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Introduction

Hemibiotrophic Phytophthora are a group of agriculturally and ecologically important pathogenic oomycetes causing severe decline in plant growth and fitness. The lifestyle of these pathogens consists of an initial biotrophic phase followed by a switch to a necrotrophic phase in the latter stages of infection. Between these two phases is the biotrophic to necrotrophic switch (BNS) phase, the timing and controls of which are not well understood particularly in Phytophthora spp. where host resistance has a purely quantitative genetic basis.





Methods

To investigate this we sequenced and annotated the genome of Phytophthora medicaginis, causal agent of root rot and substantial yield losses to Fabaceae hosts. We analyzed the transcriptome of P. medicaginis across three phases of colonization of a susceptible chickpea host (Cicer arietinum) and performed co-regulatory analysis to identify putative small secreted protein (SSP) effectors that influence timing of the BNS in a quantitative pathosystem.





Results

The genome of P. medicaginis is ~78 Mb, comparable to P. fragariae and P. rubi which also cause root rot. Despite this, it encodes the second smallest number of RxLR (arginine-any amino acid-leucine-arginine) containing proteins of currently sequenced Phytophthora species. Only quantitative resistance is known in chickpea to P. medicaginis, however, we found that many RxLR, Crinkler (CRN), and Nep1-like protein (NLP) proteins and carbohydrate active enzymes (CAZymes) were regulated during infection. Characterization of one of these, Phytmed_10271, which encodes an RxLR effector demonstrates that it plays a role in the timing of the BNS phase and root cell death.





Discussion

These findings provide an important framework and resource for understanding the role of pathogenicity factors in purely quantitative Phytophthora pathosystems and their implications to the timing of the BNS phase.
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Introduction

Plant pathogens pose a significant threat to agricultural systems and food security worldwide due both to direct and indirect losses in agricultural yields of between 20 and 40% (Savary et al., 2019). To mitigate yield losses in crops, an understanding of how plant pathogens colonize and cause disease in a plant host is required. The genus Phytophthora belongs to the oomycetes, a group of filamentous fungus-like eukaryotes that are capable of causing severe economic losses to crops worldwide (Yang et al., 2017). Examples include Phytophthora infestans, the cause of late blight in potatoes, and Phytophthora sojae the cause of root rot in soybean, together costing >$2 billion US dollars annually in yield losses and control costs (Turner, 2005; Tyler, 2007; Brasier et al., 2022). The genus Phytophthora is an major global biosecurity concern due to global plant trade (Scott et al., 2019). Further research is therefore needed into the infection strategies of these economically important plant pathogens to identify new avenues for control. Many species within the genus exhibit a hemibiotrophic lifestyle, i.e., two nutritional modes: nutrients are initially consumed from living plant cells during a biotrophic phase and then a switch to a necrotrophic mode occurs with nutrients obtained from dead cells (Avrova et al., 2008; Zuluaga et al., 2016; Evangelisti et al., 2017; Carella et al., 2018; Coles et al., 2022). In between these two phases of pathogenesis is a “switch” phase, here after referred to as the biotrophic to necrotrophic switch (BNS) phase. Expression profiles during the BNS have been generated and analyzed for P. sojae (Moy et al., 2004), P. infestans (Zuluaga et al., 2016), P. capsici (Jupe et al., 2013) and P. palmivora (Evangelisti et al., 2017). These studies have shown the importance of secreted enzymes (e.g., proteases, CAZymes; Palma-Guerrero et al., 2017; Rudd et al., 2015) and secreted pathogenicity factors (e.g. RxLR, CRN, and NLP proteins; O’Connell et al., 2012; Jupe et al., 2013; Rudd et al., 2015). For example, secreted protein suppression of necrosis 1 (SNE1) suppresses programmed cell death mediated by avirulence (AVR)-resistance (R) protein interactions and NLP-induced host cell death in P. infestans during early tomato colonization until the transition to necrotrophy (Kelley et al., 2010). However, despite this being a critical phase in the disease progression of hemibiotrophs, the molecular mechanisms regulating transition into and out of this phase are still poorly understood, especially in non-model Phytophthora spp. where the genetic basis underlying host resistance is purely quantitative.

Genome sequencing efforts of economically important Phytophthora spp. have improved our understanding of how this genus colonizes a susceptible host. Large variation in the size of genomes between Phytophthora spp. have been observed. For example, P. infestans encodes a relatively large genome (240 Mb) as opposed to P. sojae (82 Mb; Tyler et al., 2006). Genomes of other hemibiotrophic Phytophthora species including P. cactorum (Yang et al., 2018), P. lateralis (Quinn et al., 2013), P. capsici (Lamour et al., 2012), P. fragariae (Adams et al., 2020), and a further 31 recently sequenced Phytophthora species have been produced and analyzed, reinforcing the finding that genome size and content vary considerably among Phytophthora species (Kronmiller et al., 2023). These studies also revealed that pathogenicity genes encoded by different Phytophthora spp. display a large degree of variation and plasticity suggesting the need to study specific host-pathogen interactions (Jiang and Tyler, 2012; Judelson, 2012). Generally, Phytophthora genomes are also characterized by a hallmark of”two-speed”genomes: a bipartite architecture whereby one part of the genome is gene rich with minimal repeats and another portion of the genome is characterized by gene sparse, repeat rich regions (Haas et al., 2009; Armitage et al., 2018; Zhang et al., 2019b; Lee et al., 2021; Mandal et al., 2022). Pathogenicity genes such as RxLR effectors often occur within highly repetitive regions of the genome that experience rapid evolutionary change thereby supporting the formation of new virulence mechanisms and enabling evasion of host surveillance and defense systems to promote colonization (Tyler et al., 2006; Haas et al., 2009; Dong et al., 2015; Zhang et al., 2019b). For example, functional analyses show virulent P. sojae isolates express the virulent RxLR AVR3aEM allele that suppresses host cell death induced by INF1 elicitin while avirulent isolates carry the AVR3aKI allele that is recognized by potato R3a resistance protein triggering the hypersensitive response (Bos et al., 2006). Du et al. (2015) showed that avirulent P. infestans isolates secrete RxLR effector AVR1 that targets Sec5, a protein involved in host vesicle trafficking but induces the hypersensitive response in resistant potato plants carrying the R1 resistance protein. Virulent isolates lack the AVR1 locus and instead possess a homolog at another locus termed AVR1-like, that is not recognized by potato plants carrying R1 nor does the virulence factor target Sec5 thereby supporting alternative plant colonization strategies (Du et al., 2015). To date, between 26 and 560 RxLR effectors per genome have been identified in different Phytophthora species (Haas et al., 2009; Mandal et al., 2022).

The majority of our knowledge of effectors rests in host models displaying qualitative resistance against different Phytophthora species. For P. infestans, studies of effectors and associated host resistance genes have provided information on the durability of specific potato varieties in breeding programs (Champouret et al., 2009; Gilroy et al., 2011). Similarly, efforts to understand the genetic diversity and race structure of P. sojae have identified resistance genes for soybean breeding programs (Sugimoto et al., 2012). However, we also need to expand our knowledge concerning the role of effectors in Phytophthora pathosystems where only quantitative resistance is known. Phytophthora medicaginis E.M. Hans. and D.P. Maxwell is an economically important soil- and water-borne hemibiotrophic oomycete pathogen that causes Phytophthora root rot (PRR) of lucerne and chickpea (Salam et al., 2011; Schwinghamer et al., 2011; Coles et al., 2022). Chickpeas (Cicer arietinum L.) are the second largest cultivated pulse crop in the world after lupin (Lupinus L.) and are an increasingly important food source in developed and developing countries (Merga and Haji, 2019). Moderate resistance to P. medicaginis has been developed in modern chickpea varieties, resistance that has a quantitative genetic basis whereby the degree of disease is controlled by many genes of small effect (Amalraj et al., 2019). To better understand the molecular aspects of a quantitative Phytophthora pathosystem and mechanisms contributing to the BNS in such systems, genomic and transcriptomic resources for P. medicaginis during infection of chickpea need to be developed.

In this study, we sequenced the genome of an Australian isolate of P. medicaginis and profiled the expression of genes during three phases of hemibiotrophic infection in a susceptible chickpea host to provide an improved understanding of the molecular mechanisms employed during the biotrophic to necrotrophic shift in a quantitative system. We first hypothesized that the P. medicaginis genome would contain fewer RxLR effectors compared to other Phytophthora species where qualitative resistance mechanisms are present. Secondly, given their role in hemibiotrophic pathogenesis, we hypothesized that P. medicaginis would encode SSPs that display phase-specific expression patterns during infection. Lastly, we hypothesized that effector-like SSPs which may play a direct role in influencing plant defense pathways during the BNS phase would co-express with a discrete number of plant defense signaling genes, and that mis-regulation of an SSP meeting these criteria would alter plant colonization. The findings from this study provide a better understanding of effector-like SSPs involved during hemibiotrophic lifestyle switching and their evolution in quantitative systems.





Materials and methods




DNA sequencing and assembly

P. medicaginis isolate 7831 was baited from soil collected near Phytophthora root rot infected chickpea in a commercial crop in Mungallala, Qld, Australia (26.4466° S, 147.5436° E) using the susceptible chickpea var. ‘Sonali’. The pathogenicity of this isolate to chickpea was confirmed by fulfilling Koch’s postulate. For genome sequencing, mycelium of P. medicaginis 7831 was grown for five days in liquid V8 medium (containing 200 mL L-1 V8™ bottled juice; 3.0 g L-1 CaCO3) supplemented with ampicillin (100 µg mL-1). At harvest, the mycelium was filtered, rinsed and then ground to a fine powder in liquid N2, and DNA extracted according to the method by Kohler et al. (2011). Approximately 7 µg of highly pure DNA was sequenced at GENEWIZ Biological Technology Co., Ltd (GENEWIZ, China) using a PacBio RSII/Sequel SMRT and further refined using Illumina HiSeq/Novaseq 2x150 bp paired end sequencing platform. The diploid genome of P. medicaginis was assembled by GENEWIZ Biological Technology Co., Ltd (GENEWIZ, China) with PacBio reads using HGAP4 (version 4.0)/Falcon (version 0.3.0) of WGS-Assembler 8.2 (https://github.com/alekseyzimin/wgs-8). The assembly was corrected using Pilon software with Illumina reads and Quiver (version 1.1.0) with PacBio reads. BUSCO statistics were collected using BUSCO (version 5.7.1; Simão et al., 2015) using the stramenopiles_odb10 database on the P. medicaginis, P. fragariae BC-16, and P. sojae P6497 genome assemblies (Tyler et al., 2006; Adams et al., 2020). Analysis of repeat sequences was performed with Repeatmasker version open-4.0.6 (Smit and Hubley, 2015) and RepeatModeler version 1.0.8 (Smit and Hubley, 2015).





