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Phytohormone Priming of Tomato Plants Evoke Differential Behavior in Rhizoctonia solani During Infection, With Salicylate Priming Imparting Greater Tolerance Than Jasmonate
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In the field of phytohormone defense, the general perception is that salicylate (SA)-mediated defense is induced against biotrophic pathogens while jasmonate (JA)-mediated defense functions against necrotrophic pathogens. Our goals were to observe the behavior of the necrotrophic pathogen Rhizoctonia solani in the vicinity, on the surface, and within the host tissue after priming the host with SA or JA, and to see if priming with these phytohormones would affect the host defense differently upon infection. It was observed for the first time, that R. solani could not only distinguish between JA versus SA-primed tomato plants from a distance, but surprisingly avoided SA-primed plants more than JA-primed plants. To corroborate these findings, early infection events were monitored and compared through microscopy, Scanning Electron Microscopy, and Confocal Laser Scanning Microscopy using transformed R. solani expressing green fluorescence protein gene (gfp). Different histochemical and physiological parameters were compared between the unprimed control, JA-primed, and SA-primed plants after infection. The expression of a total of fifteen genes, including the appressoria-related gene of the pathogen and twelve marker genes functioning in the SA and JA signaling pathways, were monitored over a time course during early infection stages. R. solani being traditionally designated as a necrotroph, the major unexpected observations were that Salicylate priming offered better tolerance than Jasmonate priming and that it was mediated through the activation of SA-mediated defense during the initial phase of infection, followed by JA-mediated defense in the later phase. Hence, the present scenario of biphasic SA-JA defense cascades during R. solani infection, with SA priming imparting maximum tolerance, indicate a possible hemibiotrophic pathosystem that needs to be investigated further.
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INTRODUCTION

After the initial recognition of the pathogen on the cell surface, plants deploy their second phase of defense through the activation of a complex network of signaling cascades directed by phytohormones. The two major players of this phytohormone-mediated plant immunity are salicylic acid (SA) and jasmonic acid (JA) (Yang et al., 2019a). It has been suggested that SA and JA are mutually inhibitory for the expression of many genes (Glazebrook, 2005) and, hence, are mutually antagonistic in function. Therefore, plants must deploy this repertoire of signaling cascades in such a way as to minimize its cost with maximum benefit (Huang et al., 2020).

The general perception is that effective defense against biotrophic pathogens is largely attributed to localized programmed cell death in the host followed by activation of defense cascade mediated through SA. In contrast, host cell death is advantageous for necrotrophic pathogens. Therefore, they are thwarted by a different set of defense responses activated by JA and ethylene signaling (Glazebrook, 2005). The hemibiotrophic pathogens, on the other hand, deploy a coordinated strategy of infection where an initial biotrophic mode is followed by necrotrophic mode (Hane et al., 2020; Précigout et al., 2020; Jones et al., 2021), separated by a short biotrophy-necrotrophy switch (Chowdhury et al., 2017a). Accordingly, the host also utilizes both SA and JA-mediated defense signaling pathways in a sophisticated and coordinated manner to counter these pathogens during different stages of infection (Ding et al., 2011; Mencia et al., 2020).

The JA- and SA-mediated defense signaling is routed through complex pathways involving key marker genes. The presence of a necrotroph on the host surface induces host systemin receptors like SR160 and is recognized by the CORONATIN INSENSITIVE 1 (COI1) receptor in a jasmonate-dependent manner. COI1-JA complex is first formed, which subsequently recruits JAZ repressors for further signal transduction (Yan et al., 2018). COI1 then directs the ubiquitin mediated proteosomal degradation of JAZ repressors to activate the downstream expression of jasmonate responsive genes (Antico et al., 2012; Li et al., 2019; Yang et al., 2019a). Concurrent upregulation of COI1 and JAZ in response to JA treatment and stress have been reported (Zhang et al., 2012). Therefore, a complex regulation exists for these components and information about the interaction mode of this complex is still scarce at the molecular level (Garrido-Bigotes et al., 2020). The primary signal involving these three components is further routed in two directions with one leading to the enhanced production of endogenous JA in the chloroplast through the JA synthesizing enzymes like AOS (Han, 2017; Ruan et al., 2019). The other route is the transcription of defense marker genes viz. PDF1.2 (Proietti et al., 2018) and PINII (Rehman et al., 2017).

Methyl jasmonate (MeJA) is a common derivative of endogenous JA that acts as a functional analog which, when applied exogenously, can successfully induced this entire JA-mediated response against necrotrophic pathogens like Botrytis cinerea (Hu et al., 2018; Yu et al., 2018), Sclerotinia sclerotiorum (Oliveira et al., 2015), Alternaria brassicicola (Brenya et al., 2020), and Rhizoctonia solani (Kidd et al., 2021). Contrastingly, SA-mediated signaling pathways have long been designated for the development of systemic acquired resistance (SAR) in response to biotrophic pathogens accompanied by the concomitant induction of pathogenesis-related (PR) protein genes, especially PR1 (Ali et al., 2018; Betsuyaku et al., 2018; Zhang et al., 2019). Important genes from SA synthesizing pathways, like Isochorismate Synthase (ICS) and Phenylalanine Ammonia-Lyase 5 (PAL5), along with downstream SA responsive marker genes Like Phytoalexin-Deficient 4 (PAD4), have long been known to be induced substantially in response to biotrophs (Cui et al., 2017; van Butselaar and van den Ackerveken, 2020).

Priming of plants with pytohormones to induce their defense response, followed by infection with pathogen, can be an efficient method when studying the host defense responses in detail. However, most of the studies to date in this field were focused on increasing resistance of hosts toward their pathogen through phytohormones priming (Conrath et al., 2015; Bawa et al., 2019). Previous studies have established that application of MeJA conferred resistance against necrotrophic pathogen, while that of SA conferred resistance against biotrophic pathogen (Oliveira et al., 2015; Chen et al., 2017; Yang et al., 2019b).

In spite of many studies on necrotrophic diseases, there are only a handful of studies where pathogen behavior was monitored during the early stages of infection. In our previous reports, we have shown that there was a significant difference in the behavior of the pathogen when it interacted with or was in the vicinity of a resistant versus a susceptible host (Chowdhury et al., 2014; Ray et al., 2015; Basu et al., 2016; Chowdhury et al., 2017a). To date, there is no study on the behavior of the pathogen in the vicinity, on the surface, and within the tissue of the host plant that has been primed with phytohormones. Therefore, with our previously standardized methods, our aim was to see for the first time whether the pathogen can distinguish between a primed host versus an unprimed control host and behave differently. Moreover, our plan was to also prime the host separately with two different phytohormones, JA and SA, followed by infection with the necrotrophic pathogen Rhizoctonia solani and then study the subsequent host defense signaling. We wanted to see how SA priming would affect the defense against a necrotroph. Most importantly, we were also interested in comparing the magnitude of defense provoked against a necrotrophic pathogen after priming with JA with that provoked after priming with SA, which has not been studied thus far.



MATERIALS AND METHODS


Growth Conditions for Tomato Plants and the Pathogen R. solani

Tomato plants of Pusa Ruby variety (PR) (Sutton Pvt. Ltd., India) was grown on commercial soilrite (a mixture of horticulture grade perlite, Irish peat moss and exfoliated vermiculite in 1:1:1 ratio) and maintained in plant growth chambers with 16 h light and 8 h dark cycles, at a temperature of 26 ± 1°C under a light intensity of 50 μM m–2 s–1. Pure culture of the pathogen Rhizoctonia solani Kuhn. (AG1-1A isolate of the fungus was obtained from Rice Research Station, Chinsurah, West Bengal, India, Basu et al., 2016) was used for this study. The fungus was maintained at 28°C in potato dextrose agar plates. For inoculation of plants, both sclerotia and mycelial discs of 3 mm diameter from the growing edge of 10-day-old culture were used according to our previous report (Basu et al., 2016).



Phytohormone Priming of Tomato Plants

Preparation of hormone solutions was done as per our earlier published article (Chowdhury et al., 2017a). Tomato plants were primed with either of the two phytohormones, MeJA (Sigma-Aldrich) or SA (Himedia, India). For priming of plants, 0.08 mM concentration of the phytohormones was used as it did not affect the fungal growth when the media was supplemented with the phytohormones at this concentration (Supplementary Figures 1–3). One hundred millimolars of phytohormone stocks were prepared by dissolving in ethanol. This stock was used to make the final concentrations in the experiment in distilled water. Hormone solutions were sprayed according to Chowdhury et al., 2017a on 4-week-old plants and covered for 24 h prior to inoculation with R. solani. Control plants of similar age were sprayed with the diluted solvent only, without the phytohormones.



Assay of Pathogen Behavior in the Vicinity and on the Host Surface

This study was carried out using detached leaf assay according to our earlier published protocol (Basu et al., 2016). For behavior of pathogen in the vicinity of leaves, fully expanded leaves from 4-week-old plants were placed on water agar media in petri plates, keeping the dorsal sides up. One 3 mm mycelial disc was placed 1 cm away from the edge of the leaf and allowed to grow toward the leaf. Three microscopic fields were observed for each leaf at 3 and 5 dpi. Photographs were taken with the help of a stereomicroscope (Radical Ltd., India). Results were obtained from three independent experiments three replicates each.



Evaluation of Sclerotial Germination Over a 24-h Time Course Post Inoculation

This was done according to our protocol (Basu et al., 2016). Sclerotia of similar sizes were placed singly at the center of tomato leaves of control, MeJA, and SA-primed leaves. Leaves were incubated at 26°C (± 1°C) in petri plates with humidity maintained by moist tissue papers. Germination of these sclerotia and progression of the emerging hyphae was observed at 4-h intervals (4, 8, 12 and 24 hpi) by stereomicroscope (Radical Ltd., India) and compound microscope (Leica DMLS). For each priming regime, three independent experiments with three replicates each were used for data analysis.



Preparation of Samples for Scanning Electron Microscopy

Leaves were prepared for scanning electron microscopy (SEM) according to Basu et al., 2016. First, the leaves were fixed using 3% glutaraldehyde in0.1 M sodium cacodylate buffer (pH 7.2) overnight at 4°C. The next day, the excess fixative was removed by washing the leaves thoroughly with0.1 M sodium cacodylate. Then, the leaves were dehydrated with a serial dilution in an ethanol series of 25, 50, 70, 85, 95, and 100% v/v. The plant samples were processed through a critical point drying technique and then mounted on metal stubs coated with gold. Samples were observed under a scanning electron microscope (Carl Zeiss EVO 18, Germany).



Confocal Laser Scanning Microscopy of Tomato Leaves and Stems Infected With R. solani Transformed With Green Fluorescence Protein Gene

For confocal microscopy, tomato plants were inoculated with mycelial discs of R. solani transformed with gfp gene. R. solani had been previously transformed in our laboratory by Basu et al., 2016. Infected leaf and stem samples were processed for removal of chlorophyll through acetoethanol (1:3, v/v). All the samples were subjected to CLSM analysis using the model IX81, Olympus Singapore Pte Ltd., equipped with FLUOVIEW FV1000 software. Representative fluorescence fields were chosen from at least three independent plants. For visualization of green fluorescence protein (GFP) fluorescence, the excitation wavelength was 473 nm and the emission window was set at 485–585 nm.



Calculation of Disease Index

Disease index was calculated according to Basu et al., 2016. The characteristic brown colored lesions that developed on tomato leaves during R. solani infection was considered for disease index study on both detached leaves and whole seedlings. Nine plants were observed, and the experiment was repeated four times. Six-week-old seedlings were inoculated with single sclerotium at the center of each leaf to calculate disease index of whole seedling. For detached leaf assay, each leaf was inoculated with a sclerotium at the center. After inoculation, the whole seedlings and detached leaves were incubated at 26 ± 1°C in humid condition. The area of the brown necrotic lesions developed on seedlings and detached leaves were calculated and represented as the percentage of necrotic area against the whole leaf area. Disease index necrotic areas of the infected leaves at 2 or 3 dpi was graded into five classes (0 = no infection, 1 = 1–25%, 2 = 26–50%, 3 = 51–75%, and 4 = 76–100% infected leaf area). Disease index (DI) was calculated according to Basu et al., 2016.



Quantitative Evaluation of Formation of Infection Cushions

Tomato leaves of control and experimental sets were collected at different time points post-inoculation (12, 24, 48, and 72 hpi). After removal of chlorophyll with acetoethanol solution (1:3), leaves were stained with lactophenol-trypan blue solution (0.5% trypan blue, lactic acid:phenol:H2O 1:1:1 v/v/v) and kept overnight. The excess stain was later washed off with distilled water and the leaves were mounted with 50% glycerol on glass slides for viewing under compound microscope (Olympus BX-51). Number of infection cushions per microscopic field on the leaf surfaces was counted. Each leaf was scored for three microscopic fields. Three leaves taken from three different experimental sets each of control and primed plants were evaluated for each time point. Evaluation was done according to Basu et al., 2016.



Detection of Polyphenol and Peroxide Accumulation and Callose Deposition in Leaves

Cellular deposition of phenolics, peroxide, and callose was detected by toluidine blue and DAB stain according to our protocol (Ray et al., 2015), and aniline blue (Chowdhury et al., 2017a) respectively. Six independent experiments with two leaves each were used for polyphenol and peroxide accumulation study. For both assays, chlorophyll from leaves was removed with 1:3 aceto-ethanol solution. For detection of polyphenol, leaves were immersed in 0.05% toluidine blue stain (dissolved in 0.1 M potassium phosphate buffer, pH 5.5) for 6 hours. Accumulation of phenols was indicated by blue patches formed on the leaf surface.

