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Editorial on the Research Topic
 Necrotrophic Fungal Plant Pathogens



Fungal pathogens are a heterogeneous group of organisms which differ in many important traits such as mode of nutrition, type of reproduction, and dispersal mechanisms. Traditional classification of fungal pathogens has relied on their mode of nutrition to classify them into three broad categories viz. biotrophs, necrotrophs, and hemibiotrophs. Biotrophs derive nutrients and energy from living cells, while necrotrophs derive their energy from dead or dying cells. Hemibiotrophs initially invade live cells prior to transitioning to a necrotrophic lifestyle to obtain nutrients from killing the host cells.

We have attempted, in this Research Topic, to take a holistic view of Necrotrophic Fungal Plant Pathogens which provides insights into the aspects that need to be considered in their life cycle. This topic involves integrating knowledge about key aspects of the pathogenesis process, from understanding the demarcation between different trophic lifestyles, to screening for potential genes that selectively activate either to adapt to colonize and disintegrate the intercellular matrix or to break down cell walls and cell compartments in necrotrophic interactions, or host immune responses.

The Research Topic includes manuscripts on the importance of understanding trophic lifestyles. Improving our understanding of necrotrophic pathogens and providing the basis for identifying the complementary host resistance components have been two important points discussed in the present issue by Rajarammohan and Huang S. et al.

This Topic also includes manuscripts that examine in more detail the selectively activated genes either for adapting to colonize and disintegrate the intercellular matrix or for breaching cell walls and cellular compartments in necrotrophic interactions. Contributions to this topic are related to effect of genes controlling development and pathogenicity (Acosta Morel et al.; Malvestiti et al.; Souibgui et al.; Wu et al.), effectors of plant necrotrophic fungi (Duhan et al.; Shao et al.) and enzymes and transcription factors which regulates the growth and pathogenicity (Cheon et al.; Huang Y. et al.; Zhang et al.).

Other manuscripts address the approaches used for the discovery of PRs (Li et al.), phytoalexin effects on necrotrophic pathogens (Huang et al.; N'Guyen et al.), host adaptation to pathogens (Jangir et al.), defense strategies with endophytic fungi (Shi et al.), and detoxification (Westrick et al.) during plant-pathogen interactions. Mechanisms underlying hormone-dependent trophic divergence have been long recognized (Koley et al.).

In addition, the advent of genome sequencing, proteomes (Rodríguez-Pires et al.), and RNAseq (Liu et al.) approaches have been used beneficially to improve studies about a role in suppressing host responses including host cell death (Shao et al.).

Necrotrophic Fungal Plant Pathogens also include manuscripts related to control of diseases caused by necrotrophic fungi (Backes et al.; Marquez et al.; McCaghey et al.; Ostos et al.; O'Sullivan et al.; Testempasis et al.), or fungal populations (Newman and Derbyshire) and their ambient (Balsells-Llauradó et al.), and host adaptation (Plesken et al.).

We believe that these various components provide up to date relevant and useful scientific and translational applied knowledge which will hopefully be useful to scientists and students who want a holistic view of the state of this research area at the present.
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It is well documented that Epichloë endophytes can enhance the resistance of grasses to herbivory. However, reports on resistance to pathogenic fungi are limited, and their conclusions are variable. In this study, we chose pathogenic fungi with different trophic types, namely, the biotrophic pathogen Erysiphales species and the necrotrophic pathogen Curvularia lunata, to test the effects of Epichloë on the pathogen resistance of Achnatherum sibiricum. The results showed that, compared to Erysiphales species, C. lunata caused a higher degree of damage and lower photochemical efficiency (Fv/Fm) in endophyte−free (E−) leaves. Endophytes significantly alleviated the damage caused by these two pathogens. The leaf damaged area and Fv/Fm of endophyte−infected (E+) leaves were similar between the two pathogen treatments, indicating that the beneficial effects of endophytes were more significant when hosts were exposed to C. lunata than when they were exposed to Erysiphales species. We found that A. sibiricum initiated jasmonic acid (JA)−related pathways to resist C. lunata but salicylic acid (SA)–related pathways to resist Erysiphales species. Endophytic fungi had no effect on the content of SA but increased the content of JA and total phenolic compounds, which suggest that endophyte infection might enhance the resistance of A. sibiricum to these two different trophic types of pathogens through similar pathways.

Keywords: Achnatherum sibiricum, endophyte, jasmonic acid, pathogens, trophic type


INTRODUCTION

Plant diseases are consistently among the important factors restricting the quality and yield of crops. It is estimated that plant diseases, 70∼80% of which are caused by pathogenic fungi, lead to an average loss of 10∼15% of the world’s major cash crops and direct economic losses of hundreds of billions of dollars each year (Strange and Scott, 2005; Kang, 2010). Depending on the ways in which nutrients are obtained from host cells, plant pathogenic fungi are classified as biotrophs, necrotrophs, or hemibiotrophs (Niks and Marcel, 2009). Biotrophic fungi obtain nutrients only from living host cells; necrotrophic fungi kill the host cells and then extract nutrients from the dead cells for their own growth and reproduction, and hemibiotrophic fungi grow like biotrophs in the initial stage of host cell infection and then turn into a necrotrophic phase (Perfect and Green, 2001; Niks and Marcel, 2009; Kou and Naqvi, 2016).

Phytohormones, such as jasmonic acid (JA) and salicylic acid (SA), are the central defense signaling molecules that regulate the defense responses of plants to pathogens. In Arabidopsis thaliana, Thomma et al. (1998) found that the npr1 mutation, which blocked SA signaling, resulted in greater susceptibility to the biotrophic fungus Peronospora parasitica but had no effect on resistance to the necrotrophic fungus Alternaria brassicicola. Conversely, the coi1 mutation, which blocked JA signaling, severely compromised resistance to the necrotrophic fungus A. brassicicola but had no effect on resistance to P. parasitica. Such results indicated that plants may initiate different defense mechanisms in response to different trophic types of pathogenic fungi, with SA−dependent defenses acting against biotrophs and JA−dependent responses acting against necrotrophs (Glazebrook, 2005). Both SA and JA can enhance the activity of enzymes in the phenylpropane pathway in plants and induce the synthesis of phenolic compounds (Neerja et al., 2013; Islam et al., 2019b). Plant phenolics are involved in disease resistance mechanisms in a variety of pathosystems, and phytohormones act as significant regulatory factors of disease tolerance (Cheynier et al., 2013; Islam et al., 2019a).

Endophytic fungi of genus Epichloë form symbiotic relationships with cold−season grasses (Tanaka et al., 2012). Endophytes obtain nutrients from host plants (Clay and Schardl, 2002) and in return might promote host growth (Malinowski et al., 1998; Li et al., 2012) and enhance the tolerance of host plants to abiotic and biotic stresses such as drought (Bouton et al., 1993; Tanaka et al., 2012) and herbivory (Tanaka et al., 2005; Baldauf et al., 2011; Qin et al., 2016). In addition, Epichloë can affect the disease resistance of host plants, but the direction of influence is not consistent. To date, positive, neutral, and even negative effects have been reported. For example, Epichloë enhanced the resistance of Festuca arundinacea and Lolium perenne hosts to Rhizoctonia zeae (Christensen, 1996; Pańka et al., 2013b) but had no significant effects on the resistance of Festuca pratensis to Puccinia graminis or Fusarium oxysporum (Welty et al., 1993; Trevathan, 1996; Pańka et al., 2011). Wäli et al. (2006) even found that Lolium pratense infected by Epichloë was more sensitive than uninfected L. pratense to Typhula ishikariensis. We hypothesize that the inconsistencies in the effects of Epichloë on the resistance of host grasses are related not only to the species of symbiont but also to the trophic mode of pathogenic fungi.

It is well known that endophyte infection can improve herbivore resistance of the host grasses due to production of alkaloids (Clay and Cheplick, 1989; Ball et al., 1997; Bush et al., 1997; Schardl et al., 2013). However, alkaloids are not likely directly associated with fungal pathogen resistance (Siegel and Latch, 1991; Holzmann et al., 2000; Schardl et al., 2013; Bastías et al., 2017). Then, how does endophyte infection improve pathogen resistance of the host? The pioneering research by Malinowski et al. (1998) found that Epichloë endophytes increased the production of phenolic compounds in roots of F. arundinacea, and similar results were reported in L. perenne (Pańka et al., 2013a; Pierre et al., 2015). Thus, the elevated levels of total phenolic compounds might be correlated with plant resistance to pathogenic fungi. Recently, Bastías et al. (2018a, b) found that symbiotic plants had lower concentrations of SA than their non-symbiotic plants, and SA/JA treatment decreased the endophyte-conferred resistance against aphids. These results indicated that SA/JA might play a critical role in regulating the endophyte-conferred resistance against herbivores. Therefore, studies on this subject about SA/JA involved in pathogen resistance of Epichloë-infected grasses are very limited (Wang et al., 2016; Guo et al., 2019).

Achnatherum sibiricum is a perennial, sparse bunchgrass that is widely distributed in Northeast China and is usually colonized by Epichloë endophytes with high infection rates (86–100%) in natural habitats (Wei et al., 2007; Zhang et al., 2009). Within the genus Achnatherum, two other species, Achnatherum inebrians and Achnatherum robustum, have been reported to be infected by Epichloë endophytes. Both are notorious for their narcotic properties in livestock and hence are named as “drunken horse grass” and “sleepy grass,” respectively (Petroski et al., 1992; Bruehl et al., 1994). Achnatherum inebrians can be infected by Epichloë gansuensis and Epichloë inebrians (Chen L. et al., 2015), and A. robustum by Epichloë funkii (Moon et al., 2007). As for A. sibiricum, it can harbor two different Epichloë species, Epichloë sibirica and E. gansuensis. The phenomenon of double infections by both Epichloë species in the same plant has not been observed in A. sibiricum (Zhang et al., 2009; Li et al., 2015). Both E. sibirica and E. gansuensis improved the growth and competitive ability of A. sibiricum (Li et al., 2016; Zhou et al., 2019), and their main metabolites were also similar (our unpublished data). According to many years of observations in our laboratory, A. sibiricum exhibits no obvious herbivore deterrence, but its pathogen damage is usually less serious than in most neighboring plants of other species. In this study, Epichloë−infected and Epichloë−free A. sibiricum were used as plant materials, and a biotrophic fungus, Erysiphales species (powdery mildew), and the necrotrophic fungus, Curvularia lunata were selected as pathogens. The following questions were addressed: (1) Can Epichloë improve the resistance of A. sibiricum to pathogens? (2) Is the influence of endophytic fungi on the disease resistance of host plants related to the trophic types of pathogens? (3) What is the possible mechanism?



MATERIALS AND METHODS


Plant and Pathogenic Fungi Materials

Seeds of A. sibiricum were collected from the Stipa baicalensis sampling area of Yimin in the National Hulunbuir Grassland Ecosystem Observation and Research Station of China (119.669°E, 48.493°N). Detection of endophytic fungus was carried out on the seeds by the aniline blue–lactic acid staining method (Latch et al., 1984), and their endophyte infection rates were 100%. Endophyte−free (E−) seeds were obtained from endophyte−infected (E+) seeds by high−temperature treatment (60°C) for 30 days (Li et al., 2010). Earlier work in our laboratory showed that the high−temperature processing had no significant effects on the seed germination rate (Li et al., 2010) and was an effective disinfection method for A. sibiricum (Ren et al., 2011; Li et al., 2012). In the previous study of our laboratory, the effect of different species of endophytes on fungal disease resistance of A. sibiricum was studied, and the results showed that the resistance of A. sibiricum was not affected by endophyte species (Niu et al., 2016). Therefore, in this study, we did not discriminate endophyte species, and the seeds were infected by either E. sibirica or E. gansuensis.

The seeds were surface sterilized with 2% NaClO solution for 5 min, flushed with sterile water for 3 times, and then placed on potato dextrose agar (PDA; Sangon Biotech Company, Shanghai, China) in the dark at 25°C. After 4 weeks, only E. sibirica or E. gansuensis was isolated from E+ seeds, but no microbe was isolated from E− seeds. Thirty sterilized seeds were evenly spread in each pot (200 mm in diameter and 220 mm in depth) filled with sterilized vermiculite. After 45 days, the endophyte status of all plants was checked microscopically by examining the upper epidermis of leaf sheaths stained with lactophenol containing aniline blue (Latch and Christensen, 1985). The endophyte−infected proportions of E+ plants were 100%, and endophyte−free proportions of E− plants were zero. Twenty plants of approximately equal size (approximately 15 cm high) were maintained in one pot.

Erysiphales species was collected from the diseased leaves of A. sibiricum. To purify the pathogen, we cut from the margins of actively growing fungal colonies and immediately placed in petri dishes containing 1% (wt/vol) distilled water agar and 8.5 mM benzimidazole (Wang et al., 2014). A single colony of Erysiphales species was transferred to inoculate a healthy plant, and this process was repeated three times. Curvularia lunata was purchased from the Agricultural Culture Collection of China. A spore suspension of C. lunata, which was cultured on PDA for 15 days at 28°C, was prepared by washing the hyphae of the pathogenic fungus with sterile water (containing 0.02% Tween 20) and filtering with double layers of sterile gauze. The concentration of the pathogen spore suspension counted by hemocytometer was 1.4 × 106 spores/mL, and the spore germination rate was 87%.



Experimental Design

The experiment followed a randomized block design with two factors. The first factor was the Epichloë endophyte status, including E+ and E−. The second factor was the inoculation of pathogenic fungi, including the following three treatments: control (CK), C. lunata, and Erysiphales species. Each combination was replicated 10 times, yielding a total of 60 pots. The experiment was conducted in the greenhouse at Nankai University, Tianjin, China. Plants were subjected to ambient light, and the room temperature was 20–30°C. During the experiment, each pot was watered once a week with one-half strength Hoagland nutrient solution. The experiment began on November 1, 2018, and lasted for 3 months.



Inoculation of Pathogenic Fungi

The leaves were inoculated with C. lunata by spraying them with the spore suspension until liquid dripped from them, and CK was sprayed with sterile water containing 0.02% Tween 20. For the inoculation of Erysiphales species, the conidia collected from the cultured plants were blown uniformly onto E+ and E− plants with a hair dryer according to Li’s method (Li et al., 2018). After inoculation, all tested plants were transferred to transparent storage boxes, where high humidity was maintained to promote the disease on leaves.



Observation of Leaf Damage

Fully expanded diseased leaves collected randomly 0, 3, and 7 days after pathogen inoculation were examined by scanning electron microscopy (Quanta 200 scanning electron microscope, FEI; Portland, Oregon, United States) (Becker et al., 2016), and the tissue structure and mycelia on the blade surface were observed.

On the seventh day, 10 plant leaves were randomly sampled and stained by trypan blue under each treatment (Michael et al., 2018). The damaged leaf areas were stained blue, whereas the healthy areas were colorless. These stained leaves were photographed one by one with a digital camera. Then, we calculated the proportion of the trypan blue–stained area of leaf photos using ImageJ software (Taheri and Kakooee, 2017).



Measurement of Response Variables

After 7 days of pathogen infection, Fv/Fm, the maximum quantum efficiency of photosystem II in the dark−adapted state, was recorded on the disease spot with a Fluorpen FP 110 handheld fluorometer (Pneumatic System International; Brno, Czech Republic), and Fv/Fm of CK leaves on the same site was also recorded.

Freeze−dried leaf samples of 0.3–0.5 g (fresh weight) were taken for quantification of SA and JA. The SA content was quantified using high−performance liquid chromatography (Waters 1500−series; Micromass UK Ltd., Manchester, United Kingdom) on a C18 reverse−phase column following Wang’s method with modification (Wang et al., 2016). The JA content was quantified by enzyme−linked immunosorbent assay (ELISA) (JA ELISA Kit; Shanghai Yingxin Laboratory, Shanghai, China).

Approximately 0.3 g leaf samples (dry weight) were taken for qualification of total phenolic compounds. The total phenolic compounds content was determined by Folin−Ciocalteu colorimetry with Shimadzu UV-1800 double-beam spectrophotometer (Shimadzu; Kyoto, Japan) (Chen L. Y. et al., 2015).



Data Analyses

All data analyses were performed with SPSS software (version 22.0; IBM, Armonk, New York, United States). Two−way analysis of variance was used to analyze the effects of endophyte infection and pathogen inoculation on all response variables of A. sibiricum. The differences among means were compared using Duncan multiple−range test, with significance at P < 0.05.



RESULTS


Microscopic Observations

Before pathogen inoculation, the surface structure was similar in E+ and E- leaves (Figures 1A–D). After pathogen inoculation, scanning electron microscopy revealed that the mycelial density of pathogens in E− leaves was higher than that in E+ leaves at the same time after inoculation of C. lunata or Erysiphales species (Figures 1E–L). When inoculated with C. lunata, infection cushions first appeared on the surface of E− leaves on the third day (Figures 1F,H). For E+ leaves, no infection cushions were observed in response to infection by C. lunata until 7 days after inoculation (Figures 1E,G,I,K), and the levels were lower than those observed on E− leaves (Figures 1I,J). When inoculated with Erysiphales species, infection cushions appeared on the surface of E− leaves on the third and seventh day (Figures 1H,L), but no infection cushions were observed on E+ leaves (Figures 1G,K).
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FIGURE 1. Scanning electron microscopy observation of structures of E+ and E− A. sibiricum leaves infected by pathogens. Images A-L indicate the surface of E+ and E- leaves inoculated by C. lunata or Erysiphales sp. on Day 0 (A–D), 3 (E–H), and 7 (I–L), respectively. Images M-X indicate the cross-section of E+ and E- leaves inoculated by C. lunata or Erysiphales sp. on Day 0 (M–P), 3 (Q–T) and 7 (U–X), respectively. Red arrows indicate infection cushions; green arrows indicate crumpling cell walls; yellow arrows indicate collapsed cell walls, and blue arrows indicate fragmented cell walls.