Gene prediction and functional annotation

Prediction of protein coding genes was performed using Prodigal (version 3.02; Hyatt et al., 2010) and Augustus (version 3.3; Stanke et al., 2006). The protein coding genes were annotated on the National Centre for Biotechnology Information (NCBI) nonredundant database using Diamond BLASTp with an E < 0.001 while other arguments were set to default. Gene functions were annotated using the Gene Ontology (GO) database on Blast2GO by BLASTp with an E < 0.001 (Gene Ontology Consortium, 2004). Pathways analysis was performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database by BLASTn using an E < 1.0 x 10-5 (https://www.genome.jp/kegg/pathway.html; Kanehisa and Goto, 2000). Protein classification was performed using eukaryote Clusters of Orthologous Groups (KOG) database by rpstblastn with an E < 1.0 x 10-5 (https://www.ncbi.nlm.nih.gov/research/cog; Tatusov et al., 2003). CAZymes were annotated using diamond BLASTp on the Carbohydrate-Active enZYme (CAZy) database with an E < 0.001 (http://www.cazy.org/; Drula et al., 2022). Transporters were annotated by BLAST on the Transporter Classification Database (TCDB) with an E < 1.0 x 10-5 (https://www.tcdb.org/; Saier et al., 2006). Non-coding RNA including rRNA, tRNA, snRNA, snoRNA and microRNA were predicted using tRNAscan-SE (version 1.3.1; Lowe and Eddy, 1997), RNAmmer (version 1.2, http://www.cbs.dtu.dk/services/RNAmmer/; Lagesen et al., 2007) and mapping Rfam (version 12.2; https://rfam.xfam.org/). Putative secreted proteins were identified in the genome of P. medicaginis by identifying proteins with a signal peptide using SignalP4.0 (cut-off probability = 0.8) and lacking a transmembrane domain using TMHMM software (Krogh et al., 2001; Almagro Armenteros et al., 2019). The putative secreted proteins were filtered for amino acid length of less than 300 to obtain a set of small secreted proteins using a python script (Feldman et al., 2020). EffectorP was used to predict effectors in the oomycetes secretome (https://effectorp.csiro.au/; Sperschneider and Dodds, 2022). The effectR package in R (version 4.0.3; Tabima and Grünwald, 2019) was used to predict RxLR and CRN proteins from the proteome of P. medicaginis by performing both REGEX and HMM searches (Data Sheet 2; Haas et al., 2009). The NLP proteins were identified as above but with the custom motif “GHRHDWE” (Data Sheet 2; Feng et al., 2014). Visualization of protein sequence domain structures were performed using DOG (Domain Graph, version 1.0; Ren et al., 2009). High confidence RxLRs and NLPs were selected as those containing an RxLR or ‘GHRHDWE’ motif, respectively, and a secretion signal for further analysis. The signal peptide in oomycete CRNs are not always detected by SignalP, therefore putative CRNs containing LFLAK and HVLV motifs were kept for further analysis (Yin et al., 2017). Protein molecular weight were determined using Protein Molecular Weight (https://www.bioinformatics.org/sms/prot_mw.html).





Microcosm plant infection assay

Seeds of the P. medicaginis susceptible chickpea variety ‘Sonali’ were obtained from the New South Wales Department of Primary Industries (NSW DPI, Tamworth, NSW, Australia). Microcosms of 15-day-old chickpea seedlings and P. medicaginis were set up according to the method by Coles et al. (2022). After inoculation, the root zones were covered in aluminum foil and the seedling microcosms were placed back into the growth chamber with 15 h light/9 h dark cycle at 18°C, 70% relative humidity and 200-500 μmol light intensity. Root rot lesions were photographed using a Leica EZ4 stereo microscope (Leica, Australia). Four independent axenic subcultures of P. medicaginis (i.e., plant-free control tissues) were prepared by aseptically transferring mycelium coated membranes growing on V8 juice agar plates (containing 200 mL L-1 V8™ bottled juice; 3.0 g L-1 CaCO3, 15.0 g L-1 bacteriological agar) supplemented with ampicillin (100 µg mL-1) onto modified full strength MS media for 12 hours at 25°C in the dark. Mycelium were harvested and snap frozen in liquid N2 and stored at -80°C. Staining and confocal microscopy were performed according to the method by Coles et al. (2022).





RNA-sequence data processing and gene ontology enrichment analysis of unique gene clusters

RNA-sequencing data from four biological replicates of chickpea roots inoculated with P. medicaginis isolate 7831 at the three stages of plant colonization (i.e., biotrophic (12 hpi), BNS (24 hpi), and necrotrophic (72 hpi) phases) were obtained from GEO repository accession GSE182741 (Coles et al., 2022). Each biological replicate consisted of two root segments of 1.5 cm in total length surrounding the inoculated site for each timepoint. RNA was extracted from independent P. medicaginis axenic cultures using the Bioline Plant II RNA extraction kit (Bioline, Australia) according to the manufacturer’s guidelines. Poly-A RNA libraries were prepared and sequenced by GENEWIZ (Suzhou, China) using an Illumina HiSeq platform and 150bp paired-end configuration. Quality of raw RNA-seq data was assessed using FASTQC (version 0.10.1). All RNA-sequencing reads were then trimmed to remove low-quality sequences and adapters, and aligned to the primary transcripts of P. medicaginis genome and Cicer arietinum Desi genome (Jain et al., 2013) using CLC Genomics Workbench 12 (Qiagen, Denmark). For the alignment, the minimum length fraction was set to 0.8, the minimum similarity fraction to 0.9 and the maximum number of hits per read was set to 10. Raw unique read counts were determined for each transcript using CLC Genomics Workbench 12 (Qiagen, Denmark). Raw read counts were filtered to keep transcripts that had at least 10 counts in at least one sample (axenic control and timepoints post inoculation). The Bioconductor package DESeq2 (version 1.26.0; Love et al., 2014) was used to normalize raw transcript counts and identify differentially expressed genes. Statistically significant differentially expressed P. medicaginis genes at 12, 24 and 72 hpi were identified compared to axenic control using the Benjamin-Hochberg test for multiple testing with a false discovery rate (FDR) of p < 0.05. Only transcripts with an average Log2FC > 1 and < -1 compared to axenic control were kept for further analysis. Principal component analysis (PCA) was performed to assess the variability between samples in R (version 4.0.3; R Core Team, 2020). Identification of uniquely regulated genes at each timepoint and gene ontology enrichment were performed according to the method by Coles et al. (2022) and TopGO package version 2.36.0, respectively in R version 4.0.3 (Alexa and Rahnenführer, 2009). Heatmaps of regulated P. medicaginis genes at each phase of infection were generated using Morpheus (https://software.broadinstitute.org/morpheus/). Identification of unique and common P. medicaginis genes regulated at each phase of infection were determined using Venny version 2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/).





Time course reactive oxygen species quantification

Roots of six biological replicates inoculated with P. medicaginis were harvested at 0, 12, 24 and 72 hpi, and stained with CM-H2DCFDA (Thermo Fisher Scientific, Australia) for 20 minutes as previously described (Chen et al., 2016; Cai et al., 2017; Mak et al., 2021). Roots were then de-stained for 5 minutes with dH2O and the fluorescence captured using a TCS SP5 confocal laser scanning microscope (Leica, Australia). For detection of ROS using fluorescence release as a proxy, an excitation wavelength of 488 nm and an emission wavelength of 505 – 540 nm was used. A 20x magnification was used with the zoom setting set to 1x, and the gain was set to 600. Photographs of six replicates were generated for each timepoint and the settings were kept consistent across timepoints and samples.





Co-expression network analysis between P. medicaginis SSPs and chickpea genes

RNA-sequencing data from sixteen samples, including four biological replicates from each timepoint 12 hpi (biotrophic phase), 24 hpi (BNS phase) and 72 hpi (necrotrophic phase) and control (0 hpi) were used for network construction and analysis. Axenically grown cultures was the control when mapping was performed to the P. medicaginis genome, while mock-inoculated plant tissue was the control when mapping was performed to the Cicer arietinum Desi genome (Jain et al., 2013), RNA-seq data from mock-inoculated plant tissue consisting of two 1.5 cm root segments with mycelium-free V8 juice agar blocks overlaid onto 0.5 x 0.5 mm2 sterile membranes at the center of the roots were used as the control and obtained from GEO repository accession GSE182741, Coles et al. (2022). Raw read counts were filtered and normalized as described above using DESeq2 which normalizes transcripts using the median of ratios method (version 1.26.0; Love et al., 2014). For P. medicaginis, normalization was performed using all axenic control and timepoints post inoculation samples (i.e., 12, 24 and 72 hpi) while for chickpea normalization was performed using mock-inoculated roots and 12, 24 and 72 hpi samples. The normalized P. medicaginis putative small, secreted protein (SSP) transcripts and chickpea normalized transcripts were combined to generate pairwise relationships and build the co-expression network. Gene relationships were determined using Mictools (https://github.com/minepy/mictools). MICe is a consistent estimator of the MIC (Maximal Coefficient Estimator) population value (MICe) that is part of the Mictools pipeline and is used to rank significant gene association by strength (Albanese et al., 2018). A high cut-off of ≥0.8 MICe used to filter the network was chosen based on the sample size used to construct the network and to select only the strongest gene association for further analyses based on previously published guidelines for network construction (Albanese et al., 2018). The gene associations between the RxLR SSPs common to the biotrophic and BNS phase including Phytmed_10271, Phytmed_14744, Phytmed_17143, Phytmed_3407, Phytmed_8330, Phytmed_8971, and Phytmed_601, and their putative host co-expressed genes were filtered using a Linux script to investigate if any of the host genes that the RxLRs might regulate play a role in defense. GO enrichment analyses of the host genes correlated with each of the above mentioned RxLR SSPs was performed using the TopGO version 2.36.0 package in R (version 4.0.3; Alexa and Rahnenführer, 2009; R Core Team, 2020). The gene associations between the Phytmed_10271 SSP and plant genes were visualized using (Cytoscape version 3.8.0; https://cytoscape.org/release_notes_3_8_0.html; Saito et al., 2012). A mapping file was used to visualize the nodes corresponding to SSP as red nodes and plant genes as grey nodes. The width of edges between nodes was mapped based on the MICe associations between nodes and the strength of the correlations was color coded based on Spearman rank (coded by a color code of yellow to purple representing -1 and +1; Hou et al., 2022). The directionality of the Spearman rank correlations between nodes were mapped with positive correlations as solid lines and negative correlations as dashed lines.





Knockdown of Phytmed_10271 expression in P. medicaginis during chickpea colonization and RNA-sequencing

We verified that P. medicaginis genome contains components of RNA silencing machinery including Argonaute and Dicer genes and previous reports show the successful use of dsRNA to silence endogenous genes in Phytophthora infestans (Vetukuri et al., 2011). Double stranded interfering RNA (dsiRNAs) were designed using the gene sequence of Phytmed_10271. Two sequences of 27 nucleotides in length, termed 10271_dsiRNA_1 and 10271_dsiRNA_2 (Supplementary Table S1), were designed and synthesized at IDT (IDT, Australia). An equimolar cocktail containing two dsiRNAs targeting each gene respectively was prepared at a final concentration of 20 nM in nuclease free DEPC treated ddH2O. For the control treatment, scrambled dsiRNA, 5’- cuuccucucuuucucucccuug-3’, was prepared at a final concentration of 20 nM in sterile water. The scrambled dsiRNA served as a negative control (i.e. unable to silence any genes) as BLASTn of the scrambled sequence to the genomes of P. medicaginis and C. arietinum generated zero hits in either case, revealing the scrambled control dsiRNA shares no homology to the oomycete and the legume. Two hours after inoculation of chickpea var. ‘Sonali’ roots with P. medicaginis isolate 7831 as above, we treated the P. medicaginis inoculation site with nebulized dsiRNA mixtures using MAD nasal atomization devices (Teleflex, Australia). This process was repeated every 12 hours to maintain repression of the target genes for the duration of the experiment. Root tissue were harvested at 24 hpi from three replicates each per treatment and snap frozen in liquid nitrogen before freezing at -80°C. Each replicate contained two root pieces of 1.5 cm in length with the infected site at the center of each root piece. RNA sequencing, filtering and mapping were performed according to the method by Coles et al. (2022) and described above. Hierarchical clustering of the significantly differentially regulated chickpea genes were performed using Euclidean distance metric and Average linkage by gene expression on Morpheus (https://software.broadinstitute.org/morpheus/).





Electrolyte leakage root cell death assay

Electrolyte leakage cell death assay was carried out according to the method by Coles et al. (2022) with some modifications. Briefly, relative electrolyte leakage of 1.5 cm root pieces with P. medicaginis at the center was determined for each treatment sprayed with: 1) Phytmed_10271 dsiRNA, 2) scrambled dsiRNA (control), and 3) sterile ddH2O (RNA-negative control). Sampling for each treatment occurred at 24 hours post inoculation (hpi) with five biological replicates per treatment. In addition, to assess the effect of the Phytmed_10271 and scrambled dsiRNA’s on plant health, relative electrolyte leakage measurements were determined for roots in the absence of pathogen challenge. Sampling was performed at 24 hpi as above with four biological replicates per treatment, except the RNA-negative control for which three biological replicates were used. Statistical analysis was performed on relative electrolyte leakage data using ANOVA with the Tukey method and car package in R (version 4.1.0; Fox et al., 2013; R Core Team, 2021). Post hoc comparison among groups was performed using the emmeans package in R (version 4.1.0; Lenth et al., 2018; R Core Team, 2021). Data visualization was performed in R (version 4.1.0) with ggplot2 (Wickham, 2011; R Core Team, 2021).





