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Abstract

:

The lemon industry in the Mediterranean basin is strongly threatened by “mal secco” disease (MSD) caused by the fungus Plenodomus tracheiphlilus. Leaf pretreatments with Pseudomonas mediterranea 3C have been proposed as innovative tools for eco-sustainable interventions aimed at controlling the disease. In this study, by exploiting the results of previously performed RNAseq analysis, WCGNA was conducted among gene expression patterns in both inoculated (Pt) and pretreated and fungus-inoculated lemon plants (Citrus limon L.) (3CPt), and two indicators of fungal infection, i.e., the amount of fungus DNA measured in planta and the disease index (DI). The aims of this work were (a) to identify gene modules significantly associated with those traits, (b) to construct co-expression networks related to mal secco disease; (c) to define the effect and action mechanisms of P. mediterranea by comparing the networks. The results led to the identification of nine hub genes in the networks, with three of them belonging to receptor-like kinases (RLK), such as HERK1, CLAVATA1 and LRR, which play crucial roles in plant–pathogen interaction. Moreover, the comparison between networks indicated that the expression of those receptors is not induced in the presence of P. mediterranea, suggesting how powerful WCGNA is in discovering crucial genes that must undergo further investigation and be eventually knocked out.
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1. Introduction


Mal secco disease (MSD) is a severe vascular disease caused by the mitosporic fungus Plenodomus tracheiphilus. The pathogen mainly infects lemon [Citrus limon (L.) Burm. F.] and other citrus species and hybrids that have citron or lemon as a parent [1,2,3,4,5,6,7]. The disease’s symptoms typically start from the leaves of the upper shoots and progressively proceed downwards, causing the desiccation of twigs, branches and of the entire plant [8]. The majority of Mediterranean citrus-growing countries, with the exception of Morocco and Portugal and the east coast of the Black Sea (Georgia), are affected by MSD [9]. Although climate change is supposed to reduce the disease spread in other sites, an easing of the disease is not foreseeable in the Mediterranean area, which will continue to be hit by the disease, provoking dramatic economic losses [10]. Recently, the use of biocontrol agents (BCA), capable of counteracting plant pathogens, seemed to be one of the most promising tools substituting the use of chemical antimicrobials in the view of greater sustainability [11,12,13,14,15]. The effectiveness of biological commercial products based on Bacillus amyloliquefaciens against Plenodomus tracheiphilus was tested and it was observed that bioformulates can significantly reduce disease incidence and symptom severity in pretreated C. volkameriana seedlings [16]. Similarly, the combination of the Trichoderma asperellum strain ICC012 with Trichoderma gamsii strain ICC080 (Remedier®) was useful to limit the disease incidence and the symptom’s seriousness compared to the untreated control on Citrus volkameriana plants [17]. RNA sequencing (RNAseq), with the use of next-generation sequencing techniques (NGS), has offered the opportunity to isolate genes of interest, develop functional markers, and quantify gene expression [18,19,20]. In the case of mal secco disease, it provided an unprecedented high-resolution view of the transcriptional profile of the host when infected with a pathogen [5] and of the same pathogen during in planta infection [21]. Moreover, the detailed lemon plant response to the beneficial agent Pseudomonas mediterranea and its possible protective effects against P. tracheiphilus infection have been recently investigated at the molecular level [22]. Transcriptome analysis revealed that in the asymptomatic phase of mal secco disease, the fungus induces a marked reprogramming of the plant transcriptome, whereas pretreatment with P. mediterranea acting as BCA limits pathogen replication, drastically slows the onset of the disease and sharply reduces lemon transcriptome modifications in terms of the number of DEGs [22].