The degree of damage to leaf cell walls (integrity, crumpling, collapse, and fragmentation) was an important indicator of plant disease resistance. The cross-section structure of E+ and E- leaves was integrity before pathogen inoculation (Figures 1M–P). The damage to leaf structure caused by C. lunata inoculation was more severe than that caused by Erysiphales species, and the endophytic fungi alleviated the damage caused by both pathogens (Figures 1Q–X). When inoculated with C. lunata, crumpling cell walls were observed on the third day (Figure 1Q), and the mesophyll cells began to collapse on the seventh day in E+ leaves (Figure 1U). For E− leaves, the mesophyll cells began to collapse on the third day (Figure 1R), and the whole cross−section cell structure was completely fragmented on the seventh day (Figure 1V). Under inoculation with Erysiphales species, crumpling cell walls were observed at the infection site on the third day (Figures 1S,T), and the epidermal cells showed collapse on the seventh day in both E+ and E− leaves (Figures 1W,X), but the degree of crumpling and collapse was more severe in E− leaves.



Leaf Damage

The proportions of damaged leaf area were affected by endophytes and pathogens (Table 1 and Figure 2). In E− leaves, C. lunata caused a significantly higher proportion of damaged leaf area (70%) than Erysiphales species (55%). Endophytes significantly alleviated the damage caused by these two pathogens. In E+ leaves, the proportion of damaged leaf area was similar for the two pathogens. These results indicated that the beneficial effects of endophytes were more significant when hosts were exposed to C. lunata than when they were exposed to Erysiphales species.


TABLE 1. Analysis of variance of the effects of the endophyte (E) and pathogens (P) on the leaf damage area, chlorophyll fluorescence parameters, total phenolic compounds content, and SA/JA content of A. sibiricum.
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FIGURE 2. The leaf damage area of E+ and E− A. sibiricum leaves infected by pathogens. Different lowercase letters indicate significant differences between treatments (P < 0.05). Bars represent mean values ± standard error (SE) (n = 10).




Chlorophyll Fluorometry

The endophyte, pathogens, and their interaction all had significant effects on Fv/Fm (Table 1). In the control group without pathogens, the Fv/Fm of A. sibiricum leaves showed no significant difference between E+ and E− leaves (Figure 3). Pathogen inoculation significantly reduced the Fv/Fm of both E+ and E− leaves. For E− leaves, the adverse effect of C. lunata (reduced by 35% compared to that in CK) was significantly stronger than that of Erysiphales species (reduced by 23% compared to that in CK). The endophyte alleviated the decline in Fv/Fm in leaves infected by both pathogens. For E+ leaves, similar Fv/Fm values were observed in leaves infected by both pathogens, which suggested that the beneficial effect of endophyte infection was more significant when leaves were inoculated by C. lunata than when they were inoculated by Erysiphales species.
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FIGURE 3. The Fv/Fm of E+ and E− A. sibiricum leaves infected by pathogens. Different lowercase letters indicate significant differences between treatments (P < 0.05). Bars represent mean values ± SE (n = 5).




Content of SA and JA

Both endophytic fungi and pathogens significantly affected the content of JA in A. sibiricum, whereas the content of SA was only affected by pathogens (Table 1). There was no significant difference in the SA content between E+ and E− leaves in CK (Figure 4A), but the JA content in E+ was significantly higher than in E− (increased 63%) (Figure 4B). Compared with CK, inoculation by C. lunata did not affect the SA content in either E+ or E− leaves, but increased the JA content in both E+ and E− leaves, and the JA content in E+ was 60% higher than that in E−. When inoculated by Erysiphales species, the SA content was significantly increased in both E+ and E−, and there was no significant difference between E+ and E−. Inoculated by Erysiphales species did not affect the JA content in either E+ or E−, but the JA content in E+ was 58% higher than that in E−.
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FIGURE 4. The salicylic acid (A) and jasmonic acid (B) content of E+ and E− A. sibiricum leaves infected by pathogens. Different lowercase letters indicate significant differences between treatments (P < 0.05). Bars represent mean values ± SE (n = 5).




Total Phenolic Compounds Content

The endophyte, pathogens, and their interaction significantly affected the content of total phenolics (Table 1). There was no significant difference in the total phenolic content between E+ and E− leaves in CK (Figure 5). Compared with CK, inoculation by the two pathogens caused a significant increase in the total phenolic content in leaves, and the total phenolic content of the leaves infected by C. lunata was higher than that of the leaves infected by Erysiphales species. The endophyte significantly increased the content of total phenolics in leaves infected by C. lunata and Erysiphales species by 27 and 8.7%, respectively.
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FIGURE 5. The total phenolic compounds content of E+ and E− A. sibiricum leaves infected by pathogens. Different lowercase letters indicate significant differences between treatments (P < 0.05). Bars represent mean values ± SE (n = 5).




DISCUSSION

Since Shimanuki and Sato (1983) first found that endophytic Epichloë could significantly reduce damage caused by Blastocladia pringsheimii in Phleum pratense, at least 15 grass–endophyte symbioses have been studied in the context of resistance to pathogens (Wiewióra et al., 2015; Xia et al., 2018). Most studies reported that Epichloë can improve the disease resistance of host, but several studies have found that endophytes have no effect on the disease resistance of the host or even have adverse effects (Welty et al., 1993; Wäli et al., 2006; Pańka et al., 2013a). Considering that pathogenic capacity differs among pathogen trophic types, necrotrophic pathogens are more destructive than biotrophic pathogens (Joanna et al., 2012; Kou and Naqvi, 2016). Therefore, is the effect of endophyte infection on host plant disease resistance related to the trophic types of pathogens? Previous research focused on pathogens of different trophic types by using different grass–Epichloë symbioses. For necrotrophic pathogenic fungi, the beneficial effects of endophyte infection have been reported in many grass species (Clarke et al., 2006; Ma et al., 2015; Wiewióra et al., 2015). For biotrophic pathogenic fungi, however, there are limited and varied results. Endophyte infection enhanced the resistance of A. inebrians to Blumeria graminis (Xia et al., 2015) and Lolium multiflorum to Claviceps purpurea (Perez et al., 2017), but had no effect on F. pratensis against B. graminis (Sabzalian et al., 2012).

The leaf spot diseases are widely distributed around northern China and can damage a variety of plants including grasses (Liu, 2011; Wei et al., 2011; Yue et al., 2019). In this study, we chose pathogens of different trophic types to inoculate the host in A. sibiricum–Epichloë symbiosis. The results showed that, compared to Erysiphales species, C. lunata caused a higher degree of damage and lower photochemical efficiency in E− leaves. The endophyte significantly alleviated the damage caused by these two pathogens to plant leaves. Similar Fv/Fm values and percentage of damaged leaf areas were observed between the two pathogen inoculation treatments in E+ leaves, indicating that the beneficial effects of the endophyte were greater against C. lunata than against Erysiphales species.

Salicylic acid is a plant signaling molecule that acts in response to biotrophic pathogens (White, 1979; Michael et al., 2018). In this study, we found that the content of SA in A. sibiricum leaves did not significantly change in response to inoculation by C. lunata but was significantly induced by Erysiphales species. The presence of endophytic fungi had no significant effect on the SA content in A. sibiricum leaves. In previous studies in our laboratory, Wang et al. (2016) also found that endophytes had no effect on the concentration of SA in Leymus chinensis infected by C. lunata or Bipolaris sorokiniana, indicating that the improvement of host disease resistance due to the endophyte was not regulated by SA.

Jasmonic acid is also an important signaling molecule in plant disease resistance responses. Many studies have shown that plants initiate JA−dependent responses upon exposure to necrotrophs (Mengiste, 2012; Qi et al., 2012; Pandey et al., 2016; Islam et al., 2018). In the present study, the content of JA in E+ and E− leaves was not affected by the biotrophic pathogen Erysiphales species but was increased by the necrotrophic pathogen C. lunata, which was consistent with the conclusions of previous research. In this study, we found that endophyte infection significantly increased the JA content in infected host grass leaves, regardless of which pathogen was inoculated, indicating that endophytic fungi may enhance the disease resistance of A. sibiricum hosts via the JA−mediated pathway.

Plants reportedly respond to inoculation of necrotrophic pathogens and biotrophic pathogens via the JA and SA pathways, respectively (Glazebrook, 2005; Vos et al., 2013), which was also demonstrated in this study. In this study, we further found that Epichloë enhanced the disease resistance of A. sibiricum host, probably via the JA−mediated pathway, not the SA pathway. Similar results have also been reported by Wang et al. (2016), who found endophyte infection enhanced the disease resistance of L. chinensis without affecting SA concentration of the host. Unfortunately, JA was not tested in that study. In contrast, Guo et al. (2019) found that endophyte infection improved the pathogen resistance of L. perenne but did not induce the increase of JA content. In addition, the effects of endophyte infection on SA/JA content have been reported by other studies, although their relationship with pathogen resistance was not considered. For example, Epichloë occultans significantly reduced SA concentrations but had no effect on the JA concentration in L. multiflorum (Bastías et al., 2018a, 2019). On the contrary, Ambrose et al. (2015) found that Epichloë endophyte in red fescue had a null or positive effect on SA concentration, depending on the plant tissue (leaf/sheath) and the endophyte. The diverse effects of endophyte infection on SA/JA concentration suggest that different pathogen resistance mechanisms might occur in different Epichloë–grass symbionts.

Phenolic compounds are important secondary metabolites in the plant disease resistance response (Cheynier et al., 2013). Plants can synthesize phenolic compounds such as tannins, coumaric acid, and ferulic acid to inhibit pathogenic activity (Blodgett et al., 2003; Yang and Gao, 2009; Bento et al., 2018) and produce lignin to resist pathogen invasion (Hématy et al., 2009). In the present study, the endophyte did not significantly affect the content of total phenolic compounds in the control but promoted the accumulation of total phenolic compounds in plant leaves regardless of which pathogen was inoculated. These results suggested that Epichloë could improve the disease resistance of A. sibiricum by promoting the synthesis of phenolic compounds. The enhancement of total phenolic compounds content of host grasses by endophyte infection to resist pathogens has also been reported in perennial ryegrass (Pańka et al., 2013a).



CONCLUSION

Our study found that A. sibiricum initiated JA−related pathways to resist the necrotrophic pathogen C. lunata, while initiated SA−related pathways to resist the biotrophic pathogen Erysiphales species. Epichloë endophytes significantly alleviated the leaf damage caused by the two trophic types of pathogens, and the beneficial effects were more significant when hosts were exposed to C. lunata than when they were exposed to Erysiphales species. Endophytic fungi had no effect on the SA content but increased the content of JA and total phenolic compounds, which suggest that endophyte infection might probably enhanced the resistance of A. sibiricum to different trophic types of pathogens through similar pathways. It is worth noting that our results might have been different if different Epichloë–grass symbionts were studied, but the present study highlights that the interaction between the plant JA hormone and endophytes infection can affect the pathogen resistance of symbiotic plants.
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 Endophytic Fungi Activated Similar Defense Strategies of Achnatherum sibiricum Host to Different Trophic Types of Pathogens
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In the original article, there was a mistake in Figure 4 as published. The unit of JA content in Figure 4B should be “ng·g−1” instead of “ug·g−1”. The corrected Figure 4 appears below.
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FIGURE 4. The salicylic acid (A) and jasmonic acid (B) content of E+ and E– A. sibiricum leaves infected by pathogens. Different lowercase letters indicate significant differences between treatments (P < 0.05). Bars represent mean values ± SE (n = 5).
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Monilinia laxa is a necrotrophic plant pathogen able to infect and produce substantial losses on stone fruit. Three different isolates of M. laxa were characterized according to their aggressiveness on nectarines. M. laxa 8L isolate was the most aggressive on fruit, 33L isolate displayed intermediated virulence level, and 5L was classified as a weak aggressive isolate. Nectarine colonization process by the weak isolate 5L was strongly delayed. nLC-MS/MS proteomic studies using in vitro peach cultures provided data on exoproteomes of the three isolates at equivalent stages of brown rot colonization; 3 days for 8L and 33L, and 7 days for 5L. A total of 181 proteins were identified from 8L exoproteome and 289 proteins from 33L at 3 dpi, and 206 proteins were identified in 5L exoproteome at 7 dpi. Although an elevated number of proteins lacked a predicted function, the vast majority of proteins belong to OG group “metabolism”, composed of categories such as “carbohydrate transport and metabolism” in 5L, and “energy production and conversion” most represented in 8L and 33L. Among identified proteins, 157 that carried a signal peptide were further examined and classified. Carbohydrate-active enzymes and peptidases were the main groups revealing different protein alternatives with the same function among isolates. Our data suggested a subset of secreted proteins as possible markers of differential virulence in more aggressive isolates, MlPG1 MlPME3, NEP-like, or endoglucanase proteins. A core-exoproteome among isolates independently of their virulence but time-dependent was also described. This core included several well-known virulence factors involved in host-tissue factors like cutinase, pectin lyases, and acid proteases. The secretion patterns supported the assumption that M. laxa deploys an extensive repertoire of proteins to facilitate the host infection and colonization and provided information for further characterization of M. laxa pathogenesis.




Keywords: brown rot, necrotrophic fungi, pathogenesis, carbohydrate degrading enzymes, peptidases, Monilinia laxa, exoproteome



Introduction

Brown rot is an economically important fungal disease on stone and pome fruit in Europe caused by Monilinia fructicola, Monilinia fructigena, and Monilinia laxa (Byrde and Willetts, 1977; Oliveira Lino et al., 2016). Monilinia spp. are necrotrophic fungi, which acquire nutrients and establish the disease from dead cells through toxic molecules and lytic enzymes (Garcia-Benitez et al., 2018). Cell wall degrading enzymes (CWDE) and toxins are virulence factors that necrotrophic fungi exploit to infect and colonize host plants (Ma et al., 2019). Accordingly, the polygalacturonase family (Chou et al., 2015) and MfCUT1 cutinase (Lee et al., 2010) have also captured significant attention due to their essential roles in the pathogenesis of M. fructicola. Polygalacturonase, pectin and pectate lyase, rhamnogalacturonan acetyl esterase, rhamnogalacturonan hydrolase, and α-l-rhamnosidase gene families related to pectin degradation have been identified from M. laxa (Baró-Montel et al., 2019; Rodríguez-Pires et al., 2020). The application of transcriptomics to Monilinia spp. (De Miccolis Angelini et al., 2018), and the genome availability of two strains of M. laxa, including 8L strain under study in this work (Naranjo-Ortíz et al., 2018; Landi et al., 2020) provides the information to decipher the key factors underlying Monilinia spp. pathogenicity mechanisms.

Pathogenic strategies have been more intensely studied in other fungal genera of Sclerotiniaceae family than in the case of Monilinia spp. (van Kan, 2006; Andrew et al., 2012). Some defined virulence factors are involved in different phases of Botrytis cinerea pathogenesis process, such as cutinases, polygalacturonases, cellulases, among other lytic and cell wall degrading activities. Cutinases are presumably necessary for penetration through the cuticle, namely cutB was only expressed in the presence of plant lipids (Leroch et al., 2013), but cutA was not essential for penetration in tomato (van Kan et al., 1997). Extracellular hydrolytic enzymes such as endo- and exo-polygalacturonases had a significant role in pectin breakdown, being BcPG1 the most host-widely expressed (Ten Have et al., 2001; Blanco-Ulate et al., 2014). On the other hand, the pectin methyl esterases seem to be a host-dependent virulence function (Valette-Collet et al., 2003; Kars et al., 2005). Regarding cellulose and hemicellulose lytic enzymes, several CAZymes families were expressed in different hosts in addition to pectinases (Blanco-Ulate et al., 2014), some of which may have more than just enzymatic activity. For example, beyond the putative xylanase activity of BcXyn11A, this protein contributed to B. cinerea pathogenesis with necrotizing activity and was required for full virulence (Brito et al., 2006; Noda et al., 2010). Toxins and phytotoxic Nep1-like proteins produced by B. cinerea during its host progress colonization were also included as virulence factors (Collado et al., 2000; Schouten et al., 2008; Dalmais et al., 2011). Several of the virulence factors mentioned above were also described to be produced by Sclerotinia sclerotiorum, such as polygalacturonases (Li et al., 2004), cutinase (Zhang et al., 2014), and Nep proteins (Dallal Bashi et al., 2010). In the Sclerotiniaceae family, in addition to CWDEs, other lytic enzymes such as peptidases could play an essential role in nutrition and defense against antifungal compounds (Billon-Grand et al., 2002; Ten Have et al., 2010).

Since their emergence, proteomic techniques have been applied in plant pathology, although more slowly and not as extensively as in other research topics (Ashwin et al., 2017; Vincent et al., 2020). Proteomics was a powerful tool to evaluate samples containing a large number of proteins generated in diverse biological states (El-Akhal et al., 2013; Loginov and Šebela, 2016). The proteome has been used to determine proteins related to pathogenesis (El-Bebany et al., 2010; Ismail and Able, 2016) and in plant-based interactions (Shah et al., 2012). In this sense, a great effort has been made in the closely necrotrophic fungus B. cinerea to understand molecular mechanisms from a proteomic view, such as conidial germination (Espino et al., 2010; González-Rodríguez et al., 2014), modulation of protein secretion patterns under different carbon sources (Fernández-Acero et al., 2009; Shah et al., 2009b) and plant-based elicitors (Shah et al., 2009a; Fernández-Acero et al., 2010). Furthermore, how B. cinerea responded to non-nutritional changes such as pH (Li et al., 2012) and the involvement of membrane proteins in signal transduction cascades (Escobar-Niño et al., 2019). Besides, protein profiling focused on virulence-related functions between wild-type strains and B. cinerea mutants (Müller et al., 2018; de Vallée et al., 2019).

However, a few proteomic studies have been reported to date applied to Monilinia spp. Essentially, the group of Bregar et al. (2012) using LC-MS/MS determined host specificity proteins between M. laxa isolates obtained from apricots and apples. In this work, we proceeded to identify possible key proteins produced by the fungus in contact with lyophilized peaches. For this purpose, we used proteomic analyses from diverse M. laxa isolates, with confirmed different virulence levels on nectarines in order to identify potential virulence factors and to understand M. laxa brown rot development.