Peroxide was detected by soaking the leaves in 1 mg/ml 3’3-Diaminobenzidine (DAB) solution (pH 3.8) for 8 h. The dark brown patches on the leaf surface indicated the accumulation of peroxide. Data were presented as the percentage of colored area with respect to total leaf area.

Pathogen-mediated callose deposition on the leaves was observed under a fluorescence microscope (Leica DMLS, excitation maximum 330–385nm, dichroic mirror DM 400, barrier filter > 420 nm). Deposited callose in the leaves was observed for the bluish-green fluorescence developed after aniline blue staining. Four leaves were observed with three microscopic fields from each leaf according to Chowdhury et al., 2017a and representative fields were considered.



Determination of Total Phenol, Flavonoid, Proline, Malondialdehyde Content (Lipid Peroxidation), and Chlorophyll Content

These assays were done according to our standardized protocols (Ray et al., 2015; Chowdhury et al., 2017a,b) with three independent experiments using at least three individual plants in each experiment. For quantification of total phenol, leaves were homogenized in 80% methanol. Tissue extracts were then mixed with water and folin-ciocalteau (Sigma Aldrich) reagent followed by 5 min of dark incubation. The reaction was started after the addition of 20% sodium-tartarate followed by 30 min of incubation at room temperature. Absorbance was recorded at 720 nm, and the amount of total phenol was expressed per gram of fresh tissue against the standard curve of gallic acid.

Flavonoid was quantified according to our protocol (Chowdhury et al., 2017a,b), by extracting plant tissue in 80% ethanol. A reaction mix was made containing 500 μl tissue extract along with 10% aluminum chloride, 1 mM potassium acetate, and distilled water to a final volume of 5 ml. Data was collected as the absorbance at 415 nm and represented per gram of fresh tissue according to our Chowdhury et al. (2017a,b).

Proline and malondialdehyde contents were assayed in accordance with Chowdhury et al. (2017b).

Total chlorophyll content was determined by extraction of fresh leaves in 80% acetone according to Chowdhury et al. (2017b).



Quantitative Assay of Expression of Defense Genes via Real Time PCR

This was done according to our published protocol (Chowdhury et al., 2017a,b). Total RNA was isolated from leaf samples by Trizol (Invitrogen) method, followed by quantification with a nanodrop spectrophotometer (Eppendorf). Two micrograms of RNA were used to synthesize cDNA using random primers. Real time PCR (RT-qPCR) was carried out in 96-well blocks in 20μl reaction volume (Applied Biosystems 7500 Real-Time PCR System, USA) using Power SYBR Green master mix (Applied Biosystems, USA). Transcript sequences were amplified by gene-specific primers. Relative fold changes in gene expression were determined by a standard method, particularly by calculating ΔΔCt value. The specificity of the PCR reactions was adjusted based on a melting curve analysis of the amplified products utilizing the standard method installed in the system. The pathogen gene 18s rDNA was used as an internal control for the pathogen (Sayler and Yang, 2007). Tomato actin gene was used as internal control according to our protocol (Ray et al., 2015). The list of primers both for the pathogen and the tomato plants used in this study is given below.

List of primers used for quantitative real-time PCR:

[image: image]



Assay of Effect of Methyl Jasmonate and Salicylic Acid on the Growth of R. solani

The effect of MeJA and SA on the growth of R. solani was determined by allowing the fungus to grow on potato dextrose agar (PDA) plates supplemented with varying concentrations of MeJA or SA. The concentrations used were 0.05, 0.08, 0.1, 0.5, and 1 mM for each of the phytohormones. A mycelial disc of 3 mm diameter from the growing culture of R. solani was placed in the center of each phytohormone supplemented PDA plate. These plates were incubated in 28°C for the next three days and colony diameter was recorded. Data were collected from three independent replicates.



Quantification of Salicylic Acid and Jasmonate Content Under Different Experimental Conditions

Salicylic acid (SA) and JA were extracted from tomato leaves according to de Sa et al. (2013). For extraction of SA and JA, 500 mg tissue was ground in liquid nitrogen. Ground tissues were homogenized in 85% MeOH (v/v). Samples were then centrifuged at 10,000 rpm for 10 min at 4°C. The supernatants were mixed with0.2 mol/L NaOH. The mixtures were filtered using a Whatmann grade 1 filter paper. Filtrates were mixed with 5% Trichloroacetic acid (TCA) and were partitioned using ethyl acetate and cyclohexane (1:1 v/v). The organic phases were collected, and 0.1 mol/L sodium acetate was added and then dried. Dried samples were suspended in 10% methanol for analysis with HPLC. Three sets of extracted samples for each time point and SA and JA standards were analyzed with HPLC using standard calculations according to Trapp et al. (2014). HPLC system (Agilent Technologies, USA) with 4.6 × 100 mm, 3.5 μm column was used. Formic acid (0.05%, v/v) and MeOH with0.05% (v/v) of formic acid were used as mobile phases A and B, respectively. The elution gradient used was 0-10 min, 42-55% B in A; 0-13 min, 55-100% B; 13-15 min 100% B; 15-15.1 min 100-42% B in A; and 15.1-20 min 42% B in A at a constant flow rate of 1.1ml/min. All the chemicals were purchased from Sigma Aldrich and were of HPLC grade as required.



Statistical Analysis

All the data were analyzed using software according to our previous publications (Chowdhury et al., 2017a,b). Each experiment was done in a completely randomized design (CRD) with three independent experiments with three to four replicates each and values represented as the standard error mean ± SEM. The data were subjected to one-way analysis of variance (ANOVA) with different letters indicating significant differences between treatments at p < 0.05, according to Duncan’s multiple range test (DMRT), using a software package, SPSS version 16, 2007.




RESULTS


Differential Behavior of R. solani in the Vicinity of Phytohormone Primed and Control Host Leaves

We wanted to observe the behavior of R. solani and see if the fungus showed any preference toward unprimed versus primed host. The fungal hyphae were allowed to grow toward the host leaves from a distance (Figures 1A–F). We found that there was a marked difference in the behavior of R. solani in the vicinity of primed versus unprimed leaves which became more visibly pronounced at 3 and 5 dpi when the hyphae reached closer to the leaves (Figures 1A–F). In the case of control leaves, numerous hyphae approached the leaf, some of which almost touched the leaf edges by 3 dpi. In contrast, only a few hyphae reached the vicinity of MeJA and SA pretreated leaves (Figure 1G). Almost a 3 times greater number of hyphae grew in bulk toward the control leaves, straight from the germinating sclerotia approaching the leaf edge in a perpendicular direction by 5 dpi (Figure 1H). The SA-primed leaves were least preferred by the pathogen at 3 and 5 dpi (Figures 1G,H). In the case of the SA-treated leaves, the hyphae ran parallel to the leaf margin at a distance, avoiding direct contact even at 5dpi (Figure 1F). The infection progressed quickly in control leaves such that the leaves started to necrose on the 5th day of the experiment (Figure 1B). In congruence with the behavior of the pathogen in the vicinity, the phytohormone treated leaves remained green and fresh even at the end of the experiment at 5 dpi (Figures 1D,F).
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FIGURE 1. Differential behavior of Rhizoctonia solani hyphae in the vicinity of phytohormone primed and control leaves. (A,B) When allowed to approach the host leaves from a distance, R. solani hyphae showed more preference for the control leaves with more number of hyphae per unit area in the vicinity of the leaves. (C,D) The number of hyphae approaching and making contact with the edge of the leaf was significantly less in the case of the methyl jasmonate (MeJA)-primed leaves. (E,F) Least number of hyphae approached the salicylic acid (SA)-primed leaves where the hyphae grew parallel to the leaf edge, avoiding perpendicular contact. (G) Graph showing hyphal density in the vicinity of leaves at 3 dpi. (H) Graph showing number of hyphae making contact with the edge of the leaves at 5 dpi, with control showing maximum hyphae followed by MeJA-primed leaves and least in the SA-primed leaves. Bars represent mean ± S.E.M of three independent experiments with three replicates. Different letters indicate significant differences among treatments at p < 0.05 according to Duncan’s multiple range test. Bar = 2 mm.




Behavior of Fungal Sclerotia on the Surface of Primed Host Leaves Compared to Control Leaves

For R. solani, the compacted mass of hyphae forming the sclerotia serve as primary inocula. In order to find out if host priming affected the behavior of the sclerotia, the steps of the sclerotial germination was studied on primed and unprimed control leaves. The lengths of hyphae from germinating sclerotia were measured at fixed time intervals in three experimental sets of control, MeJA, and SA-primed host leaves (Figure 2). In the control leaves, the sclerotia started to germinate as early as 4 h post-inoculation. The hyphae continued to spread out at 8 and 12 hpi. At 24 h, the sclerotia became obscured in the surrounding dense cottony mass of hyphae (Figure 2A). In contrast, the sclerotia did not germinate at 4 hpi and barely started to germinate at 8 hpi on the primed leaves. The emerging hyphae were visibly spreading onto the leaf surface only at 12 and 24 hpi, with much less growth compared to the control. The most surprising observation was that sclerotial germination was least in the SA pre-treated leaves compared to the MeJA pre-treated. There was nearly double the growth of hyphae from sclerotia placed on MeJA-primed leaves compared to SA-primed leaves. This shows that the MeJA pre-treatment was less of a deterrent compared to SA pre-treatment (Figure 2B).
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FIGURE 2. Behavior of germinating R. solani sclerotia on tomato leaves primed with MeJA or SA compared with the control observed over a 24 h time course. (A) Top row: Sclerotia starting to germinate vigorously within 4 h after placement on the control leaves. Profuse infection hyphae spreading in all directions almost covering the leaf surface by 12 and 24 hpi. Middle row: Sclerotia showing delayed germination on the MeJA-primed leaves with infection hyphae of measurable length being visible only from 12 hpi. Bottom row: Sclerotia showing the most delayed germination and the lowest amount of infection hyphae on the SA-primed leaves. (B) Graph showing the comparison of length of infection hyphae from germinating sclerotia on control, MeJA-primed, and SA-primed leaves. Bars represent mean ± SEM of three independent experiments with three replicates. Different letters indicate significant differences among treatments at p < 0.05 according to Duncan’s multiple range test. Bar = 1 mm.




Scanning Electron Microscopy to Observe Differential Behavior of Fungal Sclerotia and the Newly Emerging Hyphae on Primed and Unprimed Control Leaves

In the previous experiment, since the R. solani sclerotia showed least growth on SA pre-treated leaves, we wanted to observe in greater detail the behavior of sclerotia and the emerging hyphae on SA-primed leaves using SEM and confocal microscopy (Figure 3). At 24 hpi on the control sets, numerous infection hyphae had emerged from the sclerotia (Figure 3A). The lateral branches stayed in intimate contact with the host leaf surface and formed hyphal aggregation at places shown by arrows in Figure 3A, giving rise to infection cushions. In contrast, the sclerotia on SA pre-treated leaves showed only a few emerging hyphal strands with complete absence of any aggregation (Figure 3B). At 48 hpi, the infection hyphae already formed infection cushions on the control leaves (Figures 3C,E), while on SA-primed leaves, the hyphae grew in straight lines avoiding intimate contact with the leaf surface (Figure 3D) with rare hyphal aggregates (Figure 3F). Fluorescence microscopy of control and SA-primed leaves infected with gfp transformed R. solani at 24 hpi showed typical right angles branching of hyphae with septa near the branch points (Figures 3G–J). The hyphae formed dense mats with profuse branching on the control leaves while showing scant growth on the SA-primed leaves (Figures 3G–J).
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FIGURE 3. Scanning Electron Microscopy and Confocal Laser Scanning Microscopy (CLSM) to observe differential behavior of sclerotia and the newly emerging infection hyphae of R. solani transformed with gfp gene on SA-primed and control leaves up to 48 hpi. (A) SEM of germinating sclerotia showing profuse growth on the control leaf, presence of hyphal aggregation, and initiation of infection cushions (arrows) at 24 hpi. (B) Delayed germination of sclerotia with significantly less emerging hyphae and no infection cushion on the surface of SA-primed leaf at the same point (C) Numerous infection cushions on control leaf surface at 48 hpi (D) Hyphae growing in straight lines with scant hyphal branching and light hyphal aggregation at 48 hpi on SA pre-treated leaves. (E) SEM of close-up view of advanced infection cushion on the control leaf at 48 hpi (F) A close-up view of loose hyphal aggregation on SA-primed leaf at 48 hpi. (G,H) Confocal microscopy of gfp-transformed R. solani hyphae on control leaf surface at 24 hpi showing profuse branching, arrow showing right angled branching with septa typical for R. solani. Representative fluorescence fields were chosen from at least three independent plants. (I,J) Fluorescence microscopy of inoculated SA-primed leaves showing scant hyphal growth at the same time point (arrow shows right angle branching with septa typical for R. solani).