Weighted correlation network analysis (WGCNA) is a systems biology method clustering genes with similar expression patterns in the same module based both on the correlation among gene’s expression obtained by NGS and on the concept of the interrelatedness of life activities in plants. Therefore, it is widely used to study the biological relationship between co-expression networks and plant traits, as well as to identify key genes highly associated with traits to be used as biomarkers [23,24,25,26,27]. Here, taking advantage of the previously performed global transcriptome analysis [22], we conducted a comprehensive WGCNA among gene expression patterns and two indicators of fungal infection such as the amount of fungus DNA measured in the leaves 7 days post inoculation (DPI) and the disease index (DI) registered at 14 DPI in both P. tracheiphilus-inoculated (Pt) and P. tracheiphilus-inoculated and P. mediterranea 3C pretreated lemon plants (3CPt samples). The aim of this work was to identify gene modules significantly associated with those traits and to construct co-expression networks related to mal secco disease leading to the identification of hub genes in the network that might play crucial roles in plant–pathogen interaction.




2. Results


2.1. Fungus DNA and Disease Index as Affected by P. mediterranea Treatment


The amount of fungus DNA at 7 DPI (no disease symptoms) was measured both in inoculated with P. tracheiplilus (Pt) samples and in P. mediterranea pretreated and fungus-inoculated samples (3CPt) (Table S1). Table S1 shows that the amount of fungus DNA in the Pt samples was more than four times higher than that measured in P. mediterranea pretreated samples (3CPt). P. mediterranea pretreatment limits the amount of fungus DNA inside the plant, suggesting that it acts as BCA by slowing down the fungus DNA replication. Moreover, the DI was measured after 14 DPI according to the scale detailed in the Material and Methods section. Concordantly, BCA pretreatment reduces the DI value by six times compared with Pt samples (Table S1), impacting the onset of the disease. The pattern of the aforementioned parameters, amount of fungus DNA (DNA_Pt) and disease index (DI) observed in both Pt and 3CPt samples indicates that lemon leaves displayed an obvious response to P. mediterranea treatment when infected by P. tracheiphilus.




2.2. WCGNA Reveals Gene Modules Associated with P. tracheiphilus DNA and Mal Secco Disease Index


WGCNA was applied on the expression in lemon leaves of 19,155 unigenes (considering a FPKM > 1 as threshold) in order to correlate either fungus DNA (DNA_Pt, at 7 DPI) or DI (at 14 DPI) with gene expression patterns. Using the parameters and thresholds indicated in the Material and Methods section, these genes were grouped into 31 co-expressed modules, each corresponding to a branch of the tree (Figure 1). Figure 2 shows the number of eigengenes in each module indicating that the brown (6770), coral 1 (2454) and lightcyan 1 modules include the highest number of eigengenes (Figure 2). On the contrary, the tomato module (34) gathered the lowest number of eigengenes (Figure 2). As shown in Figure 3, illustrating the module–trait relationships, the brown module significantly correlates with both DNA_Pt and DI traits with a correlation coefficient of +0.85 and +0.83, respectively, thus indicating that the eigengenes in this module are most likely implicated both in the determination of the amount of fungus DNA and the disease index values.



In WGCNA, gene significance (GS) represents the correlation between a gene and a trait, and the module membership (MM) represents the correlation between an individual gene and the module eigengene. In Figure 4, the correlations between the module membership (MM) of brown modules and the gene significance (GS) with traits of interest (fungus DNA and DI) are shown.



In particular, by fixing the MM and GS values ≥ 0.65, 3123 eigengenes were discovered to correlate with fungus DNA (DNA_Pt) and 2965 eigengenes correlate with the DI parameter (Figure S1). Interestingly, all the 2965 eigengenes correlating with the DI trait are included in the 3123 eigengenes correlating with fungus DNA, indicating that the amount of fungus DNA and the DI are strictly connected events triggering a similar plant response. Among the 3123 eigengenes, 928 were differentially expressed genes (DEGs) in the Pt vs. CK thesis, whereas only 90 of them were DEGs in the 3CPt vs. CK comparison, thus indicating (a) the wider transcriptomic response related to the amount of fungus DNA of the inoculated plants than that registered in the BCA-pretreated plant; (b) 838 DEGs are specifically upregulated in response to fungal inoculation (Pt vs. CK samples) (Figure S1). Regarding the 2965 eigengenes correlated with the DI trait, 896 DEGs were reported in the Pt vs. CK comparison and 86 were reported in the 3CPt vs. CK comparison, similarly indicating the following: (a) ampler transcriptomic reprogramming related to the disease index trait in the inoculated plants than that observed in the BCA-pretreated samples; (b) 810 DEGs are specifically upregulated in the Pt vs. CK thesis (Figure S1). Finally, Figure S1 also suggests that 32 DEGs exclusively associated with the amount of fungus DNA are upregulated in the Pt vs. CK samples (Table S2), and, among them, only 4 DEGs are also upregulated in 3CPt vs. CK samples (Table S2). In the Pt vs. CK list, snakin-2 and callose synthase 7 encoding genes are included, whereas a Brevis radix-like encoding gene is among the DEGs related to fungus DNA traits and specifically found in the 3CPt vs. CK samples (Table S2).