Hyphal extension assay

V8 juice agar plates (3.0 g L-1 CaCO3, 15.0 g L-1 bacteriological agar) supplemented with ampicillin (100 mg/mL) were inoculated with agar plugs of 0.5 mm in diameter of P. medicaginis isolate 7831 mycelia and placed in a 25°C incubator. The oomycete colonies were sprayed using a MAD nasal atomization device as described above directly after plating (T0) with each treatment: 1) Phytmed_10271 dsiRNA, 2) scrambled dsiRNA and 3) sterile water (RNA-negative control) and every 10 hours after plating for 24 hours. Radial colony growth measurements were taken at two locations/colony from five replicates per treatment at 2, 12 and 24 hours after the initial dsiRNA spray. In the case of the RNA-negative control four replicates were used. Statistical analysis data visualization were performed using R as above mentioned.






Results




The genome of Phytophthora medicaginis contains relatively few secreted RxLR effector gene sequences

To better understand the genetic mechanisms underlying Phytophthora-plant interactions with only quantitative resistance mechanisms known, we sought to sequence the genome of a Phytophthora medicaginis isolate infectious towards chickpea. P. medicaginis isolate 7831 infection of chickpea roots lead to the development of brown to black necrotic lesions (Supplementary Figure S1A) associated with mass sporulating hyphae (Supplementary Figure S1B). P. medicaginis has previously been shown to display hemibiotrophic infection in chickpea roots with the presence of a biotrophic, BNS and necrotrophic phase (Coles et al., 2022). Sequencing and assembly of the P. medicaginis isolate 7831 reference genome from actively growing mycelium generated a 78 Mb genome in 94 contigs with an N50 value of 1,905 Kbp, slightly smaller than other root rot oomycetes P. sojae and P. fragariae (Table 1). The P. medicaginis assembly contained 99 of 100 stramenopiles Benchmarking Universal Single-Copy Orthologs (BUSCO) genes compared to 99 in P. sojae (Tyler et al., 2006), suggesting a similar level of genome completeness to the well-studied model P. sojae assembly (Table 1). 41% of the assembly was identified as repeat rich, a larger value than that of P. fragariae and P. sojae (Table 1; Tyler et al., 2006; Adams et al., 2020). A total of 18,099 protein-coding genes, based on primary transcripts, were predicted in the P. medicaginis genome assembly, a smaller number than 37,049 and 26,584 for P. fragariae and P. sojae, respectively (Table 1; Tyler et al., 2006; Adams et al., 2020). KEGG pathways were identified for 3,810 P. medicaginis coding genes and of these 2,514 genes were categorized into metabolism, 886 genes to cellular process, 1,226 genes to environmental information processing and 920 genes to genetic information processing (Supplementary Figure S2A). KOG predictions categorized 17% of the annotated genes into transport and metabolism of carbohydrates, amino acids, nucleotides, lipids, inorganic ions and coenzymes (Supplementary Figure S2B). Furthermore, 269 genes were categorized into secondary metabolite biosynthesis, transport, and catabolism (KOG; Supplementary Figure S2B). We identified 1,886 CAZymes in the genome of P. medicaginis based on BLASTp to the CAZy database. Of these, 24% were categorized as Carbohydrate-Binding Modules (CBMs), 30.2% as Glycosyl Transferases, 2.5% with Auxiliary Activities, 2% Carbohydrate Esterase’s, 36% to Glycoside Hydrolases (Supplementary Figure S3). In total, 8,745 (48%) genes were assigned to GO terms, a similar proportion to that for P. capsici of 9,017 genes (45%; Maillot et al., 2022). Of the GO annotations, 585 GO IDs and 5,525 gene were categorized into biological process, 816 GO IDs and 8,077 genes into molecular function, and 195 GO IDs and 1,795 genes were categorized into cellular compartment (Supplementary Figure S4). Performing BLAST to the Transporter Classification Database (TCDB), 210 membrane transporter proteins were identified. Using ab initio and mapping approaches, we identified a total of 1,896 noncoding RNAs (ncRNAs) of which tRNAs accounted for 87.5%, while 127 rRNAs and 109 other ncRNAs were identified (Data Sheet 3). RxLR-dEER effectors, are a major class of secreted proteins in oomycete pathogens that are transferred into host cells to manipulate defenses and facilitate colonization (Yang et al., 2018). RxLR effectors possess a conserved RXLR (arginine-any amino acid-leucine-arginine) motif making it possible to identify them in oomycete genomes (Win et al., 2007). We identified 39 RxLR effectors from the secretome of P. medicaginis containing an RxLR-only or RxLR and EER motif (Table 2; Supplementary Table S2). In addition to RxLR effectors, oomycetes pathogens secrete a large number of Crinkler (CRN) effectors. CRNs are characterized by conserved N-terminal LFLAK motif and recombination site HVLV motif (Haas et al., 2009). Previous research shows that the CRN signal peptide are not always detected by SignalP analysis (Yin et al., 2017). Given this, we identified 56 CRNs from P. medicaginis gene models containing both a LFLAK and HVLV motif (Table 2; Supplementary Table S3). Of these, only eight were predicted to contain a signal peptide based on signalP4.0-HMM (Table 2). Phytopthtora spp. also secrete Nep1-like protein (NLP) which are toxins that induce necrosis (Qutob et al., 2002). Using the conserved “GHRHDWE” motif, we identified three NLPs with a signal peptide (Table 2; Supplementary Table S4; Feng et al., 2014).


Table 1 | Assembly and gene prediction statistics for the Phytophthora medicaginis genome compared to Phytophthora fragariae (Adams et al., 2020) and Phytophthora sojae (Tyler et al., 2006).




Table 2 | Prediction of pathogenicity related proteins in the genome of Phytophthora medicaginis isolate 7831.







P. medicaginis exhibits phase-specific transcriptomic responses during colonization of chickpea

We investigated gene expression profiles of P. medicaginis in chickpea roots at 12, 24 and 72 hpi, which correspond to the biotrophic, BNS and necrotrophic phases of infection to identify the biological processes governing the BNS of the oomycete (Coles et al., 2022). In total, 5,243 genes, ~27% of predicted genes in the P. medicaginis genome, were significantly differentially expressed in at least one of the phases of infection (Log2FC > 1 and < -1 and p < 0.05, Supplementary Figures S5A, B; Supplementary Table S5). PCA revealed that 57% of the variance was explained by PC1 separating the samples by early (12 and 24 hpi) and late (72 hpi) stages of infection, while 27% of the variance was explained by PC2 separating the samples by axenic and inoculated treatments (Supplementary Figure S5C). 64.3% of significantly up-regulated genes were unique to a timepoint (Figure 1A), while 54.5% down-regulated genes were unique to a timepoint (Log2FC > 1 and < -1 and p < 0.05; Figure 1B). Gene ontologies of the uniquely up-regulated genes at 12 hpi were enriched in processes such as histidine biosynthetic process and carboxylic acid biosynthetic process whereas lipid modification, phospholipid dephosphorylation and phosphatidylinositol dephosphorylation were among the enriched processes for the unique down-regulated genes (p < 0.05; Figure 1C; Supplementary Table S6). At 24 hpi, the BNS phase, unique up-regulated genes were associated with heme A biosynthesis, porphyrin-containing compound biosynthesis and nitric oxide biosynthesis while organonitrogen compound biosynthesis and tRNA splicing via endonucleolytic cleavage were among the enriched processes for the unique down-regulated genes (p < 0.05; Figure 1C; Supplementary Table S6). During the necrotrophic phase (72 hpi), uniquely up-regulated genes were associated with cyclic nucleotide metabolic process and drug transmembrane transport while polysaccharide catabolic process, carbohydrate catabolic process and lipid metabolic process were found enriched among the unique down-regulated genes (p < 0.05; Figure 1C; Supplementary Table S6). The identification of ROS biosynthesis as enriched pathway during the BNS led us to investigate ROS further during the three phases of P. medicaginis infection. Quantification of ROS revealed that at the BNS ROS was highest in both roots and hyphae compared to the other phases of infection (Figures 1D, E).




Figure 1 | Phytophthora medicaginis displays phase-specific Gene Ontology (GO) biological processes during chickpea root infection. (A) Venn diagram showing common and unique P. medicaginis up-regulated genes at 12-, 24- and 72-hours post inoculation. (B) Venn diagram showing common and unique P. medicaginis down-regulated gene sets at 12-, 24- and 72-hours post inoculation. (C) Enriched GO biological processes associated with combined uniquely up- and down-regulated genes in P. medicaginis at the three stages of hemibiotrophic infection. The GO terms are shown on the y-axes. The number of genes associated with each GO term are shown on the x-axes. The Fisher’s exact test p-value statistic for each GO term is shown based on a blue-yellow gradient (p < 0.05). (D) Mean intensity of reactive oxygen species (ROS) staining in root compartment. (E) Mean intensity of ROS staining in hyphae. + SE. The x-axis shows the time points post inoculation in hours and the y-axis shows the mean intensity of ROS staining. BP, biotrophic phase; BNS, biotrophic to necrotrophic switch phase; NP, necrotrophic phase; hpi, hours post inoculation.







P. medicaginis genes encoding SSPs display phase-specific regulation

Given that SSPs play important roles in the regulation of hemibiotrophic infection (Kim et al., 2016), we sought to annotate these in the genome of P. medicaginis and investigate their expression patterns during the biotrophic, BNS and necrotrophic phases in this study. In an effort to annotate these in P. medicaginis, we predicted 991 putative secreted proteins from the P. medicaginis proteome containing a signal peptide and lacking a transmembrane domain (Table 2). The secretome of P. medicaginis contained 327 putative effectors and of these, 169 were categorized as cytoplasmic effectors and 158 were categorized as apoplastic effectors (Table 2). It is possible that non-canonical open reading frames may contain further effector-like proteins. Filtering of the secreted proteins for a maximum length of 300 amino acids, we obtained a set of 415 SSPs (Figure 2A). Of the 415 putative SSP genes, 292 transcripts were detected in P. medicaginis during the infection time course in our study (Figure 2B; Supplementary Table S7) including 29 specific to the biotrophic phase, 16 specific to the BNS phase and 40 specific to the necrotrophic phase (Figure 2C). Functional classification of the regulated SSPs revealed putative roles relating to oxidative stress and protein-protein interactions (Supplementary Table S7). Ortholog analysis was then performed between 161 P. medicaginis SSPs significantly up-regulated during our time course and that of the proteomes of distantly related Phytophthora species, P. palmivora and P. infestans, to identify core SSPs that may regulate each phase across the genus (Supplementary Figure S6A). We focused on these three Phytophthora species because RNA-seq data at the same three key phases of infection including the biotrophic, BNS and necrotrophic phase was only available for these species. This enabled us to investigate our aim of which core orthologous SSPs are similarly regulated during the same phase of infection in Phytophthora. In total, 24 clusters exhibited similar expression patterns in at least two Phytophthora species (Supplementary Figure S6B). These included cluster 1, pectate lyase, and cluster 22, peptidase, both of which represent core orthologous genes associated to hemibiotrophic colonization in Phytophthora (Supplementary Figure S6B).




Figure 2 | Putative P. medicaginis small secreted proteins (SSPs) display phase specific regulation during the lifestyle switch of P. medicaginis. (A) Identification of SSPs in the genome of P. medicaginis using SignalP (Almagro Armenteros et al., 2019) and TMHMM (Krogh et al., 2001) software and filtering for amino acid size < 300 amino acids using a python script. (B) Heatmap of 292 SSPs regulated at 12-, 24- and 72-hours post inoculation encompassing the biotrophic, switch and necrotrophic phases, respectively. (C) Venn diagram of significantly differentially regulated common and unique SSPs at the three phases of hemibiotrophic infection (p < 0.05). BP, biotrophic phase; BNS, biotrophic to necrotrophic switch phase; NP, necrotrophic phase; hpi, hours post inoculation.