Materials and Methods


Fungal Isolates and Virulence Characterization

Three single-spore isolates of Monilinia laxa (namely 5L, 8L, and 33L) were used in this study. All of them were isolated from mummified plum fruit (cv. Sungold) from a commercial orchard in Lagunilla (Salamanca, Spain), and belong to the culture collection of the Plant Protection Department of INIA (Madrid, Spain). M. laxa 8L was also deposited in the Spanish Culture Type Collection (CECT 21100). The isolates were identified as M. laxa using their growth characteristics and PCR (Gell et al., 2007) and maintained as conidial suspensions in 20% glycerol at −80°C for long-term storage or as cultures on potato dextrose agar (Difco) at 4°C for short-term storage. For conidia production, M. laxa strains were grown on potato dextrose agar amended with 20% of tomato pulp at 22°C for 7 to 9 days with a 12-h photoperiod.

The virulence of M. laxa isolates was tested on nectarines (cv. Big Top) harvested at commercial maturity from Ebro Valley (Spain) previously described in Villarino et al. (2016) with some modifications. The nectarines were surface disinfected (Sauer and Burroughs, 1986) and dried in a laminar flow cabinet. Experiments were carried out with five fruit for each isolate and three unwounded points, with 15 μl droplet of 103 conidia ml−1 of aqueous conidial suspension. Fruit were incubated in a humidity chamber at 25°C for 12 days (16 h photoperiod). Each fruit was daily evaluated for symptoms of brown rot (incidence and incubation period), the onset of sporulation (latency period), and lesion diameter was measured at each inoculation point (Villarino et al., 2016). The complete experiment was repeated three times. Data were analyzed by analysis of variance (Snedecor and Cochran, 1967). When the F test was significant at P ≤ 0.05, the means were compared by the Student–Newman–Keuls multiple range test.



Protein Isolation

Freshly harvested conidia from M. laxa isolates, produced as described above, were collected with sterile distilled water by filtration through Miracloth. Erlenmeyer flask containing 100 ml of 1% lyophilized peach in water were inoculated with the conidial suspension of each isolate to a final concentration of 105 conidia ml−1 and incubated in an orbital shaker at 120 rpm and 22°C. For preparing lyophilized peach, peaches were first lyophilized for 48 to 72 h using a Cryodos-50 lyophilizer (Telstar, Spain). The lyophilized peach was then made into a powder by bead beating using a tissue homogenizer (FastPrep®-24, MP Biomedicals) two times for 30 s at 4 m/s. Culture media (exoproteome) were harvested by filtration through two Whatman 1 filters (Cat No 1001 090) after 3 days post-inoculation (dpi) for aggressive isolates (8L and 33L) and 7 dpi for weak aggressive isolate (5L). Visual inspection using a microscope ensured the absence of conidia or hyphae as contaminants in culture media. Proteins present in 100 ml of culture media were precipitated by adding trichloroacetic acid to a final concentration of 10% (Hernández-Ortiz and Espeso, 2013). Samples were incubated on ice for 20 min, centrifuged at 10,000 rpm for 10 min at 4°C to collect precipitated proteins. The pellets were washed firstly with 1 ml of ethanol-ethyl ether (1:1), centrifuged at 13,000 rpm for 10 min at 4°C and then secondly with 1 ml of ethanol-ethyl ether (1:3) followed by centrifugation at 13,000 rpm for 10 min at 4°C. Protein pellets from exoproteome were dried at room temperature and then dissolved in 50 μl Laemmli cracking buffer and maintained at −20°C until use for nLC-MS/MS.



nLC-MS/MS Proteomics

The procedures for nLC-MS/MS were previously described in Manoli and Espeso (2019). A 20-μl aliquot of extracellular protein precipitate was loaded onto a 10% polyacrylamide gel and allowed to run 1 cm into the resolving gel. The piece of the gel was excised and proteins were treated with trypsin (Cristobo et al., 2011). Digested samples were analyzed on a nano Easy nLC 1000 (Proxeon) coupled to an LTQ–Orbitrap Velos (Thermo Scientific). Peptides were loaded onto Acclaim PepMap 100 (Thermo Scientific) trap column and eluted onto Acclaim PepMap 100 C18 3 μm (Thermo Scientific, 75 μm x 25 cm). A 110-min gradient was run at 250 nl/min flow rate using gradients from 0% to 35% buffer B (0.1% formic acid in acetonitrile) 90 min, from 45% to 95% buffer B 10 min, 95% buffer B 9 min and 10% buffer B 1 min. Mass spectra analyses were conducted on an LTQ–Orbitrap Velos (Thermo Scientific) in positive mode, full scan MS spectra (m/z 400–2000) at a resolution of 60,000. The top 15 most intense ions were selected and fragmented using collision-induced dissociation (CID) in the ion tramp with 35% normalized collision energy, and a dynamic exclusion time of 45 s was applied. Exoproteome of each isolate sample raw files were searched with Sequest through Proteome Discoverer version 1.4.1.14 against M. laxa 8L proteome (Naranjo-Ortíz et al., 2018) with peptide tolerance of 10 ppm and fragment tolerance of 0.5 Da. Cysteine carbamidomethylation and methionine oxidation were considered fixed modifications. False discovery rate calculations were generated using Percolator at q ≤ 0,01 (Käll et al., 2007).



Protein Annotation and Classification

Functional annotation of LC-MS/MS identified proteins from each isolate was carried out with Blast2GO v5.0 and BLASTp from NCBI1. BLASTp search was performed against the fungi non-redundant protein database of NCBI with a threshold e-value <10−5. All identified proteins from each sample were classified into main metabolic pathways using the OG classification against the EggNog database (Huerta-Cepas et al., 2018), and classification into gene ontology analysis of candidates was carried out using Blast2go v5.0. Furthermore, the subcellular location of identified proteins was firstly predicted based on SignalP 5.0 (Almagro Armenteros et al., 2019) and DeepLoc (Almagro Armenteros et al., 2017). Proteins with positive extracellular hits were secondly considered for targeting domains prediction TMHMM2 and GPI (Fankhauser and Mäser, 2005). Carbohydrate-Active enZymes (CAZymes3) and peptidases were identified using dbCAN2 (Yin et al., 2012; Zhang et al., 2018) and the MEROPS4 database respectively.




Results


Characterization of Several M. laxa Isolates Virulence on Nectarines

Virulence of M. laxa isolates 5L, 8L, and 33L (see Materials and Methods) were compared. Significantly virulence differences were observed among three M. laxa isolates. Brown rot severity caused by M. laxa 8L isolate at 3 and 7 days after inoculation on nectarine fruit, and its brown rot incidence at the end of assays were always higher than those recovered with 5L isolate (Figure 1). However, the virulence levels of 33L isolate were in an intermediate position between the most aggressive isolate (8L) and the weak aggressive isolate (5L). Brown rot severity caused by the weak pathogenic isolate (5L) at 7 days of incubation was similar to that caused by the most pathogenic isolate (8L) after only 3 days of incubation (Figure 1). The first sign of sporulation in nectarines inoculated by 8L and 33L was recorded after 6 days. However, no sporulation was observed on nectarines inoculated by 5L at the end of the assay.




Figure 1 | (A) Disease assessment of unwounded nectarine fruit cv. `Big Top´; in order 8L, 33L and 5L M. laxa isolate. (B) Brown rot severity (mm) caused by M. laxa isolates at 3 and 7 days after inoculation on nectarine fruit cv. Big Top´. (C) Brown rot incidence (%) by M. laxa isolates 12 days after inoculation. Data represent the mean of three experiments with three inoculations per fruit, and five fruit per isolate and experiment. Data were analyzed by analysis of variance, means values with the same letter are not significantly different (P ≤ 0.05) according Student–Newman–Keuls multiple range test.





Characterization of Exoproteomes From Virulent and Weak Virulent Isolates

We used an nLC-MS/MS approach to analyze the extracellular proteins produced by M. laxa isolates with different virulence when growing in liquid media containing 1% freeze-dried peach. Due to the strong colonization differences between the weak isolate 5L and the more virulent isolates 8L and 33L we decided to investigate equivalent times of infection among isolates, 3 days for 8L and 33L and 7 days for 5L. Extracellular protein samples were taken after 3 days for strains 8L and 33L, and 7 days for strain 5L and a total of 181 proteins were identified from 8L exoproteome and 289 proteins from 33L at 3 dpi, and 206 proteins were identified in 5L exoproteome at 7 dpi. Details of the whole identified proteins and peptides are listed in Supplementary Table 1.

The detected proteins of each sample were categorized into main functional categories using the OG classification (clusters of Orthologous Group). The identified proteins were classified into 18 functional OG categories within 4 groups, among which the most represented group with similar proportion for all the isolates was the “metabolism” group (Figure 2A). Within the group of metabolism, we found differences in some functional categories, “carbohydrate transport and metabolism” was higher in 5L, and “energy production and conversion” most represented in 8L and 33L. Concerning “information storage and processing,” 8L and 33L at 3 dpi present a higher proportion than 5L at 7 dpi, due to differences in “translation, ribosomal structure and biogenesis.” It is noteworthy the fraction of proteins classified as “function unknown” in all isolates (Figure 2A). Similarly, the three isolates had a relatively high number of enzymes that belong to hydrolase, followed by oxidoreductase and transferase protein families (Figure 2B).




Figure 2 | Comparative analysis of the identified proteins in exoproteome of M. laxa isolates for 3 days post-inoculation (dpi) in 8L and 33L virulent isolates, and 7 dpi in 5L weak virulent. (A) Category abundance of identified proteins in exoproteome grouped into 18 functional categories using OG classification for 5L, 8L and 33L M. laxa isolates. (B) Enzyme distribution of identified proteins for M. laxa isolates represented as total number of proteins identified in each EC class.





Identification of Potential Secreted Enzymatic Activities Among Virulent Isolates at 3 dpi and Weak Isolate at 7 dpi

All the proteins identified in exoproteome, either 7 dpi or 3 dpi, were further analyzed using the SignalP tool for the presence of an N-terminal signal peptide (Figure 3A, box). Also, their possible cellular/extracellular locations were predicted by DeepLoc tool (Supplementary Table 2). Focusing our attention only on those proteins that carried a signal peptide (SP), 157 different proteins carrying an SP were found among the M. laxa isolates. In total, 74 SP-proteins were identified in 33L and 100 SP-proteins for 8L both after 3 days, while 122 SP-proteins were found in 5L at 7 dpi (Figure 3A box). All the possible combinations of the SP positive proteins found in the selected exoproteomes were drawn by an UpSet plot (Figure 3A). Fifty-six proteins were present across the three isolates, besides 14 proteins shared between at least one of virulent isolates with the weak virulent isolate (Figure 3A, Supplementary Table 3). Apart from that, 35 SP-proteins were explicitly identified in 8L or 33L and both (Figure 3A, Supplementary Table 4). It is worth noting the detection of 52 SP-proteins only present in 5L at 7 dpi (Figure 3A, Supplementary Table 5). Classification of identified SP-proteins, based on GO analysis for molecular function, revealed a similar proportion in almost all categories (Figure 3B). The largest proportion of SP-proteins was involved in hydrolase activity and catalytic activity acting on a protein. Compared with 5L, 8L and 33L presented transferase activity, and only in 8L the small-molecule-binding GO function was present (Figure 3B).




Figure 3 | Exoproteome of M. laxa isolates. (A, box) Proportion of identified M. laxa proteins with potential signal peptides detected in exoproteome for an early and late time point (3 and 7 dpi, respectively) in 8L and 33L virulent isolates, and late time point (7 dpi) in 5L weak virulent isolate. (A) UpSet plot of intersecting sets of SignalP positive proteins found in exoproteomes. Total identifications for each sample (left bar chart), were 74 proteins for 33L and 100 proteins for 8L at 3 dpi, and 122 for 5L at 7 dpi. The connected dots among protein sets shown in the lower panel and numbers indicated in the top bar chart represent the group of proteins shared between exoproteome samples. (B) Classification of SignalP positive proteins based on GO molecular function. Shown is the percentage (%) of proteins in exoproteome samples attributed to each GO group at level 3.




Cazymes

Out of the 157 proteins that carry an N-terminal possibly secretory signal peptide, 66 proteins were identified as carbohydrate-active enzymes or CAZymes by at least two prediction tools through the dbCAN meta server (Supplementary Tables 3–5). Among the identified CAZymes, by far the most abundant class was glycoside hydrolases (GHs), followed by auxiliary activities (AAs), carbohydrate esterases (CEs), and polysaccharide lyases (PL). Many of these classes include well-known protein families that were related to plant cell-wall disassembly, such as cellulases, hemicellulases, and pectinases. Thus, the identified CAZymes in M. laxa exoproteomes were classified regarding their possible plant cell targets and those involved in remodeling fungal cell wall (Figure 4).




Figure 4 | CAZymes identified from exoproteomes of virulent M. laxa isolates 8L and 33L at 3 dpi, and weak virulent 5L at 7 dpi. Each group depicts a plant cell wall target, including auxiliary activities (AAs), CAZymes related to the fungal cell wall and a miscellaneous group indicated as others. Positive identification of a protein in each isolate proteome is presented as a blue square. On the right is indicated the corresponding protein unique identification number.



Among eight groups of CAZymes, many differences were observed between proteins present in virulent isolates at 3 dpi and weak virulent isolate at 7 dpi (Figure 4). The highest differences observed between virulent and weak virulent isolates was cellulose group (89% of different proteins), followed by pectin group (73% of different proteins), hemicellulose (67% of different proteins), fungal cell wall group (65% of different proteins), and another group (71% of different proteins). Specially, four related with cellulose degradation (GH5, GH7, GH12, and GH45), the MlPG1 (GH28), MlPME3 (CE8), and GH53 associated with pectin disassembly, as well as one laccase (AA7), GH10, and four involved in fungal cell wall remodeling (some of GH16, GH17, GH72, and GH128) were only recovered from the most virulent isolates (Figure 4). Only one cutinase (MlCUT1) was recovered from exoproteome of three isolates. Moreover, AAs group showed a 64% similarity between virulent and weak virulent isolates. Concerning cellulose degradation, ten proteins belonging to six CAZyme families were found associated with cellulose, with only cellobiose dehydrogenase (CDH) being detected in all isolates. Regarding the hemicellulose plant target, 6 proteins belonging each one to a different family were identified, a member of CE1 and another of GH79 group were present in the three exoproteomes. Notably, three members of the GH72 family were found in common in the three M. laxa isolates together with two of GH17 and one in GH16 families (Figure 4).

On the other hand, only the weak isolate showed the presence of an activity related to starch metabolism (Figure 4), and recovered MlPG6 (GH28), MlPNL3 (PL1), MlαRHA5, GH54, and GH93 associated with pectin disassembly, as well as one laccase (AA3), GH3, GH47, GH95, and four involved in fungal cell wall remodeling (GH55, GH81, and some of GH72, and GH128).



Peptidases

The second most represented class in the exoproteome was that of peptidases, with 18.5% (29 proteases) among the three isolates (Figure 5). Of proteases, the largest group identified was the serine-peptidases that contain tripeptidyl peptidases and carboxypeptidases, which were detected in the cultures of 8L and 33L at 3 dpi, as well as in 5L at 7 dpi (Supplementary Tables 3–5). Also, one G1 glutamic (formerly A4) and six aspartic peptidases were detected in the tree exoproteomes. However, metallopeptidases were only found in 5L at 7 dpi (Figure 5), among which two zinc carboxypeptidases were identified. In contrast to the significant number of specific proteases found in 5L (8), only two were found in 8L and none in 33L.




Figure 5 | UpSet plot of intersecting sets of peptidase proteins found in exoproteomes. Total identifications for each sample (left bar chart), were 17 proteins for 33L and 21 proteins for 8L at 3 dpi, and 26 for 5L at 7 dpi. The connected dots among protein sets shown in the lower panel and numbers indicated in the top bar chart represent the group of proteins shared between exoproteome samples. The intersecting set (top bar chart) also classified the different peptidases according to the chemical mechanism as aspartic (green), glutamic (yellow), serine (pink), and metallo (purple) catalytic type.







Discussion

M. laxa isolates 5L, 8L, and 33L were classified by their virulence factors and characterized their protein patterns, comparing their protein profiles showed a core proteome and differences that could be associated with their respective virulence levels. The fact that exoproteomes from 8L and 33L at 3 dpi and 5L at 7 dpi showed a similar pattern was in agreement with the reduced growth rate of the weak virulence isolate (5L). Differences among protein profiles had already been associated with the pathogenicity of necrotrophic fungi in different special forms of Fusarium oxysporum (Fang and Barbetti, 2014; Li et al., 2015; Manikandan et al., 2018), Verticillium dahlie (El-Bebany et al., 2010), and B. cinerea (Fernández-Acero et al., 2007). We hypothesize that brown rot infection and colonization process by weak isolate 5L might be delayed.

Exoproteomes from 8L and 33L at 3 dpi showed high content in lytic enzymes, as described for 5L at 7 dpi. These proteins harbor a signal peptide suggesting they were actively secreted. Secreted protein enrichment had been reported when studying exoproteomes in other fungal phytopathogens (Yajima and Kav, 2006; Cobos et al., 2010; González-Fernández et al., 2014). The analysis of the 157 SP positive proteins revealed a core exoproteome of 56 proteins shared among M. laxa isolates, which could imply a common strategy among them. Similar strategies have been described studying secretomes in B. cinerea (González-Fernández et al., 2014) and Pyrenophora teres f. teres (Ismail and Able, 2016). An increase of secreted proteins has been reported in B. cinerea when growing in nutritionally rich media compared to more simple media (Shah et al., 2009a; Espino et al., 2010) or with complex carbon sources like pectin as has been described in M. laxa (Shah et al., 2009b; Rodríguez-Pires et al., 2020). The higher percentage of secreted proteins, as well as their possible target function in proteins and structural carbohydrates, supports a specialization of M. laxa exoproteome towards peach degradation. The production of extracellular enzymes by necrotrophic fungi has an essential role in plant infection in part due to the efficient degradation of plant tissues as a source of carbon and nitrogen (Kim et al., 2007; Blanco-Ulate et al., 2014). Accordingly, multiple proteins with a putative role in carbohydrate or protein degradation had been identified in exoproteomes of 8L and 33L at 3 dpi, and the weak aggressive 5L at 7 dpi.