2.3. Functional Enrichment Analysis of the Eigengenes in Brown Module


GO enrichment analysis of the 928 DEGs belonging to the brown module was performed as detailed in the Materials and Methods section. Figure 5 mainly shows that DEGs belonging to the Pt vs. CK comparison are particularly enriched in the “Ribosome”, “Ribonuclearprotein” and “Ribosome and Elongation factor Tu domain” categories, overall counting 51 genes related both to the fungus DNA and the DI traits (Table S3). Otherwise, “Starch and sucrose metabolism”, “Starch and sugar metabolism, amino sugar and nucleotide sugar metabolism” and “Serine hydrolase” are the main categories enriched within the 3CPt vs. CK comparison, as a whole including 16 genes related to both fungus DNA traits and to DI. Interestingly, the transcription factor (TF) category includes 11 genes related both to fungus DNA and DI traits in the Pt vs. CK comparison. Conversely, only one gene belonging to the TF category was retrieved in the 3CPt vs. CK samples, related to both fungus DNA and DI traits (Table S3). Globally, the results clearly indicate that a sharp difference occurred, not only quantitative but also qualitative, between the genes activated in response to fungal inoculation in the absence and in the presence of the BCA pretreatment (Figure 5 and Table S3). Among the 11 TFs were LOC102621228 (bHLH68-like TF) (Cluster-6461.3687), LOC102613743 (Cluster-6461.11730) and LOC102610953 (scarecrow-like protein 6) (Cluster-6461.8574), LOC102611003 (dof zinc finger protein DOF2.4) (Cluster-6461.2299), LOC102624338 (homeobox-leucine zipper protein REVOLUTA-like) (Cluster-6461.8932), LOC102628733 (TCP17 transcription factor) (Cluster-6461.3187), LOC102610499 (TCP5 transcription factor) (Cluster-6461.13409), LOC102631213 (dof zinc finger protein DOF2.5) (Cluster-6461.3056), LOC102608580 (myb family transcription factor PHL11) (Cluster-6461.5904), LOC102612487 (myb family transcription factor PHL8-like) (Cluster-6461.14903) and LOC102624965 (myb family transcription factor IPN2) (Cluster-6461.19491), suggesting that several TF families are related to both fungus DNA and DI traits in the Pt vs.CK comparison. The sole gene encoding TF included in the 3CPt vs. CK comparison was a zinc finger protein NUTCRACKER (LOC102623388) (Cluster-6461.6772) (Table S3).




2.4. Functional Analysis of Co-Expression Networks


As detailed in the Materials and Methods section, eigengenes belonging to the brown module were filtered with a weight ≥ 0.4 as the threshold and imported into Cytoscape v 3.10.1 software (Figure 6). The co-expression network of the genes related to Pt-inoculated samples (Figure 6A) shows a main large gene cluster that includes 148 genes, characterized by high connectivity (neighborhood connectivity value higher than 35), suggesting that it might represent a regulatory core network of lemon plant response to fungal infection. Among them, seven clusters encode transcription factors, belonging to the WRKY transcription factor, zinc-finger homeodomain protein 4, myb transcription factor PHL5, dof zinc finger protein DOF2.2, protein DA1-related 2 and two-component response regulator-like APRR3 families found to be involved in the plant biotic stress response. The co-expression network of the genes related to 3CPt (Figure 6B) shows a smaller unique gene cluster that includes a total of 58 genes, with neighborhood connectivity values higher than 35. Three of them belong to the protein DA1-related 2, two-component response regulator-like PRR37 and DOF1.1 transcription factor families, respectively. A complete list of Gene IDs and the corresponding network labels is in Table S5.