P. medicaginis SSP Phytmed_10271 co-regulates with chickpea defense signaling pathways

Given that RxLRs are known to regulate phases of hemibiotrophic infection (Zuluaga et al., 2016), we were interested in identifying SSPs of this class that were significantly regulated during the BNS phase of P. medicaginis to identify RxLRs that could regulate this phase during infection. Of the 415 P. medicaginis SSPs, 28 were predicted to be RxLR-like. We did not identify any RxLRs specifically regulated during the BNS phase so we focused on RxLRs induced during both the biotrophic and BNS phases (Figure 2C). We identified seven RxLRs significantly induced during the biotrophic and BNS phase, with expression decreasing through the necrotrophic phase including Phytmed_10271, Phytmed_14744, Phytmed_17143, Phytmed_3407, Phytmed_8330, Phytmed_8971, and Phytmed_601 (Figures 2B, C). These RxLRs were investigated further as effectors that may be associated to the control of the transition to necrotrophy. We employed co-regulatory network analysis using gene expression changes across the time course in both the oomycete and the plant to identify the host genes that the RxLRs might influence to regulate infection. In total, the P. medicaginis SSPs and host gene co-expression network contained 29,163 nodes (i.e., genes) and 101,197,286 edges (i.e., co-regulatory relationships) of which 58,685,319 edges were positive and 42,511,967 edges were negative (Supplementary File S1). Enrichment analysis on the host genes co-expressed with Phytmed_17143, Phytmed_3407, Phytmed_8971, and Phytmed_601 revealed that the host genes were primarily involved in biological processes relating to primary metabolism such as peptide and carbohydrate metabolism, and the carboxylic acid cycle (Supplementary Table S8). The host genes co-expressed with Phytmed_8330 were enriched in processes such as ion transport and microtubule-based movement while those host genes co-expressed with Phytmed_14744 were enriched for chitin metabolism (Supplementary Table S8). The host genes co-expressed with Phytmed_10271 were found to be enriched in pathways involved in plant defense including phytohormones such ethylene and auxin, and ROS metabolism (Figure 3A; Supplementary Table S8). Given that Phytmed_10271 was found to be co-expressed with several plant genes linked to immune functions and that one of these pathways included ROS metabolism which we identified as being important during the BNS phase, we sought to characterize this RxLR SSP further (Figures 1C–E). Annotation of Phytmed_10271 revealed the protein has a length of 136 amino acid residues and is cysteine-poor with a putative molecular weight of 15.16 kDa. A signal peptide spans the first 23 residues while RxLR and EER motifs occur at positions 54 and 65, respectively (Figure 3B). The putative effector is up-regulated during all three phases of host colonization with highest expression during the biotrophic phase and consecutively decreased expression at subsequent phases (Figure 3C). Average normalized transcript counts for Phytmed_10271: axenic control = 7.3, 12 hpi = 151.1, 24 hpi = 36.1 and 72 hpi = 11.3. Although Phytmed_10271 is lowly expressed we still considered it a candidate because the expression level of this gene varies in a manner commensurate to the length of the BP, thus potentially impacting the timing of the BNS and due to work in other models where lowly expressed RxLR effectors such as PexRD8 and Pex3645-1 have been shown to be critical to colonization of a host plant (Oh et al., 2009). Phytmed_10271 shares homology with other oomycete proteins including 50% homology to P. sojae AVR1b-1 avirulence-like protein (XP_009531296.1) and 46% homology to P. infestans putative secreted RxLR effector peptide protein (XP_002998156.1) based on NCBI BLASTp search (Supplementary Table S9). Local BLAST analysis to the P. medicaginis genome revealed that Phytmed_10271 shares no homology with other P. medicaginis genes.




Figure 3 | Putative Phytophthora medicaginis small secreted protein (SSP) Phytmed_10271 displays co-regulation with chickpea defense pathways. (A) Enriched Gene Ontology biological processes associated with chickpea genes co-expressed with Phytmed_1027. The GO terms are shown on the y-axis. The number of genes associated with each GO term are shown on the x-axis. The Fisher’s exact test p-value statistic for each GO term is shown based on a blue-yellow gradient (p < 0.05). (B) Annotated Phytmed_10271 protein with motifs present at specific regions within the amino acid sequence. (C) Fold change in expression of Phytmed_10271 relative to control at three phases of hemibiotrophic infection. BP, biotrophic phase; BNS, biotrophic to necrotrophic switch phase; NP, necrotrophic phase; hpi, hours post inoculation. The bars indicate standard error.







Phytmed_10271 regulates root rot during the BNS phase of infection

To investigate the role of Phytmed_10271 during chickpea root rot development, we employed a double stranded interfering RNA (dsiRNA) spray approach for RNA mediated knockdown of the RxLR in a P. medicaginis-chickpea microcosm setup (Plett et al., 2019, 2020). Compared to the RNA-negative control (sterile ddH2O) and scrambled dsiRNA negative control, the Phytmed_10271 RNAi knockdown displayed increased root rot browning at 24 hpi, the BNS phase of P. medicaginis (Figure 4A). Corroborating the disease phenotypic results, repression of Phytmed_10271 led to significantly higher electrolyte leakage, an indicator of cell death due to rupturing of plasma membranes by the pathogen compared to controls (ANOVA Tukey method, F = 12.49, p < 0.001; Phytmed_10271 dsiRNA - RNA-negative control p < 0.002, Phytmed_10271 dsiRNA - scrambled dsiRNA: p < 0.002, RNA-negative control - scrambled dsiRNA: p = 0.99; Figure 4B). The Phytmed_10271 dsiRNA and scrambled dsiRNA sprays did not affect hyphal extension under axenic conditions (ANOVA Tukey method, F = 0.086, p ≥ 0.05; Figure 4C), nor did the dsiRNA sprays affect plant health in the absence of the oomycete at 24 hpi (ANOVA Tukey method, F = 1.48, p > 0.05; Figure 4D). The dsiRNA spray targeting Phytmed_10271 led to an average of 3x reduction in transcript expression compared to the scrambled dsiRNA control (T-test, p = 0.03; Figure 4E). Phytmed_10271 was co-expressed with 2,731 chickpea genes; 996 were positively co-expressed (solid edges) and 1,735 were negatively co-expressed (dotted edges; Figure 4F; Supplementary Table S10). All the edges between nodes possess a MICe (Maximal Information Coefficient estimator) > 0.8 as this is a stringent cut-off for networks constructed from the sample size used (Albanese et al., 2018). We then ranked the correlations between Phytmed_10271 and the host genes by the Spearman rank correlation coefficient to identify the strongest correlations. Of these, 648 host genes displayed a strong positive correlation (dark purple), followed by 348 host genes that displayed a weak positive correlation (orange; Figure 4F; Supplementary Table S10). For the negatively corelated genes, 462 host genes displayed the strongest correlation for this category (yellow) while 1,273 genes displayed the weakest negative correlation with Phytmed_10271 (green; Figure 4F; Supplementary Table S10). We then sequenced the transcriptome of three biological replicates each, the Phytmed_10271 knockdown and scrambled control, respectively, to validate the network predictions and identify host genes that were actually perturbed by altered expression of the RxLR SSP. In total, we identified 663 chickpea genes that were significantly regulated in the knockdown treatment compared to scrambled control (p < 0.05, Log2FC > 1 and < -1, Figure 4G; Supplementary Table S11). Of these, 73 host genes displayed opposite expression patterns with Phytmed_10271, in a manner consistent with the Spearman rank predictions of the co-expression network suggesting that these were either directly or indirectly targeted by the activity of the RxLR SSP (black nodes, Figure 4F; Supplementary Table S11). These included for example a Flavin-binding monooxygenase family protein, Auxin responsive protein IAA26, Serine/Threonine Kinases, Disease Resistance Protein, and aquaporin Tonoplast Intrinsic Protein (TIP) 4; (Figures 4F, G; Supplementary Tables S10, 11).




Figure 4 | The Phytmed_10271 knockdown displays a higher rate of tissue necrosis at the biotrophic to necrotrophic switch phase. (A) Symptoms in chickpea var. ‘Sonali’ roots, inoculated with P. medicaginis and either sprayed with dsiRNA targeting Phytmed_10271 (Phytmed_10271 dsiRNA), sterile water (RNA-negative control) or scrambled dsiRNA not targeting any gene (control) at 24 hpi, the BNS phase." Here AND is replaced with OR. A representative photo of a root for each treatment with the inoculated site centered in the middle of the root are shown. (B) Electrolyte leakage cell death analysis of chickpea var. ‘Sonali’ roots at 24 hpi, the BNS phase. The x-axis shows the treatments including P. medicaginis inoculated roots sprayed with Phytmed_10271 dsiRNA, sterile water and scrambled dsiRNA. The y-axis shows the percentage of electrolyte leakage of pre-boiled relative to post-boiled root samples. Lower case letters indicate significant differences (ANOVA Tukey method). (C) Hyphal extension analysis of Phytmed_10271 dsiRNA, RNA-negative control and scrambled dsiRNA treatments (ANOVA and Tukey post-hoc test). (D) Electrolyte leakage analysis on roots from plant only set up sprayed with either dsiRNA targeting Phytmed_10271, scrambled dsiRNA or sterile water (ANOVA and Tukey test). (E) Phytmed_10271 displays 3x less abundance in the Phytmed_10271 dsiRNA knockdown treatment compared to scrambled dsiRNA. Data shown are fold change of normalized unique counts in Phytmed_10271 dsiRNA relative to the scrambled dsiRNA. (F) The Phytmed_10271 SSP and chickpea gene co-expression network. The red node indicates the Phytmed_10271 SSP, grey nodes indicate chickpea genes, and black nodes indicate the 73 significantly differentially regulated chickpea genes in the Phytmed_10271 dsiRNA knockdown relative to the scrambled dsiRNA control (Log2FC > 1 and < -1, p < 0.05). The strength of the edges connecting nodes are shown by a color gradient (Spearman rank: -1 to 1 as yellow to purple). Dotted lines represent negative correlations and solid lines represent positive correlations. (G) Hierarchical clustering of the significantly differentially regulated chickpea genes in the Phytmed_10271 dsiRNA knockdown relative to the scrambled dsiRNA control (Log2FC > 1 and < -1, p < 0.05). Examples of genes present within the network that were significantly differentially regulated by knockdown of Phytmed_10271 are highlighted by arrows including IAA26, NDOLE-3-ACETIC ACID INDUCIBLE 26 Protein Phosphatase 2C; CML27, Calcium-binding protein 27; MLP-like 43, Major Latex Protein-like 43; TIP, Tonoplast Intrinsic Protein and FMO, Flavin-binding monooxygenase family protein. BNS, biotrophic to necrotrophic switch; hpi, hours post inoculation; SSP, small secreted protein.








Discussion

Compared to hemibiotrophic interactions where qualitative resistance has been observed, much less is known about the role of effectors during the BNS in hemibiotrophic pathogens where only quantitative host resistance has been observed. To investigate this, we sequenced the genome and transcriptome of the oomycete, P. medicaginis during three phases of hemibiotrophy in chickpea roots. We confirmed our first hypothesis that P. medicaginis contains relatively few RxLRs. We also found that P. medicaginis RxLR, CRNs and NLPs displayed phase-specific regulation, thereby confirming our second hypothesis. Additionally, we found RxLR-like SSPs co-expressed with plant defense pathways in chickpea, one of which played a role during infection at the BNS phase. The findings from this study provide a better understanding of disease progression in agronomically important quantitative pathosystems by giving evidence that SSPs also have a role in mediating the BNS in such systems as has been observed in qualitative resistance pathosystems.