Similarly, MlCUT1 (Monilinia_042800) was detected at 3 dpi in 8L and 33L, and also identified in 5L at 7 dpi. The cuticle is the first area of interaction between Monilinia and its host. Cutinase (MfCUT1) of M. fructicola was an infection marker with early expression since 5 h post-inoculation on petals (Lee et al., 2010) and an essential virulence factor in the absence of wounds (Lee and Bostock, 2006; Lee et al., 2010). Previous data and this work show that the M. laxa orthologous protein MlCUT1 (Monilinia_042800) was also early expressed during mycelial growth (6 hpi, in vitro cultures (Rodríguez-Pires et al., 2020)). Notably, MlCUT1 was detected at 7 dpi on the weak virulent strain 5L, supporting the conclusion that the delay in the development of virulence symptoms by 5L isolate must be caused by an inadequate pattern of exoproteins at 7 dpi.

The comparative biological status of 3 dpi in virulent isolates and 7 dpi in weak virulent revealed a core-proteome with several CAZys and peptidases. Some enzymes related to hemicellulose breakdown were also found in all isolates such as acetyl xylan esterase (CE1) and β-glucuronidase (GH79) (Glass et al., 2013). Few differences were recorded among the content of AAs class from the three M. laxa isolates. AAs class included redox enzymes that act in conjunction with CAZymes as ligninolytic or lytic polysaccharide oxygenases (CAZy database3). The most abundant, AA1 family was functionally annotated as laccases, that could oxidize a wide range of phenols and non-aromatic compounds and are involved in melanin synthesis, delignification, detoxify host antifungal compounds, and fungal virulence (Quidde et al., 1998; Mayer and Staples, 2002; Schouten et al., 2002; Coman et al., 2013). De Miccolis Angelini et al. (2018) described a laccase2 (Monilinia_025960 ortholog) one of the most differently expressed genes in M. laxa, although their possible plant-pathogen role had not been studied in Monilinia spp. its possible biotechnological applications had been considered (Bao et al., 2012; Demkiv et al., 2020). Proteins involved in the modification of fungal cell walls played an essential role in growth, survival, and also plant-fungi interaction in phytopathogens (Free, 2013; Geoghegan et al., 2017; Patel and Free, 2019). As reported to S. sclerotiorum proteome (Liu and Free, 2016), we found in the exoproteomes of the three M. laxa isolates members of GH16, GH17, and GH72 families. These families have been proved to be essential for cell wall cross-linking in model organisms like Saccharomyces cerevisiae and Neurospora crassa (Patel and Free, 2019). Highlight the possible role in the pathogenesis of β‐1,3‐glucanosyltransferases or Gels/Gas (GH17) described in Magnaporthe oryzae during appressorium‐mediated plant infection (Samalova et al., 2016) or the role of gas1 in Fusarium oxysporum on tomato infection (Caracuel et al., 2005).

The presence of proteases in the three M. laxa exoproteomes was also noteworthy being the second most abundant group with 29 proteins. A high percentage of peptidases were shared among the three isolates. Peptidases could play a nutritional function, as reported in the closely M. fructigena that produced an unidentified acid protease activity (Hislop et al., 1982). Although, they could be involved in pathogenesis as well as a defense against antifungal compounds produced by the hosts, such as secreted serine protease in Fusarium oxysporum f. sp. lycopersici (Jashni et al., 2015). The most represented protease family was serine peptidase in M. laxa isolates, similar to proteomic early secretome in B. cinerea (Espino et al., 2010). The glutamic family represented with one protein (Monilinia_077490) and shared by the three isolates was orthologous to an acid protease previously studied Ssacp1 in S. sclerotiorum (Poussereau et al., 2001) and Bcacp1 in B. cinerea (Rolland et al., 2009). Both secreted proteases, Ssacp1 and Bcacp1, were only expressed under acidic conditions during infection despite the different possible strategies in sunflower colonization (Poussereau et al., 2001; Billon-Grand et al., 2002; Rolland et al., 2009).

Differences were found in the content of proteomes of the three M. laxa isolates, especially among CAZymes, the most extensive protein group identified in M. laxa exoproteomes (42%). Among lytic enzymes required for degradation of the major components of the plant cell wall (i.e., cellulose, hemicellulose, and pectin), several activities have been only detected from proteomes of the most virulent isolates. In this way, four alternative proteins of β-1,4-endoglucanases (GH5, GH12, GH45), and cellobiohydrolases (GH7) related with cellulose degradation, MlPG1, MlPME3, and endo-β-1,4-galactanase (GH53) associated with pectin disassembly, as well as one laccase, an endo-1,4-beta-xylanase (GH10), and four involved in fungal cell wall remodeling. Although previous studies on M. laxa have not reported cellulase activity (Garcia-Benitez et al., 2018) or differential expression of their genes (De Miccolis Angelini et al., 2018), it was expected that the presence of these proteins were involved in their degradation. Xylanases, in addition to its activity described in Monilinia spp (Garcia-Benitez et al., 2018), were also present in the B. cinerea proteome (Shah et al., 2009a; Espino et al., 2010; Fernández-Acero et al., 2010; Shah et al., 2012), which may have a role beyond its degrading function as a necrosis inducer like Xyn11A of B. cinerea (Noda et al., 2010). In agreement with the high pectin content in peach fruit, 11 pectinase degrading enzymes were identified. Interestingly, the virulent factor MlPG1 was detected in the virulent ones but not in the weak virulent 5L, but this isolate produced MlPG6 which has no defined function in pathogenesis. Although in M. fructicola an over-expression of MfPG1 has been associated with smaller lesions (Chou et al., 2015), upregulation of M. laxa MlPG1 and protein identification had been reported with pectin as carbon source (Rodríguez-Pires et al., 2020). Likewise, PG1 was the most widely identified polygalacturonase in B. cinerea (Shah et al., 2009a; Shah et al., 2009b; Espino et al., 2010; Shah et al., 2012; González-Fernández et al., 2014). Among pectin lyases (PNLs), MlPNL1 was not detected, MlPNL3 was only identified in 5L, while the occurrence of MlPNL2 was in all of them. Pectin methyl esterases played a role in de-esterification in pectin breakdown, and particular MlPME2 had been described as a possible virulence factor in fruit (Baró-Montel et al., 2019), and highly expressed concerning other Monilinia spp (De Miccolis Angelini et al., 2018). The presence of some PME seems to be constitutive when M. laxa grew in pectin or glucose culture (Rodríguez-Pires et al., 2020), but here MlPME3 was absent in the weak virulent 5L.

In this context, another possible virulence factor NEP-like protein was only identified in the exoproteomes of most virulent isolates. The putative necrosis and ethylene inducing peptide (Monilinia_016550) were found in the 8L and 33L at 3 dpi. Necrosis and ethylene-inducing peptides of B. cinerea and S. sclerotiorum promote plant cell death during the early stages of lesion expansion being indispensable SsNep2 in S. sclerotiorum (Dallal Bashi et al., 2010). However, they did not seem to be essential individually in B. cinerea (Cuesta Arenas et al., 2010).

In this study, we have characterized three M. laxa isolates depending on their virulence degree. Isolate 5L is less aggressive than the other two, 8L and 33L. Exoproteomes of these three M. laxa isolates with different degrees of virulence have been evaluated, and their analyses provided new insights into how exoproteome could contribute to the necrotrophic infection. Firstly, our data shows the existence of a core exoproteome of 56 common proteins. Many of these identified proteins are hydrolytic enzymes highlighting the role of a common framework towards peach degradation among isolates with different virulence such as cutinase, laccases, and acid peptidase were identified as some examples, which could constitute a broad disease control target. In addition, a subset of secreted proteins were specifically identified in exoproteomes of virulent isolates, MlPG1 MlPME3, NEP-like or endoglucanase proteins, which we consider as possible markers of differential virulence in more aggressive isolates. We suspect that 5L isolate is delayed in its pathogenicity program. Further studies to analyze and compare 5L strain with other highly virulent isolates may assist in deciphering the genetic basis for regulating this time-related process of M. laxa pathogenicity on stone fruit.



Data Availability Statement

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD019758.



Author Contributions

AC and EE proposed this research line. AC, PM and EE searched for funding. AC and EE conceived and supervised the experiments, which were carried out by SR-P. AC, EE and SR-P wrote the original draft of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was funded by grants AGL2014-55287-C2-1-R, BFU2015-66806-R, RTI2018-094263-B-I00 and AGL2017-84389-C2-2-R from the Ministry of Science, Innovation and Universities (MCIU, Spain), Agencia Estatal de Investigación (AEI), and the Fondo Europeo de Desarrollo Regional (FEDER, EU). SR-P received a Ph.D. fellowship from the Ministry of Science, Innovation and Universities (Spain).



Acknowledgments

We thank R. Castillo for her technical support, and to V. de los Rios from the CIB’s Proteomics and Genomics facility for her assistance in improving peptide determinations and database searches.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.01286/full#supplementary-material

Supplementary Table 1 | Details of the whole identified proteins and peptides through LC-MS/MS in exoproteome of virulent Monilinia laxa isolates 8L and 33L at 3 dpi, and weak virulent isolate 5L at 7 dpi.

Supplementary Table 2 | Total proteins identified in exoproteome of virulent Monilinia laxa isolates 8L and 33L at 3 dpi, and weak virulent 5L at 7 dpi.

Supplementary Table 3 | Common accumulated proteins identified in exoproteome of virulent Monilinia laxa isolates 8L and 33L at 3 dpi, and weak virulent isolate 5L at 7 dpi.

Supplementary Table 4 | Common accumulated proteins identified in exoproteome of virulent Monilinia laxa isolates 8L and 33L at 3 dpi, and absent in weak virulent isolate 5L at 7 dpi.

Supplementary Table 5 | Accumulated proteins identified in exoproteome of weak virulent Monilinia laxa isolate 5L at 7 dpi, and absent in virulent isolates 8L and 33L at 3 dpi.



Footnotes

1https://blast.ncbi.nlm.nih.gov/Blast.cgi

2https://services.healthtech.dtu.dk/service.php?TMHMM-2.0

3http://www.cazy.org

4https://www.ebi.ac.uk/merops/



References

 Almagro Armenteros, J. J., Kaae Sønderby, C., Kaae Sønderby, S., Nielsen, H., and Winther, O. (2017). DeepLoc: prediction of protein subcellular localization using deep learning. Bioinformatics 33, 3387–3395. doi: 10.1093/bioinformatics/btx431

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

 Andrew, M., Barua, R., Short, S. M., and Kohn, L. M. (2012). Evidence for a common toolbox based on necrotrophy in a fungal lineage spanning necrotrophs, biotrophs, endophytes, host generalists and specialists. PloS One 7, e29943. doi: 10.1371/journal.pone.0029943

 Ashwin, N. M. R., Barnabas, L., Ramesh Sundar, A., Malathi, P., Viswanathan, R., Masi, A., et al. (2017). Advances in proteomic technologies and their scope of application in understanding plant-pathogen interactions. J. Plant Biochem. Biotechnol. 26, 371–386. doi: 10.1007/s13562-017-0402-1

 Bao, W., Peng, R., Zhang, Z., Tian, Y., Zhao, W., Xue, Y., et al. (2012). Expression, characterization and 2,4,6-trichlorophenol degradation of laccase from Monilinia fructigena. Mol. Biol. Rep. 39, 3871–3877. doi: 10.1007/s11033-011-1166-7

 Baró-Montel, N., Vall-llaura, N., Usall, J., Teixidó, N., Naranjo-Ortíz, M. A., Gabaldón, T., et al. (2019). Pectin methyl esterases and rhamnogalacturonan hydrolases: weapons for successful Monilinia laxa infection in stone fruit? Plant Pathol. 68, 1381–1393. doi: 10.1111/ppa.13039

 Billon-Grand, G., Poussereau, N., and Fèvre, M. (2002). The extracellular proteases secreted in vitro and in planta by the phytopathogenic fungus Sclerotinia sclerotiorum. J. Phytopathol. 150, 507–511. doi: 10.1046/j.1439-0434.2002.00782.x

 Blanco-Ulate, B., Morales-Cruz, A., Amrine, K. C. H., Labavitch, J. M., Powell, A. L. T., and Cantu, D. (2014). Genome-wide transcriptional profiling of Botrytis cinerea genes targeting plant cell walls during infections of different hosts. Front. Plant Sci. 5, 435. doi: 10.3389/fpls.2014.00435

 Bregar, O., Mandelc, S., Celar, F., and Javornik, B. (2012). Proteome analysis of the plant pathogenic fungus Monilinia laxa showing host specificity. Food Technol. Biotechnol. 50, 326–333.


 Brito, N., Espino, J. J., and González, C. (2006). The endo- β -1 , 4-xylanase Xyn11A is required for virulence in Botrytis cinerea. Mol. Plant-Microbe Interact. 19, 25–32. doi: 10.1094/MPMI-19-0025

 Byrde, R. J. W., and Willetts, H. J. (1977). The brown rot fungi of fruit: their biology and control (London: Pergamon Press).


 Caracuel, Z., Martínez-rocha, A. L., Pietro, A., Madrid, M. P., and Roncero, M. II (2005). Fusarium oxysporum gas1 encodes a putative β -1, 3-glucanosyltransferase required for virulence on tomato plants. Mol. Plant Microbe Interact. 18, 1140–1147. doi: 10.1094/MPMI-18-1140

 Chou, C. M., Yu, F., Yu, P. L., Ho, J. F., Bostock, R. M., Chung, K. R., et al. (2015). Expression of five endopolygalacturonase genes and demonstration that MfPG1 overexpression diminishes virulence in the brown rot pathogen Monilinia fructicola. PloS One 10, e0132012. doi: 10.1371/journal.pone.0132012

 Cobos, R., Barreiro, C., Mateos, R. M., and Coque, J.-J. R. (2010). Cytoplasmic- and extracellular-proteome analysis of Diplodia seriata: a phytopathogenic fungus involved in grapevine decline. Proteome Sci. 8, 46. doi: 10.1186/1477-5956-8-46

 Collado, I., Aleu, J., Hernandez-Galan, R., and Duran-Patron, R. (2000). Botrytis species: an intriguing source of metabolites with a wide range of biological activities. Structure, chemistry and bioactivity of metabolites isolated from Botrytis species. Curr. Org. Chem. 4, 1261–1286. doi: 10.2174/1385272003375815

 Coman, C., Moţ, A. C., Gal, E., Pârvu, M., and Silaghi-Dumitrescu, R. (2013). Laccase is upregulated via stress pathways in the phytopathogenic fungus Sclerotinia sclerotiorum. Fungal Biol. 117, 528–539. doi: 10.1016/j.funbio.2013.05.005

 Cristobo, I., Larriba, M. J., de los Ríos, V., García, F., Muñoz, A., and Casal, J. II (2011). Proteomic analysis of 1α,25-Dihydroxyvitamin D 3 action on human colon cancer cells reveals a link to splicing regulation. J. Proteomics 75, 384–397. doi: 10.1016/j.jprot.2011.08.003

 Cuesta Arenas, Y., Kalkman, E. R. II, Schouten, A., Dieho, M., Vredenbregt, P., Uwumukiza, B., et al. (2010). Functional analysis and mode of action of phytotoxic Nep1-like proteins of Botrytis cinerea. Physiol. Mol. Plant Pathol. 74, 376–386. doi: 10.1016/j.pmpp.2010.06.003

 Dallal Bashi, Z., Hegedus, D. D., Buchwaldt, L., Rimmer, S. R., and Borhan, M. H. (2010). Expression and regulation of Sclerotinia sclerotiorum necrosis and ethylene-inducing peptides (NEPs). Mol. Plant Pathol. 11, 43–53. doi: 10.1111/j.1364-3703.2009.00571.x

 Dalmais, B., Schumacher, J., Moraga, J., Le Pêcheur, P., Tudzynski, B., Collado, I. G., et al. (2011). The Botrytis cinerea phytotoxin botcinic acid requires two polyketide synthases for production and has a redundant role in virulence with botrydial. Mol. Plant Pathol. 12, 564–579. doi: 10.1111/j.1364-3703.2010.00692.x

 De Miccolis Angelini, R. M., Abate, D., Rotolo, C., Gerin, D., Pollastro, S., and Faretra, F. (2018). De novo assembly and comparative transcriptome analysis of Monilinia fructicola, Monilinia laxa and Monilinia fructigena, the causal agents of brown rot on stone fruits. BMC Genomics 19, 436. doi: 10.1186/s12864-018-4817-4

 de Vallée, A., Bally, P., Bruel, C., Chandat, L., Choquer, M., Dieryckx, C., et al. (2019). A similar secretome disturbance as a hallmark of non-pathogenic Botrytis cinerea ATMT-mutants? Front. Microbiol. 10, 2829. doi: 10.3389/fmicb.2019.02829

 Demkiv, O. M., Gayda, G. Z., Broda, D., and Gonchar, M. V. (2020). Extracellular laccase from Monilinia fructicola: isolation, primary characterization and application. Cell Biol. Int. 00, 1–13. doi: 10.1002/cbin.11316

 El-Akhal, M. R., Colby, T., Cantoral, J. M., Harzen, A., Schmidt, J., and Fernández-Acero, F. J. (2013). Proteomic analysis of conidia germination in Colletotrichum acutatum. Arch. Microbiol. 195, 227–246. doi: 10.1007/s00203-013-0871-0

 El-Bebany, A. F., Rampitsch, C., and Daayf, F. (2010). Proteomic analysis of the phytopathogenic soilborne fungus Verticillium dahliae reveals differential protein expression in isolates that differ in aggressiveness. Proteomics 10, 289–303. doi: 10.1002/pmic.200900426