Hyphae of R. solani Avoided Close Interaction With the Leaf, Stem, and Root Surface and Trichomes of Primed Plants, Showing Less Invasion of Underlying Tissue, Especially in Salicylic Acid-Primed Plants

During the establishment phase of the fungus on the control leaf surface, the hyphae interacted with the trichomes of the control leaves from 12 hpi (Figure 4A) and formed a hyphal network closely pressed to the epidermal terrain by 24 hpi (Figure 4B). By 48 hpi, the pathogen formed infection cushions that coalesced to form larger masses on the control leaves (Figures 4C,J). On the MeJA-primed leaves, the hyphae showed superficial interaction with the trichomes and avoided close contact with the leaf surface, only forming hyphal aggregated at places at 48 hpi (Figures 4D–F,J). The hyphae on the SA-primed leaves showed no interaction with trichomes at 24 hpi and showed least hyphal growth even at 48hpi (Figures 4G–J).
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FIGURE 4. Scanning Electron Microscopy to observe differential behavior of R. solani hyphae on the surface of primed and control leaves, showing interaction with trichomes and formation of infection cushions during early stages of infection. (A) Control leaf showing close association of hyphae with leaf trichome at 12 hpi (Arrow) (B) Hyphae making intimate contact with the control leaf surface forming network of hyphae at 24 hpi. (C) By 48 hpi, coalesced infection cushions cover most of the leaf surface in control leaves. (D) In the MeJA-primed leaves, the hyphae avoid contact with leaf surface, interacting only with the trichomes at 24 dpi. (E) On MeJA-primed leaves, the hyphae show sparse growth with less hyphal branching and (F) initiation of infection cushions with clubbed bifurcating hyphae, is delayed to 48 hpi. (G–I) The SA-primed leaf surface showing least hyphal growth with superficial hyphal contact with leaf surface and no infection cushion even at 48 hpi. Bar = 50 μm. (J) Close-up views of infection cushions or hyphal aggregations in respective experimental sets at 48 hpi. Bar = 20 μm.


The above behavior of the pathogen on the leaf surface was also reflected on the stem and root surfaces. The dense, profuse fungal growth on the surface of the stem in the control plants showed close interaction with the stem trichomes (Figure 5A). On MeJA pre-treated leaves, the hyphal growth was reduced to a loose dispersed network with superficial interaction with stem trichomes (Figure 5B). In the case of SA pre-treated plants, an interesting behavior was observed. Here, the mycelium strands grew parallel to each other without producing many lateral branches (Figure 5C). It appeared like the pathogen in this particular phytohormone treatment and tried to grow forward without branching. Similar behavior was also noticed in the case of roots (Figures 5D–F). Cross-sections through stems of control plants showed intracellular growth of hyphae (Figure 5G, solid arrow) and thick bunches of hyphae growing intercellularly outlining the cortical cells (dashed arrow). The primed stems showed thin hyphae with intracellular growth at places in the cortical tissues (Figures 5H,I).
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FIGURE 5. Scanning electron microscopy of tomato stem and root surfaces showing differential behavior of R. solani hyphae at 2 days post-inoculation. (A) Profuse growth of hyphae covering the stem surface of control plants at 48 hpi forming tangled mats at places. (B) Significantly less growth of hyphae on the stem surface of MeJA pre-treated plants showing loose hyphal network. (C) SA pre-treated stem surface showing least hyphal load with the hyphae running straight without forming hyphal network (D) Roots of control plant showing a significant amount of thick hyphal growth on the surface, whereas a minimal growth of hyphae is found on MeJA-primed roots (E), and even less on SA-primed roots (F). Bar = 100 μm (G) Regular occurrence of intracellular (solid arrow) and thick bunches of intercellular hyphae outlining the individual cells (dashed arrow) within the stem cortical tissue as seen in the transverse section through the stem at 48 hpi. (H,I) Rare presence of thin intracellular hyphae (arrow) in certain regions of stem cortical tissue in MeJA (H) and SA (I)-primed pants, though at most regions, in the cortical tissues there was absence of any hyphae at 48 hpi. Bars = 50 μm.




Confocal Laser Scanning Microscopy of Primed and Control Tomato Leaves and Stems Infected With R. solani Transformed With Green Fluorescence Protein Gene

Confocal laser scanning microscopy (CLSM) of leaves and stems of plants inoculated with transformed R. solani showed significant establishment of the fungus on the control leaves and stems, less infection in the MeJA-primed plants, and least in the case of SA-primed plants (Figures 6A–L). As seen with SEM, confocal microscopy of cross-section of the control stem revealed significant interaction of fungal hyphae with the trichomes and invasion of underlying tissues (Figures 6M,N).
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FIGURE 6. Confocal Laser Scanning Microscopy (CLSM) of R. solani transformed with green fluorescence protein gene (gfp) on infected tomato leaves and stems showing avoidance of primed plants, especially SA-primed plants at 24 hpi. (A,B) CLSM of control tomato leaves showing profuse hyphal growth with infection cushions in close contact with the leaf surface. (C–F) JA and SA-primed leaves show significantly less growth of hyphae at 24 hpi. (G–L) Confocal microscopy of stems of primed and control plants infected with transformed R. solani showing least growth on SA-primed stem. (M,N) Transverse section of infected control stem showing significant interaction of hyphae (solid arrows) with stem-surface trichomes (dashed arrows) and infection within tissue at 24 hpi. Representative fluorescence fields were chosen from at least three independent plants. Bar = 50 μm.




Salicylic Acid Pretreatment Contributed to Overall Reduced Disease Severity and the Least Disease Index Compared to Methyl Jasmonate-Primed and Control Plants

The avoidant behavior of the pathogen on the primed host surface was reflected in the reduction of overall disease severity, especially in the SA-primed plants. Disease Index was measured by detached leaf assay (Figure 7) and by whole seedling assay (Figure 8). Phytohormone treatment significantly delayed the onset of symptoms which was evident even from the first-day post-inoculation. Necrotic symptoms started to be visible at 2 dpi in the case of control plants (Figure 7A), but these lesions quickly increased in size so that by 3 dpi, the control leaves were almost entirely necrosed (Figure 7A). In comparison with the control, the MeJA pretreated leaves showed almost no necrotic symptoms up to 2 dpi and only on the 3rd day after inoculation, did the MeJA pretreated leaves show small necrotic spots. The SA pre-treated leaves showed yellowing at 3 dpi with very few necrotic lesions (Figure 7B). The SA-primed plants also had the least disease index (Figure 7C).
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FIGURE 7. Detached leaf assay showing priming with phytohormones contributed to reduced disease severity and less disease index with SA pre-treatment being more effective than MeJA. (A) Comparison of development of necrotic lesions at 2 and 3 dpi on control and phytohormone treated tomato leaves after inoculation with R. solani. At 2 dpi the control set leaves develop significant necrotic lesions whereas MeJA and SA-primed leaves remained almost as fresh as the unprimed, uninoculated (mock) leaves. Control leaves get almost entirely necrosed by 3 dpi while MeJA and SA-treated leaves show significantly less necrosis. (B) Graph showing comparison of the percentage of necrotic lesion on leaves from the above experiment. (C) Disease index at day 3 showing that SA pretreatment results in least disease index. Bars represent mean ± S.E.M of three independent experiments with three replicates. Different letters indicate significant differences among treatments at p < 0.05, according to Duncan’s multiple range test.
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FIGURE 8. Whole seedling assay showing disease incidence by R. solani on phytohormone primed plants compared with control. (A) MeJA pre-treated plants showed less severe symptoms than the control and but more symptoms than SA-treated ones at 2 and 3 days post-inoculation, in the order Control > MeJA > SA. (B) Comparative graphical representation of disease index in the different experimental sets at 2 and 3 dpi, calculated according to the published method. Bars represent mean ± S.E.M of four independent experiments. Different letters indicate significant differences among treatments at p < 0.05, according to Duncan’s multiple range test. Bars = 2 cm.


The whole seedling assay under these experimental conditions showed similar results. The MeJA pre-treated plants showed less severe symptoms than the control and more severe than SA-treated ones at the corresponding time points (Figure 8A). The severity of the disease was in the order of Control > MeJA > SA from maximum to minimum (Figures 8A,B). Overall, at 2 dpi, there was about 50% less disease index in the SA-primed leaves compared to MeJA-primed leaves and almost 40% less at 3 dpi (Figure 8B).



The Development of Infection Cushions, Appressoria, and the Expression of the Appressorial Penetration-Associated Gene Is Influenced by the Priming Status of the Host With Salicylic Acid Priming

To see if the initiation of the infection cushions and appressoria was altered by the priming status of the host, the initial stages of establishment of the pathogen were observed over three days. Development of lobate appressoria started as early as 12 hpi in the case of control leaves (Figure 9A). It then advanced rapidly over time and ended up in the formation of dense coalesced masses of hyphae by 72 hpi (Figure 9D). On the surface of MeJA and SA pretreated leaves, however, the pathogen could not initiate the formation of infection structures up to 48 hpi, and infection cushions started to develop as late as 72 hpi (Figures 9E–L). The frequency of infection cushion was quantified as the number of infection cushions developed per unit area on the leaf surfaces. The development of infection cushion on the control was three times greater than that of the two phytohormone pretreated leaves at 72 hpi (Figure 9M). When compared between the two primed leaves, SA pretreatment supported approximately 25% less infection cushions compared to the MeJA pretreated leaves.
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FIGURE 9. The priming status of the host has direct effect on the frequency of infection cushions, and the expression of the appressorial penetration-associated gene (GAS1) of the pathogen. (A–D) Development of infection cushions (seen as deep blue patches) was initiated as early as 12 h after inoculation in the control plants and progressed rapidly over time, until at 72 hpi, there was coalescence of the infection cushions. (E–H) MeJA priming significantly delayed this process and initiation started as late as 48 hpi. (I–L) Pre-treatment with SA reduced the formation of infection cushions further. At 72 hpi, SA sets showed smaller, more dispersed infection cushions than the MeJA sets. (M) Comparison of the density of infection cushions between the different sets. (N) Relative expression of appressorium-associated protein gene GAS1, showing significantly high transcript level in the control compared to the phytohormone treated sets, over a time course, with the SA sets showing least expression. Bars represent mean ± S.E.M of three independent experiments with three replicates. Different letters indicate significant differences among treatments at p < 0.05, according to Duncan’s multiple range test. Bar = 100 μm.


To confirm the effect of pre-treatment on the formation of infection cushion, we observed the expression of the Appressorial Penetration-associated gene (GAS1) in the pathogen. This gene was expressed significantly in the control plants from 4 hpi onward, whereas it was significantly less in MeJA and least in the SA-primed background (Figure 9N). This low expression of the GAS1 gene directly correlated with a much lower number of infection cushions in MeJA and SA-primed plants than control at all time points (Figure 9M).



Salicylic Acid Priming Enhanced Callose Deposition in Response to Infection in Early Phases While Methyl Jasmonate Enhanced It in the Later Phases of Infection

Callose was found to be deposited in several parts of primed tomato leaves after R. solani infection. Stomata, veins, and trichomes were most frequently found to be the sites of greater deposition (Figure 10). We observed interesting differences in callose deposition in response to pathogen under different priming status of the host. The stomatal fluorescence was more intense in the case of SA pretreated leaves compared to control leaves and MeJA-primed leaves (Figures 10A–I). In MeJA-primed leaves, callose deposition was prominent only at 3 dpi (Figure 10F) where both of the guard cells of each stoma fluoresced (Figure 10J). At 1 dpi, in control and SA pretreated leaves, most guard cells fluoresced only at the two poles of the stoma, which increased considerably with increasing time (Figure 10J). Following this stage, only one of the pair of guard cells in each stoma fluoresced in both control and SA plants at 2 dpi. At 3 dpi, in SA-primed leaves, the callose deposition spread to the other guard cell, making a completely fluorescing stoma. In the control sets, by 3 dpi, the leaves showed necrosis and no stomatal fluorescence was detectable (Figure 10J).
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FIGURE 10. Comparison of callose deposition on the leaf surface, veins, stomata, and trichomes show that SA priming enhanced callose deposition in response to infection in the early phases while MeJA enhanced in the later phases. (A–C) The control plants show early callose deposition on leaf surface, veins, and stomata over the first two days of infection, while on the third day callose is degraded due to necrosis. (D–F) Deposition of callose in the veins, stomatal guard cells in MeJA-primed leaves with more prominent deposition starting on the 3 dpi (G–I) Callose deposition in the SA-primed leaves started on the second day and was significantly more than that of MeJA-primed plants. Three images were analyzed from four individual replicates. Bar = 50 μm. (J) Enlarged view of the stomata at 2 and 3 dpi. In the control leaves, only one of the guard cells of each stoma fluoresced on 2 dpi and then by third day it diminishes. In MeJA, no fluorescence on 1–2 dpi but both guard cells fluorescence on 3 dpi. In SA-primed leaves, at 1 dpi there is no fluorescence, at 2 dpi only one guard cell fluorescence and in the following day both of the guard cells fluoresce. (K) Anniline blue fluorescence of the veins and trichomes at 2 dpi shows less callose deposition in the control compared to the phytohormone primes leaves. Bar = 300 μm.


More deposition of callose was observed on the veins and trichomes in the case of SA-primed leaves compared to the MeJA and Control leaves. In the MeJA pre-treated leaves, the fluorescence was intermediate (Figure 10K).



Salicylic Acid Priming Enhanced Phenol Deposition in Earlier Phase While Methyl Jasmonate Enhanced It in the Later Phase of Infection

Secondary metabolites are an important component of inducible defense, and phytohormone priming is known to induce their production. These parameters were compared in the MeJA and SA-primed backgrounds after infection to understand why SA imparted better tolerance to the necrotroph, contrary to expectation. Differential accumulation of phenol was recorded in response to R. solani infection on the leaves of control and phytohormone treated leaves via toluidine blue assay. SA pretreatment was found to be highly inducive to the increase of the total phenol content in leaves in the early phase of infection at 2 dpi, showing significantly more phenol accumulation than the control and MeJA pre-treated leaves (Figure 11). Interestingly, in the case of MeJA pretreatment, the accumulation was less than that of SA at 2 dpi but increased in the later stages of infection at 3dpi (Figure 11).
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FIGURE 11. Accumulation of phenol detected by toluidine blue shows that SA priming resulted in more deposition in earlier phase of infection while MeJA priming in the later phases. (A–H) The development of blue color indicate the amount of phenol in leaves of different sets of control and primed leaves at 2 and 3 days post infection. (I) Graph representing the comparison of the above result. Bars represent mean ± S.E.M of six independent experiments. Different letters indicate significant differences among treatments at p < 0.05, according to Duncan’s multiple range test. Bar = 30 mm.