Of the currently sequenced Phytophthora sp. Genomes, P. medicaginis genome size and number of coding genes is comparable to other Phytophthora species causing root rot such as P. fragariae, P. sojae, P. nicotianae and P. rubi (McGowan and Fitzpatrick, 2020; Mandal et al., 2022). The P. medicaginis genome displays the second highest proportion of repeats of the currently published Phytophthora genomes after P. infestans (Haas et al., 2009). We found that P. medicaginis ranks among the Phytophthora genomes with low numbers of encoded RxLR effectors, coming second least after Phytophthora pinifolia followed by Phytophthora chlamydospora and Phytophthora syringae (Mandal et al., 2022). Similar to the P. medicaginis: chickpea pathosystem, only moderate resistance is present in Pinus radiata to P. pinifolia (Durán et al., 2010; Ahumada et al., 2013). In other Phytophthora spp. such as P. sojae and P. infestans where qualitative host resistance is present a greater number of RxLR effectors have been Identified, i.e. 350 and 563 for P. sojae and P. infestans, respectively (Tyler et al., 2006; Champouret et al., 2009; Haas et al., 2009; Sugimoto et al., 2012). The high number of RxLR effectors and their large diversity have been attributed to host selection pressures in qualitative resistance breeding programs between pathogen and host, a theory referred to as the host-pathogen evolutionary arms race (Win et al., 2007; Haas et al., 2009). Compared to P. infestans and P. sojae, host selection pressure towards P. medicaginis is likely to be lower given the relative number of RXLR effectors (Amalraj et al., 2019; Bithell et al., 2023).

Our work characterizing the P. medicaginis genome and transcriptome has advanced our understanding of the factors that may contribute the phase switch of this pathogen, and specifically genes associated to the entry and exit of the BNS. PCA analysis of the BNS, BP and NP samples revealed close clustering of the BNS and BP samples suggesting that the gene expression levels between these two phases are relatively similar, although there were still 1,704 differentially regulated genes unique to the BP and 366 differentially regulated genes unique to the BNS. A similar observation has been observed by Jupe et al. (2013) investigating the P. capsica-tomato interaction indicating a relatively restricted set of specific molecular pathways regulate the transition between these two phases. We were successful in identifying the unique gene clusters separating the BP and BNS phase samples to pinpoint the metabolic pathways promoting this transition during infection. Of these, ROS and nitric oxide (NO) biosynthetic pathways were identified as enriched signaling pathways during the beginning of the BNS phase. Elevated ROS production has been observed just before the onset of necrotrophy in Septoria tritici and P. parasitica (Shetty et al., 2007; Wi et al., 2012). Heme A biosynthesis was observed as an enriched response pathway during the P. medicaginis BNS phase. Heme is an important component of peroxidase for the detoxification of ROS in P. nicotianae during infection of tobacco (Blackman and Hardham, 2008). It is conceivable that high ROS production coupled with efficient antioxidant systems in P. medicaginis contribute to the switch to necrotrophy (Jindřichová et al., 2011). A number of CAZymes were also regulated during the BNS phase of P. medicaginis, earlier than expectations based on model hemibiotrophs P. infestans and L. maculans where CAZymes are induced during the late necrotrophic phases of infection (Lowe et al., 2014; Zuluaga et al., 2016). Notably, the genome of P. medicaginis contains the highest number of CAZymes compared to other Phytophthora spp. sequenced to date (Brouwer et al., 2014; Yang et al., 2018). Of the CAZymes regulated in our study, pectate lyase and glucan endo-1,3-beta-glucosidase were present. Pectate lyases are induced during late phases of infection in hemibiotrophs such as Coletotrichum spp. and function to degrade plant tissue to access nutrients (Cnossen-Fassoni et al., 2013; Fu et al., 2015). Likewise, endo-1,3-beta-glucosidase display similar functions in degrading plant cell walls during late phases of infection in hemibiotrophic pathogens such as those in the dothidiomycetes (McLeod et al., 2003; Ökmen et al., 2019). In addition, xylanase encoding SSPs were present also among the CAZymes during the BNS phase. Xylanases have been reported to contribute to the necrotrophic phase of infection in hemibiotrophs such as fungus Mycosphaerella graminicola (Siah et al., 2010). In concert with these, necrosis inducing NLP-like encoding SSPs were regulated during the BNS phase of P. medicaginis. P. medicaginis encodes a similar number of these SSPs as P. pinifolia (Kronmiller et al., 2023). NLPs are conserved necrosis inducing proteins across different kingdoms that actively induce plant cell death to facilitate the necrotrophic phase such as has been observed in root infecting Verticillium dahliae and P. sojae (Qutob et al., 2002; Zhou et al., 2012). These and the CAZymes identified here are likely to form the foundation to facilitate the exit from the BNS phase and the onset of the necrotrophic phase in P. medicaginis.

Currently, knowledge of effectors and signaling pathways regulating the BNS phase in non-model quantitative systems is limited. To supplement this gap in our understanding, we specifically focused on this phase of infection in the quantitative P. medicaginis:chickpea pathosystem. We identified that 41% of the P. medicaginis secretome are predicted to be SSPs. In other hemibiotrophic pathogens, 40-60% of the secretome are predicted to be SSPs suggesting a comparable number in P. medicaginis to other hemibiotrophs (Feldman et al., 2020). The fact that chickpea does not respond to P. medicaginis in an R gene/AVR qualitative manner (Amalraj et al., 2019), leads to the question concerning the role of SSPs during infection. The majority of the differentially regulated SSPs had no known homologue and/or exhibited the characteristics of effector proteins. For example, SSPs containing RxLR domains often identified as AVR proteins in qualitative pathosystems (Bos et al., 2006), were induced in P. medicaginis during infection. It is possible that these sequences have additional roles outside of AVR activity as there are a number of examples where effector-like SSPs have been identified in pathogens whose hosts display quantitative resistance. For example, SSPs regulated during pathogenesis have been identified in B. collo-cygni and Fusarium graminearum where only quantitative resistance has been observed in the hosts barley and wheat, respectively (Lu and Edwards, 2016; McGrann et al., 2016). Together with our results, these findings would support a significant role of SSPs during infection in quantitative pathosystems.

Identifying pathways regulated by effector-like SSPs where no known R-protein has been isolated can be difficult. Therefore, development of in silico analyses such as co-expression networks to narrow the putative pathway(s) impacted by a given SSP would be helpful in advancing this field of research. Through application of co-expression network analysis, we identified a SSP RxLR effector named Phytmed_10271 that was co-expressed at the transcriptional level with host phytohormone signaling pathways, ROS metabolism, and defense signaling. Similar to our study, Musungu et al. (2016) used co-expression network analysis to show that Aspergillus flavus pathogenicity genes were co-expressed with maize ROS cluster during early infection. Likewise, Zhang et al. (2019a) identified Botrytis cinerea pathogenicity genes linked to jasmonic-acid and salicylic acid signaling in Arabidopsis. In our study, a knockdown of Phytmed_10271 using dsiRNA during P. medicaginis infection of chickpea roots caused increased root cell death during the BNS phase and identification of 73 significantly differentially expressed genes predicted to co-regulate with Phytmed_10271 in a manner modelled by the co-expression network, thereby confirming the validity of the network topology method as a means of predicting the most probable target pathways of a SSP. Of the differentially expressed genes, Auxin response protein AUX/IAA26 was present and up-regulated in the Phytmed_10271 knockdown. Previous work by Padmanabhan et al. (2005) showed that a tobacco mosaic virus replicase interacted with Arabidopsis AUX/IAA26 to prevent localization of AUX/IAA26 to the nucleus and promoted disease development. Additionally, we found aquaporin TIP4;1 was up-regulated in the Phytmed_10271 knockdown treatment, a gene associated to lesion formation, vesicle transport and ROS (Ma et al., 2004). These latter pathways were also present within our co-expression network and significantly differentially expressed genes for the SSP knockdown treatment suggesting possible mechanisms for the early root cell death phenotype observed in our study.





Conclusion

These findings highlight that, while chickpea displays quantitative resistance to P. medicaginis, RxLR effectors may still play an important role during the phases of hemibiotrophic infection as observed in qualitative resistance models and the host defense pathways identified in this study may be targeted in future for crop improvement.





Data availability statement

The RNA sequencing datasets generated for this study can be found at the GEO repository with the identifier GSE182741 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE182741) and GSE183604 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE183604. Processed data have been deposited in rds Western Sydney University (https://doi.org/10.26183/mzre-vk16). Data analysis scripts used in this study may be found in rds Western Sydney University (https://doi.org/10.26183/mzre-vk16) and https://github.com/Coles-DW/Phytophthora-medicaginis-differential-expression-analysis. Due to the large size of Supplementary File S1, we have deposited the file at https://doi.org/10.26183/mzre-vk16. The raw genome sequencing data have been deposited in the NCBI SRA as part of BioProject PRJNA756124 with accession codes SRX25012627-SRX25012628. The Phytophthora medicaginis isolate 7831 genome assembly and annotation files may be found at rds Western Sydney University (https://doi.org/10.26183/mzre-vk16).





Author contributions

DC: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft, Writing – review & editing. SB: Conceptualization, Resources, Writing – review & editing. TJ: Conceptualization, Methodology, Writing – review & editing. WC: Conceptualization, Supervision, Writing – review & editing. JP: Conceptualization, Formal analysis, Investigation, Methodology, Supervision, Visualization, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The authors acknowledge Western Sydney University and the Hawkesbury Institute for the Environment for funding a research scholarship to DC and supporting this work.




Acknowledgments

The authors would like to thank K. Hobson at NSW DPI, Tamworth, NSW for supplying experimental seeds. We thank the Grains Research and Development Corporation and NSW DPI for access to Phytophthora isolates for research purposes. We acknowledge F. Snijders, B. Coleman and M. Monk for experimental assistance. We would like to thank G. Devine and A. Leahy for bioinformatic assistance.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1439020/full#supplementary-material




References

 Adams, T. M., Armitage, A. D., Sobczyk, M. K., Bates, H. J., Tabima, J. F., Kronmiller, B. A., et al. (2020). Genomic investigation of the strawberry pathogen Phytophthora fragariae indicates pathogenicity is associated with transcriptional variation in three key races. Front. Microbiol. 11, 490. doi: 10.3389/fmicb.2020.00490

 Ahumada, R., Rotella, A., Slippers, B., and Wingfield, M. J. (2013). Pathogenicity and sporulation of Phytophthora pinifolia on Pinus radiata in Chile. Australas. Plant Pathol. 42, 413–420. doi: 10.1007/s13313-013-0212-4

 Albanese, D., Riccadonna, S., Donati, C., and Franceschi, P. (2018). A practical tool for maximal information coefficient analysis. GigaScience 7, giy032. doi: 10.1093/gigascience/giy032

 Alexa, A., and Rahnenführer, J. (2009). Gene set enrichment analysis with topGO. Bioconduct. Improv. 27, 1–26.

 Almagro Armenteros, J. J., Tsirigos, K. D., Sønderby, C. K., Petersen, T. N., Winther, O., Brunak, S., et al. (2019). SignalP 5.0 improves signal peptide predictions using deep neural networks. Nat. Biotechnol. 37, 420–423. doi: 10.1038/s41587-019-0036-z

 Amalraj, A., Taylor, J., Bithell, S., Li, Y., Moore, K., Hobson, K., et al. (2019). Mapping resistance to Phytophthora root rot identifies independent loci from cultivated (Cicer arietinum L.) and wild (Cicer echinospermum PH Davis) chickpea. Theor. Appl. Genet. 132, 1017–1033. doi: 10.1007/s00122-018-3256-6

 Armitage, A. D., Lysøe, E., Nellist, C. F., Lewis, L. A., Cano, L. M., Harrison, R. J., et al. (2018). Bioinformatic characterisation of the effector repertoire of the strawberry pathogen Phytophthora cactorum. PloS One 13, e0202305. doi: 10.1371/journal.pone.0202305

 Avrova, A. O., Boevink, P. C., Young, V., Grenville-Briggs, L. J., Van West, P., Birch, P. R., et al. (2008). A novel Phytophthora infestans haustorium-specific membrane protein is required for infection of potato. Cell. Microbiol. 10, 2271–2284. doi: 10.1111/cmi.2008.10.issue-11

 Bithell, S. L., Drenth, A., Backhouse, D., Harden, S., and Hobson, K. (2023). Inoculum production of Phytophthora medicaginis can be used to screen for partial resistance in chickpea genotypes. Front. Plant Sci. 14, 1115417. doi: 10.3389/fpls.2023.1115417

 Blackman, L. M., and Hardham, A. R. (2008). Regulation of catalase activity and gene expression during Phytophthora nicotianae development and infection of tobacco. Mol. Plant Pathol. 9, 495–510. doi: 10.1111/j.1364-3703.2008.00478.x