With the aim to clarify their function, we recovered genes from the co-expression networks and grouped based on their GO classification under the following “Biological process” categories and grouped as follows: 1: photosynthesis; 2: nucleobase metabolic process; 3: lipid metabolic process; 4: redox processes; 5: signal transduction; 6: carbohydrate metabolism; 7: transport; 8: response to stimulus; 9: DNA metabolic process; 10: others; 11: protein processing. In the case of the Pt vs. CK samples, a total of 43 genes were picked from the network (Figure 7A), whereas 27 genes were recruited in the 3CPt vs. CK samples (Figure 7B) and subsequently attributed to the GO terms. As shown in Figure 7A, there were nine highly associated structural genes in the central part of the network, including PIN (Cluster-5871.3), Cyt-p450 (Cluster-6461.16030), PHO84 (Cluster-6461.10355), ndh1 (Cluster-6461.23594), LOC102626651 (Cluster-6461.3793) and three receptor-like kinases (RLK): HERK1 (Cluster-6461.1373), CLAVATA1 (Cluster-6461.9951) and LRR (Cluster-6461.18390). Due to their high neighborhood connectivity and module membership values, they could be considered candidate hub genes involved in the malsecco disease response. Similarly, Figure 7B highlights a core of five associated genes in the central part of the network PIN, Cyt-p450, PHO84, SLC15A3_4, ndh1, LOC102626651 in the 3CPt vs.CK samples. It is important to mention that receptor-like kinases (RLK) are not hub genes in the 3CPt vs. CK. Moreover, these gene networks reveal that “6: carbohydrate metabolism”, “11: protein processing” and “7: transport” categories count the highest number of subcategories in the Pt inoculated samples (Figure 7A). These subcategories are less represented in the 3CPt samples (Figure 7B), indicating that the expression of the genes involved in is not induced by BCA treatment. Interestingly, in the “8: response to stimulus” category, the pathogenesis and immune response subcategories included in the Pt vs. CK samples are no longer included in the 3CPt vs CK samples.




2.5. Real Time Validation of Hub Genes in Co-Expression Network


In order to validate the expression profile of the genes either in the Pt vs. CK or in 3CPt vs. CK samples, we selected 13 highly connected genes in the co-expression network to perform real time RT-PCR validation. As shown in Figure 8, the real time PCR results were decisively in agreement with the RNAseq results. All the genes resulted sharply up-regulated in response to both fungal inoculation (Pt) and BCA treatment (3CPt). These data also reflect the WGCNA results that indicated all the eigengenes within the brown module positively correlate with both traits (DNA_Pt) and (DI) with a correlation coefficient of +0.85 and +0.83 (see Figure 3).





3. Discussion


The amount of fungus DNA measured in planta during a pathogen infection as well as the disease index evaluated in the symptomatic phase of the disease can certainly reflect both the ability of necrotrophic fungi to colonize the plant tissues and the plant potential to cope with the disease. A biological control agent (BCA) is a microorganism capable of counteracting one or more target plant pathogens by interfering with their life cycles [28,29,30]. Treatments with BCA might enhance the plant’s chances to counteract pathogens according to different mechanisms, such as the occurrence of competition for space and nutrients between the pathogen and BCA from which plants can take advantage [22]. Previously, we evaluated the effect of P. mediterranea pretreatment upon the transcriptome of lemon leaves inoculated with P. tracheiplifilus [22]. Measurements of fungus DNA and of the disease index indicated that P. mediterranea pretreatment sharply decreased both parameter values, therefore representing optimal markers both of mal secco disease and of the effectiveness of BCA treatment.



In recent years, weighted gene co-expression network analysis (WGCNA) has been performed to identify hub genes in response to biotic and abiotic stress in several species, such as melon [31], sugarcane [32], maize [33] and particularly in poplar [34], where hub transcription factors and structural genes, which might play important functions in leaf blight defense, have been identified.