Salicylic Acid Priming Induced Polyphenolics and Their Genes in the Earlier Phase of Infection While Methyl Jasmonate Induced These in the Later Phase

Secondary metabolites, especially polyphenolic compounds, are an integral part of the plant basal defense. The total phenol content in tomato plants during R. solani pathogenesis assayed through Folin Ciocalteau method remained almost unaltered up to 24 hpi in control and MeJA-primed plants but was elevated in SA-primed plants (Figure 12A). As with toluidine blue assays, the order of phenol deposition was SA > MeJA > control at 24 and 48 hpi. However at 72 hpi, MeJA pretreatment was found to be highly inducive to total phenol content, and the pattern is altered to MeJA > SA > Control. In the case of flavonoid content, the difference was in the order SA > MeJA > Con for almost all time points, although the difference was more pronounced in 48 hpi (Figure 12B).
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FIGURE 12. Comparison of accumulation of polyphenolics, induction of their genes, and chlorophyll content in the control and phytohormone primed plants during R. solani pathogenesis. (A) Total phenol content in different sets over a time course. (B) Total flavonoid content. (C,D) Quantitative real-time PCR analysis of the expression of Chalcone synthase genes CHS1 and CHS2 respectively over a time course. (E,F) Chlorophyll a (Chl a) and Chlorophyll b (Chl b) content respectively showing least degradation after infection in SA-primed leaves compared to Control and JA-primed leaves. Bars represent mean ± SEM of three independent experiments with at least three individual plants. Different letters indicate significant differences among treatments at p < 0.05, according to Duncan’s multiple range test.


The above result of enhanced polyphenol content was corroborated by altered regulation of two key flavonoid synthesizing gene, namely, Chalcone biosynthetic genes CHS1 and CHS2. CHS1 and CHS2 did not significantly change at early time points of pathogenesis and were only upregulated at 24 hpi. At 24 hpi, the expression of these genes was significantly more in SA pre-treated plants than MeJA (Figures 12C,D). The differences were nearly two-fold between SA and MeJA treatments in the case of CHS2 (Figure 12D).



Both Methyl Jasmonate and Salicylic Acid Priming Reduced Chlorophyll Degradation During Pathogenesis, With Salicylic Acid Offering Better Protection

Chlorophyll content was found to be significantly affected after infection. Chlorophyll was degraded vigorously with the progresses of pathogenesis in control plants. However, both MeJA and SA priming successfully limited the extent of degradation of Chl a throughout the course of pathogenesis (Figure 12E). Interestingly Chl a was least degraded in SA-treated plants in the early time points of infection at 24 and 48 hpi, which evened out at 72 hpi as infection set in for all three sets. Chl b was also degraded gradually after infection. However, it did not differ significantly between sets (Figure 12F).



Salicylic Acid Priming Offered Better Protection Against Reactive Oxygen Species During Infection Than Methyl Jasmonate Priming

Reactive oxygen species (ROS) is one of the key contributing factors in determining the successful establishment of the pathogen. The amount of ROS was determined by DAB staining, which was detected as brown patches on the leaves. Control leaves had significantly higher amount of H2O2 at all time points compared to primed leaves as expected (Figure 13). Surprisingly, MeJA pre-treated leaves showed almost double the amount of H2O2 than that of the SA pre-treated leaves at different time points (Figure 13I), indicating that SA pretreatment created less stress and offered better protection against the pathogen than MeJA. The correlation of H2O2 content with degradation of chlorophyll and the pathogen as the source of the excess H2O2 have been discussed in later sections.
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FIGURE 13. Detection of reactive oxygen species (ROS) through Diaminobenzinidine (DAB) staining and accumulation of proline, show SA priming offered better protection against ROS during infection than MeJA priming. (A,E) Mock unprimed and uninoculated leaves showing the background color developed by the stain. (B,F) Control leaves showing deposited H2O2 generated after pathogen infection at 2 and 3 dpi. (C,D,G,H) presence of ROS on the MeJA and SA pre-treated leaves, respectively. (I) Quantitative bar graph of the above result. (J) MDA content and (K) total proline content through the experimental time course. Bars represent mean ± S.E.M of six independent experiments. Different letters indicate significant differences among treatments at p < 0.05, according to Duncan’s multiple range test. Bar = 10 mm.


Significant reduction of oxidative burst by phytohormone priming was also validated by suppression of lipid peroxidation (MDA) (Figure 13J) and proline content in the primed sets (Figure 13K). The results were similar to H2O2 accumulation. Evidently, salicylate pretreatment can better limit the ROS production stimulated by R. solani infection than Jasmonate pre-treatment which also explains the overall least disease index in SA-primed plants.



Altered Defense Gene Regulation, in Response to Pathogen After Phytohormone Priming, Indicate Salicylic Acid-Mediated Signaling in the Early Phases, and Methyl Jasmonate-Mediated Signaling in the Later Phases of Infection

To date, there is no in-depth study on the MeJA and SA-mediated defense gene regulation during post-necrotrophic infection in plants primed with SA compared with MeJA priming. To investigate the basis of differential defense responses to R. solani when primed with SA and MeJA, we selected a total of 10 marker genes from salicylate and jasmonate signaling cascades. Their expression profiles were monitored over a time course during pathogenesis in these primed backgrounds.



Regulation of Jasmonate Signaling Pathway

We included the F-box protein CORONATINE INSENSITIVE 1 gene (COI1), the repressor protein JASMONATE ZIM DOMAIN gene (JAZ), along with Allene Oxide synthase gene (AOS), a leucine-rich repeat systemin receptor kinase (LRR-RK) gene (SR 160), and a protease inhibitor gene (PIN II) as important components of MeJA signal transduction pathway.

There was considerable upregulation of the COI1 gene within 24 h of spraying of phytohormones, i.e., at 0 hpi, with SA priming resulting in nearly double COI1 transcript levels compared to MeJA priming (Figure 14A). After SA pre-treatment, the infection resulted in two peaks of COI1 transcripts at 8 and 24 hpi while in MeJA-primed plants, COI1 showed a steady rise after an initial dip at 4 hpi, which is 28 h post priming. The COI1 transcripts remained high at 48hpi, then went down at 72 hpi near to the control level (Supplementary Figure 1A).
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FIGURE 14. RT-qPCR analysis of the expression of Jasmonate signaling marker genes in primed and control plants post-infection with R. solani. Graphs of Quantitative real-time RT-PCR analysis of genes over a time course in the first 24 h after infection: (A) CORONATINE INSENSITIVE 1 (COI1), (B) Jasmonate zinc-finger inflorescence meristem (ZIM) domain (JAZ2), (C) Allene oxide synthase (AOS), (D) Systemin receptor SR160 (SR160), (E) Proteinase inhibitor II (PIN II). Bars represent standard error (SE) of the mean (n = 3). Different letters indicate significant differences among treatments at p < 0.05, according to Duncan’s multiple range test.


Similar biphasic upregulation was observed in the case of JAZ in SA-primed plants (Figure 14B). JAZ was significantly upregulated at 24 hpi in the MeJA-primed plants coinciding with COI1, likely as a means to regulate JA signaling at this time. Interestingly, in SA-primed plants, although COI1 was significantly upregulated at 24 hpi, the repressor, JAZ, was not (Figures 14A,B). Moreover, this low level of expression of JAZ was maintained in the next two time points of 48 and 72 hpi in the SA-primed plants (Supplementary Figure 1B). Hence, contrary to expectation, this shows that R. solani infection after priming with exogenous SA induced the JA marker genes even more than priming with MeJA itself in the early time points post-infection, i.e., in the first eight hpi. MeJA priming, on the other hand, induced the JA marker genes more than SA priming, but only at 12 hpi onward. This is contrary to expectation because R. solani is considered as a necrotroph and not a hemibiotroph. This will be discussed in greater detail in the next section. Overall, these results indicate that along with the conventional COI1 dependent activation of jasmonate signaling against the invading pathogen, SA priming played an even greater role in the early time points post-infection than MeJA priming. This explains why the disease index was least for SA-treated plants compared to the control and MeJA pre-treatment (Figures 7, 8).

Jasmonic acid (JA) biosynthesis gene AOS was upregulated at 24 hpi in all experimental sets. However, AOS transcript levels were highest in the case of jasmonate priming at that time point, in the order MeJA > SA > Con sets (Figure 14C). At 48 hpi, AOS transcript level was doubled in MeJA-primed plants which declined sharply in the next time point (72 hpi). Contrastingly AOS induction decreased in both control and SA-primed plants in the next two time points (Supplementary Figure 1C).

One interesting fact was observed in the case of expression of the early gene Systemin Receptor 160 (SR160) (Figure 14D). In the control plants, SR160 was upregulated within 4 hpi and then, the transcript level gradually fell. Contrastingly, exogenous application of MeJA and SA was able to delay the upregulation of the Systemin receptor gene till 24 hpi. At the next time point of 48 hpi, SR160 transcript level peaked in MeJA-primed background (Supplementary Figure 1D). One explanation would be that the phytohormone pre-treatment delayed the disease progression and hence the release of systemin from infected tissues was automatically delayed. Most importantly, SA pre-treatment showed significantly less SR160 transcript levels even at 24 hpi compared to MeJA-primed plants, corroborating the fact that SA priming contributed to greater tolerance to the pathogen than MeJA priming.

A protease inhibitor gene (PIN II) was significantly upregulated in the MeJA-primed plants from 0 hpi, i.e., from 24 h after priming (Figure 14E). The transcript level remained significantly elevated up until 8 hpi and then was reduced from 12 hpi onward. In the control and SA-primed plants, PIN II was upregulated during 4-12 hpi although not nearly as high as the MeJA-primed plants. In the later time points, the expression of this gene remained at levels nearer to that of the control in all sets (Supplementary Figure 1E).



Regulation of Salicylate Signaling Pathway

In general SA-mediated defense signaling is thought to be directed against hemibiotrophic and biotrophic pathogens. To compare defense response against R. solani after priming with SA and MeJA, we included five SA pathway marker genes, including two major SA biosynthetic genes, viz., Isochorismate synthase (ICS), Phenylalanine ammonia lyase 5 (PAL5), along with important components of SA signal transduction pathway such as BA/SA carboxyl methyltransferase 1 gene (BSMT1), Pathogenesis-related protein-1a gene (PR1a), and the Phytoalexin-deficient 4 gene (PAD4).

It was observed in the case of SA pre-treated plants that ICS (Figure 15A) and PAL5 (Figure 15B) were both activated during the early time points of pathogenesis, especially at 8 hpi. Later on, at 24 hpi, the SA production was shifted mainly through the isochorismate pathway in the SA-primed plants showing a high ICS transcript level, which gradually went down in the 48 and 72 hpi (Supplementary Figure 2A). Interestingly, in MeJA pre-treated background, the plants relied solely on the PAL5 pathway for SA biosynthesis as evidenced by its induction throughout, especially high induction at 24 hpi (Figure 15B), while avoiding the ICS pathway as there is little or no expression of this gene in MeJA-primed plants (Figure 15A). PAL5 subsequently went down in MeJA-primed plants. In the SA-primed plants, PAL5 rose till 48 hpi before going down at 72 hpi (Supplementary Figure 2B).
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FIGURE 15. RT-qPCR analysis of the expression of Salicylate signaling marker genes in primed and control plants post infection with R. solani. Graphs of Quantitative real-time RT-PCR analysis of genes over a time course in the first 24 h after infection: (A) Isochorismate synthase (ICS), (B) Phenylalanine ammonia lyase 5 (PAL5), (C) Salicylate/benzoate carboxyl methyltransferase (BSMT), (D) Pathogenesis-related protein-1a (PR1a), (E) Phytoalexin-deficient 4 (PAD4). Bars represent standard error (SE) of the mean (n = 3). Different letters indicate significant differences among treatments at p < 0.05, according to Duncan’s multiple range test.


The expression of the SA regulatory gene BSMT (required to mobilize SA out of the site) in the control plants showed a peak at 8 hpi after that it declined gradually till 24 hpi (Figure 15C). For SA-primed plants, BSMT remained low in its expression until at 72hpi in which it reached control levels. In MeJA-primed plants BSMT showed a sharp rise at 24 hpi likely to mobilize SA out of the site as JA defense sets in at this time point. In the next two days BSMT expression declined gradually in the MeJA-primed plants (Supplementary Figure 2C).

One of the key marker genes for SAR is pathogenesis-related proteins (PR) which is not only diverse in their genetic constituents and functions, but also in its response to different components as well as different pathogens. In this study, the acidic PR protein gene, PR1a has been found to be induced gradually in the primed plants while there was less expression in the control plants. The PR1a expression showed a steady gradual increase in response to infection in SA-primed plants and became significantly higher than MeJA-primed plants at 24 hpi (Figure 15D) as expected. Over the next two days, PR1a expression level gradually went down in the SA-primed plants, whereas it was significantly low for control and MeJA-primed plants (Supplementary Figure 2D). In the case of PAD 4, there was many-fold increase in the SA-primed plants at 24 hpi compared to both MeJA and control (Figure 15E). This elevated PAD4 level was maintained at 48 hpi also and then started declining in the SA-primed plants (Supplementary Figure 2E).