 Bos, J. I., Kanneganti, T. D., Young, C., Cakir, C., Huitema, E., Win, J., et al. (2006). The C-terminal half of Phytophthora infestans RXLR effector AVR3a is sufficient to trigger R3a-mediated hypersensitivity and suppress INF1-induced cell death in Nicotiana benthamiana. Plant J. 48, 165–176. doi: 10.1111/j.1365-313X.2006.02866.x

 Brasier, C., Scanu, B., Cooke, D., and Jung, T. (2022). Phytophthora: An ancient, historic, biologically and structurally cohesive and evolutionarily successful generic concept in need of preservation. IMA fungus 13, 12. doi: 10.1186/s43008-022-00097-z

 Brouwer, H., Coutinho, P. M., Henrissat, B., and de Vries, R. P. (2014). Carbohydrate-related enzymes of important Phytophthora plant pathogens. Fungal Genet. Biol. 72, 192–200. doi: 10.1016/j.fgb.2014.08.011

 Cai, S., Chen, G., Wang, Y., Huang, Y., Marchant, D. B., Wang, Y., et al. (2017). Evolutionary conservation of ABA signaling for stomatal closure. Plant Physiol. 174, 732–747. doi: 10.1104/pp.16.01848

 Carella, P., Gogleva, A., Tomaselli, M., Alfs, C., and Schornack, S. (2018). Phytophthora palmivora establishes tissue-specific intracellular infection structures in the earliest divergent land plant lineage. Proc. Natl. Acad. Sci. 115, E3846–E3855. doi: 10.1073/pnas.1717900115

 Champouret, N., Bouwmeester, K., Rietman, H., van der Lee, T., Maliepaard, C., Heupink, A., et al. (2009). Phytophthora infestans isolates lacking class I ipiO variants are virulent on Rpi-blb1 potato. Mol. Plant-Microbe Interact. 22, 1535–1545. doi: 10.1094/MPMI-22-12-1535

 Chen, Z. H., Wang, Y., Wang, J. W., Babla, M., Zhao, C., García-Mata, C., et al. (2016). Nitrate reductase mutation alters potassium nutrition as well as nitric oxide-mediated control of guard cell ion channels in Arabidopsis. New Phytol. 209, 1456–1469. doi: 10.1111/nph.13714

 Cnossen-Fassoni, A., Bazzolli, D. M. S., Brommonschenkel, S. H., Fernandes de Araújo, E., and de Queiroz, M. V. (2013). The pectate lyase encoded by the pecCl 1 gene is an important determinant for the aggressiveness of Colletotrichum lindemuthianum. J. Microbiol. 51, 461–470. doi: 10.1007/s12275-013-3078-9

 Coles, D. W., Bithell, S. L., Mikhael, M., Cuddy, W. S., and Plett, J. M. (2022). Chickpea roots undergoing colonisation by Phytophthora medicaginis exhibit opposing jasmonic acid and salicylic acid accumulation and signalling profiles to leaf hemibiotrophic models. Microorganisms 10, 343. doi: 10.3390/microorganisms10020343

 Dong, S., Raffaele, S., and Kamoun, S. (2015). The two-speed genomes of filamentous pathogens: waltz with plants. Curr. Opin. Genet. Dev. 35, 57–65. doi: 10.1016/j.gde.2015.09.001

 Drula, E., Garron, M. L., Dogan, S., Lombard, V., Henrissat, B., and Terrapon, N. (2022). The carbohydrate-active enzyme database: functions and literature. Nucleic Acids Res. 50, D571–D577. doi: 10.1093/nar/gkab1045

 Du, Y., Mpina, M. H., Birch, P. R., Bouwmeester, K., and Govers, F. (2015). Phytophthora infestans RXLR effector AVR1 interacts with exocyst component Sec5 to manipulate plant immunity. Plant Physiol. 169, 1975–1990. doi: 10.1104/pp.15.01169

 Durán, A., Gryzenhout, M., Drenth, A., Slippers, B., Ahumada, R., Wingfield, B. D., et al. (2010). AFLP analysis reveals a clonal population of Phytophthora pinifolia in Chile. Fungal Biol. 114, 746–752. doi: 10.1016/j.funbio.2010.06.008

 Evangelisti, E., Gogleva, A., Hainaux, T., Doumane, M., Tulin, F., Quan, C., et al. (2017). Time-resolved dual transcriptomics reveal early induced Nicotiana benthamiana root genes and conserved infection-promoting Phytophthora palmivora effectors. BMC Biol. 15, 1–24. doi: 10.1186/s12915-017-0379-1

 Feldman, D., Yarden, O., and Hadar, Y. (2020). Seeking the roles for fungal small-secreted proteins in affecting saprophytic lifestyles. Front. Microbiol. 11, 455. doi: 10.3389/fmicb.2020.00455

 Feng, B. Z., Zhu, X. P., Fu, L., Lv, R. F., Storey, D., Tooley, P., et al. (2014). Characterization of necrosis-inducing NLP proteins in Phytophthora capsici. BMC Plant Biol. 14, 1–19. doi: 10.1186/1471-2229-14-126

 Fox, J., Friendly, M., and Weisberg, S. (2013). Hypothesis tests for multivariate linear models using the car package. R J. 5, 39. doi: 10.32614/RJ-2013-004

 Fu, L., Zhu, C., Ding, X., Yang, X., Morris, P. F., Tyler, B. M., et al. (2015). Characterization of cell-death-inducing members of the pectate lyase gene family in Phytophthora capsici and their contributions to infection of pepper. Mol. Plant-Microbe Interact. 28, 766–775. doi: 10.1094/MPMI-11-14-0352-R

 Gene Ontology Consortium (2004). The Gene Ontology (GO) database and informatics resource. Nucleic Acids Res. 32, D258–D261. doi: 10.1093/nar/gkh036

 Gilroy, E. M., Breen, S., Whisson, S. C., Squires, J., Hein, I., Kaczmarek, M., et al. (2011). Presence/absence, differential expression and sequence polymorphisms between PiAVR2 and PiAVR2-like in Phytophthora infestans determine virulence on R2 plants. New Phytol. 191, 763–776. doi: 10.1111/j.1469-8137.2011.03736.x

 Haas, B. J., Kamoun, S., Zody, M. C., Jiang, R. H., Handsaker, R. E., Cano, L. M., et al. (2009). Genome sequence and analysis of the Irish potato famine pathogen Phytophthora infestans. Nature 461, 393–398. doi: 10.1038/nature08358

 Hou, J., Ye, X., Feng, W., Zhang, Q., Han, Y., Liu, Y., et al. (2022). Distance correlation application to gene co-expression network analysis. BMC Bioinf. 23, 81. doi: 10.1186/s12859-022-04609-x

 Hyatt, D., Chen, G. L., LoCascio, P. F., Land, M. L., Larimer, F. W., and Hauser, L. J. (2010). Prodigal: prokaryotic gene recognition and translation initiation site identification. BMC Bioinf. 11, 1–11. doi: 10.1186/1471-2105-11-119

 Jain, M., Misra, G., Patel, R. K., Priya, P., Jhanwar, S., Khan, A. W., et al. (2013). A draft genome sequence of the pulse crop chickpea (Cicer arietinum L.). Plant J. 74, 715–729. doi: 10.1111/tpj.12173

 Jiang, R. H., and Tyler, B. M. (2012). Mechanisms and evolution of virulence in oomycetes. Annu. Rev. Phytopathol. 50, 295–318. doi: 10.1146/annurev-phyto-081211-172912

 Jindřichová, B., Fodor, J., Šindelářová, M., Burketová, L., and Valentová, O. (2011). Role of hydrogen peroxide and antioxidant enzymes in the interaction between a hemibiotrophic fungal pathogen, Leptosphaeria maculans, and oilseed rape. Environ. Exp. Bot. 72, 149–156. doi: 10.1016/j.envexpbot.2011.02.018

 Judelson, H. S. (2012). Dynamics and innovations within oomycete genomes: insights into biology, pathology, and evolution. Eukaryotic Cell 11, 1304–1312. doi: 10.1128/EC.00155-12

 Jupe, J., Stam, R., Howden, A. J., Morris, J. A., Zhang, R., Hedley, P. E., et al. (2013). Phytophthora capsici-tomato interaction features dramatic shifts in gene expression associated with a hemi-biotrophic lifestyle. Genome Biol. 14, 1–18. doi: 10.1186/gb-2013-14-6-r63

 Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. doi: 10.1093/nar/28.1.27

 Kelley, B. S., Lee, S. J., Damasceno, C. M., Chakravarthy, S., Kim, B. D., Martin, G. B., et al. (2010). A secreted effector protein (SNE1) from Phytophthora infestans is a broadly acting suppressor of programmed cell death. Plant J. 62, 357–366. doi: 10.1111/tpj.2010.62.issue-3

 Kim, K. T., Jeon, J., Choi, J., Cheong, K., Song, H., Choi, G., et al. (2016). Kingdom-wide analysis of fungal small secreted proteins (SSPs) reveals their potential role in host association. Front. Plant Sci. 7, 186. doi: 10.3389/fpls.2016.00186

 Kohler, A., Murat, C., and Costa, M. (2011). High quality genomic DNA extraction using CTAB and Qiagen genomic-tip. INRA Nancy Equipe Ecogénomique; Champenoux: Meurthe-et-Moselle France.

 Krogh, A., Larsson, B., Von Heijne, G., and Sonnhammer, E. L. (2001). Predicting transmembrane protein topology with a hidden Markov model: application to complete genomes. J. Mol. Biol. 305, 567–580. doi: 10.1006/jmbi.2000.4315

 Kronmiller, B. A., Feau, N., Shen, D., Tabima, J. F., Ali, S. S., Armitage, A. D., et al. (2023). Comparative genomic analysis of 31 phytophthora genomes reveals genome plasticity and horizontal gene transfer. Mol. Plant-Microbe Interact. 36, 26–46. doi: 10.1094/MPMI-06-22-0133-R

 Lagesen, K., Hallin, P., Rødland, E. A., Stærfeldt, H. H., Rognes, T., and Ussery, D. W. (2007). RNAmmer: consistent and rapid annotation of ribosomal RNA genes. Nucleic Acids Res. 35, 3100–3108. doi: 10.1093/nar/gkm160

 Lamour, K. H., Mudge, J., Gobena, D., Hurtado-Gonzales, O. P., Schmutz, J., Kuo, A., et al. (2012). Genome sequencing and mapping reveal loss of heterozygosity as a mechanism for rapid adaptation in the vegetable pathogen Phytophthora capsici. Mol. Plant-Microbe Interact. 25, 1350–1360. doi: 10.1094/MPMI-02-12-0028-R

 Lee, J. H., Siddique, M. I., Kwon, J. K., and Kang, B. C. (2021). Comparative genomic analysis reveals genetic variation and adaptive evolution in the pathogenicity-related genes of Phytophthora capsici. Front. Microbiol. 12, 694136. doi: 10.3389/fmicb.2021.694136

 Lenth, R., Singmann, H., Love, J., Buerkner, P., and Herve, M. (2018). emmeans: Estimated marginal means, aka least-squares means (R package, Version 1.4).

 Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 1–21. doi: 10.1186/s13059-014-0550-8

 Lowe, R. G., Cassin, A., Grandaubert, J., Clark, B. L., Van de Wouw, A. P., Rouxel, T., et al. (2014). Genomes and transcriptomes of partners in plant-fungal-interactions between canola (Brassica napus) and two Leptosphaeria species. PloS One 9, e103098. doi: 10.1371/journal.pone.0103098

 Lowe, T. M., and Eddy, S. R. (1997). tRNAscan-SE: a program for improved detection of transfer RNA genes in genomic sequence. Nucleic Acids Res. 25, 955–964. doi: 10.1093/nar/25.5.955

 Lu, S., and Edwards, M. C. (2016). Genome-wide analysis of small secreted cysteine-rich proteins identifies candidate effector proteins potentially involved in Fusarium graminearum– wheat interactions. Phytopathology 106, 166–176. doi: 10.1094/PHYTO-09-15-0215-R

 Ma, S., Quist, T. M., Ulanov, A., Joly, R., and Bohnert, H. J. (2004). Loss of TIP1; 1 aquaporin in Arabidopsis leads to cell and plant death. Plant J. 40, 845–859. doi: 10.1111/j.1365-313X.2004.02265.x

 Maillot, G., Szadkowski, E., Massire, A., Brunaud, V., Rigaill, G., Caromel, B., et al. (2022). Strive or thrive: Trends in Phytophthora capsici gene expression in partially resistant pepper. Front. Plant Sci. 13, 980587. doi: 10.3389/fpls.2022.980587

 Mak, M., Beattie, K. D., Basta, A., Randall, D., Chen, Z. H., and Spooner-Hart, R. (2021). Triangulation of methods using insect cell lines to investigate insecticidal mode-of-action. Pest Manage. Sci. 77, 492–501. doi: 10.1002/ps.6046

 Mandal, K., Dutta, S., Upadhyay, A., Panda, A., and Tripathy, S. (2022). Comparative genome analysis across 128 phytophthora isolates reveal species-specific microsatellite distribution and localized evolution of compartmentalized genomes. Front. Microbiol. 13, 27. doi: 10.3389/fmicb.2022.806398

 McGowan, J., and Fitzpatrick, D. A. (2020). Recent advances in oomycete genomics. Adv. Genet. 105, 175–228. doi: 10.1016/bs.adgen.2020.03.001

 McGrann, G. R., Andongabo, A., Sjökvist, E., Trivedi, U., Dussart, F., Kaczmarek, M., et al. (2016). The genome of the emerging barley pathogen Ramularia collo-cygni. BMC Genomics 17, 1–17. doi: 10.1186/s12864-016-2928-3

 McLeod, A., Smart, C. D., and Fry, W. E. (2003). Characterization of 1, 3-β-glucanase and 1, 3; 1, 4-β-glucanase genes from Phytophthora infestans. Fungal Genet. Biol. 38, 250–263. doi: 10.1016/S1087-1845(02)00523-6

 Merga, B., and Haji, J. (2019). Economic importance of chickpea: Production, value, and world trade. Cogent Food Agric. 5, 1615718. doi: 10.1080/23311932.2019.1615718

 Moy, P., Qutob, D., Chapman, B. P., Atkinson, I., and Gijzen, M. (2004). Patterns of gene expression upon infection of soybean plants by Phytophthora sojae. Mol. Plant-Microbe Interact. 17, 1051–1062. doi: 10.1094/MPMI.2004.17.10.1051

 Musungu, B. M., Bhatnagar, D., Brown, R. L., Payne, G. A., OBrian, G., Fakhoury, A. M., et al. (2016). A network approach of gene co-expression in the Zea mays/Aspergillus flavus pathosystem to map host/pathogen interaction pathways. Front. Genet. 7, 206. doi: 10.3389/fgene.2016.00206

 O’Connell, R. J., Thon, M. R., Hacquard, S., Amyotte, S. G., Kleemann, J., Torres, M. F., et al. (2012). Lifestyle transitions in plant pathogenic Colletotrichum fungi deciphered by genome and transcriptome analyses. Nat. Genet. 44, 1060–1065. doi: 10.1038/ng.2372

 Oh, S. K., Young, C., Lee, M., Oliva, R., Bozkurt, T. O., Cano, L. M., et al. (2009). In planta expression screens of Phytophthora infestans RXLR effectors reveal diverse phenotypes, including activation of the Solanum bulbocastanum disease resistance protein Rpi-blb2. Plant Cell 21, 2928–2947. doi: 10.1105/tpc.109.068247

 Ökmen, B., Bachmann, D., and De Wit, P. J. (2019). A conserved GH17 glycosyl hydrolase from plant pathogenic Dothideomycetes releases a DAMP causing cell death in tomato. Mol. Plant Pathol. 20, 1710–1721. doi: 10.1111/mpp.12872

 Padmanabhan, M. S., Goregaoker, S. P., Golem, S., Shiferaw, H., and Culver, J. N. (2005). Interaction of the tobacco mosaic virus replicase protein with the Aux/IAA protein PAP1/IAA26 is associated with disease development. J. Virol. 79, 2549–2558. doi: 10.1128/JVI.79.4.2549-2558.2005

 Palma-Guerrero, J., Ma, X., Torriani, S. F., Zala, M., Francisco, C. S., Hartmann, F. E., et al. (2017). Comparative transcriptome analyses in Zymoseptoria tritici reveal significant differences in gene expression among strains during plant infection. Mol. Plant-Microbe Interact. 30, 231–244. doi: 10.1094/MPMI-07-16-0146-R

 Plett, J. M., Plett, K. L., Wong-Bajracharya, J., de Freitas Pereira, M., Costa, M. D., Kohler, A., et al. (2020). Mycorrhizal effector PaMiSSP10b alters polyamine biosynthesis in Eucalyptus root cells and promotes root colonization. New Phytol. 228, 712–727. doi: 10.1111/nph.16759

 Plett, K. L., Raposo, A. E., Anderson, I. C., Piller, S. C., and Plett, J. M. (2019). Protein arginine methyltransferase expression affects ectomycorrhizal symbiosis and the regulation of hormone signaling pathways. Mol. Plant-Microbe Interact. 32, 1291–1302. doi: 10.1094/MPMI-01-19-0007-R

 Quinn, L., O’Neill, P. A., Harrison, J., Paskiewicz, K. H., McCracken, A. R., Cooke, L. R., et al. (2013). Genome-wide sequencing of Phytophthora lateralis reveals genetic variation among isolates from Lawson cypress (Chamaecyparis lawsoniana) in Northern Ireland. FEMS Microbiol. Lett. 344, 179–185. doi: 10.1111/femsle.2013.344.issue-2

 Qutob, D., Kamoun, S., and Gijzen, M. (2002). Expression of a Phytophthora sojae necrosis-inducing protein occurs during transition from biotrophy to necrotrophy. Plant J. 32, 361–373. doi: 10.1046/j.1365-313X.2002.01439.x

 R Development Core Team (2020). R: A language and environment for statistical computing, v.4.0.3 (Vienna, Austria: R foundation for Statistical Computing). Available at: http://www.r-project.org.

 R Development Core Team (2021). R: A language and environment for statistical computing, v.4.1.0 (Vienna, Austria: R foundation for Statistical Computing). Available at: http://www.r-project.org.

 Ren, J., Wen, L., Gao, X., Jin, C., Xue, Y., and Yao, X. (2009). DOG 1.0: illustrator of protein domain structures. Cell Res. 19, 271–273. doi: 10.1038/cr.2009.6

 Rudd, J. J., Kanyuka, K., Hassani-Pak, K., Derbyshire, M., Andongabo, A., Devonshire, J., et al. (2015). Transcriptome and metabolite profiling of the infection cycle of Zymoseptoria tritici on wheat reveals a biphasic interaction with plant immunity involving differential pathogen chromosomal contributions and a variation on the hemibiotrophic lifestyle definition. Plant Physiol. 167, 1158–1185. doi: 10.1104/pp.114.255927

 Saier, M. H. Jr., Tran, C. V., and Barabote, R. D. (2006). TCDB: the Transporter Classification Database for membrane transport protein analyses and information. Nucleic Acids Res. 34, D181–D186. doi: 10.1093/nar/gkj001

 Saito, R., Smoot, M. E., Ono, K., Ruscheinski, J., Wang, P. L., Lotia, S., et al. (2012). A travel guide to Cytoscape plugins. Nat. Methods 9, 1069–1076. doi: 10.1038/nmeth.2212

 Salam, M. U., Davidson, J. A., Thomas, G. J., Ford, R., Jones, R. A., Lindbeck, K. D., et al. (2011). Advances in winter pulse pathology research in Australia. Australas. Plant Pathol. 40, 549–567. doi: 10.1007/s13313-011-0085-3

 Savary, S., Willocquet, L., Pethybridge, S. J., Esker, P., McRoberts, N., and Nelson, A. (2019). The global burden of pathogens and pests on major food crops. Nat. Ecol. Evol. 3, 430–439. doi: 10.1038/s41559-018-0793-y

 Schwinghamer, M. W., Southwell, R., Moore, K., and Knights, E. (2011). “Phytophthora root rot of chickpea,” in Compendium of chickpea and lentil diseases and pests. Eds.  W. Chen, H. C. Sharma, and F. J. Muehlbauer (St. Paul, Minnesota: American Phytopathological Society).

 Scott, P., Bader, M. K. F., Burgess, T., Hardy, G., and Williams, N. (2019). Global biogeography and invasion risk of the plant pathogen genus Phytophthora. Environ. Sci. Policy 101, 175–182. doi: 10.1016/j.envsci.2019.08.020

 Shetty, N. P., Mehrabi, R., Lütken, H., Haldrup, A., Kema, G. H., Collinge, D. B., et al. (2007). Role of hydrogen peroxide during the interaction between the hemibiotrophic fungal pathogen Septoria tritici and wheat. New Phytol. 174, 637–647. doi: 10.1111/j.1469-8137.2007.02026.x

 Siah, A., Deweer, C., Duyme, F., Sanssené, J., Durand, R., Halama, P., et al. (2010). Correlation of in planta endo-beta-1, 4-xylanase activity with the necrotrophic phase of the hemibiotrophic fungus Mycosphaerella graminicola. Plant Pathol. 59, 661–670. doi: 10.1111/j.1365-3059.2010.02303.x

 Simão, F. A., Waterhouse, R. M., Ioannidis, P., Kriventseva, E. V., and Zdobnov, E. M. (2015). BUSCO: assessing genome assembly and annotation completeness with single-copy orthologs. Bioinformatics 31, 3210–3212. doi: 10.1093/bioinformatics/btv351

 Smit, A. F. A., and Hubley, R. (2015). RepeatModeler Open-1.0. Available online at: http://www.repeatmasker.org (Accessed November 11, 2019).

 Sperschneider, J., and Dodds, P. N. (2022). EffectorP 3.0: prediction of apoplastic and cytoplasmic effectors in fungi and oomycetes. Mol. Plant-Microbe Interact. 35, 146–156. doi: 10.1094/MPMI-08-21-0201-R

 Stanke, M., Schöffmann, O., Morgenstern, B., and Waack, S. (2006). Gene prediction in eukaryotes with a generalized hidden Markov model that uses hints from external sources. BMC Bioinf. 7, 1–11. doi: 10.1186/1471-2105-7-62

 Sugimoto, T., Kato, M., Yoshida, S., Matsumoto, I., Kobayashi, T., Kaga, A., et al. (2012). Pathogenic diversity of Phytophthora sojae and breeding strategies to develop Phytophthora-resistant soybeans. Breed. Sci. 61, 511–522. doi: 10.1270/jsbbs.61.511

 Tabima, J. F., and Grünwald, N. J. (2019). effectR: An expandable R package to predict candidate RxLR and CRN effectors in oomycetes using motif searches. Mol. Plant-Microbe Interact. 32, 1067–1076. doi: 10.1094/MPMI-10-18-0279-TA

 Tatusov, R. L., Fedorova, N. D., Jackson, J. D., Jacobs, A. R., Kiryutin, B., Koonin, E. V., et al. (2003). The COG database: an updated version includes eukaryotes. BMC Bioinf. 4, 1–14. doi: 10.1186/1471-2105-4-41

 Turner, R. S. (2005). After the famine: Plant pathology, Phytophthora infestans, and the late blight of potatoes 1845–1960. Historic. Stud. Phys. Biol. Sci. 35, 341–370. doi: 10.1525/hsps.2005.35.2.341

 Tyler, B. M. (2007). Phytophthora sojae: root rot pathogen of soybean and model oomycete. Mol. Plant Pathol. 8, 1–8. doi: 10.1111/j.1364-3703.2006.00373.x

 Tyler, B. M., Tripathy, S., Zhang, X., Dehal, P., Jiang, R. H., Aerts, A., et al. (2006). Phytophthora genome sequences uncover evolutionary origins and mechanisms of pathogenesis. Science 313, 1261–1266. doi: 10.1126/science.1128796

 Vetukuri, R. R., Avrova, A. O., Grenville-Briggs, L. J., Van West, P., Söderbom, F., Savenkov, E. I., et al. (2011). Evidence for involvement of Dicer-like, Argonaute and histone deacetylase proteins in gene silencing in Phytophthora infestans. Mol. Plant Pathol. 12, 772–785. doi: 10.1111/j.1364-3703.2011.00710.x

 Wi, S. J., Ji, N. R., and Park, K. Y. (2012). Synergistic biosynthesis of biphasic ethylene and reactive oxygen species in response to hemibiotrophic Phytophthora parasitica in tobacco plants. Plant Physiol. 159, 251–265. doi: 10.1104/pp.112.194654

 Wickham, H. (2011). ggplot2. Wiley interdisciplinary reviews: computational statistics, Vol. 3. 180–185.