In this study, taking advantage of the previously performed RNAseq, we applied WGCNA to correlate gene expression levels with either fungus DNA (Pt_DNA) or disease index (DI) and to obtain the core module associated with mal secco disease. Furthermore, we used the same traits to be correlated with gene expression in samples pretreated with BCA to recruit the remaining hub genes despite the BCA pretreatment. The analysis of the module–trait relationships suggested that the brown module significantly correlates with both DNA_Pt and DI traits with very high correlation coefficients, thus indicating that the eigengenes in this module are most likely implicated in the mal secco disease response.



The analysis of the data clearly indicated that, in the face of a discrete number of DEGs specifically found in the brown module in the Pt vs. CK samples (928), a restricted amount of DEGs were found in the 3CPt vs. CK samples (90), confirming previous data highlighting limited and lower transcriptome reprogramming in response to P. mediterranea pretreatment in inoculated lemon leaves [22]. Interestingly, the results indicated that 32 DEGs are specifically associated with the amount of fungus DNA in the Pt vs. CK samples. Among them, a snakin-2 encoding gene, a low molecular weight antimicrobial peptide, was retrieved. Snakins are considered as phytohormone signal transducers and integrators, closely related to the processes of biosynthesis and signal transduction of phytohormones including GA, abscisic acid (ABA) and brassinosteroids. In particular, in tomato, it prevents translocation of pathogens into plants by forming pores in the pathogen’s cell membrane [35]. Moreover, callose synthase 7 encoding gene is also on the Pt vs. CK gene list. Callose, under abiotic and biotic stress conditions, accumulates rapidly, reducing the functionality of the phloem and interfering with the transport of carbohydrates from the source organs (mainly leaves) to the sink organs (roots, flowers, fruits) [36,37] (Table S2). Regarding the DEGs related to fungus DNA traits specifically found in the 3CPt vs. CK samples, a Brevis radix-like protein, belonging to a conserved gene family differentially regulated by hormones and abiotic stresses, was recovered [38].



The functional enrichment analysis revealed that different categories are enriched between the Pt vs. CK and 3CPt vs. CK samples, accounting for an actual qualitative as well as quantitative difference in the transcriptomic response, especially regarding the DEG-encoding transcription factors. Many of them belong to TF families well-known to participate in plant response to biotic stress. In particular, LOC102624338 (homeobox-leucine zipper protein REVOLUTA-like) is a key regulatory node of development and plant immunity through its role in salicylic acid (SA) metabolic-pathway-mediated pathogen defense [39,40].



The gene networks in the GO term of the Pt vs CK samples showed nine highly associated structural genes, including three receptor-like kinases (RLK) such as HERK1, CLAVATA1 and LRR known to establish signaling circuits to transduce information and eventually activating processes directing growth, development, stress responses, and disease resistance [41]. To confirm their role in plant response to pathogens, it has been recently shown that the overexpression of the peanut CLAVATA1-like leucine-rich repeat receptor-like kinase confers increased resistance to bacterial wilt in tobacco [42]. It is important to mention that receptor-like kinases (RLK) are not hub genes in the 3CPt vs. CK, suggesting that the BCA treatment does not allow the plant to detect the presence of the pathogen.



Interestingly, the “8: response to stimulus” category including pathogenesis and immune response [43] subcategories in the Pt vs. CK are no longer included in the 3CPt vs. CK samples. This result is in accordance with transcriptomic data showing that fungal infection induces the downregulation of SA and ethylene signal transduction cascades, probably blocking the activation of both Systemic Acquired Resistance (SAR) [44,45,46] and Induced Systemic Resistance (ISR) [22,47]. Conversely, genes involved in SAR or ISR were not deregulated in the samples pretreated with P. mediterranea, supporting the hypothesis that BCA treatment hindered the onset of the disease [22].




