See also Supplementary Figures 5, 6.



At 12 h post inoculation with Psm, we observed that the accumulation of Pip and NHP in inoculated leaves was lower in sid2 than in the Col-0 wild-type. Moreover, sid2 fmo1 accumulated less Pip than fmo1 (Figure 4A). This indicates that in this early interaction phase, SA favours the rises of the levels of the pipecolate pathway metabolites Pip and NHP. However, as observed previously for Psm-inoculated leaf samples harvested at 24 and 48 hpi (Hartmann et al., 2018; Yildiz et al., 2021), NHP over-accumulated in sid2 at 24 hpi (Figure 4B). Therefore, in the leaves of naïve Arabidopsis plants inoculated with the compatible Psm strain, the regulatory impact of SA on the levels of NHP is double-edged: SA promotes NHP accumulation in the early interaction phase, while it acts as a negative modulator in the later stages of infection.

Further, we found that the Col-0 wild-type accumulated higher levels of total SA than ald1, fmo1, and ald1 fmo1 at 12 h post Psm inoculation (Figure 4A). The attenuated biosynthesis of SA in the three mutant lines was most apparent when assessing the levels of SAG and SGE (Supplementary Figure 5). At 24 hpi, however, no differences between total SA levels in the wild-type and the NHP pathway mutants were detected (Figure 4B). Moreover, the accumulation of SA and its glucose derivates were always similar in ald1, fmo1, and ald1 fmo1 (Figure 4; Supplementary Figure 5). Together, this indicates that NHP enhances the SA biosynthetic pathway at earlier biotic interaction phases, and that the NHP precursor Pip has no independent biological activity.

Interestingly, at 12 hpi, fmo1 also accumulated Pip to lower levels than the wildtype (Figure 4A), suggesting that NHP is able to amplify the pathogen-induced production of its own biosynthetic precursor. As observed previously (Bernsdorff et al., 2016), fmo1 over-accumulated Pip at 24 post Psm inoculation (Figure 4B), possibly because the inability of the mutant to further metabolize the at this stage more heavily accumulating Pip.

Previous experiments using Arabidopsis sid mutants suggested that the inducible accumulation of the phytoalexin camalexin in response to avirulent bacterial pathogens is negatively regulated by the SA pathway (Nawrath and Métraux, 1999). On one hand, our metabolite data confirmed this tendency because Psm inoculation resulted in a stronger camalexin accumulation in sid2 at 24 hpi than in the wild-type or in the NHP-defective lines ald1, fmo1 or ald1 fmo1 (Figure 4B). On the other hand, the early production of camalexin at 12 h post Psm inoculation was attenuated in both the SA-deficient sid2 plants and the NHP-deficient ald1, fmo1 and ald1 fmo1 lines. In addition, the SA- and NHP-deficient double mutants sid2 ald1 and sid2 fmo1 contained the lowest levels of camalexin at 12 hpi (Figure 4A). These results indicate that both SA and NHP promote the early biosynthesis of camalexin in the basal immune response of Arabidopsis to Psm, and that both immune signals additively contribute to the timely production of the phytoalexin.





SA and NHP contribute additively or synergistically to Arabidopsis local resistance to pathogen infection

To directly assess basal immunity to bacterial infection, we inoculated leaves of naïve Col-0, sid2, ald1, fmo1, sid2 ald1, sid2 fmo1 and ald1 fmo1 plants with the compatible Psm or P. syringae pv. tomato DC3000 (Pst) strains (Figures 5A, B). In both the Psm- and Pst-inoculation assays, bacterial growth was similar in ald1, fmo1, and ald1 fmo1. However, compared to the wild-type, the three NHP-deficient mutants showed increased susceptibility to both bacterial pathogens (Figures 5A, B). At the same time, the SA-induction-deficient sid2 plants were more susceptible than the NHP-deficient pipecolate pathway mutants to Psm and Pst infection. Moreover, both sid2 ald1 and sid2 fmo1 were less resistant to both bacterial strains than sid2 (Figures 5A, B).




Figure 5 | SA and NHP contribute additively to basal resistance of Arabidopsis to compatible bacterial and oomycete pathogens. (A, B) Basal resistance of Arabidopsis wild-type Col-0 and mutant lines defective in SA and/or NHP biosynthesis to virulent Pseudomonas syringae strains. (A) Naïve Arabidopsis plants of the indicated lines were inoculated with bioluminescent P. syringae pv. maculicola ES4326 (Psm) expressing the luxCDABE operon from Photorhabdus luminescens (Psm lux; Fan et al., 2008) by syringe-infiltration of three leaves each with a bacterial suspension of OD600 (optical density at 600 nm) = 0.001. As a measure of plant susceptibility, the numbers of bacteria were determined at 60 hpi in inoculated leaves by luminescence quantification and expressed as relative light units (rlu) per cm2 leaf area (Gruner et al., 2018). Bars indicate the mean ± SD of at least 15 leaf replicates (n ≥ 15). (B) Same experiment with P. syringae pv. tomato DC3000 (Pst) expressing luxCDABE (Pst lux; Fan et al., 2008) as the inoculating pathogen (OD600 = 0.001; n ≥ 14). (C) Basal resistance of the indicated Arabidopsis lines to compatible Hyaloperonospora arabidopsidis isolate Noco2 (Hpa). The leaf rosette was spray-inoculated with a sporangial suspension of 2.5×104 ml-1 and leaves harvested at 5 dpi. Invasively-growing intercellular hyphae (IH) within the leaf tissue were assessed at 5 days post inoculation (dpi) as a measure of disease severity and are given in mm IH per cm2 leaf area (Hartmann et al., 2018). The means (± SD) of ten leaves from different plants are given (n = 10). Different letters denote significant differences (p < 0.05, ANOVA and post-hoc Tukey HSD test).



Next, to specify the function of SA and NHP signalling in the basal immunity of Arabidopsis to oomycete infection, we inoculated the different lines under investigation with the oomycete pathogen Hyaloperonospora arabidopsidis isolate Noco2 (Hpa). Hpa is virulent to Arabidopsis Col-0 and able to establish invasive hyphal growth in the intercellular spaces of leaves (Slusarenko and Schlaich, 2003; Bartsch et al., 2006). We determined the lengths of intercellular hyphae in the leaves at 5 dpi as a measure of disease susceptibility of naïve plants (Figure 5C). Compared to the Col-0 wildtype, ald1, fmo1, and sid2 single mutants showed a significantly stronger susceptibility to the oomycete, (Figure 5C). While the ald1 fmo1 double mutant showed a similar susceptibility to Hpa than the ald1 or fmo1 single mutants, sid2 fmo1 and sid2 ald1 double displayed by far the strongest susceptibility of all of the lines under examination (Figure 5C).

Together, these resistance assays show that both NHP- and SA-initiated signalling contribute to basal immunity to Psm, Pst and Hpa infection, with a comparatively larger contribution of SA in the cases of bacterial attack. The similar basal immune phenotype of the NHP-deficient but Pip accumulating mutant fmo1 and the ald1 and ald1 fmo1 lines that show both NHP- and Pip-deficiency confirm that NHP functions as the signal-active compound of the pipecolate pathway, and that Pip does not exhibit an independent immune-active function beyond its role as a necessary biosynthetic precursor for NHP (Hartmann et al., 2018; Zeier, 2021). The findings also emphasize that the immune function of FMO1 is restricted to its role in NHP formation in the pipecolate pathway. Finally, the high susceptibility of the sid2 fmo1 and sid2 ald1 double mutants indicate that the SA and NHP signalling pathways act additively to basal immunity against infection by compatible bacterial pathogens.

ETI is induced by the direct or indirect recognition of pathogen effector proteins by plant resistance proteins, which are commonly nucleotide binding/leucine-rich repeat (NLR)-type of immune receptors (Cui et al., 2015; Thordal-Christensen, 2020). For example, AvrRpm1 and AvrRpt2 are type III effectors from P. syringae whose cellular actions are recognized in Arabidopsis by the NLR receptors RESISTANCE TO P. SYRINGAE PV MACULICOLA1 (RPM1) and RESISTANCE TO P. SYRINGAE2 (RPS2), respectively (Mackey et al., 2002; Axtell and Staskawicz, 2003). To compare the contributions of the SA and NHP pathways in these distinct ETI responses, we inoculated leaves of the lines under investigation with Psm expressing AvrRpm1 (Psm avrRpm1) or Pst expressing AvrRpt2 (Pst avrRpt2), and scored bacterial growth at 3 dpi (Figure 6). Upon Psm avrRpm1 inoculation, all the lines harboring mutations in sid2 were more susceptible than the wild-type or lines with defects in the NHP pathway, indicating that the SA pathway is required but the NHP pathway is dispensable for local, RPM1-mediated resistance (Figure 6A). The growth of Pst avrRpt2 was also similar in Col-0 and the pipecolate pathway mutants ald1, fmo1 and ald1 fmo1, while sid2 again showed an increased susceptibility (Figure 6B). This emphasizes a particular importance of the SA pathway for RPS2-mediated ETI, while NHP seemed to be dispensable in this case. However, the resistance to Pst avrRpt2 was lower in the sid2 ald1 and sid2 fmo1 double mutants than in the sid2 single mutant. Thus, the Pst avrRpt2 -related growth data indicate that NHP contributes to RPS2-mediated ETI in the absence of a functional SA pathway, while intact SA biosynthesis masks this contribution in the pipecolate pathway mutants (Figure 6B).