 Escobar-Niño, A., Liñeiro, E., Amil, F., Carrasco, R., Chiva, C., Fuentes, C., et al. (2019). Proteomic study of the membrane components of signalling cascades of Botrytis cinerea controlled by phosphorylation. Sci. Rep. 9, 1–14. doi: 10.1038/s41598-019-46270-0

 Espino, J. J., Gutierrez-Sanchez, G., Brito, N., Shah, P., Orlando, R., and Gonzalez, C. (2010). The Botrytis cinerea early secretome. Proteomics 10, 3020–3034. doi: 10.1002/pmic.201000037

 Fang, X., and Barbetti, M. J. (2014). Differential protein accumulations in isolates of the strawberry wilt pathogen Fusarium oxysporum f. sp. fragariae differing in virulence. J. Proteomics 108, 223–237. doi: 10.1016/j.jprot.2014.05.023

 Fankhauser, N., and Mäser, P. (2005). Identification of GPI anchor attachment signals by a Kohonen self-organizing map. Bioinform. Orig. Pap. 21, 1846–1852. doi: 10.1093/bioinformatics/bti299

 Fernández-Acero, F. J., Jorge, I., Calvo, E., Vallejo, I., Carbú, M., Camafeita, E., et al. (2007). Proteomic analysis of phytopathogenic fungus Botrytis cinerea as a potential tool for identifying pathogenicity factors, therapeutic targets and for basic research. Arch. Microbiol. 187, 207–215. doi: 10.1007/s00203-006-0188-3

 Fernández-Acero, F. J., Colby, T., Harzen, A., Cantoral, J. M., and Schmidt, J. (2009). Proteomic analysis of the phytopathogenic fungus Botrytis cinerea during cellulose degradation. Proteomics 9, 2892–2902. doi: 10.1002/pmic.200800540

 Fernández-Acero, F. J., Colby, T., Harzen, A., Carbú, M., Wieneke, U., Cantoral, J. M., et al. (2010). 2-DE proteomic approach to the Botrytis cinerea secretome induced with different carbon sources and plant-based elicitors. Proteomics 10, 2270–2280. doi: 10.1002/pmic.200900408

 Free, S. J. (2013). Fungal cell wall organization and biosynthesis. Adv. Genet. 81, 33–82. doi: 10.1016/B978-0-12-407677-8.00002-6

 Garcia-Benitez, C., Melgarejo, P., Sandin-España, P., Sevilla-Morán, B., and De Cal, A. (2018). Degrading enzymes and phytotoxins in Monilinia spp. Eur. J. Plant Pathol. 154, 305–318. doi: 10.1007/s10658-018-01657-z

 Gell, I., Cubero, J., and Melgarejo, P. (2007). Two different PCR approaches for universal diagnosis of brown rot and identification of Monilinia spp. in stone fruit trees. J. Appl. Microbiol. 103, 2629–2637. doi: 10.1111/j.1365-2672.2007.03495.x

 Geoghegan, I., Steinberg, G., and Gurr, S. (2017). The role of the fungal cell wall in the infection of plants. Trends Microbiol. xx, 1–11. doi: 10.1016/j.tim.2017.05.015

 Glass, N. L., Schmoll, M., Cate, J. H. D., and Coradetti, S. (2013). Plant cell wall deconstruction by Ascomycete fungi. Annu. Rev. Microbiol. 67, 477–498. doi: 10.1146/annurev-micro-092611-150044

 González-Fernández, R., Aloria, K., Valero-Galván, J., Redondo, I., Arizmendi, J. M., and Jorrín-Novo, J. V. (2014). Proteomic analysis of mycelium and secretome of different Botrytis cinerea wild-type strains. J. Proteomics 97, 195–221. doi: 10.1016/j.jprot.2013.06.022

 González-Rodríguez, V. E., Liñeiro, E., Colby, T., Harzen, A., Garrido, C., Cantoral, J. M., et al. (2014). Proteomic profiling of Botrytis cinerea conidial germination. Arch. Microbiol. 197, 117–133. doi: 10.1007/s00203-014-1029-4

 Hernández-Ortiz, P., and Espeso, E. A. (2013). Phospho-regulation and nucleocytoplasmic trafficking of CrzA in response to calcium and alkaline-pH stress in Aspergillus nidulans. Mol. Microbiol. 89, 532–551. doi: 10.1111/mmi.12294

 Hislop, E. C., Paver, J. L., and Keon, J. P. R. (1982). An acid protease produced by Monilinia fructigena in vitro and in infected apple fruits, and its possible role in pathogenesis. J. Gen. Microbiol. 128, 799–807. doi: 10.1099/00221287-128-4-799

 Huerta-Cepas, J., Szklarczyk, D., Heller, D., Hernández-Plaza, A., Forslund, S. K., Cook, H., et al. (2018). eggNOG 5.0: a hierarchical, functionally and phylogenetically annotated orthology resource based on 5090 organisms and 2502 viruses. Nucleic Acids Res. 47, 309–314. doi: 10.1093/nar/gky1085

 Ismail, I. A., and Able, A. J. (2016). Secretome analysis of virulent Pyrenophora teres f. teres isolates. Proteomics 16, 2625–2636. doi: 10.1002/pmic.201500498

 Jashni, M. K., Dols, I. H. M., Iida, Y., Boeren, S., Beenen, H. G., and Mehrabi, R. (2015). Synergistic action of a metalloprotease and a serine protease from Fusarium oxysporum cleaves chitin-binding tomato chitinases. Mol. Plant Microbes Interact. 28, 996–1008. doi: 10.1094/MPMI-04-15-0074-R

 Käll, L., Canterbury, J. D., Weston, J., Noble, W. S., and MacCoss, M. J. (2007). Semi-supervised learning for peptide identification from shotgun proteomics datasets. Nat. Methods 4, 923–925. doi: 10.1038/nmeth1113

 Kars, I., McCalman, M., Wagemakers, L., and Van Kan, J. A. L. (2005). Functional analysis of Botrytis cinerea pectin methylesterase genes by PCR-based targeted mutagenesis: Bcpme1 and Bcpme2 are dispensable for virulence of strain B05.10. Mol. Plant Pathol. 6, 641–652. doi: 10.1111/j.1364-3703.2005.00312.x

 Kim, Y., Nandakumar, M. P., and Marten, M. R. (2007). Proteomics of filamentous fungi. Trends Biotechnol. 25, 395–400. doi: 10.1016/j.tibtech.2007.07.008

 Landi, L., Pollastro, S., Rotolo, C., Romanazzi, G., Faretra, F., and de Miccolis Angelini, R. M. (2020). Draft genomic resources for the brown rot fungal pathogen Monilinia laxa. Mol. Plant-Microbe Interact. 33, 145–148. doi: 10.1094/MPMI-08-19-0225-A

 Lee, M. H., and Bostock, R. M. (2006). Induction, regulation, and role in pathogenesis of appressoria in Monilinia fructicola. Phytopathology 96, 1072–1080. doi: 10.1094/PHYTO-96-1072

 Lee, M. H., Chiu, C. M., Roubtsova, T., Chou, C. M., and Bostock, R. M. (2010). Overexpression of a redox-regulated cutinase gene, MfCUT1, increases virulence of the brown rot pathogen Monilinia fructicola on Prunus spp. Mol. Plant Microbe Interact. 23, 176–186. doi: 10.1094/MPMI-23-2-0176

 Leroch, M., Kleber, A., Silva, E., Coenen, T., Koppenhöfer, D., Shmaryahu, A., et al. (2013). Transcriptome profiling of Botrytis cinerea conidial germination reveals upregulation of infection-related genes during the prepenetration stage. Eukaryot. Cell 12, 614–626. doi: 10.1128/EC.00295-12

 Li, R., Rimmer, R., Buchwaldt, L., Sharpe, A. G., Séguin-Swartz, G., and Hegedus, D. D. (2004). Interaction of Sclerotinia sclerotiorum with Brassica napus: Cloning and characterization of endo- and exo-polygalacturonases expressed during saprophytic and parasitic modes. Fungal Genet. Biol. 41, 754–765. doi: 10.1016/j.fgb.2004.03.002

 Li, B., Wang, W., Zong, Y., Qin, G., and Tian, S. (2012). Exploring Pathogenic Mechanisms of Botrytis cinerea Secretome under Different Ambient pH Based on Comparative Proteomic Analysis. J. Proteome Res. 11, 4249–4260. doi: 10.1021/pr300365f

 Li, E., Ling, J., Wang, G., Xiao, J., Yang, Y., Mao, Z., et al. (2015). Comparative proteomics analyses of two races of Fusarium oxysporum f. sp. conglutinans that differ in pathogenicity. Sci. Rep. 5, 13663. doi: 10.1038/srep13663

 Liu, L., and Free, S. J. (2016). Characterization of the Sclerotinia sclerotiorum cell wall proteome. Mol. Plant Pathol. 17, 985–995. doi: 10.1111/mpp.12352

 Loginov, D., and Šebela, M. (2016). Proteomics of survival structures of fungal pathogens. N. Biotechnol. 33, 655–665. doi: 10.1016/j.nbt.2015.12.011

 Ma, H., Zhang, B., Gai, Y., Sun, X., Chung, K. R., and Li, H. (2019). Cell-wall-degrading enzymes required for virulence in the host selective toxin-producing necrotroph Alternaria alternata of citrus. Front. Microbiol. 10:2514. doi: 10.3389/fmicb.2019.02514

 Manikandan, R., Harish, S., Karthikeyan, G., and Raguchander, T. (2018). Comparative proteomic analysis of different isolates of Fusarium oxysporum f.sp. lycopersici to exploit the differentially expressed proteins responsible for virulence on tomato plants. Front. Microbiol. 9, 420. doi: 10.3389/fmicb.2018.00420

 Manoli, M., and Espeso, E. A. (2019). Modulation of calcineurin activity in Aspergillus nidulans: the roles of high magnesium concentrations and of transcriptional factor CrzA. Mol. Microbiol. 111, 1283–1301. doi: 10.1111/mmi.14221

 Mayer, A. M., and Staples, R. C. (2002). Laccase: new functions for an old enzyme. Phytochemistry 60, 551–565. doi: 10.1016/S0031-9422(02)00171-1

 Müller, N., Leroch, M., Schumacher, J., Zimmer, D., Könnel, A., Klug, K., et al. (2018). Investigations on VELVET regulatory mutants confirm the role of host tissue acidification and secretion of proteins in the pathogenesis of Botrytis cinerea. New Phytol. 219, 1062–1074. doi: 10.1111/nph.15221

 Naranjo-Ortíz, M. A., Rodríguez-Pires, S., Torres, R., De Cal, A., Usall, J., and Gabaldón, T. (2018). Genome sequence of the brown rot fungal pathogen Monilinia laxa. Genome Announc. 6, 1–2. doi: 10.1128/genomea.00214-18

 Noda, J., Brito, N., and González, C. (2010). The Botrytis cinerea xylanase Xyn11A contributes to virulence with its necrotizing activity, not with its catalytic activity. BMC Plant Biol. 10, 38. doi: 10.1186/1471-2229-10-38

 Oliveira Lino, L., Pacheco, I., Mercier, V., Faoro, F., Bassi, D., Bornard, I., et al. (2016). Brown rot strikes Prunus fruit: an ancient fight almost always lost. J. Agric. Food Chem. 64, 4029–4047. doi: 10.1021/acs.jafc.6b00104

 Patel, P. K., and Free, S. J. (2019). The genetics and biochemistry of cell wall structure and synthesis in Neurospora crassa, a model filamentous fungus. Front. Microbiol. 10, 2294. doi: 10.3389/fmicb.2019.02294

 Poussereau, N., Gente, S., Rascle, C., Billon-Grand, G., and Fèvre, M. (2001). aspS encoding an unusual aspartyl protease from Sclerotinia sclerotiorum is expressed during phytopathogenesis. FEMS Microbiol. Lett. 194, 27–32. doi: 10.1016/S0378-1097(00)00500-0

 Quidde, T., Osbourn, A. E., and Tudzynski, P. (1998). Detoxification of α-tomatine by Botrytis cinerea. Physiol. Mol. Plant Pathol. 52, 151–165. doi: 10.1006/pmpp.1998.0142

 Rodríguez-Pires, S., Melgarejo, P., De Cal, A., and Espeso, E. A. (2020). Pectin as carbon source for Monilinia laxa, exoproteome and expression profiles of related genes. Mol. Plant Microbes Interact. doi: 10.1094/MPMI-01-20-0019-R

 Rolland, S., Bruel, C., Rascle, C., Girard, V., Billon-Grand, G., and Poussereau, N. (2009). pH controls both transcription and posttranslational processing of the protease BcACP1 in the phytopathogenic fungus Botrytis cinerea. Microbiology 155, 2097–2105. doi: 10.1099/mic.0.025999-0

 Samalova, M., Mélida, H., Vilaplana, F., Bulone, V., Soanes, D. M., Talbot, N. J., et al. (2016). The β-1,3-glucanosyltransferases (Gels) affect the structure of the rice blast fungal cell wall during appressorium-mediated plant infection. Cell. Microbiol. 19, 1–14. doi: 10.1111/cmi.12659

 Sauer, D. B., and Burroughs, R. (1986). Disinfection of seed surfaces with sodium hypochlorite. Phytopathology 76, 745–749. doi: 10.1094/Phyto-76-745

 Schouten, A., Wagemakers, L., Stefanato, F. L., van der Kaaij, R. M., and Kan, J. A. L. (2002). Resveratrol acts as a natural profungicide and induces self-intoxication by a specific laccase. Mol. Microbiol. 43, 883–894. doi: 10.1046/j.1365-2958.2002.02801.x

 Schouten, A., Van Baarlen, P., and Van Kan, J. A. L. (2008). Phytotoxic Nep1-like proteins from the necrotrophic fungus Botrytis cinerea associate with membranes and the nucleus of plant cells. New Phytol. 177, 493–505. doi: 10.1111/j.1469-8137.2007.02274.x

 Shah, P., Atwood III, J., Orlando, R., El Mubarek, H., Podila, G. K., and Davis, M. R. (2009a). Comparative proteomic analysis of Botrytis cinerea secretome. J. Proteome Res. 8, 1123–1130. doi: 10.1021/pr8003002

 Shah, P., Gutierrez-Sanchez, G., Orlando, R., and Bergmann, C. (2009b). A proteomic study of pectin-degrading enzymes secreted by Botrytis cinerea grown in liquid culture. Proteomics 9, 3126–3135. doi: 10.1002/pmic.200800933

 Shah, P., Powell, A. L. T., Orlando, R., Bergmann, C., and Gutierrez-Sanchez, G. (2012). A proteomic analysis of ripening tomato fruit infected by Botrytis cinerea. J. Proteome Res. 11, 2178–2192. doi: 10.1021/pr200965c

 Snedecor, G. W., and Cochran, W. G. (1967). Statistical methods (Ames: Iowa State University Press).


 Ten Have, A., Breuil, W. O., Wubben, J. P., Visser, J., and Van Kan, J. A. L. (2001). Botrytis cinerea endopolygalacturonase genes are differentially expressed in various plant tissues. Fungal Genet. Biol. 33, 97–105. doi: 10.1006/fgbi.2001.1269

 Ten Have, A., Espino, J. J., Dekkers, E., Van Sluyter, S. C., Brito, N., Kay, J., et al. (2010). The Botrytis cinerea aspartic proteinase family. Fungal Genet. Biol. 47, 53–65. doi: 10.1016/j.fgb.2009.10.008

 Valette-Collet, O., Cimerman, A., Reignault, P., Levis, C., and Boccara, M. (2003). Disruption of Botrytis cinerea pectin methylesterase gene Bcpme1 reduces virulence on several host plants. Mol. Plant-Microbe Interact. 16, 360–367. doi: 10.1094/MPMI.2003.16.4.360

 van Kan, J. A. L., van’t Klooster, J. W., Wagemakers, C. A. M., Dees, D. C. T., and van Der Vlugt-Bergmans, C. J. B. (1997). Cutinase A of Botrytis cinerea is expressed, but not essential, during penetration of gerbera and tomato. Mol. Plant-Microbe Interact. 10, 30–38. doi: 10.1094/MPMI.1997.10.1.30

 van Kan, J. A. L. (2006). Licensed to kill: the lifestyle of a necrotrophic plant pathogen. Trends Plant Sci. 11, 247–253. doi: 10.1016/j.tplants.2006.03.005

 Villarino, M., Melgarejo, P., and De Cal, A. (2016). Growth and aggressiveness factors affecting Monilinia spp. survival peaches. Int. J. Food Microbiol. 227, 6–12. doi: 10.1016/j.ijfoodmicro.2016.01.023

 Vincent, D., Rafiqi, M., and Job, D. (2020). The multiple facets of plant–fungal interactions revealed through plant and fungal secretomics. Front. Plant Sci. 10, 1626. doi: 10.3389/fpls.2019.01626

 Yajima, W., and Kav, N. N. V. (2006). The proteome of the phytopathogenic fungus Sclerotinia sclerotiorum. Proteomics 6, 5995–6007. doi: 10.1002/pmic.200600424

 Yin, Y., Mao, X., Yang, J., Chen, X., Mao, F., and Xu, Y. (2012). dbCAN: a web resource for automated carbohydrate-active enzyme annotation. Nucleic Acids Res. 40, W445–W451. doi: 10.1093/nar/gks479

 Zhang, H., Wu, Q., Cao, S., Zhao, T., Chen, L., Zhuang, P., et al. (2014). A novel protein elicitor (SsCut) from Sclerotinia sclerotiorum induces multiple defense responses in plants. Plant Mol. Biol. 86, 495–511. doi: 10.1007/s11103-014-0244-3

 Zhang, H., Yohe, T., Huang, L., Entwistle, S., Wu, P., Yang, Z., et al. (2018). dbCAN2: a meta server for automated carbohydrate-active enzyme annotation. Nucleic Acids Res. 46, W95–W101. doi: 10.1093/nar/gky418



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.