Quantification of Salicylic Acid and Jasmonate Showed More Salicylic Acid in the Early Phases and More Jasmonate in the Later Phases Under Both Types of Priming

Time course quantification of phytohormones in plants after R. solani infection showed a spike in SA content to about 15,000ng/gm fresh weight of leaves at 24 hpi in the SA-primed plants (Supplementary Figure 3A). In the next phases of up to 72 hpi, a decline in the SA content was seen in these plants. The JA content gradually increased and reached a peak amount of about 5,200ng/gm at 48 hpi in these SA-primed plants (Supplementary Figure 3A). On the other hand, although a similar trend was seen in the case of the JA-primed plants, the peak of SA reached only 5,300 ng/gm at 24 hpi which is only 1/3 of the amount seen in the SA-primed plants (Supplementary Figure 3B). There was considerable increase in JA content right from 0 hpi (i.e., 24 h after priming), reaching a peak at 48 hpi with a JA content of 8,500ng/gm in the JA-primed plants. So, in both SA and JA-primed plants, there was a peak in SA in early phase of infection (24 hpi) and a later peak in JA at 48 hpi. However, the SA peak in the SA-primed background was three times more than that of JA-primed plants (Supplementary Figures 3A,B). This indicates the importance of increased amounts of SA in the early phases of R. solani infection, even more so than the amount of JA in the later phases, which was likely a decisive factor in the outcome of the disease. In the infected control plants, the amounts of both SA and JA were significantly less in all-time points, although the profile was similar. The mock plants (no priming, no infection) did not exhibit significant differences throughout the time-course in terms of SA and JA content, which was less than even the control infected plants.

Quantification of SA and JA was also done on plants that were primed but not infected to see the effect of priming alone (Supplementary Figure 4). Priming with SA (without infection) contributed to elevated level of SA content in leaves and it reached approximately 5,000 ng/gm of fresh weight 24 hours post-priming. Subsequently, the SA content gradually went down (Supplementary Figure 4A). Priming with JA (without infection) also contributed to increase in SA level, although it was significantly less than that of SA priming. In the case of priming with JA, an initial sharp rise in JA was observed amounting to approximately 6,800 ng/gm, but at later stages, there was rapid decline (Supplementary Figure 4B). The SA priming also resulted in the increase in the JA content, although it was not nearly as high as JA priming did.



The Phytohormones Methyl Jasmonate or Salicylate Had No Effect on the Growth of Rhizoctonia solani Colony at Concentrations Used for Priming Tomato Plants

In order to check if the phytohormones methyl jasmonate or salicylate had any effect on the growth of R. solani, the pathogen was grown on PDA that was supplemented with either MeJA or SA at five different concentrations, viz., 0.05, 0.08, 0.1, 0.5, and 1 mM. Mycelial growth was recorded for 3 consecutive days (Supplementary Figures 5, 6). Results show that MeJA had no effect on the growth of mycelia up to the concentration of0.1mM (Supplementary Figure 7A), which was above the concentration of0.08 mM used in the priming experiments. For SA, there was no effect on the mycelial growth at a concentration as high as0.5 mM, which was above the concentration of0.08 mM used for priming of tomato plants (Supplementary Figure 7B).




DISCUSSION

This present study of host-pathogen interaction between Rhizoctonia solani and phytohormone-primed tomato plants revealed some unique findings. There is a general perception that SA-mediated defense is induced against biotrophic pathogens and JA-mediated defense functions against necrotrophic pathogens (Glazebrook, 2005). Based on this perception, in previous studies on necrotrophic pathogens, the hosts have been primed with only JA (Oliveira et al., 2015; Yu et al., 2018). In this study, we included SA priming and compared its effect with that imparted by MeJA priming. This new strategy gave us some unexpected insights. Observations were made from the point of altered behavior of the pathogen and the altered defense response of the host in response to the pathogen in regards to phytohormone priming of the host.

In our earlier reports, we had established that fungi can and do differentiate between a tolerant and susceptible host from a distance and behave differently when placed in the vicinity of the host (Chowdhury et al., 2014; Basu et al., 2016, Chowdhury et al., 2017a). We had showed that fungi also behave differently on the surface and within the host tissues of tolerant and susceptible hosts. In these earlier reports, the fungal pathogens Macrophomina phaseolina and R. solani showed nearly double the growth of hyphae toward a susceptible variety compared to a tolerant variety of sesame and rice, respectively, and during establishment phase, showed clear avoidance in coming into close contact with the tolerant host surface. In the present study, we wanted to see for the first time if a fungus could detect phytohormone primed versus unprimed control hosts from a distance and behave differently in their vicinity, on the surface, and within the host tissue. In fact, R. solani did show significant differences in its behavior, exhibiting a clear preference for the unprimed plants by growing quickly and directly toward the leaves, making almost perpendicular contacts. This indicates that the fungus can detect an unprimed host as a more viable option and focus its growth toward that direction. On the surface of control leaves, the hyphal network made intimate contact with the leaf surface and interacted with the trichomes of control plants while avoiding intimate contact with the primed leaf surface. All these observations are likely due to the ability of the fungus to detect favorable exudates from the unprimed host from a distance or to detect some kind of inhibitor from the primed hosts or both. Similarly, the behavior of sclerotia showed a preference for the control leaves over the primed leaves, showing earlier germination on control leaves, while on the primed leaves, the sclerotia showed a reluctance to germinate. More surprisingly, the sclerotia showed most delayed germination on SA pre-treated leaves, which was less than MeJA pretreatment.

In our earlier report on rice, we have shown that during R. solani infection, the formation of infection cushions and lobate appressoria is a direct measure of disease progression (Basu et al., 2016). Disease severity and tissue necrosis have been positively correlated with the number of these two structures (Nikraftar et al., 2013; Basu et al., 2016). In the present study, in the SA-treated plants, formation of infection cushions, lobate appressoria, and hyphal progression was visibly lower than MeJA pre-treated plants. Overall, the fungus showed clear avoidance in all three locations, i.e., in the vicinity of host, on host surface, and in the post-invasion stages in the phytohormone primed plants, especially when primed with SA. We had established earlier that this type of difference in hyphal preference toward host is directly attributed to the tolerance level of the host (Chowdhury et al., 2014, 2017a; Ray et al., 2015; Basu et al., 2016).

To find a molecular basis of this difference, expression of the fungal GAS1 gene, which is directly linked with appressorial penetration (Ghosh et al., 2018), was assayed over a time course under different priming regime. Corroborating the microscopy data, the expression level of GAS1 was least in SA pre-treated plants followed by MeJA and control. Considering that R. solani is a necrotrophic fungus, these results go against the general perception that SA-mediated defense works against biotrophic and hemibiotrophic pathogens (Chowdhury et al., 2017a; Qi et al., 2018, Djavaheri et al., 2019), whereas JA-mediated defense is directed against necrotrophs (Bürger and Chory, 2019; Brenya et al., 2020).

While callose provides a physical barrier against pathogen invasion (Chowdhury et al., 2017a; Wang et al., 2019), several other biochemical constituents like polyphenols and flavonoids also accumulate during infection (Gillmeister et al., 2019). Callose was seen to accumulate more significantly after infection in the SA pretreated plants compared to control and MeJA-primed plants. Interestingly, we have observed that only half of the stoma, i.e., one guard cell fluoresced first then, subsequently, both of the guard cells fluoresced in the SA-primed plants in response to R. solani infection. We could not find any earlier research in this regard. Another interesting observation was that in the SA-primed plants, significantly higher cellular phenol deposition was observed at earlier stages of infection (2dpi) while in the later stages (3dpi), phenol was significantly higher in MeJA-primed plants. Quantitative assay of total phenolics and flavonoids also followed the same pattern. Regulation at the gene expression level was analyzed by observing the expression profiles of the flavonoid synthesizing genes like CHS1 and CHS2 over a time course during infection. These two genes have been linked to the induced defense in hosts against hemibiotrophic pathogens under different conditions, including SA priming of the host (Campos et al., 2003; Król et al., 2015). While phytohormone priming limited the extent of degradation of chlorophyll-a throughout the course of pathogenesis, Chl-a was least degraded in SA-treated plants especially in the early time points of infection compared to MeJA. All these observations, taken together, indicate that activated defense through the secondary metabolites was directed by the salicylate pathway in the early phase of pathogenesis which was taken over at later stages of infection by the jasmonate signaling pathway.

The appropriate balance between accumulation of ROS and removal of ROS is an important target for the pathogen and the host for the sake of their own survival (Kou et al., 2019). Although there are numerous studies in this area of research, the molecular mechanism involved in H2O2 mediated regulation of plant systemic defense responses against infection is not clear (Zhang et al., 2021). In our experiments, H2O2 accumulation was maximum in the control plants followed by MeJA-primed and least in the SA-primed plants. Although this may apparently seem to be unexpected, the less H2O2 in the primed plants can be attributed to three factors. The lower amount of H2O2 was due to significantly less infection in these plants and less disease progression at these respective time points. Also, according to earlier reports, there is a direct correlation between H2O2 content and degradation of chlorophyll (Shetty et al., 2007). Moreover, the pathogen itself is often the source of the excess H2O2 (Shetty et al., 2007; Kant et al., 2019). All these factors can explain the lower H2O2 in the SA-primed plants since due to less disease progression, there was less chlorophyll degradation and less pathogen load, and hence, less sources of H2O2 in these plants.

Plant fitness is largely dependent on the perfect trading-off in recognizing the nature of the encountered pathogen and the type of induced defense activated (Vos et al., 2015). R. solani is traditionally designated as a necrotrophic pathogen. Therefore, the major unexpected observation was that SA pre-treated plants showed better defense response than MeJA-treated ones and that jasmonate-mediated defense set in after the initial SA signaling phase. To corroborate these findings, the expression of a total of twelve marker genes functioning in the SA and JA signaling pathways were monitored over a time course. In our experiments, priming with exogenous application of SA and subsequent infection with the pathogen activated jasmonate signaling through the COI-JAZ component. Liu et al. (2016) showed that an increased level of SA near the infection site activates JA signaling by release of JAZ repression, along with de novo JA synthesis during infection by the hemibiotroph Pseudominas syringe on Arabidopsis. Even though our pathosystem included a, thus far, designated necrotrophic pathogen, we observed that COI was upregulated at earlier time points post-infection in SA-primed plants than MeJA-primed plants. Another one of our observations was that in the SA-primed plants, there was less expression of repressor than MeJA-primed plants. This was unexpected since R. solani is considered as a necrotroph and MeJA-mediated defense is employed by plants against necrotrophs. Our data matches with hemibiotroph pathosystem where Liu et al. (2016) showed that with the production of endogenous SA around the wound site, there was concomitant degradation of the repressor JAZ during the hemibiotroph infection.

Corroborating this earlier report on de novo synthesis of JA by localized production of SA by Liu et al. (2016), our data further show activation of AOS, the JA synthesis gene, in SA-primed plants at 24 hpi. AOS level can be elevated by either SA itself (Laudert and Weiler, 1998) or by a SA analog (Halim et al., 2009) with the latter conferring resistance against hemibiotrophic pathogen. Based on these results, it can be said that in the present study, induced JA signaling in the later phase with concomitant upregulation of JA synthesizing gene AOS along with the JA content in SA-primed background in the later phase of infection likely contributed to resistance against R. solani.

Systemin receptor 160 (SR160) is a cell-surface receptor of systemin, the polypeptide that is produced by injured host tissue, the interaction of which leads to defense response (Wang et al., 2018). SR160 is considered as an early defense gene that is induced within a few hours in response to either wounding or systemin and initiates JA dependent tolerance (Kandoth et al., 2007). In our study, in the control plants, SR160 was significantly upregulated within 4 hpi. Contrastingly, exogenous application of JA and SA was able to delay the upregulation of SR160 gene till 24 hpi. Since the phytohormone pre-treatment delayed the onset of the disease, the release of systemin from damaged tissues and its receptor gene was automatically delayed. Most importantly, SA pre-treatment showed significantly less SR160 transcript levels even at 24 hpi compared to MeJA-primed plants, corroborating the fact that SA priming contributed to less tissue damage and greater tolerance to the pathogen than MeJA priming.

It has been well established that COI-mediated release of transcriptional inhibition by JAZ repressors leads to JA defense cascades (Guo et al., 2018). In the present study, the defense route involved in MeJA-treated plants against R. solani pathogenesis was found to be COI1/JAZ-mediated induction of PINII. The extremely high expression of PINII in the first 8 hpi was therefore due to the direct effect of MeJA priming. SA can suppress the octadecanoid pathway and accumulation of PIN-II in JA-treated tomato seedlings (Zhang et al., 2021). This can explain our observation that there was a decline of PINII in SA-primed plants up to 8 hpi (i.e., 32 hours post-priming) and then gradually rising due to infection.