Figure 6 | NHP fortifies the SA-mediated resistance to avirulent P. syringae triggered by the resistance protein RPS2. (A) Gene-for-gene resistance of the indicated Arabidopsis lines to avirulent Psm avrRpm1, which is recognized by the Rpm1 resistance protein. (B) Gene-for-gene resistance to avirulent Pst avrRpt2 which is recognized by the Rps2 resistance protein. To assess plant resistance, three leaves of a plant were syringe-infiltrated as described in Figure 5A and bacterial numbers in leaves determined at 3 dpi by a plating-based assay. The means of colony-forming units (cfu) per cm2 leaf area ± SD of at least 9 replicate leaf samples (n ≥ 9) is given. Different letters denote significant differences (p < 0.05, ANOVA and post-hoc Tukey HSD test).







The flagellin-triggered acquired resistance response in local tissue shows mechanistic similarities and differences to SAR

A pre-treatment of plants with bacterial flagellin induces a strong acquired resistance response to subsequent infection by virulent pathogens in the treated tissue, (Zipfel et al., 2004; Tsuda et al., 2009), and we now aimed at specifying the role of the NHP pathway in this context. To test for flagellin-induced acquired resistance, we first suspended the Psm bacteria either in 10 mM MgCl2 containing 1 µM flg22 or in a 10 mM MgCl2 control solution, inoculated Arabidopsis leaves, and compared bacterial numbers at 2.5 dpi for both treatments. The co-application with flg22 in this assay resulted in a strong reduction of bacterial growth in the Col-0 wildtype compared to the control condition, and this resistance effect was entirely absent in a flagellin-insensitive fls2 mutant (Figure 7A). In a variation of this assay, we pre-infiltrated the leaves of Arabidopsis plants with an aqueous solution of 1 µM flg22 or with water, challenged the same leaves one day later with Psm lux, and scored bacterial numbers another 2.5 days later. In these assays, we observed an even larger resistance induction in the Col-0 wildtype. Again, the flagellin-induced resistance was fully depended on a functional FLS2 gene (Figure 7A). However, when comparing pre- with co-infiltration, a modest resistance-enhancing effect of the pre-infiltration procedure alone was apparent (Figure 7A). We therefore decided to use the co-infiltration assay for further experiments with NHP-, SA-, and other immune-related pathway mutants to test for the flagellin-induced resistance response.




Figure 7 | SA and NHP additively contribute to the flagellin-induced acquired resistance response in Arabidopsis leaves. (A) Comparison of resistance induction by the flagellin peptide flg22 on leaves of Arabidopsis Col-0 and mutants defective in the flagellin receptor FLS2. Flg22 and compatible Psm lux were either co-applied to leaves, or flg22 was applied prior to bacteria inoculation. Pre-application: Three leaves per plant were syringe-infiltrated with an aqueous solution of 1 µM flg22 as an inducing treatment or with water as a control treatment. One day later, the same leaves were syringe-inoculated with Psm lux and bacterial numbers assessed 60 h later as described in Figure 5A. Co-application: Bacterial suspensions of Psm lux (OD600 = 0.001) containing (flg22) or lacking (-) 1 µM of flg22 were infiltrated into leaves and bacterial numbers scored 60 h later. Bars show the mean ± SD of the rlu values of at least 15 leaf replicates (n ≥ 15). (B-D) Flg22-induced resistance in the leaves of Arabidopsis wild-type Col-0 and different defense mutant lines, as assessed by the co-application procedure. Bars show the mean ± SD of 15 (B, C) or 18 (D) replicate leaf samples. Different letters denote significant differences (P < 0.05, ANOVA and post-hoc Tukey HSD test).



The NHP pathway mutants ald1, fmo1 and ald1 fmo1 showed a lower degree of resistance induction by flg22-treatment than Col-0 plants, indicating a contribution of NHP to the locally-induced flagellin response (Figures 7B, C). Still, however, a similarly pronounced and considerable resistance induction was observed in these three lines, demonstrating that parallel signalling pathways act at least in part independently from NHP to mediate flagellin-induced acquired resistance. This is in sharp contrast to the systemic, pathogen-inducible SAR response, for which NHP is indispensable. This is underlined by the full incompetency of the NHP pathway mutants ald1, fmo1 and ald1 fmo1 to induce any measurable SAR effect (Figure 8A; Song et al., 2004; Mishina and Zeier, 2006; Návarová et al., 2012; Bernsdorff et al., 2016). Previous results have revealed a marked contribution of the SA pathway in flagellin-induced resistance (Zipfel et al., 2004; Tsuda et al., 2009), which was confirmed in our analyses by an attenuated response to flg22 in the SA induction deficient sid2 line (Figures 7B-D). The attenuation of flagellin-induced resistance was more pronounced in sid2 than in ald1, fmo1 or ald1 fmo1, indicating a stronger contribution of SA than of NHP to this response (Figures 7B, C).




Figure 8 | Establishment of systemic acquired resistance (SAR) triggered systemically by bacterial inoculation and the locally assessed, flg22-triggered acquired resistance response are based on both overlapping and distinct signaling principles. (A, B) To assess SAR in Arabidopsis, three lower (1°) leaves per plant were either inoculated with Psm (OD600 = 0.005) or mock-infiltrated with 10 mM MgCl2. Two days after this 1°-inducing treatment, three upper (2°) leaves were challenge-inoculated with Psm lux (OD600 = 0.001), and bacterial numbers in the 2° leaves scored 2.5 days after the challenge-inoculation (see Figure 5A for details). (A) SAR assay with Col-0 wildtype, NHP- and SA-pathway single and double mutants. (B) SAR assay with Col-0, npr1-3, pad4-1, and eds1-2 mutant plants. Bars show the mean ± SD of at least 15 leaf replicates (n ≥ 15). Different letters denote significant differences (P < 0.05, ANOVA and post-hoc Tukey HSD test).



Although sid2 shows a strongly diminished establishment of SAR, it has the competency of a weak pathogen-inducible SAR that is not detected in sid2 ald1 or sid2 fmo1 (Figure 8A). This corroborates our previous finding that the NHP-triggered SAR response is strongly amplified by but does not entirely depend on SA (Bernsdorff et al., 2016; Yildiz et al., 2021). Importantly, the sid2 ald1 and sid2 fmo1 double mutants showed a weaker flagellin-induced resistance than both sid2 on one hand, and ald1, fmo1 or ald1 fmo1 on the other hand (Figures 7B, C). Therefore, additive contributions of the SA and NHP pathways also exist for the establishment of flagellin-triggered acquired resistance. However, although markedly attenuated, a significant flg22-response was even detected in sid2 ald1 and sid2 fmo1, indicating that immune signals other than SA and NHP independently contribute to flagellin-induced acquired resistance (Figures 7B, C).

Since flg22-treatment induces MAPK cascades, in particular the activation of MPK3 and MPK6 (Tsuda et al., 2009; Frei dit Frey et al., 2014), we tested flagellin-induced resistance in mpk3 and mpk6 knockout mutants. However, these lines showed a wildtype-like resistance induction in response to flg22-treatment. Moreover, we tested mutant lines with defects in genes coding for the immune-regulatory proteins PHYTOALEXIN-DEFICIENT4 (PAD4), ENHANCED DISEASE SUSCEPTIBILIY1 (EDS1) and NPR1 for their abilities to induce flg22-triggered resistance and SAR (Feys et al., 2001; Dong, 2004; Bartsch et al., 2006). The pad4 and eds1 mutants, which were highly susceptible to Psm in the naïve, uninduced state (Figures 7D; 8B), showed a considerable flg22-response and increased resistance to similar levels than flagellin-treated sid2 but to lower levels than the flagellin-induced wild-type (Figure 7D). Moreover, both pad4 and eds1 plants were able to establish a diminished but still significant Psm-triggered SAR (Figure 8B). The npr1 mutant, by contrast, which is largely insensitive to both SA- and NHP-inducible immunity (Delaney et al., 1995; Liu et al., 2020; Yildiz et al., 2021), showed a fully compromised SAR and exhibited a weaker flg22-response than the SA-deficient sid2 line (Figures 7D; 8B; Yildiz et al., 2021).

Together, these mutant analyses show that SA and NHP additively contribute to the local immune response triggered by flg22-treatment but that other defense signalling pathways exist that provide independent, additional contributions. SAR, by contrast, does not develop in the absence of NHP biosynthesis and also largely dependents on the ability of plants to accumulate SA. This reveals both overlapping principles and differences for the signalling mechanisms that culminate in local acquired resistance induced by exogenous flagellin and the systemic SAR response.






Discussion




N-Hydroxypipecolic acid boosts diverse flagellin-induced metabolic and transcriptional responses to different degrees

Plants exhibiting SAR are primed to systemically defend themselves more quickly and vigorously against subsequent pathogen attack. A series of recent findings indicate that NHP functions as a key mediator of SAR-associated priming to bacterial infection (Zeier, 2021). In the current study, we investigated whether NHP would also amplify metabolic and transcriptional responses of Arabidopsis to bacterial flagellin as a defined molecular pattern. This allowed to compare priming of plant responses elicited by the single, quantitatively constant stimulus flagellin with the priming of responses associated with the more complex plant-bacterial interaction (Návarová et al., 2012; Bernsdorff et al., 2016; Hartmann et al., 2018; Yildiz et al., 2021).