4. Materials and Methods


4.1. Preparation of Pseudomonas mediterranea Cell-Based Bioformulation and of Fungal Pathogen Inoculum


The bacterial inoculum was obtained from cultures of the P. mediterranea strain PVCT 3C as detailed in the work of Sicilia et al. [22]. Potted lemon ‘Femminello Siracusano 2Kr’ plants were treated by aerial spraying of the foliage with the bacterium suspension both at three days and one day before fungal pathogen inoculation. The inoculum of P. tracheiphilus (Petri) Gruyter, Aveskamp & Verkley (syn. Phoma tracheiphila) consisted of vial phialoconidia of the PVCT Pt57 strain obtained in carrot broth suspended in dH2O at a concentration of 106 mL−1 cfu [48]. To evaluate the effect of the treatment with the biocontrol agent, the following theses were defined as follows: CK thesis, plants pretreated with water and H2O inoculated; Pt thesis: plants treated with water and P. tracheiphilus inoculated; 3CPt thesis, plants pretreated with the biocontrol agent and P. tracheiphilus inoculated. All the downstream analyses were performed considering either the Pt vs CK (inoculated versus control plants) or 3CPt vs CK (pretreated and inoculated versus control plants) comparisons. The leaves intended either for DNA or RNA extractions were collected at 7 DPI, which coincided with the absence of symptoms [22]. DNA extraction and real-time PCR assay to confirm fungal infection were performed with the method described by [49]. Successively, symptoms were recorded at 14 DPI according to an empirical symptom-based scale [50] slightly modified by Dimaria et al. [48], which uses the following values: 0, no sign of infection; 1, chlorotic halo around the inoculation point; 2, chlorosis of the veins near the point of inoculation; 3, nerve chlorosis extending on both sides of the inoculation point, which reaches the central vein and the margin; 4, widespread chlorosis and/or necrotic browning starting from the ribs. The disease index was then obtained by the following formula: DI = Σ(Scale value × Number of inoculated points in that rating)/Total number of inoculated of points.




4.2. Transcriptome and Sequencing


RNA extraction, quantification and quality control procedures are detailed in the work of Sicilia et al. [22]. The samples were sent to Novogene for high-throughput sequencing (Illumina, San Diego, CA, USA). Libraries were generated as reported in [5,18]. De novo assembly of the transcriptome was performed using Trinity (version r20140413p1), hierarchical clustering was performed with Corset (version v1.05, https://github.com/Oshlack/Corset/wiki) to remove redundancies (parameter -m 10), and the longest transcripts of each cluster were selected as unigenes [22,51]. Gene expression levels were estimated via RSEM (version v1.2.26, http://deweylab.github.io/RSEM/) [52] with bowtie2 mismatch 0 parameters to map the Corset-filtered transcriptome. Differential expression analysis was performed using the R DESeq package (version 1.12.0, padj ≤ 0.05, https://bioconductor.org/packages/release/bioc/html/DESeq.html). Genes with a padj value ≤ 0.05 were assigned as differentially expressed. A log2FoldChange threshold of 0.58 (1.5-fold change) was adopted [22].




4.3. Weighted Correlation Networks Analysis


Co-expression analysis was performed using the weighted correlation gene co-expression network analysis (WGCNA) package in R [23] in order to identify gene clusters with highly correlated expression profiles (hub genes). In detail, an adjacency matrix was created using FPKM values of all the unigenes obtained by RNAseq with a threshold of FPKM > 1. The pickSoftThreshold function was used to choose the proper soft-thresholding power [23]. In particular, for each analysis, the lowest power for which the scale-free topology fit index reaches 0.80 was used. The specific WGCNA analysis parameters in this study were set as follows: soft powers β = 6, WGCNA ‘mergeCutHeight’ = 0.25. The adjacency matrix was transformed into a topological overlap matrix (TOM) as well as the corresponding dissimilarity (1-TOM). Afterwards, a hierarchical clustering dendrogram of the 1-TOM matrix was constructed to classify the similar gene’s expression into different gene co-expression modules. To achieve high reliability of the results, the minimum number of genes was set to 30, and the sensitivity was set to 3.0. The relationships between each module and the Plenodomus tracheiphilus DNA content (DNA Pt) and the disease index (DI) was estimated by calculating the Pearson’s correlation using the module eigengene values. Therefore, modules with high correlation coefficients and with a correlation padj ≤ 0.05 were selected for subsequent analysis. Gene significance (GS) and module membership (MM) were calculated and a threshold of 0.65 was applied.