 Win, J., Morgan, W., Bos, J., Krasileva, K. V., Cano, L. M., Chaparro-Garcia, A., et al. (2007). Adaptive evolution has targeted the C-terminal domain of the RXLR effectors of plant pathogenic oomycetes. Plant Cell 19, 2349–2369. doi: 10.1105/tpc.107.051037

 Xu, L., Wang, S., Wang, W., Wang, H., Welsh, L., Boevink, P. C., et al. (2024). Proteolytic processing of both RXLR and EER motifs in oomycete effectors. bioRxiv, 2024–04. doi: 10.1101/2024.04.16.589758

 Yang, M., Duan, S., Mei, X., Huang, H., Chen, W., Liu, Y., et al. (2018). The Phytophthora cactorum genome provides insights into the adaptation to host defense compounds and fungicides. Sci. Rep. 8, 6534. doi: 10.1038/s41598-018-24939-2

 Yang, X., Tyler, B. M., and Hong, C. (2017). An expanded phylogeny for the genus Phytophthora. IMA fungus 8, 355–384.

 Yin, L., An, Y., Qu, J., Li, X., Zhang, Y., Dry, I., et al. (2017). Genome sequence of Plasmopara viticola and insight into the pathogenic mechanism. Sci. Rep. 7, 46553. doi: 10.1038/srep46553

 Zhang, W., Corwin, J. A., Copeland, D. H., Feusier, J., Eshbaugh, R., Cook, D. E., et al. (2019a). Plant–necrotroph co-transcriptome networks illuminate a metabolic battlefield. elife 8, e44279. doi: 10.7554/eLife.44279

 Zhang, X., Liu, B., Zou, F., Shen, D., Yin, Z., Wang, R., et al. (2019b). Whole genome re-sequencing reveals natural variation and adaptive evolution of Phytophthora sojae. Front. Microbiol. 10, 2792. doi: 10.3389/fmicb.2019.02792

 Zhou, B. J., Jia, P. S., Gao, F., and Guo, H. S. (2012). Molecular characterization and functional analysis of a necrosis-and ethylene-inducing, protein-encoding gene family from Verticillium dahliae. Mol. Plant-Microbe Interact. 25, 964–975. doi: 10.1094/MPMI-12-11-0319

 Zuluaga, A. P., Vega-Arreguín, J. C., Fei, Z., Ponnala, L., Lee, S. J., Matas, A. J., et al. (2016). Transcriptional dynamics of Phytophthora infestans during sequential stages of hemibiotrophic infection of tomato. Mol. Plant Pathol. 17, 29–41. doi: 10.1111/mpp.12263




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 © 2024 Coles, Bithell, Jeffries, Cuddy and Plett. 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.


OEBPS/Images/fpls-15-1439020-g004.jpg
Electrolyte leakage (%)

(9]

RNA-
Phytmed 10271  negative
dsiRNA control Scrambled fé
L2 200
=l
2 15
172}
5
> 1.0
5]
= 05
=
& > 0.0
\ jas]
z ; | D
| | < 100
100 H : =
o
v v v & 75
-
<
a 250
2
>
5 25
=
54
o 0
m

Fold Change

Phytmed 10271 RNA- Scrambled

dsiRNA negative -4 -
control

Treatment

~* Phytmed 10271 dsiRNA
“* RNA-negative control

& Scrambled

0 5 10

15 20 25

Time post spray (h)
a
a a
Phytmed 10271 RNA- Scrambled

dsiRNA negative
control

Phytmed 10271

Scrambled

Log2FC

Spearman 7

0
0 1 7

dsiRNA

Phytmed 10271

Ca 11153 PP2C
Ca_00031CML27

Ca_01466 Nuclease

Ca_04418 Disease resistance

protein

Ca_19609 MLP-like protein 43
Ca_00226 Auxin responsive

protein TAA26

Ca_10121Sucrose transporter 4
Ca_10167 Acgua orin_ TIP4-1

Ca_05318 MYB TF 51

Ca_1506 FMO

Ca_15602 Ser/Thre kinase

dsiRNA






OEBPS/Images/fpls-15-1439020-g002.jpg
18,099 P. medicaginis refseq
proteins
991 SignalP and TMHMM:

secreted proteins

415  Filter a.a. length < 300:
Small secreted proteins

|

Y

12 hpi (BP)24 hpi (BNS)72 hpi (NP)

i

|

|

12 hpi 24 hpi
(BP) (BNS)

46
(19.1%)

69
(2&

40
(16.6%)

26
(10.8%)

72 hpi
(NP)

—

<— Phytmed 8330

— Phytmed 3407
— Phytmed 14744

% Phytmed 17143
& Phytmed 10271

— Phytmed 8971
— Phytmed 601






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Functional genomics identifies a small secreted protein that plays a role during the biotrophic to necrotrophic shift in the root rot pathogen Phytophthora medicaginis

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            DNA sequencing and assembly

          



          		

            Gene prediction and functional annotation

          



          		

            Microcosm plant infection assay

          



          		

            RNA-sequence data processing and gene ontology enrichment analysis of unique gene clusters

          



          		

            Time course reactive oxygen species quantification

          



          		

            Co-expression network analysis between P. medicaginis SSPs and chickpea genes

          



          		

            Knockdown of Phytmed_10271 expression in P. medicaginis during chickpea colonization and RNA-sequencing

          



          		

            Electrolyte leakage root cell death assay

          



          		

            Hyphal extension assay

          



        



        



        		

          Results

        

          		

            The genome of Phytophthora medicaginis contains relatively few secreted RxLR effector gene sequences

          



          		

            P. medicaginis exhibits phase-specific transcriptomic responses during colonization of chickpea

          



          		

            P. medicaginis genes encoding SSPs display phase-specific regulation

          



          		

            P. medicaginis SSP Phytmed_10271 co-regulates with chickpea defense signaling pathways

          



          		

            Phytmed_10271 regulates root rot during the BNS phase of infection

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Category Putative nu

Secreted proteins 991
EffectorP 327
Cytoplasmic effectors 169
Apoplastic effectors 158
RxLR (HMM prediction) 250
RxLR (Regex prediction) 63
Putative RxLR 167
High confidence RXLR 39
CRN (HMM prediction) 2,445*
CRN (Regex prediction) ‘ 60
Putative CRN 56
NLP (HMM prediction) 124
NLP (Regex prediction) 9
High confidence NLP 3

EffectorP was performed with P. medicaginis secreted proteins. RxLR, arginine-any amino
acid-leucine-arginine; CRN, Crinkler and Necrosis; NLP, Nepl-like protein. RxLR, CRN and
NLP Regex and HHM searches were performed with P. medicaginis proteome (Tabima and
Griinwald, 2019). Putative RXLR contain RxLR-only or RxLR and EER motifs (Xu et al., 2024).
Putative CRN contain LFLAK and HVLV motifs (Tabima and Grinwald, 2019). *SignalP
analysis does not readily detect oomycete CRN signal peptide so only putative CRN are shown
here (Yin et al,, 2017). High confidence RXLRs and NLP proteins are those that contain an
RxLR or ‘GHRHDWE’ motif, respectively, and are predicted to be secreted and lack any
transmembrane domain (Feng et al., 2014; Tabima and Griinwald, 2019).





OEBPS/Images/fpls.2024.1439020_cover.jpg
& frontiers | Frontiers in Plant Science

Functional genomics identifies a small
secreted protein that plays a role during the
biotrophic to necrotrophic shift in the root rot

pathogen Phytophthora medicaginis





OEBPS/Images/fpls-15-1439020-g001.jpg
12 hpi
(BP)

24 hpi
(BNS)

886 27
(28%)

(13.5%)

380

2%
(12%) 153

(4.8%)

976
(30.8%)

72 hpi
(NP)

C cellular proc
. cellular metabolic proc

cellular nitrogen compound metabolic pra
RNA metabolic proc
gene expressio

.. RNA prox

oxoacid metabolic pra
organic acid metabolic proc:
carboxylic acid metabolic proc
organic acid biosynthetic proc
cellular amino metabolic proc:
carboxylic
cellular aniino acid,
aromatic amino acid fami pr
aromatic amino acid family ynthetic pr
alpha—amino dcid metabolic proc:
p alpha—amino acid biosynthetic pra
imidazole—containing compound metabolic pre
histidine metabolic pr
histidine biosynthetic proc

metabol

cellular biosynthetic
X biosynth
organonitrogen compound biosynth
o . tubulin compl.
tRNA splicing, via endonucleolytic
RNA splicing,via endonucleolytic cleava;
. regulation of neurotransmitter lev
reactive oXygen species biosynthetic proc
porphyrin—containing compound metabolic proc
porphyrin—containing compound biosynthetic proces:
_pigment metabolic proces
pigment biosynthetic proce:

_nitric oxide metabolic proc
nitric oxide biosynthetic proces
neurotransmitter metabolic pr
neurotransmitter biosynthetic pr
heme metabolic proc
heme biosynthetic proc
heme a metabolic pr
heme A biosynthetic proces

€

(dg) 1y z1

(SNE) 19 $T

localization =
" . transport |
establishment of localization . :
lipid metaboli
transmembrane,
nucleotide biosynthetic pre
nucleoside phosphate biosynthetic proces:
cf{cllc nucleotide metabolic proc
cyclic nucleotide biosynthetic proc
fesponse to d
polysaccharide catabolic proc
drug transpor
drug transmembrang transpor
carbohydrate catabolic process |

Process . 4
Spor

p:valie 0 25 50 75

0.01 0.04 Number of Genes

J

(dN) 1y 2L

(3.8%)

N
W

Mean Intensity
S

0.5

m
N W W
[ < VY

Mean Intensity
bk [
W (=1

=

667
(24.6%)

404

T

0 hpi 12 hpi 24 hpi 72 hpi
(BP) (BNS) (NP)

NA

0 hpi 12 hpi 24 hpi 72 hpi
(BP) (BNS) (NP)

Hours Post Inoculation






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1439020-g003.jpg
Adjusted p-value .

0.001 0.003 0.005

response to stimulus

regulation of macromolecule metabolic pr...
regulation of gene expression

cellular amino acid metabolic process 1
response to chemical

response to organic substance
response to hormone 1

response to endogenous stimulus
defense response

responsc to ethylence 1

tricarboxylic acid cycle q

RNA splicing, via transesterification re...
RNA splicing

mRNA splicing, via spliccosome

ululllllWHHIlH

superoxide metabolic process 1

response to auxin{

reactive oxygen species metabolic proces... 1
ncgative regulation of gene oxpression

ethylene—activated signaling pathway-

cellular response to ethylene stimulus

Signal peptide RxLR EER

e

1 23 54 65

=]
I~
O
(%)
S
-
[

Number of genes

(9%
[y
s

W
(=1
L

136

— — I3 [
o w S 193

Differential expression (fold change)

0

100

Ohpi  12hpi 24 hpi 72 hpi
(BP) (BNS) (NP)
Hours Post Inoculation





OEBPS/Images/table1.jpg
Phytophthora medicaginis Phytophthora fragariae Phytophthora sojae

7831 BC-16 P6497
Assembly
Assembled genome size (Mb) 78.91 9097 82.60
Number of contigs 94 180 862
N50 (Kb) 1,905.3 9235 386.0

Repeat statistics and gene prediction
Repeatmasked 41% 38% 29%
No. of predicted protein-coding genes 18,099 37,049 26,584

Single-copy BUSCO genes 99 (99%) 99 (99%) 94 (94%)