Our findings show that the NHP-triggered priming of metabolic reactions in Arabidopsis leaves associated with bacterial challenge and flagellin exposure are qualitatively and quantitatively very similar (Figure 9A; Yildiz et al., 2021). NHP induced early, strong and sustained priming of the flg22-induced accumulation of camalexin and Pip, and of the flg22-induced activation of the SA biosynthetic pathway (Figures 1; 2; 9A). More specifically, while the flg22-induced accumulation of SA and SGE was primed most strongly in the early phases after flg22-treatment, a strong priming of SAG production occurred continuously, also in later stages after flagellin exposure (Figure 2). This illustrates that the metabolic flow of the SA pathway is finally directed to SAG as a dominant storage form (Klessig et al., 2018). Priming of the pathogen-inducible, terpenoid pathway-derived and non-polar metabolites γ-tocopherol and stigmasterol was also strong but occurred mainly at later times following flg22-treatment (Figures 1E, F). An early but more modest priming was observed for the accumulation of the aromatic amino acids Phe, Tyr, and Trp (Figure 1C; Supplementary Figure 2). Notably, Trp and Tyr function as metabolic precursor for the biosynthesis of the priming-affected metabolites camalexin and γ-tocopherol, respectively (Figure 9A). And finally, a weak priming of the accumulation of the branched chain amino acids Val, Leu and Ile, which already markedly accumulated upon flg22-exposure alone, was observed at later times after elicitor treatment (Figures 1D, 9A; Supplementary Figure 2). Therefore, NHP primes the flg22-induced generation of a large portion of previously described metabolites that accumulate upon infection with compatible Psm bacteria in Arabidopsis leaves (Griebel and Zeier, 2010; Návarová et al., 2012; Stahl et al., 2016; Stahl et al., 2019; Yildiz et al., 2021). However, the degree and temporal sequence of priming vary between these distinct metabolic pathways (Figure 9A).




Figure 9 | NHP-triggered priming of flagellin-inducible metabolic responses and direct induction of selected immune-related genes by NHP. (A) NHP primes the flagellin-induced induction of defense-related metabolic pathways to different degrees. The temporal sequence and magnitude of the distinct priming effects are indicated by different background colors, framings and font-weights of the descriptors of metabolites, as indicated in the grey-shaded legend. Abbreviations of the enzymes catalyzing individual reaction steps are indicated next to the arrows. Abbreviations not outlined in the main text: EDS5, ENHANCED DISEASE SUSCEPTIBILITY5; DHBAs, dihydroxybenzoic acids; S3H, salicylate-3-hydroxylase; S5H, salicylate-5-hydroxylase; LKR, lysine-ketoglutarate reductase; UGT, Uridine-diphosphate-dependent glycosyltransferase; CYP, cytochrome P450 monooxygenase; VTE, VITAMIN E DEFICIENT. *: The experimental design did not allow a direct assessment of the priming of the accumulation of NHP and its derivates at the metabolic level (see discussion). (B-H) Direct transcriptional response of Arabidopsis Col-0 plants to NHP. The depicted bar graphs display the means of expression levels (counts per million, cpm) of genes in the leaves of NHP-treated (blue) or H2O-treated (light red) control plants, as assessed by RNA-sequencing-based analyses (Yildiz et al., 2023). For the genes displayed in bold and red, significant differences (false discovery rate [FDR] < 0.05) between the NHP- and control-treatments exist. (B-F) Genes involved in defense-related metabolic pathways: (B) biosynthesis of SA and NHP, (C) NHP and SA metabolism, (D) camalexin biosynthesis, (E) vitamin E biosynthesis, and (F) stigmasterol biosynthesis. (G, H) Genes involved in pattern perception and early signaling: (G) pattern recognition receptors, and (H) co-receptors and receptor-like cytoplasmic kinases. Abbreviations not outlined in the main text: LYK5, LYSM-CONTAINING RECEPTOR-LIKE KINASE 5; LYM2, LYSM DOMAIN GPI-ANCHORED PROTEIN 2; LORE,LIPOOLIGOSACCHARIDE-SPECIFIC REDUCED ELICITATION; RPL, receptor-like protein; PEPR1, PEP1 RECEPTOR1; RDA2, RESISTANT TO DFPM INHIBITION OF ABA SIGNALING 2; WAK1/2, CELL WALL-ASSOCIATED KINASE1/2; SOBIR1, SUPPRESSOR OF BIR1 1; BSK1, BRASSINOSTEROID-SIGNALING KINASE1; PCRK1/2, PTI COMPROMISED RECEPTOR-LIKE CYTOPLASMIC KINASE1/2.



How does NHP prime plants for an enhanced defense capacity? Recent RNA-sequencing-based analyses show that exogenous NHP induces a direct transcriptional response in Arabidopsis leaves that includes up-regulation of about 3000 genes (Yildiz et al., 2021; Yildiz et al., 2023). This response is largely similar to the transcriptional reprogramming that occurs during biological SAR in the distant leaf tissue of locally pathogen-inoculated plants (Bernsdorff et al., 2016). Similarly, exogenous NHP triggered a significant transcriptional response in wheat seedling that up-regulated a battery of SAR-related genes (Zhang et al., 2021). Notably, the direct transcriptional response to NHP in Arabidopsis includes up-regulation of key biosynthetic genes of the primed metabolic pathways (Yildiz et al., 2021; Yildiz et al., 2023). For example, NHP up-regulates all of the genes required for the stress-inducible biosynthesis of NHP (ALD1, SARD4, FMO1), SA (ICS1, EDS5, PBS3), as well as key genes of SA and NHP glucosylation (UGT76B1) and SA hydroxylation (Figures 9B, C; Zeier, 2021). This is consistent with the strong NHP-mediated priming of flg22-triggered accumulation of Pip, SA and SA glucose conjugates (Figures 1; 2). Since we fed plants with exogenous NHP solution in the priming assays, it was not possible in our metabolite analyses to discriminate between endogenously accumulating NHP and exogenously administered and subsequently absorbed NHP, which prevents direct information about the priming of NHP and its glucose derivates at the metabolic level. However, the priming of Pip in parallel with the direct up-regulation and primed flg22-triggered expression of FMO1 strongly suggests that NHP is able to fortify its own biosynthesis (Figure 3). NHP also enhances transcription of the three cytochrome P450 monooxygenase genes CYP71A12, CYP71A13 and CYP71B15/PAD3 that are involved in the biosynthesis of camalexin. By contrast, CYP79B2 and CYP79B3 that encode the enzymes catalysing the entrance reaction into this Trp catabolic pathway to camalexin show strong constitutive expression but are not up-regulated by NHP (Figure 9D). This suggests that the NHP-triggered transcriptional response generally elevates the enzymatic equipment to generate defense-related metabolites. In particular, NHP tends to augment the transcript levels of biosynthetic genes with lower constitutive, basal expression, which might help to fill in enzymatic gaps of a particular pathway. Consistently, the priming of γ-tocopherol and stigmasterol accumulation were associated with an NHP-induced up-regulation of the stress-inducible pathway genes TYROSINE AMINOTRANSFERASE3 (TAT3) and CYP710A1, respectively (Figures 9E, F). While TAT3 supposedly acts relatively early in the tocopherol biosynthetic pathway, CYP710A1 catalyses the final step in the biosynthesis of stigmasterol (Figure 9A), indicating that both earlier and later pathway genes might act as switches for the priming of stress-inducible metabolic pathways.

Besides directly promoting the biosynthetic pathways of stress-inducible metabolites, analyses of the transcriptional SAR and NHP responses also indicate that NHP enhances the responsiveness of plant cells at the levels of pathogen perception and associated downstream signalling (Bernsdorff et al., 2016; Hartmann et al., 2018; Yildiz et al., 2021). The major part of plant surface receptors that monitor specific extracellular molecular cues to activate intracellular output programs constitute receptor kinases (RKLs) and receptor-like proteins (RLPs), the latter in combination with interacting adaptor kinases (Gust and Felix, 2014). Among both RLKs and RLPs, a series of PTI-related pattern recognition receptors (PRRs) have been identified (Figure 9G; DeFalco and Zipfel, 2021). Upon binding of peptide- or small molecule-ligands, these surface receptor units associate with co-receptors of the SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK)-type family to initiate transphosphorylation and further downstream signalling events (Ma et al., 2016). Moreover, receptor-like cytoplasmic kinases (RLCKs) combine with these surface receptor complexes for intracellular signal transduction (Liang and Zhou, 2018).

Upon binding of its ligand flagellin, the RLK FLS2 interacts with its co-receptor, BAK1 (BRI1-associated receptor kinase1), to form an active pattern recognition receptor complex that triggers flagellin responses (Chinchilla et al., 2007; Heese et al., 2007). In addition, the RLCK BOTRYTIS-INDUCED KINASE1 (BIK1) and its closest homologue PBS1-LIKE1 (PBL1) combine with FLS2 to mediate flagellin-induced signal transduction (Lu et al., 2010; Ranf et al., 2014; Liang and Zhou, 2018). Whereas FLS2 transcription is not regulated by NHP, expression of the co-receptor gene BAK1 and the RLCK genes BIK1, PBL1, BSK1, PCRK1, and PCRK2, whose gene products are involved in FLS2-mediated signal transduction (Liang and Zhou, 2018), is significantly enhanced by NHP (Figures 9G, H). Therefore, NHP up-regulates several components of the flagellin-sensing receptor complex. An increased number of functional receptor units might more effectively perceive flagellin molecules and contribute to the observed NHP-mediated priming of flg22-responses. A similar scenario is likely to occur for the perception of other bacterial PAMPs, fungal PAMPs and DAMPs, since the transcripts of genes coding for the elongation factor-Tu receptor EFR (Zipfel et al., 2006), the lipopolysaccharide receptor LORE (Ranf et al., 2015), the chitin-sensing receptor kinases CERK1, LYK5 and LYM2 (Miya et al., 2007; Faulkner et al., 2013; Cao et al., 2014), and other characterized PRRs show significant NHP-triggered accumulation. These also include a series of RLPs and the adaptor kinase SOBIR1 (Figures 9G, H; Liebrand et al., 2013; Zhang et al., 2014; Albert et al., 2015; Fan et al., 2022). Therefore, NHP most likely primes plants for enhanced immune responses to other microbial patterns as well, which remains, however, to be experimentally verified.