4.4. Functional Enrichment of Module Genes


Based on differentially expressed genes (DEGs) assigned to the brown module, the pathway’s enrichment was accomplished by using the ShinyGO V0.77 online tool [53], setting “all the available gene set” in the pathway database. Pathways with FDR ≤ 0.05 were considered significantly enriched.




4.5. Network Construction


Eigengenes within the brown module were filtered with a weight ≥ 0.4 as the threshold and imported into Cytoscape v 3.10.1 software [54]. In order to achieve better network resolution, DEGs for both Pt vs CK and 3CPt vs CK comparisons were selected for visualization and a log2FC ≥ 1.4 threshold was applied. Three clusters were erased as they were associated with both neighborhood connectivity and degrees equal to zero. The Biological Process GO term annotation of each DEG was used for GO network construction, and biological processes were clustered based on the main processes in GO terms.




4.6. Validation of Hub Genes by Quantitative Real-Time PCR Analysis


Thirteen hub genes with high neighborhood connectivity and module membership in the co-expression networks were selected for qRT-PCR validation. The total RNA (2.5 µg) was reverse transcribed using the SuperScript Vilo cDNA synthesis kit by Thermo Fischer Scientific, Waltham, MA, USA, according to the manufacturer’s instructions. Real-time qRT-PCR was carried out with the PowerUp SYBR Green Master mix by Thermo Fischer Scientific. All the genes were normalized with Citrus clementina actin (LOC18039075). All reactions were performed in triplicate and fold change measurements calculated with the 2−∆∆CT method. The selected DEGs and their corresponding primer sequences are provided in Table S4.





5. Conclusions


In this study, the application of WCGNA led to the identification of gene modules significantly correlated with two fungal infection indicators, i.e., the amount of fungus DNA measured in planta and the disease index. Moreover, co-expression networks were constructed, allowing us to retrieve hub genes and pathways related to mal secco disease. Three of them belong to the receptor-like kinases (RLK) gene family, which play pivotal roles in plant–pathogen interaction. The comparison between networks related to the Pt vs. CK and 3CPt vs. CK samples mainly indicated that the expression of those receptors is not induced in the presence of P. mediterranea, and that overall, the “8: response to stimulus” GO term category (immune response, pathogenesis) is only slightly represented, thus confirming that P. mediterranea might prevent the pathogen from being perceived.
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Figure 1. Clustering dendrogram of genes, with dissimilarity based on topological overlap, together with assigned module colors. 
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Figure 2. Number of eigengenes in different modules. 
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Figure 3. Heatmap of the correlation between modules and fungus DNA (DNA_Pt) and disease index (DI). 
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Figure 4. Scatterplot representing the GS and MM of the brown module. GS is plotted on the y-axis, MM is plotted on the x-axis, and each point represents an individual gene within each module. (A) GS for fungus DNA and (B) GS for DI trait. 
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Figure 5. Functional enrichment of the eigengenes in the brown module. The x-axis represents the fold enrichment, while the y-axis represents the GO terms. The diameter of each circle indicates the number of genes in the category. 
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Figure 6. Co-expression networks of the genes related to (A) Pt-inoculated samples and (B) P. mediterranea pretreated samples (3CPt). The node size represents the neighborhood connectivity value, while the node color represents the module membership value. 
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Figure 7. Gene networks in GO terms associated with (A) fungal infection (Pt, inoculated samples), (B) with P. mediterranea pretreatment (3CPt, pretreated and inoculated samples). The node size represents the neighborhood connectivity value, while the node color represents the module membership value. Numbers are the main processes in GO term. 1: photosynthesis; 2: nucleobase metabolic process; 3: lipid metabolic process; 4: redox processes; 5: signal transduction; 6: carbohydrate metabolism; 7: transport; 8: response to stimulus; 9: DNA metabolic process; 10: others; 11: protein processing. 
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Figure 8. Real time RT-PCR validation of 13 hub genes. On the left, the heatmap based on RNAseq output can be observed and on the right is the heatmap constructed using real time RT PCR data (for details, see the “Section 4” section). 
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