In plants, SA biosynthesis is proposed to take place through two pathways. The bulk of SA is synthesized from isochorismate through isochorismate synthase (ICS). SA is also synthesized from cinnamate produced by the activity of phenylalanine ammonia lyase (PAL) (Chen et al., 2009). In our experiments, SA priming was inducive to ICS upregulation which increased significantly at 1 day post-inoculation. Unlike SA, MeJA pretreatment was not found to be inductive for SA synthesis via the isochorismate route, as reflected by the complete absence of the ICS transcripts in MeJA-primed plants. Surprisingly, MeJA priming induced the SA biosynthesis-related enzyme gene, PAL5, later in the infection period, even more so than SA priming. Chen et al. (2017) observed increased PAL5 content after MeJA priming in response to symbiont infection. Our pathogen, in spite of being a necrotroph, elicited similar host response. Ferrari et al. (2003) observed that resistance to Botrytis cineria was mediated through the SA pathway and that the biosynthesis was routed through PAL rather than ICS. Although originally designated as a necrotroph, B. cineria was later proposed by van Kan et al. (2014) to be an endophyte and not a true necrotroph.

We included the gene for BSMT (BA/SA carboxyl methyltransferase 1) enzyme which leads to the formation of volatile methyl salicylate (Li et al., 2019). In this inactive form, methyl salicylate can be stored in cells for future use (Maruri-López et al., 2019). SA priming not only induced the SA biosynthesis gene ICS as there was less expression of the SA metabolizing gene BSMT in the SA-primed plants. This suggests a strong role for SA in tolerance to R. solani. Furthermore, MeJA priming enhanced SA metabolism through BSMT gene expression in the late phases, showing a shift toward the JA-mediated defense pathway in the later phases. In contrast, in control sets, BSMT peaked in the early phases. Hence, in the control plants, there is less SA available in the early phases of infection and this likely contributed to less tolerance. Again, these observations are not consistent with typical defense signaling against a necrotroph. This is rather consistent with earlier report that COR-mediated enhanced BSMT expression increased host susceptibility to the hemibiotroph Pseudomonas syringae infection by converting free SA to inactive MeSA (Zheng et al., 2012).

Another crucial component of in SA-mediated defense is the pathogenesis-related (PR) protein. Resistance is mediated through the activation of PR genes and subsequent activation of downstream SA signaling pathway (Ali et al., 2018). In this study, induced PR1a expression in the phytohormone treated plants, especially in SA-primed plants, inhibited growth and establishment of the pathogen. PR protein genes are known to be upregulated in biotrophic and hemibiotrophic pathogenic interactions (Chowdhury et al., 2017a; Ali et al., 2018, Boccardo et al., 2019).

Earlier studies show that exogenous application of SA increases expression of PR (Chen et al., 2017) and that H2O2 does not function downstream of SA in the induction of PR protein expression (Bi et al., 1995; Zhang et al., 2021). Consistent with earlier studies, our results show that even though there was less H2O2 in the SA-primed plants compared to control plants (due to less infection), the PR1 gene expression was higher than that of control at all time points in the SA-primed plants.

Moreover, ICS, which is the major SA biosynthesis gene, is known to induce SA accumulation and activation of SA signaling network through EDS1/PAD4 after pathogen infection (Makandar et al., 2015; Shine et al., 2016). This corroborates our observation that there is a sharp increase in SA content within the first day after infection and that along with ICS, PAD4 is also upregulated in the SA-primed plants after infection. Collectively, these data indicate an important role of salicylate in disease resistance against R. solani in tomato, especially in the earlier phases of pathogenesis.

In the field of phytohormone defense, there is a general idea of segregation of SA and JA function with respect to trophic nature of the invading microorganism where SA is the major phytohormone involved against biotrophic pathogens (Quentin et al., 2016), while JA functions against necrotrophic pathogens (Oliveira et al., 2015; Yu et al., 2018). In the present study, the response of the pathogen toward MeJA and SA pre-treated plants and subsequent defense response in the host point at the coordinated activation of SA followed by JA defense signaling with SA priming enhancing the disease tolerance better than JA priming.

In our earlier report (Chowdhury et al., 2017a), the interplay between the two hormonal defense pathways had been observed and established for the first time in a so-called necrotroph, Macrophomina phaseolina, which was found to have a short biotrophic phase before the necrotrophic phase. We had established that the switch of this pathogen from biotrophic to necrotrophic phase was accompanied by a switch in the host defense strategy from SA-mediated signaling in the early phases to JA-mediated signaling in the later phases of infection (Chowdhury et al., 2017a). This switch was more prompt in the tolerant variety of hosts than susceptible hosts which contributed to better disease tolerance (Chowdhury et al., 2017a). Our report was corroborated by another group with transcriptome analysis using the same pathosystem (Yan et al., 2021). Later, in a similar report by Schroeder et al., 2019, with Arabidopsis as host, the pathogen evoked mainly SA-mediated defense response in early phases which shifted to JA/ET alone in the later phases. Our finding that CHS1 and CHS2 has been increased in SA-primed plants in response to infection is similar to the observations made by Campos et al., 2003 on the hemibiotrophic pathogen Colletotrichum sp. Also, Ding et al. (2011) observed a biphasic expression of SA followed by JA-related genes was observed in the first 24 h during infection by the hemibiotroph, F. graminearum, in wheat. Finally, van den Berg et al. (2018) observed a similar two-phased expression of SA followed by JA-related genes in the first day of infection by the hemibiotroph Phytophthora on avocado. Hence, the present scenario of biphasic SA-JA defense cascades during R. solani interaction in primed plants, and with SA priming imparting maximum tolerance during disease development in tomato, this indicates a possible hemibiotrophic pathosystem that needs to be investigated further.
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Supplementary Figure 1 | RT-qPCR analysis of the expression of Jasmonate signaling marker genes in primed and control plants post infection with R. solani. Graphs of Quantitative real-time RT-PCR analysis of genes at 24, 48, and 72 h post-inoculation: (A) CORONATINE INSENSITIVE 1 (COI1), (B) Jasmonate ZIM (zinc-finger inflorescence meristem) domain (JAZ2), (C) Allene oxide synthase (AOS), (D) Systemin receptor SR160 (SR160), (E) Proteinase inhibitor II (PIN II). Bars represent standard error (SE) of the mean (n = 3). Different letters indicate significant differences among treatments at p < 0.05, according to Duncan’s multiple range test.

Supplementary Figure 2 | RT-qPCR analysis of the expression of Salicylate signaling marker genes in primed and control plants post-infection with R. solani. Graphs of Quantitative real-time RT-PCR analysis of genes at 24, 48, and 72 h post-inoculation: (A) Isochorismate synthase (ICS), (B) Phenylalanine ammonia lyase 5 (PAL5), (C) Salicylate/benzoate carboxyl methyltransferase (BSMT), (D) Pathogenesis-related protein-1a (PR1a), (E) Phytoalexin-deficient 4 (PAD4). Bars represent standard error (SE) of the mean (n = 3). Different letters indicate significant differences among treatments at p < 0.05, according to Duncan’s multiple range test.

Supplementary Figure 3 | Quantification of salicylic acid (SA) and jasmonic acid (JA) content in control and primed plants post-infection with R.solani over a time course: (A) SA content, (B) JA content. Bars represent standard error (SE) of the mean (n = 3). Different letters indicate significant differences among treatments at p < 0.05, according to Duncan’s multiple range test.

Supplementary Figure 4 | Quantification of SA and JA content in control and primed plants over a time course after priming. (A) SA content, (B) JA content. Bars represent standard error (SE) of the mean (n = 3). Different letters indicate significant differences among treatments at p < 0.05, according to Duncan’s multiple range test.

Supplementary Figure 5 | Culture of Rhizoctonia solani on potato dextrose agar (PDA) media supplemented with MeJA in increasing concentrations to assay the effect of MeJA on the growth of the fungus. Bar = 2cm.

Supplementary Figure 6 | Culture of Rhizoctonia solani on PDA media supplemented with SA in increasing concentrations to assay the effect of SA on the growth of the fungus. Bar = 2 cm.

Supplementary Figure 7 | Graph showing the measurement of diameter of R. solani colony on PDA supplemented with phytohormones in increasing concentrations (A) MeJA, (B) SA.



REFERENCES

Ali, M., Cheng, Z., Ahmad, H., and Hayat, S. (2018). Reactive oxygen species (ROS) as defenses against a broad range of plant fungal infections and case study on ROS employed by crops against Verticillium dahliae wilts. J. Plant Interact. 13, 353–363. doi: 10.1080/17429145.2018.1484188

Antico, C. J., Colon, C., Banks, T., and Ramonell, K. M. (2012). Insights into the role of jasmonic acid-mediated defenses against necrotrophic and biotrophic fungal pathogens. Front. Biol. 7:48–56. doi: 10.1007/s11515-011-1171-1

Basu, A., Chowdhury, S., Ray, C. T., and Kundu, S. (2016). Differential behavior of sheath blight pathogen Rhizoctonia solani in tolerant and susceptible and tolerant rice varieties before and during infection. Plant Pathol. 65, 1333–1346. doi: 10.1111/ppa.12502

Bawa, G., Feng, L., Yan, L., Du, Y., Shang, J., Sun, X., et al. (2019). Pre-treatment of salicylic acid enhances resistance of soybean seedlings to Fusarium solani. Plant Mol. Biol. 101, 315–323. doi: 10.1007/s11103-019-00906-x

Betsuyaku, S., Katou, S., Takebayashi, Y., Sakakibara, H., Nomura, N., and Fukuda, H. (2018). Salicylic acid and Jasmonic acid pathways are activated in spatially different domains around the infection site during effector-triggered immunity in Arabidopsis thaliana. Plant Cell Physiol. 59, 8–16. doi: 10.1093/pcp/pcx181

Bi, Y. M., Kenton, P., Mur, L., Darby, R., and Draper, J. (1995). Hydrogen peroxide does not function downstream of salicylic acid in the induction of PR protein expression. Plant J. 8, 235–245. doi: 10.1046/j.1365-313X.1995.08020235.x

Boccardo, N. A., Segretin, M. E., Hernandez, I., Mirkin, F. G., Chacón, O., Lopez, Y., et al. (2019). Expression of pathogenesis-related proteins in transplastomic tobacco plants confers resistance to filamentous pathogens under field trials. Sci. Rep. 9:2791. doi: 10.1038/s41598-019-39568-6

Brenya, E., Chen, Z. H., Tissue, D., Papanicolaou, A., and Cazzonelli, C. I. (2021). Prior exposure of Arabidopsis seedlings to mechanical stress heightens jasmonic acid-mediated defense against necrotrophic pathogens. BMC Plant Biol. 20:548. doi: 10.1186/s12870-020-02759-9

Bürger, M., and Chory, J. (2019). Stressed out about hormones: how plants orchestrate immunity. Cell Host Microbe 26, 163–172.

Campos, D. A., Ferreira, G. A., Hampe, V. M. M., Antunes, I. F., Brancão, N., Silveira, E. P., et al. (2003). Induction of chalcone synthase and phenylalanine ammonia-lyase by salicylic acid and Colletotrichum lindemuthianum in common bean. Braz. J. Plant Physiol. 15, 129–134. doi: 10.1590/S1677-04202003000300001

Chen, Y., Li, F., Tian, L., Huang, M., Deng, R., Li, X., et al. (2017). The phenylalanine ammonia lyase gene LjPAL1 is involved in plant defense responses to pathogens and plays diverse roles in Lotus japonicus-Rhizobium Symbioses. Mol. Plant Microbe Interact. 30, 739–753. doi: 10.1094/MPMI-04-17-0080-R

Chen, Z., Zheng, Z., Huang, J., Lai, Z., and Fan, B. (2009). Biosynthesis of salicylic acid in plants. Plant Signal. Behav. 4, 493–496. doi: 10.4161/psb.4.6.8392

Chowdhury, S., Basu, A., and Kundu, S. (2017a). Biotrophy-necrotrophy switch in pathogen evoke differential response in resistant and susceptible sesame involving multiple signaling pathways at different phases. Sci. Rep. 7:17251. doi: 10.1038/s41598-017-17248-7

Chowdhury, S., Basu, A., and Kundu, S. (2017b). Overexpression of a new osmotin-like protein gene (SindOLP) confers tolerance against biotic and abiotic stresses in sesame. Front. Plant Sci. 8:410. doi: 10.3389/fpls.2017.00410

Chowdhury, S., Basu, A., Ray, C. T., and Kundu, S. (2014). In-vitro characterization of the behaviour of Macrophomina phaseolina (Tassi) Goid at the rhizosphere and during early infection of roots of resistant and susceptible varieties of sesame. Eur. J. Plant Pathol. 138, 361–375. doi: 10.1007/s10658-013-0335-z

Conrath, U., Beckers, G. J., Langenbach, C. J., and Jaskiewicz, M. R. (2015). Priming for enhanced defense. Annu. Rev. Phytopathol. 53, 97–119. doi: 10.1146/annurev-phyto-080614-120132

Cui, H., Gobbato, E., Kracher, B., Qiu, J., Bautor, J., and Parker, J. E. (2017). A core function of EDS1 with PAD4 is to protect the salicylic acid defense sector in Arabidopsis immunity. New Phytol. 213, 1802–1817. doi: 10.1111/nph.14302

de Sa, M., Ferreira, J. P., Queiroz, V. T., Vilas-Boas, L., Silva, M. C., Almeida, M. H., et al. (2013). A liquid chromatography/electrospray ionisation tandem mass spectrometry method for the simultaneous quantification of salicylic, jasmonic and abscisic acids in Coffea arabica leaves. J. Sci. Food Agric. 94, 529–536. doi: 10.1002/jsfa.6288

Ding, L., Xu, H., Yi, H., Yang, L., Kong, Z., Zhang, L., et al. (2011). Resistance to hemi-biotrophic F. graminearum infection is associated with coordinated and ordered expression of diverse defense signaling pathways. PLoS One 6:e19008. doi: 10.1371/journal.pone.0019008

Djavaheri, M., Ma, L., Klessig, D. F., Mithöfer, A., Gropp, G., and Borhan, H. (2019). Mimicking the host regulation of salicylic acid: a virulence strategy by the clubroot pathogen Plasmodiophora brassicae. Mol. Plant Microbe Interact. 32, 296–305. doi: 10.1094/MPMI-07-18-0192-R

Ferrari, S., Plotnikova, J. M., De Lorenzo, G., and Ausubel, F. M. (2003). Arabidopsis local resistance to Botrytis cinerea involves salicylic acid and camalexin and requires EDS4 and PAD2, but not SID2, EDS5 or PAD4. Plant J. 35, 193–205. doi: 10.1046/j.1365-313x.2003.01794.x

Garrido-Bigotes, A., Valenzuela-Riffo, F., Torrejón, M., Solano, R., Morales-Quintana, L., and Figueroa, C. R. (2020). A new functional JAZ degron sequence in strawberry JAZ1 revealed by structural and interaction studies on the COI1–JA-Ile/COR–JAZs complexes. Sci. Rep. 10:11310. doi: 10.1038/s41598-020-68213-w

Ghosh, S., Kanwar, P., and Jha, G. (2018). Identification of candidate pathogenicity determinants of Rhizoctonia solani AG1-IA, which causes sheath blight disease in rice. Curr. Genet. 64, 729–740. doi: 10.1007/s00294-017-0791-7

Gillmeister, M., Ballert, S., Raschke, A., Geistlinger, J., Kabrodt, K., Baltruschat, H., et al. (2019). Polyphenols from rheum roots inhibit growth of fungal and oomycete phytopathogens and induce plant disease resistance. Plant Dis. 103, 1674–1684. doi: 10.1094/PDIS-07-18-1168-RE

Glazebrook, J. (2005). Contrasting mechanisms of defense against biotrophic and necrotrophic pathogens. Annu. Rev. Phytopathol. 43, 205–227.