Besides inducing a direct transcriptional response, our data indicate that NHP also primes the flg22-triggered expression of defense-related genes (Figure 3). We observed a boosted activation of biosynthetic genes of the camalexin (PAD3), the pipecolate (ALD1, FMO1), and the SA (PBS3) pathways in this context (Figure 3). The priming at the levels of biosynthetic gene expression might explain why the NHP-mediated enhancement of the flg22-induced accumulation of camalexin, Pip and SA pathway products is particularly strong (Figure 9A). Interestingly, we found that some flagellin-inducible genes show a weak predisposition for NHP-mediated priming. For example, FRK1, a classical marker gene for flagellin responses (Asai et al., 2002), and ICS1 showed strong flg22-induced expression that was hardly affected by NHP pre-treatment. Whether genes with very strong stimulus-induced expression do generally exhibit a weaker predisposition for (NHP-mediated) priming than such with lower stimulus-induced expression is an interesting hypothesis that, however, cannot be generalized from these few examples.

The strong priming of the flagellin-induced biosynthesis of the Arabidopsis phytoalexin camalexin by NHP is consistent with the heavily primed accumulation of camalexin in response to P. syringae challenge in NHP- and SAR-induced plants (Návarová et al., 2012; Bernsdorff et al., 2016; Yildiz et al., 2021). A reduced NHP-triggered camalexin priming was observed in the SA-induction-deficient sid2 mutant, indicating that SA amplifies the priming program induced by NHP (Yildiz et al., 2021). Interestingly, priming of P. syringae- and Botrytis cinerea-induced camalexin accumulation was also observed in plants exhibiting induced systemic resistance (ISR) (Nguyen et al., 2022). ISR is induced by beneficial bacteria in the root and mechanistically different to SAR. Nevertheless, analyses of SA pathway mutants suggest that SA fortifies also the ISR-triggered priming of camalexin accumulation (Nguyen et al., 2022). Whether NHP is also involved in the ISR-associated priming process remains to be determined. A recent study indicates that, in addition to immune-active metabolites, epigenetic modifications such as histone methylation and acetylation or DNA demethylation are involved in mediating the speed of camalexin biosynthesis (Zhao et al., 2021; Huang et al., 2022). The boosted biosynthesis of phytoalexins and other antimicrobial secondary metabolites is commonly observed among plants in inherently distinct metabolic pathways. Notably, besides priming of the biosynthesis of the Trp-catabolite camalexin in Arabidopsis (Návarová et al., 2012), activation of the pipecolate pathway by exogenous Pip treatment in tobacco triggers priming of P. syringae-induced accumulation of the Orn-derived pyrrolidine alkaloid nicotine (Vogel-Adghough et al., 2013). Moreover, the synthetic priming inductors S-acibenzolar-S-methyl or dichloroisonicotinic acid primed the pathogen-induced accumulation of isoflavonoid phytoalexins in cowpea (Latunde-Dada and Lucas, 2001), the elicitor-triggered secretion of coumarins in parsley cells (Kauss et al., 1992), and the expression of biosynthetic genes of diterpenoid phytoalexins in rice (Akagi et al., 2014), just to name a few examples.

In this study, we have focussed on the assessment of flagellin-triggered metabolic and transcriptional responses and demonstrated a significant role of NHP in conditioning these responses. Well-characterized cell wall-based defenses following flagellin perception are the deposition of callose into cell walls and ROS accumulation (Asai et al., 2002). Interestingly, exogenous treatment with NHP was shown to elevate expression of cell wall fortification enzymes and callose deposits in wheat seedlings (Zhang et al., 2021), suggesting that NHP might prime PTI-related cell wall-based defense reactions as well. In Arabidopsis, SA and jasmonate signaling enhanced both the flg22-triggered callose deposition and oxidative burst (Yi et al., 2014). These findings indicate a relevance for hormone-based priming mechanisms of flagellin-triggered cell wall-based immunity.





SA and NHP provide synergistic and additive contributions to PTI- and ETI-related local immunity and early camalexin accumulation in non-primed plants

Using a complete set of metabolically well-characterized Arabidopsis lines impaired in the pipecolate and/or SA biosynthetic pathways (Figure 4; Supplementary Figures 4–6), we also revisited the role of the NHP pathway as well as the interplay of NHP and SA in local immune responses in naïve, non-primed plants (Figures 4–6). In the compatible interaction between Psm and Arabidopsis, Pip and NHP usually start to accumulate in inoculated leaves from 10 hours post inoculation onwards, while SA biosynthesis is induced some hours earlier (Figure 4; Supplementary Figure 5; Hartmann et al., 2018; Hartmann and Zeier, 2019). Comparative metabolite analyses in the early Psm – Arabidopsis interaction phase (i.e., at 12 hpi) showed that a failure of NHP accumulation (e.g., in ald1, fmo1 and ald1 fmo1) results in an attenuated biosynthesis of SA, while a lack of SA accumulation (in sid2) negatively affects Pip and NHP production (Figure 4; Supplementary Figure 5). Thus, the rising levels of NHP in the early compatible plant-bacterial interaction intensify SA production, while at the same time, accumulating SA positively influences Pip and NHP biosynthesis (Figure 4A). Interestingly, the local, Psm-induced expression of FMO1 was over-proportionally attenuated at 10 hpi in the sid2 ald1 double mutant compared to either of the single mutants, corroborating the here-described synergistic interplay of NHP and SA in the induction of early basal defense responses (Bernsdorff et al., 2016).

Previous work indicated a positive influence of functional ALD1 on the P. syringae-triggered accumulation of camalexin, while SID1 and SID2 exhibited negative impact on its accumulation (Nawrath and Métraux, 1999; Song et al., 2004). Our results suggest positive influences of both the NHP and SA pathways on the biosynthesis of camalexin in the early Psm-Arabidopsis interaction, because both ald1, fmo1, ald1 fmo1 and sid2 showed lower camalexin accumulation than the Col-0 wild-type at 12 hpi (Figure 1A). Moreover, a direct comparison of sid2 ald1 or sid2 fmo1, which are both SA- and NHP-deficient, with the respective single mutants and the wild-type show that the early generation of camalexin is additively promoted by SA and NHP and occurs most efficiently when both immune signals are present (Figure 4A). Therefore, a positive interplay between NHP and SA, that was primarily described in context with SAR-induced, primed plants in previous studies (Bernsdorff et al., 2016; Hartmann et al., 2018; Zeier, 2021), also exists in early basal resistance responses of naïve, unprepared plants at sites of pathogen inoculation.

At later phases of the local Psm-Arabidopsis interaction (e.g., 24 to 48 hpi), a positive impact of NHP signalling on SA biosynthesis or of SA signalling on NHP biosynthesis is not apparent, because at these times, Pip and NHP accumulate to at least wild-type levels in the SA-induction-deficient sid2 plants, and because NHP-deficient ald1, fmo1 or ald1 fmo1 plants showed no defect in SA accumulation (Figure 4B; Návarová et al., 2012; Bernsdorff et al., 2016). In fact, NHP and its glucose ester NHPGE even over-accumulate in sid2 at later infection stages, indicating a negative-modulatory action of an activated SA pathway on the levels of free, bioactive NHP. At the same time, the accumulation of the presumably inactive glucoside NHPG is markedly attenuated in both sid2 and npr1 mutant plants and thus depends on an intact SA signalling pathway (Figure 4B; Supplementary Figure 6; Hartmann et al., 2018; Bauer et al., 2021; Yildiz et al., 2021). The negative-regulatory influence of the SA pathway on the levels of free NHP might be explained by an NPR1-dependent transcriptional regulation of the NHP glucosyltransferase UGT76B1 (Liu et al., 2020; Bauer et al., 2021). Therefore, depending on the infection stages of Psm-inoculated Arabidopsis leaves, SA signalling affects the levels of the SAR-inducer NHP biosynthesis differently: in the early infection stage during which NHP levels only start to rise and are quantitatively low, SA promotes NHP accumulation, while at later times of infection, SA acts as a negative modulator that keeps the quantitatively high levels of NHP that accumulate in these periods under control.

On the resistance level, the direct comparison of sid2 ald1 and sid2 fmo1 double mutants with the respective single mutants and the wild-type indicate that SA and NHP signalling add up to guarantee full basal resistance to Psm (Figure 5A; Bernsdorff et al., 2016). Similarly, additive contributions of SA and NHP were observed with respect to basal resistance of Arabidopsis Col-0 to the compatible bacterial strain Pst DC3000 (Figure 5B; Liu et al., 2020), and to the compatible Hpa isolate Noco2 (Figure 5C). These additive effects might either rely on partially independent SA- and NHP-triggered resistance responses that sum up for full basal resistance. Alternatively, they might be based on the mutual enhancement of the SA and NHP defense pathways. For example, previous work has shown that NHP is able to boost the induction of PR1 expression by SA, while the NHP-triggered priming of Arabidopsis defenses to P. syringae challenge was amplified by a functional SA signalling pathway (Yildiz et al., 2021).