Copyright © 2020 Rodríguez-Pires, Melgarejo, De Cal and Espeso. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 27 October 2020
doi: 10.3389/fpls.2020.584496





[image: image]

Effect of Cultivar Resistance and Soil Management on Spatial–Temporal Development of Verticillium Wilt of Olive: A Long-Term Study
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Verticillium wilt, caused by Verticillium dahliae, challenges olive cultivation and an Integrated Disease Management (IDM) approach is the best-suited tool to combat it. Since 1998, an IDM strategy in an orchard (called Granon, Spain) of the susceptible cv. Picual was conducted by increasing planting density with moderately resistant cv. Frantoio, chemical weed control, and replanting of dead olives with cv. Frantoio following soil solarization. The Verticillium wilt epidemic in Granon orchard was compared to the epidemic in a non-IDM orchard (called Ancla, Spain) with plowed soil and dead Picual olives replanted with the same cultivar. Field evaluations (2012–2013) showed an incidence and severity of the disease as Picual–Ancla > Picual–Granon > Frantoio–Granon. The spatiotemporal dynamics of the Verticillium epidemics from 1998 to 2010 were monitored with digital images using SIG. The annual tree mortalities were 5.6% for Picual olives in Ancla orchard, and 3.1 and 0.7% for Picual and Frantoio olives in Granon orchard, respectively. There was a negative relationship between the mortality of olive trees (%) by the pathogen and the height (m) above sea level. The annual mortality of cv. Picual olives was positively correlated with spring rainfalls. The Index of Dispersion and beta-binomial distribution showed aggregation of Verticillium-dead olives. In conclusion, this IDM strategy considerably reduced the disease in comparison with traditional agronomic practices.

Keywords: Verticillium wilt, Integrated Disease Management, olive, Verticillium, plant pathogen control


INTRODUCTION

The olive tree (Olea europaea L. subsp. europaea) is one of the most important woody crops around the world. Spain accounts for the largest production of both olive oil and table fruit. In this country, the major area of olive groves covers around 1.65 million hectares and is located in Andalusia, Southern region, being one-third concentrated in the province of Jaen (ESYRCE, 2019). Verticillium wilt of olive, caused by the soil-borne pathogen Verticillium dahliae Kleb., is a major concern for the producers of this crop worldwide (Lopez-Escudero and Mercado-Blanco, 2011; Tsror, 2011; Keykhasaber et al., 2017). In Spain, the increase and spread of Verticillium wilt of olive have been mainly driven by (i) the olive colonization of soils historically cropped with cotton, which is a major host of V. dahliae; and (ii) the spread of the defoliating (D) pathotype of the pathogen, which is more virulent than the previously dominant non-defoliating pathotype (ND) (Navas-Cortes et al., 2008; Lopez-Escudero et al., 2010; Milgroom et al., 2016). The D isolates of V. dahliae cause defoliation in olive and cotton, whereas ND isolates cause wilting but no defoliation (Lopez-Escudero et al., 2004; Jimenez-Diaz et al., 2017).

In the disease cycle of Verticillium wilt of olive, the pathogen has a parasitic phase in the host and a non-parasitic phase as microsclerotia (Keykhasaber et al., 2017), which can survive in the field soils for a prolonged period (up to 15 years) (Wilhelm, 1955). Microsclerotia germinate under favorable microbiological and environmental conditions and in the presence of root exudates of olive infect the roots (Prieto et al., 2009; Jimenez-Diaz et al., 2012). Subsequently, the pathogen systemically colonizes the olive tree with hyphae and conidia before symptoms develop (Jimenez-Diaz et al., 2012). Colonized trees show characteristic canopy wilting and ultimately die (Navas-Cortes et al., 2008). However, some infected olive trees can overcome the disease (Levin et al., 2003; Lopez-Escudero and Blanco-Lopez, 2005; Bubici and Cirulli, 2014).

Because no control measures applied singly are completely effective in controlling Verticillium wilt of olive, the disease should be managed according to an Integrated Disease Management (IDM) strategy (Tsror, 2011; Jimenez-Diaz et al., 2012). An IDM strategy should be based on the application of both preplanting and postplanting control measures (Lopez-Escudero and Mercado-Blanco, 2011). Preplanting control measures include (i) the quantification of the pathogen in soil while avoiding planting in infested soils (Perez-Artes et al., 2005); (ii) the use of pathogen-free planting material (Morello et al., 2016); and (iii) the selection of cultivars with elevated resistance to the V. dahliae, because there are no immune ones (Lopez-Escudero et al., 2004; Trapero et al., 2013; Leyva-Perez et al., 2017). After planting, control measures may include (i) the elimination of alternative weed hosts to avoid the increase in pathogen inoculum (Ligoxigakis et al., 2002); (ii) the removal of pruning remains by burning (Morello et al., 2016); (iii) the application of disinfectants to reduce the viability of the pathogen in the irrigation water (Gomez-Galvez et al., 2018; Gomez-Galvez and Rodriguez-Jurado, 2018); or (iv) biofumigation by sowing Brassicaceae species and/or solarization because both strategies reduce pathogen inoculum density in the soil (Tjamos, 1991; Lopez-Escudero and Blanco-Lopez, 2001; Bejarano-Alcazar, 2008). The use of an IDM strategy to control Verticillium wilt of olive has been highly recommended for many authors (Lopez-Escudero and Mercado-Blanco, 2011; Jimenez-Diaz et al., 2012; Keykhasaber et al., 2017; Montes-Osuna and Mercado-Blanco, 2020); however, the examination of an IDM strategy controlling the disease in a commercial olive orchard and the long-term effect in field conditions is needed. While spatiotemporal studies have highlighted their potential in understanding epidemics of soil-borne pathogens (Madden et al., 2007), these remain barely used in Verticillium wilt of olive and limited to the moderately susceptible cultivar Arbequina in experimental plots (Navas-Cortes et al., 2008). Generally, olive trees showing Verticillium wilt symptoms occur in clusters in the field where the disease is driven by the natural inoculum, i.e., the soil microsclerotia (Navas-Cortes et al., 2008), although the use of infected planting stocks could also contribute to increase the heterogeneity of affected olives in the field (Thanassoulopoulos, 1992). The effect of Verticillium wilt management practices on the spatial patterns of dead olives by the pathogen will aid in the understanding of the impact of these control methods on the diseases and how we can improve them.

Thereunder, we conducted an epidemiological study in two commercial olive orchards intending to characterize the impact of a specific IDM strategy on spatiotemporal of V. dahliae–dead olives for 12 years. The IDM described in the present study has contributed to keeping with relatively low levels of Verticillium wilt in a commercial olive orchard.



MATERIALS AND METHODS


Orchards and Background

The present study was conducted in two adjacent (distance between them 100 m) commercial olive groves (4159393.6N, 457616.1W), called Ancla and Granon, counting 21.5 and 16.2 ha, respectively. Both Ancla and Granon orchards stand 329 m (from 264 to 384 m) and 286 m (from 260 to 312 m) above sea level. The orchards were separated by an 18-m-wide road and located in the province of Jaen, in Andalusia (South of Spain), considered to be the leading olive-growing region in the world, having more than 592,000 ha of this crop (ESYRCE, 2019). This location held an average rainfall of 524 mm and average temperature of 17°C, and a xerofluvent soil, according to Soil Survey Staff (2015). Both orchards originally belonged to the same owner, and they were planted with V. dahliae–susceptible herbaceous crops (alfalfa, cotton, and tomato) for 25 years. Then, the ownership of the orchards was transferred to two olive farmers, just before the starting of the study.

For planting, 1-year-old self-rotten olives cv. Picual were used, which are highly susceptible to both non-defoliating and defoliating pathotypes of the pathogen (Lopez-Escudero et al., 2004; Roca et al., 2016). The olives were established during the fall–winter of 1995–1996 (Ancla orchard) and the fall–winter of 1996–1997 (Granon orchard). In Granon orchard, the spacing was 10 × 10 m2 (100 trees per hectare). In Ancla orchard, the tree spacing was the same (10 × 10 m2), although 11 rows of olive trees were planted at 6 × 3 m2 on the west side of the orchard.

We observed the first Verticillium wilt symptoms in spring 1998, 2 years after plantation, in Ancla orchard. In 2000, the pathogen was isolated on potato dextrose agar (PDA) of 10 symptomatic trees of each orchard as described below. Also, inoculum densities of V. dahliae microsclerotia on the soil of both orchards were estimated by subsampling using the wet sieving technique as described below (Soil Isolation). At this point, the inoculum density in both orchards was similar and ranged from 0.4 to 0.6 microsclerotia per gram of soil. Also, in 2010, an evaluation of Phytophthora species was performed, but with no detection of the pathogen (Moral, unpublished data).



Agronomic Practices


Granon Orchard

From 1998, the agronomic practices applied to the Granon orchard aimed to decrease the Verticillium impact. At that time, we started an IDM strategy based on the combination of diverse control methods that had individually shown their efficacy controlling the pathogen. This IDM strategy has been systematically applied since 1998 and is based on (i) weed control by herbicides (mainly glyphosate) to avoid inoculum production of the pathogen on alternative hosts (Thanassoulopoulos et al., 1981); (ii) burning of the pruning debris to prevent the spread of V. dahliae inoculum (Morello et al., 2016); (iii) annual harvesting of the fallen leaves of the symptomatic olive trees using leaf blowers and eliminating through burning; (iv) uprooting, burning, and solarizing the soil by using a polyethylene sheet (4 × 4 m2) for 50–60 days during the summer (Lopez-Escudero and Blanco-Lopez, 2001); and finally (v) during the fall, the moderately resistant cv. Frantoio was used to replant the solarized sites to replace the dead tree (Lopez-Escudero et al., 2004; Leyva-Perez et al., 2017). In 2000, an olive tree of the moderately resistant cv. Frantoio was planted in the middle of every four olive trees of the cv. Picual increasing the tree density from 100 to 204 olive trees ha–1. Also, a drip irrigation system was installed, consisting of two drippers (8 L h–1) per tree and 1,500 m3 ha–1 yr–1. With variations from one season to another, irrigation was mainly applied during spring and autumn (approximately 80% of the total applied water), whereas more severe water restrictions were applied during the summer. Furthermore, despite that infective propagules of V. dahliae are common in irrigation waters in Andalusia (Garcia-Cabello et al., 2012), no water surveys were conducted to test the presence of the pathogen in the water, and subsequently, no specific management was conducted in this sense.



Ancla Orchard

In this orchard, the management followed the traditional agronomic practices performed by olive growers in Jaen province. The Ancla orchard was rainfed, and the dead olives of cv. Picual were replaced with trees belonging to the same susceptible Picual cultivar. The topsoil layer was mechanically tilled for weed control, and pruning debris were burned.

In both Granon and Ancla orchards, different copper-based fungicides were used within a normal annual treatment schedule (two to three treatments per year) during spring and fall–winter to control different aerial diseases such as Venturia oleaginea and Pseudocercospora cladosporioides (Moral et al., 2018). These compounds have no activity against vascular diseases such as Verticillium wilt (Fodale and Mule, 1999).



Weather Data

Weather data were obtained from the nearby (∼10 km) Linares weather station (443,002.0 N, 4,212,540.0 W, altitude 432 m). Weather data collection included daily measurements of temperature and precipitation. Therefore, we calculated the monthly data for the following parameters: minimum, maximum, and average temperatures and total rainfall. Similarly, we calculated the same parameters for each season, i.e., fall (September–November), winter (December–February), spring (March–May), and summer (June–August).



Field Evaluations

Field evaluations were conducted in 2012 and 2013. For that, we chose three experimental plots in Granon orchard with around 200 olive trees per plot (100 of each, Frantoio and Picual cultivars). Because of the very high disease intensity in the Ancla orchard, we only defined an experimental plot with 200 olive trees cv. Picual in the center of the orchard. All the olive tree positions were marked according to the row number and within the row tree number.


Disease Parameters

The symptoms, in terms of incidence and disease severity, were evaluated in June 2012, October 2012, April 2013, June 2013, and October 2013. The disease severity was assessed with a 0–6-point rating scale where 0 = no symptoms, 1% < 5%, 2 = 5–10%, 3 = 11–20%, 4 = 21–40%, 5 = 41–80% of wilted canopy, 6 = dead tree. We used this rating scale since affected olive trees usually showed a low percentage of wilted canopy, while those showing more than 80% of their canopy wilted were dead. Each tree was gauged by two evaluators, and the mean value of the evaluations was used for the data analysis. The rating scale values helped to calculate (i) the Disease Intensity Index (DII), as the average severity of all the trees (including the no affected ones); ii) the disease severity, as the average severity of all the affected trees; and (iii) dead trees percentage or mortality.



Pathogen Isolation and Identification

During every field evaluation, wilted shoot samples were taken from 15 (Granon orchard, n = 75) and 10 (Ancla orchard, n = 50) symptomatic olive trees cv. Picual to conduct the isolation of the pathogen on acidified PDA culture media (Difco Laboratories, Detroit, MI, United States) (Lopez-Escudero et al., 2004). Similarly, isolations from samples of 10 asymptomatic and two symptomatic (n = 12) trees of the olive cv. Frantoio were conducted.



Pathogen Detection by Quantitative Polymerase Chain Reaction

A previously validated real-time polymerase chain reaction (PCR) protocol with the specific primers VertBt-F and VertBt-R (Atallah et al., 2007) was used (Morello et al., 2016). DNA was isolated using the DNeasy Plant Mini kit (QIAGEN). The quantitative PCR (qPCR) was conducted using SYBR Green PCR Master Mix (Applied Biosystems) using an iCycler (Bio-Rad) (Gramaje et al., 2013; Morello et al., 2016).



Soil Isolation

We estimated the density of V. dahliae microsclerotia on the soil of both orchards at four times during the summer of 2012 and 2013. Microsclerotia were quantified using the wet sieving technique (Huisman and Ashworth, 1974) and the modified sodium polypectate agar medium (MSPA (Butterfield and Devay, 1977). In both orchards, the inoculum density was evaluated four times using 25-g-soil samples collected in June and October 2012 and 2013. Each 25-g-soil sample was constituted by 20–25 subsamples (approximately 1 g/sample) regularly collected in the studied orchards (Lopez-Escudero and Blanco-Lopez, 2007). The detection limit of the pathogen in the soil ranged from 0.2 to 0.02 microsclerotia per gram of soil, depending on the number of Petri dishes (0.25 g of soil/dish) used in each evaluation. Because of the low density of V. dahliae inoculum in the soil, we combined the whole of data to increase the limit of detection of the pathogen.



Pathotype Identification

Fifty V. dahliae isolates from 25 olive trees of each orchard were assigned to defoliating or non-defoliating pathotype by PCR using two couples of specific primers (DF/DR vs. NDF/NDR) (Perez-Artes et al., 2000).



Disease Dynamic Through Digital Orthophotography

Digital color orthophotographs, dated in 1998, 2001, 2004, 2005, 2006, 2008, and 2010 at a 1:5,000 scale, were used to study the Verticillium wilt epidemics in both orchards. All digital orthophotographs were taken during July–August by the Instituto Cartografico de Andalucia, distributed by Red de Information Ambiental de Andalucia (REDIAM)1. The orthophotographs were processed using the gvSIG software (Valencian Generalitat Geographic Information System)2. The spatiotemporal dynamics of the Verticillium epidemic were based on the peer expert interpretation of the digital images. For that, we added a layer of points to each digital orthophotograph, in which each point represents the given position of the tree. Then, we generated a database for every given position with the following information: the binary mortality [alive (= 1) or death tree (= 0)] and absence/presence of tree. Because the projection of the crown size of a developing olive trees is associated with the years after plating and considering that the used images were ortho-rectified (REDIAM)3, the tree age was calculated according to its crown projection (Diaz-Varela et al., 2015). The Ancla orchard layer had 2,138-point olive trees, whereas the Granon orchard layer had 3,139-point olive trees (1664 cv. Picual and 1475 cv. Frantoio).



Data Analysis

We differentiated the following treatments: olives of susceptible cv. Picual growing on Ancla orchard (treatment Picual–Ancla) and olives of moderately resistant cv. Frantoio and the susceptible cv. Picual growing on Granon orchard (treatments: Frantoio–Granon and Picual–Granon, respectively).


Field Data

Zar’s test of multiple comparisons of proportions was used for mean separation of the mortality (%) between treatments (Zar, 2010). Severity and DII data were analyzed using the non-parametric Kruskal–Wallis test, and mean ranks of the cultivars were compared at P = 0.05 using Dunn test with a Bonferroni adjustment at P = 0.05 (Demšar, 2006).



Orthophotograph Data

We stratified the data comparing the accumulated mortality at 8th and 10th years after planting for the three orchard-cultivar combinations to eliminate the planting year factor. Subsequently, we calculated the relative risk (RR, syn. risk ratio) associated with IDM by comparing the cv. Picual growing in both orchards and RR associated with the cultivar resistance by comparing both cultivars in Granon orchard. RRs were calculated dividing the mortalities of the treatments to compare, and χ2-tests were used to evaluate the significance of the RRs at P < 0.05 (Newman, 2001). These RRs are an optimum measure for both IDM and the use of the cultivar with different grade of resistance.

For each treatment, the increase in mortality (%) over time, considering the replanting of dead olive trees (i.e., several trees could die in a specific position throughout the study) and without considering it, was fitted using several linear and non-linear models. The best model was a Weibull model that includes rate and shape parameters, which allowed the generation of a wide variety of response curves according to the equation:
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where Y = accumulated mortality (%), a = upper asymptote parameter (i.e., upper limit of Y), b = an intrinsic rate of Y increase over time, c = a shape parameter (a higher c value, the function takes longer to reach the asymptote), t = time (year after planting), and d = a shape parameter associated with the type of curve. In all cases, the R2-values of the Weibull models were > 0.920, and standardized residuals were randomly distributed over predicted Y (Campbell and Madden, 1990). Subsequently, we compared the change rates (ΔY/Δt) between treatments using analysis of variance, followed by the least significant differences at P = 0.05, or t-test considering replanting or no-replanting. Scaled (standardized) area under disease progress curve was calculated by trapezoidal integration of mortality values over time divided by the duration of the observed epidemics (Madden et al., 2007). Survival analyses on the occurrence and timing after plantation of olive death were measured using mortality curves estimated by Kaplan–Meier method (Scherm and Ojiambo, 2004), and the treatments were compared using a log-rank test at P = 0.05 as previously for Verticillium epidemics (Perez-Rodriguez et al., 2016).