Guo, Q., Yoshida, Y., Major, I. T., Wang, K., Sugimoto, K., Kapali, G., et al. (2018). JAZ repressors of metabolic defense promote growth and reproductive fitness in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 115, E10768–E10777. doi: 10.1073/pnas.1811828115

Halim, V. A., Altmann, S., Ellinger, D., Eschen-Lippold, L., Miersch, O., Scheel, D., et al. (2009). PAMP-induced defense responses in potato require both salicylic acid and jasmonic acid. Plant J. 57, 230–242. doi: 10.1111/j.1365-313X.2008.03688.x

Han, G. Z. (2017). Evolution of jasmonate biosynthesis and signaling mechanisms. J. Exp. Bot. 68, 1323–1331. doi: 10.1093/jxb/erw470

Hane, J. K., Paxman, J., Jones, D., Oliver, R. P., and de Wit, P. (2020). “CATAStrophy,” a genome-informed trophic classification of filamentous plant pathogens – how many different types of filamentous plant pathogens are there? Front. Microbiol. 10:3088. doi: 10.3389/fmicb.2019.03088

Hu, Z., Shao, S., Zheng, C., Sun, Z., Shi, J., Yu, J., et al. (2018). Induction of systemic resistance in tomato against Botrytis cinerea by N-decanoyl-homoserine lactone via jasmonic acid signaling. Planta 247, 1217–1227. doi: 10.1007/s00425-018-2860-7

Huang, S., Zhang, X., and Fernando, W. G. D. (2020). Directing trophic divergence in plant-pathogen interactions: antagonistic phytohormones with NO doubt? Front. Plant Sci. 11:600063. doi: 10.3389/fpls.2020.600063

Jones, K., Zhu, J., Jenkinson, C. B., Kim, D. W., Pfeifer, M. A., and Khang, C. H. (2021). Disruption of the interfacial membrane leads to Magnaporthe oryzae effector re-location and lifestyle switch during rice blast disease. Front. Cell Dev. Biol. 9:681734. doi: 10.3389/fcell.2021.681734

Kandoth, P. K., Ranf, S., Pancholi, S. S., Jayanty, S., Walla, M. D., Miller, W., et al. (2007). Tomato MAPKs LeMPK1, LeMPK2, and LeMPK3 function in the systemin-mediated defense response against herbivorous insects. Proc. Natl. Acad. Sci. U.S.A. 104, 12205–12210. doi: 10.1073/pnas.0700344104

Kant, R., Tyagi, K., Ghosh, S., and Jha, G. (2019). Host Alternative NADH:Ubiquinone Oxidoreductase serves as a susceptibility factor to promote pathogenesis of Rhizoctonia solani in plants. Phytopathology 109, 1741–1750. doi: 10.1094/PHYTO-02-19-0055-R

Kidd, B. N., Foley, R., Singh, K. B., and Anderson, J. P. (2021). Foliar resistance to Rhizoctonia solani in Arabidopsis is compromised by simultaneous loss of ethylene, jasmonate and PEN2 mediated defense pathways. Sci. Rep. 11:2546. doi: 10.1038/s41598-021-81858-5

Kou, Y., Qiu, J., and Tao, Z. (2019). Every coin has two sides: reactive oxygen species during rice?Magnaporthe oryzae interaction. Int. J. Mol. Sci. 20:1191. doi: 10.3390/ijms20051191

Król, P., Igielski, R., Pollmann, S., and Kępczyńska, E. (2015). Priming of seeds with methyl jasmonate induced resistance to hemi-biotroph Fusarium oxysporum f.sp. lycopersici in tomato via 12-oxo-phytodienoic acid, salicylic acid, and flavonol accumulation. J. Plant Physiol. 179, 122–132. doi: 10.1016/j.jplph.2015.01.018

Laudert, D., and Weiler, E. W. (1998). Allene oxide synthase: a major control point in Arabidopsis thaliana. Plant J. 15, 675–684. doi: 10.1046/j.1365-313x.1998.00245.x

Li, N., Han, X., Feng, D., Yuan, D., and Huang, L. J. (2019). Signaling crosstalk between salicylic acid and ethylene/jasmonate in plant defense: do we understand what they are whispering? Int. J. Mol. Sci. 20:671. doi: 10.3390/ijms20030671

Liu, L., Sonbol, F. M., Huot, B., Gu, Y., Withers, J., Mwimba, M., et al. (2016). Salicylic acid receptors activate jasmonic acid signalling through a non-canonical pathway to promote effector-triggered immunity. Nat. Commun. 7:13099. doi: 10.1038/ncomms13099

Makandar, R., Nalam, V. J., Chowdhury, Z., Sarowar, S., Klossner, G., Lee, H., et al. (2015). The combined action of enhanced disease susceptibility1, phytoalexin deficient4, and senescence-associated101 promotes salicylic acid-mediated defenses to limit Fusarium graminearum infection in Arabidopsis thaliana. Mol. Plant Microbe Interact. 28, 943–953. doi: 10.1094/MPMI-04-15-0079-R

Maruri-López, I., Aviles-Baltazar, N. Y., Buchala, A., and Serrano, M. (2019). Intra and extracellular journey of the phytohormone salicylic acid. Front. Plant Sci. 10:423. doi: 10.3389/fpls.2019.00423

Mencia, R., Céccoli, G., Fabro, G., Torti, P., Colombatti, F., Ludwig-Müller, J., et al. (2020). OXR2 increases plant defense against a hemibiotrophic pathogen via the salicylic acid pathway. Plant physiol. 184, 1112–1127. doi: 10.1104/pp.19.01351

Nikraftar, F., Taheri, P., Rastegar, F. M., and Tarighi, S. (2013). Tomato partial resistance to Rhizoctonia solani involves antioxidative defense mechanisms. Physiol. Mol. Plant Pathol. 81, 74–83. doi: 10.1016/j.pmpp.2012.11.004

Oliveira, M. B., Junior, M. L., Grossi-de-Sá, M. F., and Petrofeza, S. (2015). Exogenous application of methyl jasmonate induces a defense response and resistance against Sclerotinia sclerotiorum in dry bean plants. J. Plant Physiol. 182, 13–22. doi: 10.1016/j.jplph.2015.04.006

Précigout, P. A., Claessen, D., Makowski, D., and Robert, C. (2020). Does the latent period of leaf fungal pathogens reflect their trophic type? A meta-analysis of biotrophs, hemibiotrophs, and necrotrophs. Phytopathology 110, 345–361. doi: 10.1094/PHYTO-04-19-0144-R

Proietti, S., Caarls, L., Coolen, S., Van Pelt, J. A., Van Wees, S., and Pieterse, C. (2018). Genome-wide association study reveals novel players in defense hormone crosstalk in Arabidopsis. Plant Cell Environ. 41, 2342–2356. doi: 10.1111/pce.13357

Qi, G., Chen, J., Chang, M., Chen, H., Hall, K., Korin, J., et al. (2018). Pandemonium breaks out: disruption of salicylic acid-mediated defense by plant pathogens. Mol. Plant 11, 1427–1439. doi: 10.1016/j.molp.2018.10.002

Quentin, M., Baurès, I., Hoefle, C., Caillaud, M. C., Allasia, V., Panabières, F., et al. (2016). The Arabidopsis microtubule-associated protein MAP65-3 supports infection by filamentous biotrophic pathogens by down-regulating salicylic acid-dependent defenses. J. Exp. Bot. 67, 1731–1743. doi: 10.1093/jxb/erv564

Ray, S., Mondal, S., Chowdhury, S., and Kundu, S. (2015). Differential responses of resistant and susceptible tomato varieties to inoculation with Alternaria solani. Physiol. Mol. Plant Pathol. 90, 78–88.

Rehman, S., Aziz, E., Akhtar, W., Ilyas, M., and Mahmood, T. (2017). Structural and functional characteristics of plant proteinase inhibitor-II (PI-II) family. Biotechnol. Lett. 39, 647–666. doi: 10.1007/s10529-017-2298-1

Ruan, J., Zhou, Y., Zhou, M., Yan, J., Khurshid, M., Weng, W., et al. (2019). Jasmonic acid signaling pathway in plants. Int. J. Mol. Sci. 20:2479. doi: 10.3390/ijms20102479

Sayler, R. J., and Yang, Y. (2007). Detection and quantification of Rhizoctonia solani AG-1 IA, the rice sheath blight pathogen, in rice using real-time PCR. Plant Dis. 91, 1663–1668. doi: 10.1094/PDIS-91-12-1663

Schroeder, M. M., Lai, Y., Shirai, M., Alsalek, N., Tsuchiya, T., Roberts, P., et al. (2019). A novel Arabidopsis pathosystem reveals cooperation of multiple hormonal response-pathways in host resistance against the global crop destroyer Macrophomina phaseolina. Sci. Rep. 9:20083. doi: 10.1038/s41598-019-56401-2

Shetty, N. P., Mehrabi, R., Lütken, H., Haldrup, A., Kema, G., 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

Shine, M. B., Yang, J. W., El-Habbak, M., Nagyabhyru, P., Fu, D. Q., Navarre, D., et al. (2016). Cooperative functioning between phenylalanine ammonia lyase and isochorismate synthase activities contributes to salicylic acid biosynthesis in soybean. New Phytol. 212, 627–636. doi: 10.1111/nph.14078

Trapp, A. M., De Souza, G. D., Rodrigues-Filho, E., Boland, W., and Mithöfer, A. (2014). Validated method for phytohormone quantification in plants. Front. Plant Sci. 5:417. doi: 10.3389/fpls.2014.00417

van Butselaar, T., and van den Ackerveken, G. (2020). Salicylic acid steers the growth-immunity tradeoff. Trends Plant Sci. 25, 566–576. doi: 10.1016/j.tplants.2020.02.002

van den Berg, N., Mahomed, W., Olivier, N. A., Swart, V., and Crampton, B. G. (2018). Transcriptome analysis of an incompatible Persea americana-Phytophthora cinnamomi interaction reveals the involvement of SA- and JA-pathways in a successful defense response. PLoS One 13:e0205705. doi: 10.1371/journal.pone.0205705

van Kan, J. A., Shaw, M. W., and Grant-Downton, R. T. (2014). Botrytis species: relentless necrotrophic thugs or endophytes gone rogue? Mol. Plant Pathol. 15, 957–961. doi: 10.1111/mpp.12148

Vos, I. A., Moritz, L., Pieterse, C. M., and Van-Wees, S. C. (2015). Impact of hormonal crosstalk on plant resistance and fitness under multi-attacker conditions. Front. Plant Sci. 6:639. doi: 10.3389/fpls.2015.00639

Wang, L., Einig, E., Almeida-Trapp, M., Albert, M., Fliegmann, J., Mithöfer, A., et al. (2018). The systemin receptor SYR1 enhances resistance of tomato against herbivorous insects. Nat. Plants 4, 152–156. doi: 10.1038/s41477-018-0106-0

Wang, Z., Li, X., Wang, X., Liu, N., Xu, B., Peng, Q., et al. (2019). Arabidopsis endoplasmic reticulum-localized UBAC2 proteins interact with PAMP-INDUCED COILED-COIL to regulate pathogen-induced Callose deposition and plant immunity. Plant Cell 31, 153–171. doi: 10.1105/tpc.18.00334

Yan, J., Yao, R., Chen, L., Li, S., Gu, M., Nan, F., et al. (2018). Dynamic perception of jasmonates by the F-Box protein COI1. Mol. Plant 11, 1237–1247. doi: 10.1016/j.molp.2018.07.007