Additive genetic contributions of SID2 and FMO1 have been previously described also for interactions of Arabidopsis with oomycete or bacterial pathogens that result in ETI. For example, while ETI-based resistance of Col-0 plants to the H. parasitica isolate Cala2, which is triggered via the RPP2 resistance gene, was attenuated in both sid2 and fmo1, a sid2 fmo1 double mutant displayed significantly greater loss of resistance than either sid2 or fmo1 alone (Bartsch et al., 2006). Similarly additive contributions of functional SID2 and FMO1 were observed for the ETI-related resistance of Col-0 to Pst AvrRps4 and Pst AvrRpt2, which are based on recognition via the RPS4 and RPS2 resistance genes, respectively (Liu et al., 2020). In the current study, the sid2 fmo1 and sid2 ald1 double mutants, which were both metabolically characterized for their simultaneous defects in NHP- and SA-biosynthesis (Figure 1), showed a higher increase in susceptibility to Pst avrRpt2 inoculation than sid2 (Figure 6A), corroborating additive contributions of SA and NHP to RPS2-mediated ETI. By contrast, NHP apparently did not contribute to the RPM1-mediated ETI of Arabidopsis to Psm avrRpm1, since mutations in ald1 or fmo1, either in the Col-0 or the sid2 backgrounds, had no negative impact on resistance, although plants harbouring sid2 mutations showed markedly enhanced susceptibility (Figure 6A). These results are consistent with recent findings indicating that a sid2 ald1 double mutant is more susceptible than each of the single mutants to Psm carrying AvrRpt2, but not to Psm expressing AvrRpm1 (Yoo et al., 2022). Together, this illustrates that NHP contributes to several but not to all of the distinct resistance gene-mediated ETI responses, while the commonly observed enhanced susceptibility phenotypes of sid2 corroborate the generally important role of the SA pathway in different forms of ETI. Nevertheless, by providing either indirect genetic data on the function of FMO1 or direct evidence at the metabolic level, several studies indicate a positive regulatory role of NHP in the execution of ETI-induced or otherwise elicited hypersensitive cell death responses (Olszak et al., 2006; Chen et al., 2018; Hartmann et al., 2018; Czarnocka et al., 2020; Cai et al., 2021).





SA and NHP additively contribute to the local flagellin-induced acquired resistance response, which exhibits mechanistic similarities and differences to SAR

Flg22-treatment induces a strong acquired resistance response to subsequent bacterial infection in the treated plant tissue (Zipfel et al., 2004; Tsuda et al., 2009). This locally observed acquired immunity should be clearly distinguished from the inducible PTI-response caused by flagellin perception within a running bacterial infection. As reported previously, flg22-triggered acquired resistance entirely depended on a functional flagellin receptor gene FLS2 (Figure 7A; Zipfel et al., 2004). Analyses of Arabidopsis mutants impaired in distinct defense pathways also showed that SA signaling significantly contributes to flagellin-induced acquired resistance (Zipfel et al., 2004; Tsuda et al., 2009), which was confirmed in our analyses by the findings that both SA-induction-deficient sid2 and the SA-insensitive npr1 mutant showed an attenuated immune response upon flg22-treatment (Figures 7B-D). The current study focused on the role of NHP signaling in this context, and our results show that all mutant lines with exclusive defects in the NHP biosynthetic pathway (ald1, fmo1, ald1 fmo1) exhibit smaller acquired resistance than the wild-type but more pronounced acquired resistance than sid2 upon flagellin treatment (Figures 7A, C). Therefore, NHP contributes to the locally assessed flagellin-induced acquired resistance to some extent, but this contribution is smaller than the contribution of SA. This is, on a quantitative basis, different to the SAR response induced in systemic tissue by a localized bacterial inoculation. SAR is entirely compromised in all of the mutants unable to accumulate NHP, indicating that NHP acts as an indispensable switch for this systemic response (Figures 4; 8A; Song et al., 2004; Mishina and Zeier, 2006; Bernsdorff et al., 2016; Hartmann et al., 2018). By comparison, SAR induced by bacterial inoculation or NHP treatment is strongly attenuated but not entirely abrogated in sid2, emphasizing the importance of SA for SAR establishment on one hand, but also the existence of a small SA-independent SAR-inducing pathway on the other hand (Figure 8A; Bernsdorff et al., 2016; Hartmann et al., 2018; Yildiz et al., 2021). Together, this is in line with the notion that SA functions as an amplifier of the NHP-triggered SAR response (Zeier, 2021).

Analyses of the sid2 ald1 and sid2 fmo1 double mutants reveal additive contributions of the SA and NHP signaling pathways to flagellin-induced acquired resistance (Figures 7B, C), just as it was observed for basal immunity (Figure 5). For their immune functions, both SA and NHP require functional NPR1, which is exemplified by the loss of resistance induction by exogenous SA and NHP in npr1 plants, and the full SAR defect of npr1 mutants (Figure 8A; Feys et al., 2001; Hartmann et al., 2018; Liu et al., 2020; Yildiz et al., 2021). Moreover, similar to the sid2 ald1 or sid2 fmo1 double mutants, the flg22-induced immunity was more strongly compromised in npr1 than in sid2, suggesting that SA- and NHP-signaling converge at NPR1 to mediate acquired resistance by flagellin. However, a main difference between local flagellin-induced acquired resistance and SAR is the existence of a significant residual acquired resistance response in the NHP- and SA-deficient double mutants, while SAR is fully absent in these lines (Figures 7B, C; 8A). Therefore, SA- and NHP-independent signaling pathways contribute to flagellin-induced acquired resistance but not to SAR. Flagellin perception activates MAPK cascades that involve MPK3 and MPK6 (Asai et al., 2002; Tsuda et al., 2009; Frei dit Frey et al., 2014). The here-observed wild-type-like flg22-triggered resistance of mpk3 and mpk6 either suggest that these MAPKs do not provide significant contributions to flagellin-induced acquired resistance against P. syringae challenge, or that MPK3 and MPK6 act redundantly in this process (Figure 7C). However, a previous study observed a compromised and attenuated flg22-induced resistance to Botrytis cinerea infection in mpk6 and mpk3 plants, respectively, indicating that flagellin responses to other pathogens might develop via activated MPK3/6 signaling (Galletti et al., 2011). Moreover, MPK3 and MPK6 participate in the flagellin-induced suppression of ETI responses (Wang et al., 2023).

We also observed that flagellin-induced resistance and SAR develop to lower absolute levels in pad4 and eds1 than in the wild-type, which is consistent with previous findings that PAD4 contributes to flg22-induced immunity (Tsuda et al., 2009). PAD4 associates with EDS1 to mediate pattern-triggered immunity (Pruitt et al., 2021), explaining that flagellin-induced immunity was attenuated to similar levels in pad4 and eds1 plants in our analyses (Figure 7C). Following pathogen inoculation, PAD4 and EDS1 positively regulate both SA and NHP biosynthesis (Feys et al., 2001; Hartmann et al., 2018), which could explain the observed attenuated flagellin and SAR responses in the respective mutants (Figures 7C, 8B). Interestingly, a quadrupole mutant defective in PAD4, SID2, the jasmonic acid (JA) biosynthesis gene DDE2 and the ethylene (ET) signaling gene EIN2 display a markedly greater loss of flagellin-induced resistance to P. syringae than pad4 or sid2 mutants, indicating contributions of both JA and ET signaling (Tsuda et al., 2009). Whether JA- and ET-mediated signaling trigger the above-described SA- and NHP-independent resistance pathways that induce the residual flagellin-induced acquired resistance in sid2 ald1 and sid2 fmo1 double mutants remains to be examined.

We have previously observed that flg22-treatment of single Arabidopsis leaves induces a moderate immune response also in the distant leaves (Mishina and Zeier, 2007). This systemic resistance response to flagellin was entirely absent in fmo1, sid2 and npr1 mutants and thus closely resembles the SAR response triggered systemically by an inducing pathogen inoculation. It is important to note that the local and not the systemic acquired response to flagellin was investigated in the present study.





The resistance phenotypes of ald1 fmo1 plants argue against NHP-independent functions of Pip, ALD1 and FMO1 in plant immunity

The importance of the pipecolate pathway in SAR was first described in a study by Návarová et al. (2012), which identified a critical role of ALD1-dependent Pip accumulation in SAR and demonstrated that exogenous Pip triggers a resistance response reminiscent to SAR in Arabidopsis. However, both the transcriptional and resistance response associated with Pip-induced SAR entirely depended on the function of the critical SAR gene FMO1 (Mishina and Zeier, 2006; Návarová et al., 2012; Bernsdorff et al., 2016; Chen et al., 2018; Hartmann et al., 2018), suggesting that an FMO1- and Pip-derived metabolite acts as a triggering signal for SAR. These findings were followed by unequivocal biochemical characterization of FMO1 as an NHP synthase that N-hydroxylates Pip to generate NHP, both in vitro by purified FMO1 (Hartmann et al., 2018), in Arabidopsis plants by use of isotope-labelled Pip (Hartmann et al., 2018), in Nicotiana benthamiana transiently expressing Arabidopsis FMO1 (Chen et al., 2018), and in transgenic tomato or tobacco in which the three Arabidopsis NHP biosynthetic genes ALD1, SARD4, and FMO1 were concomitantly expressed (Holmes et al., 2019; Cai et al., 2021). NHP potently induced systemic immunity in Arabidopsis and other mono- and dicotyledonous plants, and NHP but not Pip was able to rescue SAR in the NHP-deficient fmo1 mutant (Chen et al., 2018; Hartmann et al., 2018; Holmes et al., 2019; Schnake et al., 2020; Yildiz et al., 2021). These distinct biochemical and physiological lines of evidence demonstrate that NHP is the immune-active, SAR-inducing metabolite and Pip “merely” functions as the necessary biosynthetic precursor of NHP. This perspective is corroborated by the fact that SAR is inactivated at the level of NHP glycosylation, which was reported independently by several research studies (Bauer et al., 2021; Cai et al., 2021; Holmes et al., 2021; Mohnike et al., 2021; Zeier, 2021). Nevertheless, some recent studies that functionally investigated immune responses genetically at the level of ALD1 or by Pip application center Pip in their SAR-related working models (e.g., Wang et al., 2018b; Jiang et al., 2021). In the present study, we have directly compared a number of different resistance responses of Pip-accumulating but NHP-deficient fmo1 with Pip- and NHP-deficient ald1 and ald1 fmo1 in which functional FMO1 was either present (ald1) or absent (ald1 fmo1) (Figure 4). For all the immune types and defense reactions tested – i.e., basal resistance to different bacterial and oomycete pathogens (Figure 5), SA and camalexin accumulation associated with Psm-triggered responses (Figure 4; Supplementary Figure 5), ETI to avirulent bacterial pathogens (Figure 6), flagellin-triggered acquired resistance (Figure 7), and P. syringae-induced SAR (Figure 8A), the responses of ald1, fmo1 and ald1 fmo1 were similar. These findings further corroborate the above-mentioned reasoning that Pip functions as an important direct precursor of the immune-active FMO1-product NHP, and argue against an autonomous resistance-enhancing activity of Pip. Moreover, they argue against FMO1-related immune functions beyond the NHP pathway.