The relationship of the height above the sea level (m) and the accumulated olive tree mortality (%) were analyzed according to a logistic regression using the number of olive trees as a weight variable. Significance of the logistic regression was considered according to the P-value and regression coefficient (R2). The mortality (%) of olive trees of each year according to digital orthophotographs was correlated (Pearson correlation) with several weather variables from March of the previous year (n - 1) to June (n) to study the effect of weather variables on Verticillium wilt epidemics. For these correlations, we used the following weather variables: maximum, minimum, and average temperatures; and monthly and seasonal rainfall (mm) [fall (September–November), winter (December–February), spring (March–May), and total]. Data from this and the above experiment were analyzed with SPSS (version 14; SPSS Inc., Chicago, IL, United States) or Statistix 10 (Analytical Software, Tallahassee, FL, United States).



Spatial Analysis of Orthophotograph Data

Exponential kriging, an interpolation technique that was previously selected, was used to generate Verticillium wilt maps of both orchards according to the binary mortality data (Bailey, 1994). For that, a semivariance analysis followed by kriging was achieved by using the module “Sextante” of gvSIG software4. This interpolation technique has previously shown a good fit for Verticillium wilt data (Navas-Cortes et al., 2008). Spatial correlation between neighboring olive trees was conducted using the join-count statistic considering the largest square matrix in the center of each orchard (PASSgE, version 2.0; Rosenberg and Anderson, 2011).

Distance indices (SADIE) was used to study the strength and directionality or orientation of aggregation among quadrants containing dead olive trees by Verticillium wilt. For that, we calculated general clustering index (Ia) and clustering indices of patches (Vi) and gaps (Vj) using the SADIE software (Perry et al., 1996), in which the patches and gaps are considered areas with counts of dead trees greater and less than the mean, respectively (Perry et al., 1999). SADIE analysis was conducted on four and three subplots of the Granon and Ancla orchards, respectively (Supplementary Table S3).

Finally, the Index of Dispersion (Iβ) was calculated as the ratio between the observed variance (Vobs) of the data between quadrants to the expected binomial variance (Vbin). For that, we used an iterative process according to quadrant size (QSn; from n = 16 to 48) using a Visual Basic Excel 2007 macro (Microsoft Office, 2007), in which the hypothesis significance was calculated by χ2-test (P < 0.05) (Hughes and Madden, 1992; Madden and Hughes, 1995). Likewise, we calculated the K-value associated with the Iβ as K = (Iβ – 1)/(n – 1), where n is the quadrant size. K-value close to zero indicates a random spatial arrangement of the disease (Navas-Cortes et al., 2008), whereas positive values of K show its aggregation within a quadrant (Madden and Hughes, 1995). Finally, we fitted Verticillium-dead olive trees from both orchards to a beta (BD) and beta-binomial distributions (BBD), which indicate randomness or heterogeneity (aggregation or overdispersion), respectively, of the binary data of plant mortality (Madden and Hughes, 1995), using the software for MS-DOS, BBD.



RESULTS


Field Evaluation

The impact of the IDM strategy on Verticillium wilt of olive was evaluated by comparing the disease on the susceptible olive cv. Picual, growing in two orchards, Ancla (traditionally managed with no IDM) and Granon (IDM). In Granon orchard, we also compared the Verticillium wilt epidemics of this cultivar and the moderately resistant Frantoio. Under field conditions (from June 2012 to October 2013), two Frantoio olive trees died due to the pathogen (0.60%), while the mortality of Picual olive trees in the Ancla orchard reached 41.5%. The mortality of Picual olives in Ancla orchard was significantly higher (P < 0.05) than the mortality (%) of Frantoio and Picual olives in Granon orchard, which did not show significant (P > 0.05) differences between them. Overall, through the study, significant differences (P < 0.05) were found in the incidence between treatments, as Picual–Ancla > Picual–Granon > Frantoio–Granon of trees died. Both Frantoio and Picual showed similar (P > 0.05) DII and severity in Granon orchard. Conversely, Picual olive trees showed lower (P < 0.05) DII and severity than them in Ancla orchard (Table 1).


TABLE 1. Mortality (%), incidence (%), Disease Intensity Index (DII), and severity of olive trees of the cvs. Picual (susceptible) and Frantoio (moderately resistant) affected with Verticillium wilt in two commercial orchards with different disease management practices in Southern Spain.

[image: Table 1]The species V. dahliae was isolated in cultured media from 20% of the symptomatic olive samples belonging to cv. Picual, from both orchards, but the pathogen was detected by qPCR in the 76% of these samples. Regarding the moderately resistant cv. Frantoio, the pathogen was detected by qPCR only in the two dead olives. Molecular identification conducted using 25 V. dahliae isolates of each orchard showed the following rate among pathotypes (non-defoliating/defoliating): 2/23 (Ancla orchard) and 7/18 (Granon orchard) being this difference not significant (P = 0.066).

In 2002, the average densities of microsclerotia of V. dahliae per gram of soil were 0.4 and 0.5 in Ancla and Granon orchards, respectively (Moral, unpublished data). In 2012–2013, the averages of inoculum considering the four samplings were 0.040 and 0.018 microsclerotia per gram of soil in the Ancla and Granon orchards, respectively. According to these results, the density of V. dahliae propagules decreased around 10-fold (Ancla orchard) and 20-fold (Granon orchard) over 12–13 years.



Disease Dynamic Through Digital Orthophotography


Temporal Analysis

In 1998, we observed the first Picual olive trees with unequivocal symptoms of Verticillium wilt in both Ancla and Granon orchards. Two years later, the pathogen was isolated from 10 olive trees in each orchard. In the case of the moderately resistant cv. Frantoio, the first olive trees showing Verticillium wilt symptoms were observed in 2006, i.e., in year 6 after they were planted. Irrespective of replanting (i.e., considering that only one tree was planted in each position), the accumulated mortalities of Picual olive trees were 71.00 and 32.95% in Ancla and Granon orchards, respectively. In the case of the moderately resistant cv. Frantoio, the accumulated mortality was 6.37% (Figure 1). When we compared the mortality of the olive cv. Picual in both orchards, the RRs due to inadequate agronomic practices were 1.26 and 1.55 in years 8 and 10 after planting, respectively. Likewise, the susceptible cv. Picual, in contrast to the moderately resistant cv. Frantoio, was associated with an around fivefold increase in the mortality risk (χ2-test P < 0.001) (Figure 2). Considering the replantation, the accumulated number of dead Picual olive trees in the Ancla orchard was 3546 (165.86%), whereas it was 8.54% with Frantoio in the Granon orchard (Supplementary Table S1). Interestingly, Picual olives were planted even four times in 171 given positions in the Ancla orchard.
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FIGURE 1. Accumulated mortality of olive trees cvs. Picual (susceptible) and Frantoio (moderately resistant) by Verticillium dahliae in two orchards in Southern Spain. In Granon orchard, an Integrated Disease Management of the Verticillium wilt was applied, while traditional agronomic (no-IDM) practices were applied in Ancla orchard. The lines represent the fitted curves according to a Weibull Model (Supplementary Table S2). (A) Accumulated olive tree mortality without considering plant replanting. (B) Accumulated olive tree mortality considering plant replanting.
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FIGURE 2. Accumulated mortality of olive trees cvs. Picual (susceptible) and Frantoio (moderately resistant) by Verticillium dahliae in two orchards in Southern Spain in the 8th (A) and 10th (B) years after plantation. In Granon orchard, an Integrated Disease Management (IDM) of the Verticillium wilt was applied, whereas traditional agronomic (no-IDM) practices were applied in Ancla orchard. Relative risk significant according to χ2-test at ***P < 0.001.


The Weibull model adequately (R2 > 0.900) described the increase in dead olives (with or without replanting) over time in both orchards. In all cases, there were significant differences (confidence interval at 95%) among the a and b parameters, i.e., upper asymptote and rate of the accumulated mortality, of the Weibull model for the three treatments; whereas no differences were observed among the shape parameters of the model (c and d) (Figure 1). Attending the average rate of change, there were significant differences (P = 0.001) among the epidemic rates being 5.59, 3.02, and 0.72% of Verticillium-dead olive per year for the treatments Picual–Ancla, Picual–Granon, and Frantoio–Granon without replanting, respectively. Likewise, the epidemic rate was 1.02% yr–1 for the treatment Frantoio–Granon, i.e., 13 times lower than Picual–Ancla (P = 0.008) (Supplementary Table S2). According to the Kaplan–Meier test, Verticillium wilt epidemics took 6 and 10 years to cause the death of 25% of olives cv. Picual in the Ancla and Granon orchards, respectively. Conversely, the pathogen caused a 6.37% of mortality of olives cv. Frantoio over 10 years. There were significant differences (Longrank test, P < 0.001) among the three treatments (Supplementary Figure S1).

During the study term, there was a significant (P < 0.05) and negative relationship between the number Verticillium-dead trees of the susceptible olive cv. Picual and the height above sea level. This relationship was significant (P < 0.05) in both orchards except for the combination Ancla 2004, it was clearer in the Granon orchard than in Ancla orchard (Table 2). Conversely, there was no significant relation between both mortality of the olive trees cv. Frantoio and height above sea level. Finally, we found positive regression (R2 = 0.961; P < 0.001) between total rainfall during March through May and the olive mortality in the Ancla orchard.


TABLE 2. Relationship between the height (m) above sea level and the accumulated mortality of olive trees cvs. Picual (susceptible) and Frantoio (moderately resistant) by Verticillium dahliae in two commercial orchards in Southern Spain.
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Spatiotemporal Analysis

Figure 3 and Supplementary Figure S2 show the spatiotemporal pattern of the mortality caused by V. dahliae on both orchards. In 1998, olives of the cv. Picual at the southwestern side of the Ancla orchard and the northwestern side of the Granon orchard, respectively, were the most affected by the pathogen. In the Ancla orchard, the size of the principal focus increased over time, whereas new foci mainly developed at the edges, and only a central area of the orchard was Verticillium-free. In the Granon orchard, the Verticillium epidemic affected the entire band of olive cv. Picual at the north side of the orchard at the end of this study. Considering the cv. Frantoio, small foci were observed without an apparent pattern in the sixth years after planting, but new wilt trees appeared more frequently next to original foci of Verticillium-dead olives (Figure 3). At the Granon orchard, the replacement of the dead trees of the susceptible cv. Picual with the moderately resistant cv. Frantoio decreased the aggregation of the disease. Because a higher aggregation of Verticillium-dead olive in the edges of both orchards and the edges were not considered for the join-count statistic because of limitation of the used software, this only showed significant aggregation between dead olive trees (P < 0.05) cv. Frantoio in Granon orchard (from 2006 to 2010) and cv. Picual (P < 0.001) in Ancla orchard in 2010 (data not shown).
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FIGURE 3. Kriging estimate maps based on Verticillium-dead mortality of olive trees in two commercial orchards in Southern Spain in the summer of each of 1998, 2001, 2004, 2005, 2006, 2008, and 2010 crop seasons. In Granon orchard, an Integrated Disease Management (IDM) of the Verticillium wilt has been applied since 1998. Olive trees of the susceptible cv. Picual were planted during fall–winter 1996–1997 in Granon orchard. In 2000, in the latter orchard, an olive tree of the resistant cv. Frantoio was planted in the middle of every four olive trees of the cv. Picual. Olive trees of the cv. Picual were planted in fall–winter 1995–1996 in Ancla orchard, in which traditional agronomic (no-IDM) practices have been applied since tree planting.


Distance indices analysis (SADIE) was conducted in both orchards using different plots with 200–480 olives each. The clustering index (Ia) and clustering indices of patches (Vi) and gaps (Vj) were correlated. The three SADIE indices were variable among plots and years. In Ancla orchard, we observed a significant aggregated pattern (P < 0.05) in at least one plot during the 12 years of this study. There was a reduction in the degree of aggregation of the disease through the time in the susceptible cv. Picual in the Granon orchard; thus, while the dead-Verticillium olives cv. Picual were aggregated, at least in one plot at the beginning of this study (1998 and 2001), the disease showed a random pattern at the end of this study (2008 and 2010). Conversely, once the first moderately resistant olives cv. Frantoio died in 2006, there was a significant aggregation of the Verticillium wilt according to Ia, Vi, and Vj (Supplementary Table S3). Overall, the replanting of dead olives decreased the heterogeneity of the Verticillium-dead olives in both orchards (data not shown).

Similar results were independently obtained of quadrant size. Thereafter, Iβ was calculated considering a quadrant size of 48 trees. Thus, when Verticillium-dead olives showed a non-random pattern according to the Iβ (P < 0.05), data significantly fitted to the BBD but not to BD. Results of the D and BBD analysis suggested an aggregated pattern of distribution of Verticillium-dead olive trees of the susceptible cv. Picual in both orchards through the 12 years. Likewise, in Granon orchard, Verticillium-dead olives of the moderately resistant cv. Frantoio showed a heterogeneous pattern, but only in 2006 and 2008 (Table 3). In Ancla orchard, there was an important decline of the Iβ from 1998 to 2005 because of the increase in the dead trees, but it subsequently remained stable around 5.5. Likewise, in Granon orchard, the Iβ suggested aggregation of Verticillium-dead olives cv. Picual and a light aggregation of the dead olives cv. Frantoio, given the low number of dead plants. Besides, as expected, the replanting process decreased the aggregation values (D and BBD) of the disease (data not shown).


TABLE 3. Index of Dispersion (Iβ) and probability to no-fitting binomial (BD) and fittings beta-binomial (BBD) of the distributions of dead olive trees cvs. Picual (susceptible) and Frantoio (moderately resistant) by Verticillium dahliae in two commercial orchards with different disease management practices in Southern Spain.
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DISCUSSION

Verticillium wilt is the most important disease of olive in many countries of the Mediterranean basin, having a major impact in Spain, the main olive producer worldwide (Lopez-Escudero and Mercado-Blanco, 2011; Jimenez-Diaz et al., 2012). Control of Verticillium wilt of olive depends heavily on the use of resistant cultivars; however, there are no completely resistant cultivars (immune) to the pathogen (Lopez-Escudero et al., 2004; Leyva-Perez et al., 2017). The use of moderately resistant olive cultivars to V. dahliae should be applied in a coordinated manner with other management disease practices to maximize the benefits of this resistance. Here, we studied the effect that an IDM performed in an orchard (called Granon) of the susceptible olive cv. Picual in the spatiotemporal development of Verticillium wilt by comparing with a traditional orchard (called Ancla). This IDM strategy comprised the increasing planting density with moderately resistant cv. Frantoio, chemical weed control, and replanting of the dead tree with cv. Frantoio after soil solarization. Other studies suggest the replacement of wilted olive trees with apple trees, a non-host plant, as an environmentally friendly management practice (Karajeh and Owais, 2012), but little is known about replacement using resistant cultivars of olive.

Generally, the rate of Verticillium-dead olive trees per year was 5.59%, when the susceptible cv. Picual was growing in the orchard with no disease management practices, and 3.02% yr–1 when the same cultivar was at the IDM orchard. When planted in soils with low inoculum densities (<1 microsclerotia/g of soil), the cv. Picual is extremely susceptible to the defoliating pathotype of V. dahliae (Lopez-Escudero and Blanco-Lopez, 2007). When the IDM was performed in orchards planted with the moderately resistance cv. Frantoio, the annual rate of dead olive trees was around sevenfold lower than the observed in the orchard more conducive for the disease, i.e., susceptible cultivar and non–disease management practices. Likewise, according to the RR, the impact of using a moderately resistant cultivar in the reduction of tree mortality was much higher than the application of different agronomic practices between orchards. It is worth mentioning here that two agronomic factors could have favored the epidemic development in Granon orchard. On one side, irrigation water disseminates the pathogen through the olive orchards of Southern Spain (Garcia-Cabello et al., 2012) (Ancla was rainfed during the duration of the study) and increases the olives susceptibility to pathogen infection (Perez-Rodriguez et al., 2016; Santos-Rufo et al., 2017). Second, the plant density, when higher because of the interplanting of the moderately resistant cv. Frantoio, reduced the distance between adjacent trees and increased the potential number of infected olives and, simultaneously, the inoculum source. Roca et al. (2016) observed that non-significant effect of the plating density on the epidemic of Verticillium wilt of olive was not observed, although this study was conducted on the cvs. Arbequina and Picual.

The differences in susceptibility to V. dahliae between cvs. Frantoio (syn. Oblonga) and Picual have been well-known for a long time (Hartmann et al., 1971; Lopez-Escudero et al., 2004). The moderate resistance of the cv. Frantoio is associated with a protein of Bet v I family and a dirigent-like protein involved in lignification and reactive oxygen species stress response (Leyva-Perez et al., 2017). The phenotypic reaction of the cv. Frantoio to the pathogen is well-known under controlled conditions and experimental fields (Lopez-Escudero et al., 2004; Gramaje et al., 2013; Trapero et al., 2013). Unfortunately, few or too short-term studies have been conducted in naturally infested soils (Montes-Osuna and Mercado-Blanco, 2020). For example, Trapero et al. (2013) observed no affected olives of the cv. Frantoio in highly infested soils (21 microsclerotia/g) but only in a 2-year study. Under the conditions of our study, the first Verticillium dead tree of the cv. Frantoio was detected in the sixth year after planting, once the mortality had reached up to 4.27% of the trees of this cultivar, whereas susceptible Picual showed mortality around 30%.