Yan, W., Ni, Y., Liu, X., Zhao, H., Chen, Y., Jia, M., et al. (2021). The mechanism of sesame resistance against Macrophomina phaseolina was revealed via a comparison of transcriptomes of resistant and susceptible sesame genotypes. BMC Plant Biol. 21:159. doi: 10.1186/s12870-021-02927-5

Yang, J., Duan, G., Li, C., Liu, L., Han, G., Zhang, Y., et al. (2019a). The crosstalks between jasmonic acid and other plant hormone signaling highlight the involvement of jasmonic acid as a core component in plant response to biotic and abiotic stresses. Front. Plant Sci. 10:1349. doi: 10.3389/fpls.2019.01349

Yang, J., Wang, Y., Liu, L., Liu, L., Wang, C., Wang, C., et al. (2019b). Effects of exogenous salicylic acid and pH on pathogenicity of biotrophy-associated secreted protein 1 (BAS1)-overexpressing strain, Magnaporthe oryzae. Environ. Sci. Pollut. Res. 26, 13725–13737. doi: 10.1007/s11356-018-2532

Yu, W., Zhao, R., Sheng, J., and Shen, L. (2018). SlERF2 is associated with methyl jasmonate-mediated defense response against Botrytis cinerea in tomato fruit. J. Agric. Food Chem. 66, 9923–9932. doi: 10.1021/acs.jafc.8b03971

Zhang, C., Howlader, P., Liu, T., Sun, X., Jia, X., Zhao, X., et al. (2019). Alginate oligosaccharide (AOS) induced resistance to Pst DC3000 via salicylic acid-mediated signaling pathway in Arabidopsis thaliana. Carbohydr. Polym. 225:115221. doi: 10.1016/j.carbpol.2019.115221

Zhang, Y., Gao, M., Singer, S. D., Fei, Z., Wang, H., and Wang, X. (2012). Genome-wide identification and analysis of the TIFY gene family in grape. PLoS One 7:e44465. doi: 10.1371/journal.pone.0044465

Zhang, Y., Zhou, H., Tang, Y., Luo, Y., and Zhang, Z. (2021). Hydrogen peroxide regulated salicylic acid– and jasmonic acid–dependent systemic defenses in tomato seedlings. Food Sci. Technol. doi: 10.1590/fst.54920

Zheng, X. Y., Spivey, N. W., Zeng, W., Liu, P. P., Fu, Z. Q., Klessig, D. F., et al. (2012). Coronatine promotes Pseudomonas syringae virulence in plants by activating a signaling cascade that inhibits salicylic acid accumulation. Cell Host Microbe 11, 587–596. doi: 10.1016/j.chom.2012.04.014


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.

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 © 2022 Koley, Brahmachari, Saha, Deb, Mondal, Das, Das, Lahiri, Das, Thakur and Kundu. 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.


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Phytohormone Priming of Tomato Plants Evoke Differential Behavior in Rhizoctonia solani During Infection, With Salicylate Priming Imparting Greater Tolerance Than Jasmonate



		INTRODUCTION



		MATERIALS AND METHODS



		Growth Conditions for Tomato Plants and the Pathogen R. solani



		Phytohormone Priming of Tomato Plants



		Assay of Pathogen Behavior in the Vicinity and on the Host Surface



		Evaluation of Sclerotial Germination Over a 24-h Time Course Post Inoculation



		Preparation of Samples for Scanning Electron Microscopy



		Confocal Laser Scanning Microscopy of Tomato Leaves and Stems Infected With R. solani Transformed With Green Fluorescence Protein Gene



		Calculation of Disease Index



		Quantitative Evaluation of Formation of Infection Cushions



		Detection of Polyphenol and Peroxide Accumulation and Callose Deposition in Leaves



		Determination of Total Phenol, Flavonoid, Proline, Malondialdehyde Content (Lipid Peroxidation), and Chlorophyll Content



		Quantitative Assay of Expression of Defense Genes via Real Time PCR



		Assay of Effect of Methyl Jasmonate and Salicylic Acid on the Growth of R. solani



		Quantification of Salicylic Acid and Jasmonate Content Under Different Experimental Conditions



		Statistical Analysis







		RESULTS



		Differential Behavior of R. solani in the Vicinity of Phytohormone Primed and Control Host Leaves



		Behavior of Fungal Sclerotia on the Surface of Primed Host Leaves Compared to Control Leaves



		Scanning Electron Microscopy to Observe Differential Behavior of Fungal Sclerotia and the Newly Emerging Hyphae on Primed and Unprimed Control Leaves



		Hyphae of R. solani Avoided Close Interaction With the Leaf, Stem, and Root Surface and Trichomes of Primed Plants, Showing Less Invasion of Underlying Tissue, Especially in Salicylic Acid-Primed Plants



		Confocal Laser Scanning Microscopy of Primed and Control Tomato Leaves and Stems Infected With R. solani Transformed With Green Fluorescence Protein Gene



		Salicylic Acid Pretreatment Contributed to Overall Reduced Disease Severity and the Least Disease Index Compared to Methyl Jasmonate-Primed and Control Plants



		The Development of Infection Cushions, Appressoria, and the Expression of the Appressorial Penetration-Associated Gene Is Influenced by the Priming Status of the Host With Salicylic Acid Priming



		Salicylic Acid Priming Enhanced Callose Deposition in Response to Infection in Early Phases While Methyl Jasmonate Enhanced It in the Later Phases of Infection



		Salicylic Acid Priming Enhanced Phenol Deposition in Earlier Phase While Methyl Jasmonate Enhanced It in the Later Phase of Infection



		Salicylic Acid Priming Induced Polyphenolics and Their Genes in the Earlier Phase of Infection While Methyl Jasmonate Induced These in the Later Phase



		Both Methyl Jasmonate and Salicylic Acid Priming Reduced Chlorophyll Degradation During Pathogenesis, With Salicylic Acid Offering Better Protection



		Salicylic Acid Priming Offered Better Protection Against Reactive Oxygen Species During Infection Than Methyl Jasmonate Priming



		Altered Defense Gene Regulation, in Response to Pathogen After Phytohormone Priming, Indicate Salicylic Acid-Mediated Signaling in the Early Phases, and Methyl Jasmonate-Mediated Signaling in the Later Phases of Infection



		Regulation of Jasmonate Signaling Pathway



		Regulation of Salicylate Signaling Pathway



		Quantification of Salicylic Acid and Jasmonate Showed More Salicylic Acid in the Early Phases and More Jasmonate in the Later Phases Under Both Types of Priming



		The Phytohormones Methyl Jasmonate or Salicylate Had No Effect on the Growth of Rhizoctonia solani Colony at Concentrations Used for Priming Tomato Plants







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fpls-12-766095-g012.jpg
| otal phenol content

(mg/gm fresh weight)

Relative expression

Total Chl a (mg/g fresh weight)

1.8
1.6
1.4

30

25

20
18
16
14
12
10

oON A O ®

B
Phenol =con f c0 . Flavonoid =CON
= MeJA = MeJA i
“SA =SA

Total flavonoid content
(Mg/g fresh weight)

0 hpi 24 hpi 48 hpi 72 hpi 0 hpi 24 hpi 48 hpi 72 hpi
Hours post inoculation Hours post inoculation
D
GO 30 1 = CON
CHS1 = MeJA CHS2 g
h = 25 - m MeJA
u SA o
D uSA
@ 20 -
1.
=3
X 15 -
S
= 10 -
o
[
X 5.
. abe dcc eced dcege d
Ohpi 4hpi 8hpi 12hpi 24 hpi Ohpi 4hpi 8hpi 12hpi 24 hpi
Hour post inoculation Hour post inoculation
F
10 -
Chla =coN g 9
S 8
(%)
I
@
g 6
o 5
o)
§, 4
o 3
= 2
&
.._‘3 1
S 0
Ohpi  24hpi 48 hpi 72 hpi Ohpi 24hpi 48hpi 72hpi

Hours post inoculation Hours post inoculation





OPS/images/cover.jpg
frontiers
in Plant Science






OPS/images/fpls-12-766095-g013.jpg
Percentage of H;0,
deposition/Leaf (%)

Days post inoculation

A

Total proline content
(nmol/g Fresh weight)

u CON

= MeJA

24 hpi

Hours post inoculation

-
N

-
o

fresh weight)

MDA content (mM/

oOnN &~ O O

Hours post inoculation

24 hpi 48 hpi 72 hpi

uCON
= MeJA
mSA






OPS/images/fpls-12-766095-g010.jpg
Trichome







OPS/images/fpls-12-766095-g011.jpg
Control MeJA

SA

G

'

Percentage of phenol
deposition/ leaf (%)

90
80
70
60
50
40
30
20
10

o
@

2 dpi

Days post inoculation

C
b b

3 dpi

m CON
m MeJA
w SA









OPS/images/fpls-12-766095-g014.jpg
Relative expression

@)

Relative expression

70 -
60 -
50 -
40 -
30 -
20 -
10 -

Ohpi 4hpi 8

0 hpi

Hours post inoculation

300 - ZCON |
= CON i 250 - JAZ2 e :
= MeJA Bog - . I

hpi

Relative expression

12 hpi 24 hpi Ohpi 4hpi 8hpi 12hpi 24 hpi
Hours post inoculation

16 -

AOS = CON ¢ SR160 =CON
= MeJA h = MeJA

mSA

4 hpi 8 hpi
Hour post inoculation

m

Relative expression

2500
2000
1500

1000
250

200
150
100

50

T 5 = SA

Relative expression

12 hpi 24 hpi Ohpi 4hpi 8hpi 12hpi 24 hpi

Hours post inoculation

i PIN Ii = CON
m MeJA

b h
i I ° = SA
I

Ohpi 4hpi 8hpi 12hpi 24 hpi
Hours post inoculation





OPS/images/fpls-12-766095-g015.jpg
Relative expression

Relative expression

14

12
10

20
18
16
14
12
10

onN A~ O

ICS

m CON
m MeJA

wSA

Ohpi 4hpi 8hpi 12hpi
Hours post inoculation

BSMT

Ohpi 4hpi 8hpi 12 hpi

Hours post inoculation

E

Relative expression

0 hpi

30 - PALS =mCON

Relative expression

24 hpi Ohpi 4hpi 8hpi 12hpi 24 hpi
Hours post inoculation
D
50 -
CON _ 45 - PR1a = CON
O 40 - = MeJA
0
g 35 1 u SA
a 30 - e
> 25 -
Q
© 15 -
¥ 10 - Fx p& =
bb
24 hpi Ohpi 4hpi 8hpi 12hpi 24 hpi
Hours post inoculation
PAD4 = CON

e

4hpi 8hpi 12hpi 24 hpi
Hours post inoculation





OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-12-766095-ut001.jpg
3 scon
4 suos

5 suzz
6 sei
7 ssAien
8 soHst
o sous
10 sesur
" sics

12 SPADs
1B sPaLs
14 sPAra
15 Siacin

T
CGTGTT
TGGTATGGOGTAAGT
CGGTA
GGATCTTGCTGGTC
GTGATT





OPS/images/cross.jpg
3,

i





OPS/images/fpls-12-766095-g001.jpg
Number of hyphae
approaching leaf edge per

microscopic field

-
(&)

-
o

3,

1

Control

MeJA

SA

Number of hyphae
touching the leaf
surface/Smm leaf length

35
30
25
20
15
10

5 dpi

Control

MeJA

SA






OPS/images/fpls-12-766095-g002.jpg
Control

MeJA

Length of germinated hyphae on

host surface (mm)

a a

4 hpi

a 4

8 hpi 12 hpi
Hours post inoculation

24 hpi





OPS/images/fpls-12-766095-g005.jpg
b ”‘; T
ST S
: o

T ~ Stem (MeJA) |
—
T

R S [ ‘
g T = .
) o ;’1 //’\/

o . \ ‘ y /
4 A .

,”

, = W4 BN
Y &
\ . &

g, Py

.l Stem (SA)





OPS/images/fpls-12-766095-g006.jpg
LEAF STEM

Bright field Fluorescence field






OPS/images/fpls-12-766095-g003.jpg
S .‘“.!l , A
-

— Y
- - h ‘
S

- =) e

e 5
~ -
| -
-y o I\o
-

- ol |






OPS/images/fpls-12-766095-g004.jpg





OPS/images/fpls-12-766095-g009.jpg
No. of infection
cushion/1mm? of leaf

surface

80
70
60
50
40
30
20
10

e mCON “ CON
1=l « GAS1 9 mMeJA
MeJA sa

100

I
oy
=3
- -
o
-
P o
, H o
o
-
o (%
>
Relative expression

12 hpi 24 hpi 48 hpi 72 hpi
Hours post inoculation

0 hpi 4 hpi 8 hpi 12 hpi 24 hpi
Hours post inoculation





OPS/images/fpls-12-766095-g007.jpg
Control MeJA SA

Mock

dp ¢

dp ¢

| N B B N AN B B S m—
COO0O OO0 O0O0O0O0O0O0O0O0O0
OCoOOOMNOUNFTMAN «—
1

(Aesse jea| payoelap)
X9puj| aseasi(

@CON

COO00O0O0O0O00O00O00O0O
OOMNOLTMAN «—
jea| Jad eaue 2130429U

Jo abejuaoiad

MeJA SA
3 days post inoculation

Control

3 dpi

2 dpi
Days post inoculation





OPS/images/fpls-12-766095-g008.jpg
Disease Index
(whole seedling assay)

90
80
70
60
50
40
30
20
10

2 dpi

Days post inoculation

3 dpi

CON
m MeJA
SA