The full SAR defects of ald1, fmo1, and ald1fmo1 together with the thoroughly characterized NHP biochemical pathway demonstrate the necessity of NHP accumulation in plants for the biological induction of SAR (Figure 4; Návarová et al., 2012; Bernsdorff et al., 2016; Ding et al., 2016; Hartmann et al., 2017; Chen et al., 2018; Hartmann et al., 2018). In this light, reports on resistance-enhancing activites of petiole exudates from NHP-deficient ald1 plants appear physiologically irrelevant for biological SAR (Yoo et al., 2022). With respect to the function of NHP in long-distance signaling, two possible scenarios are conceivable: 1) NHP accumulating in inoculated leaves is partly mobilized to distant leaves in which it activates SAR (Chen et al., 2018; Cai et al., 2021; Mohnike et al., 2021; Yildiz et al., 2021; Yildiz et al., 2023). And 2), enhanced NHP levels induce molecular and cellular processes in the inoculated leaves that mediate signal propagation to distant leaves. A contribution of the second scenario is suggested by the resistance phenotype of transgenic Arabidopsis plants in which ALD1 was specifically expressed in epidermal tissue (Jiang et al., 2021). The hitherto conducted studies indicate that a combination of both scenarios orchestrate SAR long-distance signaling (Zeier, 2021).
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Gene ID

101246110
101248095
101256183
101257866
101260980
101263667
100736531
101055527
101260391
101244290
101245298
101245539
101257476
101264550
101265816
112940015
101245220
101262858
101268230
101268257
101252097
101260537
100191111
544123

544185

101246133
101250418
101255379
101256200
101244728
543984

Gene Symbol

LOC101246110
FLS3
LOC101256183
LOC101257866
LOC101260980
FLS2
SERK3B
LOC101055527
LOC101260391
LOC101244290
LOC101245298
LOC101245539
LOC101257476
LOC101264550
LOC101265816
LOC112940015
CER6
LOC101262858
LOC101268230
LOC101268257
LOC101252097
LOC101260537
LOC100191111
PRIbI
P4
LOC101246133
LOC101250418
LOC101255379
LOC101256200
LOC101244728
CaM6

Seq Description

LRR receptor-like serine/threonine-protein kinase EFR

FLAGELLIN-SENSING 3 protein

Serine/threonine-protein kinase PBS1

Probable serine/threonine-protein kinase PBL7
Probable LRR receptor-like serine/threonine-protein kinase At3g47570

LRR receptor-like serine/threonine-protein kinase FLS2

Somatic embryogenesis receptor kinase 3B
Hop-interacting protein THIO80
Calcium-dependent protein kinase 18-like
Calmodulin-like protein 3

Calmodulin

Probable calcium-binding protein CML44
Calmodulin-like protein 8
Calcium-binding protein CP1

Caltractin

Calmodulin-like protein 1
3-ketoacyl-CoA synthase 6
3-ketoacyl-CoA synthase 20-like
3-ketoacyl-CoA synthase 1
3-ketoacyl-CoA synthase 11-like

WRKY transcription factor 1

Probable WRKY transcription factor 26
PRI protein

Pathogenesis-related leaf protein 6
Pathogenesis-related protein P4
Calcium-dependent protein kinase 29
Calcium-dependent protein kinase 24
Calcium-dependent protein kinase 17-like
Calcium-dependent protein kinase 1
Caltractin

Calmodulin 6

Log, (C.fulvum/Control)

2.20
4.76
0.81
4.75
341
2.62
0.87
145
2.10
3.15
478
1.24
4.16
5.09
1.06
1.81
0.74
1.67
2.67
4.88
212
3.09
6.51
7.54
8.69
-237
-1.81
-3.60
-230
-3.98
-1.13

P-value

1.97E-04
1.80E-08
0.003420758
1.48E-08
0.003189953
1.82E-04
0.002665399
9.70E-04
0.008481838
1.68E-09
4.67E-06
0.00819727
2.38E-04
2.52E-09
0.007541617
4.66E-04
0.007012538
1.40E-05
1.06E-09
0.004680944
5.29E-05
3.29E-10
2.22E-09
1.38E-14
2.47E-06
1.23E-08
0.006829089
4.70E-08
2.84E-12
4.44E-06
0.005832385
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Pathway

ABA

Gene ID

543939
544270
543600
544123
544185
100191111
101246001
101265431
101265854
101246807
101258886
101267127
101265524
100037510
101249794
101251432
100820704
101266902
544008
544306
101249950
101246590
543712
606712

Gene Symbol

NPR1
NML2
TGA2.2
PRIb1
P4
LOC100191111
BOP2
LOC101265431
LOC101265854
LOC101246807
LOC101258886
LOC101267127
LOC101265524
SRK2C
LOC101249794
LOC101251432
ABF4
AOS2
LOXC
AOC
LOC101249950
LOC101246590
EREB
LOC606712

Seq Description

Regulatory protein NPR1

NIM1-like protein 2

Transcription factor TGA2.2
Pathogenesis-related leaf protein 6
Pathogenesis-related protein P4

PRI protein

BLADE-ON-PETIOLE protein BOP2
Transcription factor TGA1
Pathogenesis-related leaf protein 4
Abscisic acid receptor PYL9

Abscisic acid receptor PYL3

Abscisic acid receptor PYR1

Protein phosphatase 2C 53
SNF1-related kinase

Protein phosphatase 2C 51-like
Serine/threonine-protein kinase SRK2I
ABA responsive transcription factor
Allene oxide synthase 2
Lipoxygenase

Allene oxide cyclase

ETHYLENE INSENSITIVE 3-like 3 protein
Ethylene-responsive transcription factor 1B
Ethylene responsive element binding protein

Ethylene-responsive transcription factor 1

Log, (C.fulvum/Control)

1.39
1.94
115
7.54
8.69
6.51
-3.21
2212
-2.38
1.06
1.07
0.97
2.68
121
-2.19
-2.84
-1.10
-2.05
-3.31
-1.40
2.11
4.73
5.26
3.19

P-value

2.07E-04
1.83E-07
0.001692675
1.38E-14
2.47E-06
2.22E-09
0.006220984
5.31E-04
1.94E-06
0.008230946
0.003742465
0.005559441
1.60E-09
0.003101157
0.004197722
3.23E-12
0.006243886
2.30E-3
3E-8
8.09E-3
0.002604271
1.18E-19
5.03E-05
3.68E-05
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Gene ID

101246226
101055583
101253234
101250847
101265243
104645436
101255303
543542

101055547
101055555
104645435
109118704
100736509
101246270
101248065
101257321
101248844
101255313
101055548
543544

101055549
100736448
100736477
100736541

Gene Symbol

LOC101246226
LOC101055583
LOC101253234
LOC101250847
LOC101265243
LOC104645436
I1AA4
1AA7
LOC101055547
LOC101055555
LOC104645435
LOC109118704
ARF1
LOC101246270
LOC101248065
LOC101257321
LOC101248844
LOC101255313
IAAIL5
IAA17
IAAI9
ARF5
LAX2
LAX5

Seq Description

Auxin-responsive protein SAUR32
Small auxin-up protein 58
Auxin-responsive protein SAUR50-like
Auxin-responsive protein SAUR50-like
Auxin-responsive protein SAUR71
Auxin-responsive protein SAUR21-like
Auxin-responsive protein [AA4

TAA7 protein

TAA14

TAA35

Auxin-induced protein 15A-like
Auxin-induced protein 15A-like
Auxin response factor 1
Auxin-responsive protein SAUR36-like
Auxin-responsive protein SAUR71-like
Auxin-responsive protein SAUR71-like
Auxin-responsive protein SAUR50
Auxin-responsive protein SAUR71
Auxin-regulated IAA15
Auxin-responsive protein IAA17
Auxin-responsive protein TAA19
Auxin response factor 5

Auxin transporter-like protein 2

Auxin transporter-like protein 5

Log, (C.fulvum/Control)

2.02
3.18
223
6.60
324
1.81
322
1.88
0.84
1.80
1.98
231
117
-2.09
-545
-3.85
-5.53
-1.74
-1.83
-3.02
-1.92
-3.50
-3.38
-4.55

P-value

2.33E-04
2.27E-12
0.00387351
2.18E-07
8.21E-04
0.001693518
1.28E-10
3.94E-05
0.003315808
0.009160947
5.94E-04
4.33E-04
0.00645183
6.36E-04
0.002862421
4.31E-05
8.48E-04
0.006481308
0.002256359
6.02E-05
0.004643909
3.37E-11
4.80E-14
6.05E-04
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Pathway

Phenylpropanoid

Lignin

Flavonoid

Anthocyanin

Cellulosic ethanol

Gene ID

101249824
101244496
101248210
778359
101267754
101265511
101251503
101258529
101264425
101243845
101245316
101261825
544084
101253377
101253684
101247048
101254073
101250356
101250523
778294
778295
101249265
544150
101251607
100736482
101248595
101254239
101263519
101256554

Gene symbol

PAL2
LOC101244496
LOC101248210

CCR2
LOC101267754
LOC101265511
LOC101251503
LOC101258529
LOC101264425
LOC101243845

TAP2
LOC101261825

CEVI-1
LOC101253377
LOC101253684
LOC101247048
LOC101254073
LOC101250356
LOC101250523

CHS1

CHS2

CHI1

DFR

ANS

F3H
LOC101248595
LOC101254239
LOC101263519
LOC101256554

Seq Description

Phenylalanine ammonia-lyase 2
Trans-cinnamate 4-monooxygenase
4-coumarate-CoA ligase
Cinnamoyl-CoA reductase
Peroxidase 51
Suberization-associated anionic peroxidase 2-like
Peroxidase 21

Peroxidase P7-like

Peroxidase P7

Peroxidase 72
Suberization-associated anionic peroxidase 2
Peroxidase P7

Peroxidase

Peroxidase 12

Peroxidase 12

Peroxidase 45-like

Peroxidase 18

Peroxidase 44-like

Peroxidase 3

Chalcone synthase

Chalcone synthase
Chalcone-flavonone isomerase 1
Dihydroflavonol 4-reductase
Anthocyanidin synthase

Flavanone 3-dioxygenase
Beta-glucosidase 18-like
Beta-glucosidase BoOGH3B
Beta-glucosidase BoGH3B
Beta-glucosidase BOGH3B

Log,(C.fulvum/Control)

0.96
1.38
229
2.03
623
6.22
5.82
5.28
5.09
483
3.70
295
2.58
-1.45
-1.77
-3.28
-3.57
-5.44
-6.39
-5.13
-4.11
-3.06
-5.69
-3.11
-2.40
2.08
-5.13
-2.17
-1.67

P-value

0.17
1.32E-3
1.37E-6
2.74E-4
1.46E-4
5.3E-10
1.94E-6

4E-9

9E-9
2.86E-3
5.34E-4
1.39E-3
3E-8
8.97E-4
2.55E-3
4.83E-4
7.70E-3
3.25E-3
1.84E-5
1.4E-12
9.1E-13
2.63E-5
7.5E-11
1E-7
5.11E-6
1.01E-08
5.09E-16
0.005989607
7.03E-05
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Gene

SIACTIN
SINPR1
SIPR1
SISRK2C
SIPYRI1
SlLoxC
SIAOC

Forward

GATGGTGGGTATGGGTCAAA
GGTCAGTGTGCTCGCCTAT
CACCACTTGATCAAAAAAGTCTAG
CGGATATTCGTAGCTGATCCA
CGTTCATCAGGAAGCAGAAGA
AACACCGTTTACTCCGCCCTA
TCGGAGATCTTGTCCCCTTTA

Reverse

AGGGGCTTCAGTTAGGAGGA
TGAAAGGTAAAGGATGCGT
TGAATGAATAAGTCTACAATCTTC
TACTAAACTAGCTTCCTCTCC
CACTTGATTTGAGCTCATCGG
AGTCCTGAAAGATCGACACCC
CGTGCTTGATCAGAATGCAGA

Product length

199
150
227
120
98
131
96
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Sample Total Raw Reads Total Clean Reads Clean Reads Q20 Clean Reads Q30 Clean Reads Ratio

Control_1
Control 2
Control_3
C
Sfulvum_1
C
Sfulvum_2
C
Sfulvum_3

M)

2392
2392
23.92
2392

2392

2392

(M)

23.79
23.71
23.86
23.76

23.85

23.87

(%)

98.43
98.43
98.5
98.42

98.54

98.49

(%)

95.28
95.23
95.41
95.25

95.54

95.43

(%)

99.44
99.12
99.75
99.31

99.69

99.76

Genome Total
Mapping (%)

97.71
97.02
97.7
97.53
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PathwayID

04075
00940
04626
04016
00500
00480
00230
04146
00561
00562
01212
00941
04712
00908
00592

KEGG Pathway

Plant hormone signal transduction
Phenylpropanoid biosynthesis
Plant-pathogen interaction
MAPK signaling pathway - plant
Starch and sucrose metabolism
Glutathione metabolism

Purine metabolism

Peroxisome

Glycerolipid metabolism

Inositol phosphate metabolism
Fatty acid metabolism

Flavonoid biosynthesis
Circadian rhythm - plant

Zeatin biosynthesis

Alpha-Linolenic acid metabolism

Gene Num

61
47
45
45
42
31
25
23
22
20
20
19
17
17
14

upregulatedDEGs

40
26
33
34
12
19
9
13

downregulated DEGs

21
21
12
11
30
12
16
10
5
10
10
10
9
8
7

P- value

0.02
0.03
0.05
2.56E-3
8.12E-5
2.39E-3
9.00E-3
0.02
0.01
0.02
0.03
2.09E-3
4.04E-4
0.04
0.03
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Transcript_ID Uniprot FoldChange Protein names
Zm00001eb105040_T005 AOAID6EVQY 21.645 Trehalose 6-phosphate phosphatase (EC 3.1.3.12)
Zm00001eb003440_T003 B6SYPO* 9.998 Beta-amylase (EC 3.2.1.2)
Zm00001eb304070_T002 AOAID6HWI3* 6.606 UDP-glycosyltransferase 76C1
Zm00001eb014700_T001 Q8LT19 4.331 Nicotianamine synthase (EC 2.5.1.43)
Zm00001eb014680_T001 AOAID6KOA7 4.127 Nicotianamine synthase (EC 2.5.1.43)
Zm00001eb017950_T001 AOA1D6K433* 2933 Peroxidase (EC 1.11.1.7)
Zm00001eb417380_T001 B6TIX6 2711 PTI1-like tyrosine-protein kinase 3 (Pto kinase interactor 1)
Zm00001eb036940_T001 Q9ZQY3 2461 Pyruvate dehydrogenase E1 component subunit beta (EC 1.2.4.1)
RES Zm00001eb129910_T002 B6T7D0* 2.402 PEROXIDASE_4 domain-containing protein
Zm00001eb299370_T001 B4FVP5 2229 Pathogenesis related proteind
Zm00001eb299370_T001 082086 2229 Pathogenesis related protein-1
Zm00001eb201390_T001 B6SIRY 2.185 1-aminocyclopropane-1-carboxylate oxidase
Zm00001eb348950_T001 K7VFH6* 2.049 Peroxidase (EC 1.11.1.7)
Zm00001eb058470_T005 B6TGMS 1.332 Osmotic stress/ABA-activated protein kinase (Ser/thr-protein kinase SAPK8)
Zm00001eb065720_T001 A0A096TI73 -1.227 CASP-like protein 1
Zm00001eb435160_T001 P25459 ~8.550 308 ribosomal protein S18, chloroplastic
Zm00001eb435160_T001 AOA5PSKLE7 -8.550 308 ribosomal protein S18, chloroplastic
Zm00001eb171040_T003 K7UAQ8 12.336 ADP-ribosylation factor GTPase-activating protein AGD10
Zm00001eb303500_T001 B4FMJO 3.057 Charged multivesicular body protein 4b
Zm00001eb061610_T001 B4FGCO 2.641 PKS_ER domain-containing protein
Zm00001eb210570_T001 B4FK00 2.641 Putative alcohol dehydrogenase superfamily protein
Zm00001eb171040_T003 AOA3L6FITS 2153 ADP-ribosylation factor
Zm00001eb326780_T007 AOA3L6E405 1.899 3-hydroxyacyl-[acyl-carrier-protein] dehydratase
Zm00001eb301540_T001 B6TI69 1.892 Tryptophan synthase (EC 4.2.1.20)
Zm00001eb018300_T004 004981 1.832 Cystathionine gamma-synthase (EC 4.2.99.9)
Zm00001eb331200_T001 B6T148 1.669 Calmodulin
Zm00001eb073670_T001 AO0A1D6E2H5 1.440 Enoyl-[acyl-carrier-protein] reductase [NADH] chloroplastic
Zm00001eb199330_T003 B4FMAS 1.094 RNA-binding (RRM/RBD/RNP motifs) family protein (SNF2 transcription factor)
Zm00001eb357740_T001 B4FNR1 —6.002 Chlorophyll a-b binding protein, chloroplastic
Zm00001eb357740_T001 B4G143 -6.002 Chlorophyll a-b binding protein, chloroplastic
Zm00001eb357740_T001 B6STN4 —-6.002 Chlorophyll a-b binding protein, chloroplastic
Zm00001eb357740_T001 P12329 —6.002 Chlorophyll a-b binding protein 1, chloroplastic (LHCII type I CAB-1) (LHCP)
SUS Zm00001eb295170_T005 CoP4C8 —~8.788 Serine/threonine protein phosphatase 2A regulatory subunit
Zm00001eb325410_T002 B4F9W3 -10.085 Chlorophyll a-b binding protein, chloroplastic
Zm00001eb325410_T002 B6T892 -10.085 Chlorophyll a-b binding protein, chloroplastic
Zm00001eb325410_T002 B6TKL9 -10.085 Chlorophyll a-b binding protein, chloroplastic ‘
Zm00001¢b325410_T002 B4FOW3 ~10.085 Chlorophyll a-b binding protein, chloroplastic ‘
Zm00001eb325410_T002 B6T892 ~10.085 Chlorophyll a-b binding protein, chloroplastic ‘
Zm00001eb325410_T002 B6TKL9 -10.085 Chlorophyll a-b binding protein, chloroplastic ‘
Zm00001eb185030_T001 B6TS21 ~10.354 Succinate-CoA ligase [ADP-forming] subunit beta, mitochondrial (EC 6.2.1.5)
Zm00001eb003440_T003 B6SYPO* -10.588 Beta-amylase (EC 3.2.1.2)
Zm00001eb200350_T001 Q208N4 -21.646 Calcium and calcium/calmodulin-dependent serine/threonine-proteinkinase
Zm00001eb130340_T004 BAFFT5 -21.718 Lysophospholipid acyltransferase LPEAT1
Zm00001eb345420_T005 K7UTZ2 -21.738 Spliceosome RNA helicase BAT1 isoform 1
Zm00001eb247650_T001 AOAID6HDL9* —23.144 Phenylalanine ammonia-lyase (EC 4.3.1.24)
Zm00001eb291670_T003 COPDBO -23.181 Phosphoglycerate kinase (EC 2.7.2.3)
Zm00001eb130500_T001 AOA3L6FHMO* -23.870 Pectinesterase (EC 3.1.1.11)
Zm00001eb130500_T001 B8A2X5* -23.870 Pectinesterase (EC 3.1.1.11)
Zm00001eb215080_T002 COPFQ7 —24.338 Sulfate adenylyltransferase (EC 2.7.7.4)
Zm00001eb105040_T005 AOAID6EVQY -32.664 Trehalose 6-phosphate phosphatase (EC 3.1.3.12)

*Indicates transcripts related with cell wall proteins.
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Forward

GATGGTGGGTATGGGTCAAA
ATGCCGATGGATACCGAAACA
GATGGCTTCACACTTCCCAAG
GTCAAGCCTTTTGGGTTATCG
GAAGCCTTTGAAGGACCATCT
GGAATGGAATTAGGGTTTGGC
AAATTGTGGAAGTAATCTCTG
GCTCGTGGTCAAGTCGGGGTT
CAAATGCATGTCCCTTGTGTT
GTTACTTTGTGCTTCAGCCAA
AGCAGCTTCTTACATGTCAAC

Reverse

AGGGGCTTCAGTTAGGAGGA
CGAGAACTGAACTCCGAAAGA
TACTCTCCATTTTGGTATCCC
AGGATCCACTTCGTTCATCAT
AAGCTTTCCACACTGCTGGTA
AAATTGAAGGACCTCTTGTGC
GCATTGACATCATTAAAGTCC
GACCAGAATGAATCAAGTTGC
CAGATGAAAATCTACCTGACG
TCGGAGAGTGAGCTGGTGAGT
TGGTTATGAGAACACGATCAA
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S. lycopersicum Solyc10T002904.3/Solyc09T000190.2 0205938 1.137032 ‘ 0.181119 ‘ Purify selection ‘Segmemal‘

S. pennellii Sopen09g002720.1/Sopen10g035560.1 0072051 0831968 ‘ 0.086603 ‘ Purify selection ‘Segmemal
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er sequence (5-3')

F: cagtGGTCTCacaacatgagatttcgatcgtttttgaaa
R: cagtGGTCTCaatcctataacctttagtcccanag
F: cagtGGTCTCaggatcttatttcgaaggaaggc
R: cagtGGTCTCttgettcttgattcagtttaaage
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Biological function

SN205 SN742
CAAT-box Promoter and enhancer regulatory elements 5 5
Basic element
TATA-box Transcription start site 7 9
ACE 1 0
AE-box it 1
Light-responsive element 1 Components involved in light response —
G-Box 3 4
GT1-motif 1 1
ABRE Abscisic acid response element 3 2
ARE Antioxidant response element 1 2
Corresponding elements of biotic and abiotic stress MYB 5 6
MYC transcription factor binding site 2 1

W-BOX 1 1
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Chromosome R-gene product Cloning References

position Technique
Pmla T. aestivum 7AL A CC-NBS-LRR protein of 964 amino acid residues ASR Map-based (Hewitt et al., 2021)
cloning,
MutChromSeq
Pm2a T. aestivum ~ 5DS A CC-NBS-LRR protein of 1 277 amino acid residues ASR MutChromSeq  (Sanchez-Martin et al.,
2016; Manser et al.,
2021)
Pm2b T. aestivum 5DS A CC-NBS-LRR protein of 1 277 amino acid residues ASR Map-based (Jin et al., 2022)
cloning
Pm3a, b T. aestivum  1AS A CC-NBS-LRR protein of 1 415 amino acid residues ASR Map-based (Yahiaoui et al., 2004;
cloning Srichumpa et al.,
2005)
Pm3c, T. aestivum  1AS A CC-NBS-LRR protein of 1 413 amino acid residues ASR Map-based (Srichumpa et al.,
3CS, d, e cloning 2005; Yahiaoui et al.,
gek 2006; Yahiaoui et al.,
2009)
Pm3f T. aestivum  1AS A CC-NBS-LRR protein of 1 414 amino acid residues ASR Map-based (Srichumpa et al,,
cloning 2005)
Pmdb T. aestivum  2AL MCTP-kinase of 746 amino acid residues, a putative ASR MutChromSeq  (Sanchez-Martin et al.,
chimeric protein of serine/threonine kinase and multiple 2021)

C2 domains and transmembrane regions

Pmb5e T. aestivum ~ 7BL A CC-NBS-LRR protein of 1 067 amino acid residues ASR Map-based (Xie et al., 2020)
cloning
Pm8 Secale 1RS A CC-NBS-LRR protein of 1 375 amino acid residues ASR Homology- (Hurni et al,, 2013)
cereale based cloning
Pmi7 Secale 1RS A CC-NBS-LRR protein of 1 414 amino acid residues ASR Homology- (Singh et al., 2018)
cereale based cloning
Pm21 Dasypyrum  6VS A CC-NBS-LRR** protein of 908 amino acid residues ASR Map-based (He et al,, 2018; Xing
villosum cloning, et al,, 2018)
MutRenSeq
Pm24 T. aestivum  1DS A Tandem kinase protein of 893 amino acid residues ASR Map-based (Lu et al,, 2020)
with putative kinase-pseudokinase domains cloning
Lr34/ T. aestivum  7DS A 1401 amino acid ABC transporter APR Map-based (Krattinger et al.,
Yri8/ cloning 2009; Krattinger et al.,
§r57/ 2019)
Pm38/
Ltnl
Pm4l T. turgidum  3BL A CC-NBS-LRR protein of 984 amino acid residues ASR Map-based (Li et al., 2020)
spp. cloning
dicoccoides
Lr67/ T. aestivum 4DL A 514 amino acid hexose transporter with 12 trans- APR Map-based (Moore et al., 2015)
Yrde/ membrane helices cloning
Sr55/
Pm46
Pm60, b T. urartu 7AL A CC-NBS-LRR protein of 1 534 amino acid residues ASR Map-based (Zou et al., 2018b;
cloning Zou et al., 2022)
Pmé60a T. urartu 7AL A CC-NBS-LRR protein of 1 374 amino acid residues ASR Map-based (Zou et al., 2018b;
cloning Zou et al,, 2022)
PmR1 T. urartu 7AL A CC-NBS-LRR protein of 1 218 amino acid residues ASR Map-based (Zou et al., 2018b)
cloning
MIIW172 T. urartu 7AL A CC-NBS-LRR protein of 1 454 amino acid residues ASR Map-based (Wu et al,, 2022)
cloning

T. aestivum - Triticum aestivum, CC-NBS-LRR - coiled coil nucleotide binding site leucine-rich repeat, ASR - all-stage resistance, APR - adult plant resistance, ABC ~ ATP-binding cassette
**An earlier report found that Pm21 was Sr/Thr kinase (Cao et al, 2011), but two subsequent studies found that it is a NLR.
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Functional Element Species (ID of PlantCARE) No. of

Classification Elements
1 Hormone ABRE, AuxRE, AuxRR-core, CGTCA-motif, GARE-motif, P-box, SARE, TATC-box, TCA-element, TGA-box, TGA- 12
responsive element, TGACG-motif
elements
2 Light responsive G-Box, TCT-motif, TCCC-motif, ACE, Box 4, Sp1, I-box, GT1-motif, chs-CMAla, GATA-motif, LAMP-element, 38
elements GA-motif, ATCT-motif, CAG-motif, chs-CMA2a, chs-CMA2c, Box II, C-box, chs-Unit 1 m1, ATC-motif, 3-AF1

binding site, GTGGC-motif, GATT-motif, Pc-CMA2c, AAAC-motif, chs-CMA2b, TGGCA, Gap-box, ACA-motif,
Pc-CMA2a, L-box, AT1-motif, GGA-motif, LS7, sbp-CMAlc, 4cl-CMA2b, 4cl-CMAlc

3 Anaerobic GC-motif, ARE 2

elements
4 Development CAT-box, O2-site, GCN4_motif, NON-box, AACA_motif, RY-element, MSA-like, motif I, HD-Zip 1 9

and metabolism-
related elements

5 Binding site MBS, CCAAT-box, MRE,AT-rich element, MBSI, BOX III, HD-Zip 3 7
elements
6 Environmental TC-rich repeats, LTR, WUN-motif, DRE 4
stress-related
elements
7 Other elements A-box, Box II -like sequence, CellCycle-1b, circadian, AT-rich sequence, SUTR Py-rich stretch, 3-AF3 binding site, 8

HMG-TATA-region
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