In our study, and although there was no periodic monitoring, there was a 20-fold decrease from 2000 to 2012–2013 in the density of V. dahliae microsclerotia in Granon orchard. This reduction may be because of the immediate burning of fallen leaves of the olive trees affected by the pathogen, which are the major source of new microsclerotia (Jimenez-Diaz et al., 2012). However, in the Ancla orchard, an important decrease (around 10-fold) in the microsclerotia density was also detected. This observation suggests that the balance between microsclerotia production and their loss decreases the inoculum in soil, but more studies are needed. Conversely, in several herbaceous hosts, when affected by V. dahliae, a marked increment of inoculum in the soil is observed at the end of the season (Mol and Termorshuizen, 1995; Ioannou et al., 1977).

In the rainfed orchard, the disease epidemic was driven by the accumulated rainfall during the spring, which is in accordance with the fact that the maximum infection rate of Verticillium wilt of olive occurs at the end of the winter–early spring (Navas-Cortes et al., 2008) and favored by moist soils (Perez-Rodriguez et al., 2016; Santos-Rufo et al., 2017).

The disease cycle, among other factors, such as the cultivar resistance, the agronomic practices, and the climatic variable of the region, determines the spatial pattern of the diseases (Madden et al., 2007). Factors such as the spatial distribution of the microsclerotia (Bejarano-Alcazar et al., 1995; Xiao et al., 1997) and the potential use of infected plating material (Thanassoulopoulos, 1992) have an essential impact on the spatial pattern of the Verticillium wilt of olive during the first years after planting. After this, V. dahliae spreads between, and within, olive orchards through infested soil particles and machinery, irrigation water, and infected plant debris, and thus affecting the spatial pattern of the disease (Lopez-Escudero and Mercado-Blanco, 2011; Jimenez-Diaz et al., 2012). In our study, we observed an aggregated pattern of Verticillium-dead olives in both orchards, Ancla and Granon, although a lower level of aggregation in the latter. The height (m) of the trees explained part of this aggregation since the disease leaned to cluster in the low-lying parts of the orchards as a consequence of higher inoculum density. Similarly, the Verticillium wilt epidemics of lettuce usually start in low-lying fields/areas in California (Vallad et al., 2006). In any case, results shown in the current study agree with many diseases caused by soil-borne pathogens, including the Verticillium wilt of olive (Navas-Cortes et al., 2008), tending to be more aggregated than aerial pathogens (Campbell and Benson, 1994).

Finally, we also observed that the replanting of dead olives decreased aggregation of the disease, mainly when conducted employing the moderately resistant cv. Frantoio. Furthermore, the level of disease aggregation decreased with the accumulated mortality of olive trees because of the homogenization process of the disease in the field (Turechek et al., 2011).

Under the conditions of our study, which include low inoculum pressure of V. dahliae and low winter temperatures that reduce the period of infection (Trapero et al., 2013), the described IDM strategy has allowed an acceptable control of the Verticillium wilt and has kept the profitability of the Granon orchard.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.



AUTHOR CONTRIBUTIONS

JM conceived and designed the study. JM, EO, and FL-E performed the evaluation under field conditions. EO and MG-L performed the laboratory works. JM, RP, and EO analyzed the data. JM, MG-L, and TM wrote the manuscript. FL-E, AT, RP, and EO reviewed and discussed the final revised version. All authors contributed to the article and approved the submitted version.



FUNDING

JM was supported by a FEDER project (UCO-27464) co-funded by European Union FEDER funds and Junta de Andalucia. This research was funded by “Aceites Hijos de Vicente Moral,” and the Spanish Ministry of Science, Innovation and Universities throughout the project AGL2016-76240-R.



ACKNOWLEDGMENTS

We thank Vicente Moral (Granon orchard owner) for his essential support.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.584496/full#supplementary-material

Supplementary Figure 1 | Kaplan-Meier survival functions of olive trees cvs. Picual (susceptible) and Frantoio (moderately resistant) affected by Verticillium dahliae in two orchards in Southern Spain. In Granon orchard, an Integrated Diseases Management (IDM) of the Verticillium wilt was applied, while traditional agronomic (no-IDM) practices were maintained in Ancla orchard.
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Necrotrophic fungal pathogens cause considerable disease on numerous economically important crops. Some of these pathogens are specialized to one or a few closely related plant species, whereas others are pathogenic on many unrelated hosts. The evolutionary and molecular bases of broad host-range necrotrophy in plant pathogens are not very well-defined and form an on-going area of research. In this review, we discuss what is known about broad host-range necrotrophic pathogens and compare them with their narrow host-range counterparts. We discuss the evolutionary processes associated with host generalism, and highlight common molecular features of the broad host-range necrotrophic lifestyle, such as fine-tuning of host pH, modulation of host reactive oxygen species and metabolic degradation of diverse host antimicrobials. We conclude that broad host-range necrotrophic plant pathogens have evolved a range of diverse and sometimes convergent responses to a similar selective regime governed by interactions with a highly heterogeneous host landscape.

Keywords: host generalist, broad host-range, asexuality, mating type, niche generalism, plant immunity


INTRODUCTION

Our ever-expanding global population relies on successful crop production for food. However, many factors reduce crop yield. These include biotic stress caused by bacteria, fungi, insects, oomycetes, and viruses. Crop disease caused by pathogenic fungi poses a particularly significant risk to food security. Fisher et al. (2012) estimated that if major fungal and oomycete epidemics simultaneously broke out in the five crops rice, wheat, maize, potato, and soybean, there would be a severe food shortage with enough produce left for only 39% of the global population. Understanding the pathogenesis of fungal plant pathogens is, therefore, of considerable importance.

Fungal plant pathogens exhibit distinct feeding strategies. Those that feed off living tissue are known as biotrophs, those that kill and feed off dead tissue are known as necrotrophs and those that exhibit a biphasic feeding strategy, initially colonizing as a biotrophic pathogen then switching to necrotrophy once infection is established, are known as hemibiotrophs. In this article, we refer to both hemibiotrophic and necrotrophic fungi as necrotrophs because the term “hemibiotroph” is quite poorly defined and in both instances a compatible interaction results in host cell death.

Fungi with a necrotrophic phase are far more economically damaging than biotrophs. In Australian wheat production, for example, necrotrophic leaf fungi cost the industry over twice as much as biotrophic leaf fungi at $322 million AUD per year (Murray and Brennan, 2009). Many necrotrophic fungal plant pathogens are host-specific and only cause disease on a narrow range of host species. Conversely, other necrotrophic fungal plant pathogens have a remarkably broad host-range. In fact, the host-ranges of fungi differ more than those of any other pathogen taxa (Fisher et al., 2012).

Broad host-range necrotrophic pathogens cause damage and yield loss to a wide range of economically important crops. The underlying molecular mechanisms facilitating broad host-range necrotrophy and the evolutionary driving forces giving rise to host generalism in these pathogens have not been well-defined to date.

In this review, we aim to discuss what is known about broad host-range necrotrophic fungi and how this differs from necrotrophic fungi with narrower host ranges. We focus on the evolutionary processes associated with the generalist lifestyle and common molecular features involved in establishment of compatible interactions with numerous host species. Table 1 summarizes the different aspects of broad host-range necrotrophy that are covered in this article in relation to 13 well-studied plant pathogens with necrotrophic stages in their lifecycles; Figure 1 specifically summarizes the molecular features of host generalism that are discussed. Host range for these species was determined using the United States Department of Agriculture Agricultural Research Service website, accessible at time of writing via https://nt.ars-grin.gov/fungaldatabases/. Only host species that could be verified in the literature were counted for pathogens that infect fewer than five plant families.


TABLE 1. A selection of 14 pathogen species and their host ranges with a summary of the various evolutionary and molecular features discussed in this article.
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FIGURE 1. A schematic representing the molecular features of broad host range necrotrophic fungal pathogenesis. Typical molecular mechanisms to infect the host are shown including modulation of host reactive oxygen species (ROS), which is generally suppressed during initial infection and then promoted at later stages to induce necrosis. The host pH is modulated by the secretion of acid(s) to reduce the pH and/or ammonia to increase the pH resulting in suppression of host immunity and increased virulence. Finally, host-derived antifungal secondary metabolites, phytoalexins and phytoanticipins, are detoxified by efflux or degradation. Typical broad host range necrotrophic fungi harbor an array of detoxification enzymes and transporters indicated by the different colors.




THE BIOTIC LANDSCAPE IN WHICH PLANT PATHOGENS OPERATE


The Plant Immune System

For a long time it was thought that plant immunity functions on two levels. On one level, plants possess non-host resistance. This is based on recognition of molecular patterns broadly conserved among microbes called MAMPs (short for “microbe-associated molecular patterns”) (Ausubel, 2005). This acts as a general barrier to microbial species with pathogenic potential and it is known as MAMP-triggered immunity (MTI). A second level exists for pathogenic species that have evolved ways of bypassing MTI. Typically, these species produce molecules, loosely termed “effectors,” that suppress MTI. The effectors of these adapted pathogens may be recognized by genes in host populations called “R” (for “resistance”) genes leading to activation of a second line of defense in a process that has been termed “effector-triggered immunity” (ETI). This interaction between specific loci in plant and pathogen is known in plant pathology as the “gene-for-gene” model (Flor, 1971). To avoid this line of defense, adapted pathogens must lose or modify their effectors that correspond with the R genes present in the host population. In turn, the plant population must gain new R genes to recognize different effectors if it is to maintain resistance to the pathogen. The constant evolutionary back-and-forth between pathogen effector molecules and plant R genes results in a classic evolutionary arms race and is described as the “zigzag” model of plant parasite interactions (Jones and Dangl, 2006).

Although the general principles of this model are supported by empirical data, the real picture, as with everything in nature, is likely a lot more complex. Indeed, the two levels of the plant immune system are deeply intertwined and in many cases it may be difficult to distinguish between the molecular mechanisms underlying non-host immunity and the more specialized ETI (Schulze-Lefert and Panstruga, 2011). Furthermore, necrotrophic pathogens have evolved proteins and metabolites that elicit rather than suppress ETI in plants (Liu et al., 2017). This is because the ETI response often involves localized programmed cell death (PCD), which restricts growth of biotrophs but provides a metabolizable substrate for necrotrophs. These proteins and metabolites, often described as toxins or necrotrophic effectors, may interact with the same types of R genes that produce a resistance response to biotrophs. This results in a coevolutionary pattern that is a mirror image of the one described by the gene-for-gene model. In this instance, presence of a specific host gene that corresponds with a specific pathogen gene results in susceptibility rather than resistance. This kind of interaction has been described in various pathosystems as the matching allele or “inverse” gene-for-gene model of coevolution (Thrall et al., 2016).

A refinement of the gene-for-gene model was proposed by Cook et al. (2015) to address its many imperfections. The new model, called the “invasion model,” unites MTI and ETI in a common framework, which describes plant immunity as a general system to detect and prevent invasion of pathogenic species. It does away with the dichotomy between MTI and ETI response systems, instead suggesting that they exist on a gradient from those that detect broadly conserved pathogen molecular motifs to those that detect more taxonomically constrained ones. The molecular features of pathogens are not always strictly either MAMPs or effectors, and can have structural roles or immune system suppression or activation roles or both. This general framework is well-supported by the wealth of recent empirical data on plant pathogens. However, we find that using the terms ETI and MTI to describe particular aspects of the plant immune system, albeit ones that exist on a continuum, is convenient and will thus use aspects of both models to make points in this review.



The Landscape of Plant Immunity in a Community of Host Species

Host generalism could theoretically develop through two macro-evolutionary processes. Either a single pathogen lineage maintains pathogenicity as its host diversifies into multiple different species, or, a specialist pathogen expands its host range. General consensus is that pathogens commonly switch between hosts and expand their ranges and long-term maintenance of pathogenicity on a diversifying plant lineage is rare (Thines, 2019). Generally, taxonomic distance between hosts is negatively correlated with the likelihood of host range expansions in pathogens. This implies that there are qualitative differences in immunity between plant families that select for quite specific, and mostly non-transferrable, molecular capabilities in pathogens (Schulze-Lefert and Panstruga, 2011).

There are several examples of such taxonomically restricted aspects of plant immunity. For instance, the Capparales is the only order of plants containing species that produce indole glucosinolates (Humphry et al., 2010). These compounds are broadly toxic to microbial species (Sotelo et al., 2015) and deployed in response to pathogen attack (Xu et al., 2016). Parasites of Capparales plants may have ways of avoiding the negative impacts of indole glucosinolates. For example, the brassicaceae-specific pathogen Alternaria brassisicola appears less sensitive to indole glucosinolates than other fungi (Buxdorf et al., 2013), as discussed further in section “Metabolic Flexibility is a Key Adaptation to Infection of Multiple Host Species.”

Such taxonomically restricted immunity mechanisms may increase the probability of parasite host range expansions within particular plant families. However, some species can parasitize a truly broad range of hosts from diverse and evolutionarily distant families. For example, the pathogen Sclerotinia sclerotiorum, which is in the Sclerotiniaceae clade, infects at least 75 different plant families (Boland and Hall, 1994). Navaud et al. (2018) showed that the common ancestor of pathogens in the Sclerotiniaceae likely infected plants in the Fabidae clade. This implies that, in S. sclerotiorum, host range has recently been expanded to many unrelated plants. What evolutionary and environmental processes promote the emergence of such niche generalism are an important focus of molecular ecological research. In the following sections, we summarize current understanding of this phenomenon and how it relates to necrotrophic plant pathogens. We also discuss ways in which the molecular arsenals of host generalist phytopathogens might be adapted to interaction with diverse plant immune systems.



WHY DOES HOST GENERALISM EVOLVE?

Niche breadth is a fundamental concept in ecology. It eludes simple definition as niches do not exist on a single axis. For example, one niche axis could be a range of temperatures and another could be a range of soil types. The different axes may be correlated and may interact in different ways. Therefore, the niche axis must be defined before investigation of the evolutionary forces affecting niche breadth is possible. In necrotrophic plant pathogens, an obvious axis of niche breadth is the range of susceptible hosts. The evolution of host generalism can thus be considered synonymous with evolution of niche breadth in a more abstract sense. For this reason, in the following paragraphs, we apply several theoretical developments on the evolution of niche breadth to the evolution of host range in necrotrophic fungal phytopathogens.

According to Whitlock (1996), competition with specialists is likely to increase the extinction rate of generalists. The fixation rate of favorable alleles, not considering those that are advantageous on one host and deleterious on another, in host generalists can be simply parameterized as 2ps. This expression has the parameters p, which describes the probability of meeting a host on which the allele is favorable, and s, the selection strength. In specialist species, adaptation may be faster as selection strength is not scaled to p. The specialist parasites spend 100% of their time on a single host, so selective pressure on favorable alleles for infecting that host is continuous. Therefore, host generalists would mostly not be favored by natural selection as they are unable to compete with specialists in any given environment. Joshi and Thompson (1995) suggest that restrictions to the fitness of generalists may also be caused by evolutionary trade-offs between advantages of alleles on one host species and their deleterious effects on another. Such negative correlations between fitness of alleles on different species may, again, increase overall selection for host specialists in populations. However, such theoretical trade-offs are seldom observed in nature and may be less important determinants of host range evolution than previously thought (Bennett and Lenski, 2007; Sexton et al., 2017).

Yet, despite these theoretical constraints, generalist pathogens exist; but why? There is some evidence that their occurrence is strongly influenced by niche heterogeneity. The environment to which a pathogen is exposed may vary temporally and spatially. Most studies agree that a large amount of variation in the environment on a time scale that is short relative to the population generation time promotes generalism (Sexton et al., 2017). Spatial variation may have a similar effect to temporal variation if the population is widely and randomly dispersed. In a spatially heterogeneous environment, organisms that do not disperse very widely will experience a similar environment across generations. Similarly, species that exhibit a behavioral preference for a particular niche are unlikely to experience differences in niche between generations. Since fungi are often both widely and randomly dispersed onto hosts, this theory would predict that plant pathogenic fungi inhabiting regions of high host species diversity would exhibit greater levels of generalism.

To our knowledge, there are no studies that have formally tested this hypothesis for plant pathogenic fungi. However, this may be the case for scale insects (Hardy et al., 2015), which also feed on plants. In the tropics, where plant species diversity is high, the proportion of polyphagous scale insect species is also high. This contrasts much of the previous literature on host preference in insects, which shows an increase in specialization in the tropics (Forister et al., 2015). The reason that scale insects are different is that they are, similarly to fungi, passively dispersed. In tropical populations where the probability of meeting multiple different hosts with each dispersal is high, the costs of specialization outweigh its benefits. Other insects that were studied hitherto are not passively dispersed as their offspring are deposited in eggs laid on preferred hosts by discerning females. For these species, the stable climate and host communities of the tropics offer a temporally consistent environment between generations. This contrasts temperate climates, where species that are not passively dispersed are more likely to experience temporal variations in host availability due to the less stable environment.

Intraspecific competition for resources may also have an impact on niche breadth. For example, Bolnick (2001) maintained large and small populations of Drosophila melanogaster on a heterogeneous food source with a range of cadmium content. At the outset, both populations performed poorly on high cadmium food sources. The larger population experienced greater intraspecific competition as there were more individuals competing for the low cadmium food sources. This led to a quicker expansion in the range of cadmium content tolerated over the smaller population. This confirmed several earlier predictions that this would occur (Wilson and Turelli, 1986).

Overall, we find that there are few empirical studies on fungi that test hypotheses regarding host generalism that arise from population genetic and ecological theory. The passive and geographically broad dispersal of many fungi should make them more prone to host generalism than many other taxa, especially in geographic regions where host species richness and/or intraspecific competition in pathogens are high. The contemporary broad geographic ranges of agricultural pests, which tend to be the most well-characterized species, are not relevant to the context under which they previously evolved. Therefore, for ecological research purposes, considerable effort is required to delineate the geographical origins and centers of diversity of fungi. This is becoming feasible for many pathogens as genome sequencing data are becoming cheaper. However, pathogen populations should be carefully chosen for such analyses, so that they are both sufficiently large and balanced.



ASEXUALITY AS AN EMERGENT PROPERTY OF HOST GENERALISM

In our review, we take the angle of Taylor et al. (2015) who suggest that true asexuality is not a likely state for a eukaryote. The first reason for this angle is based on the empirical observation that, given a comprehensive population sample, all fungi seem to have a recombining population structure. The second is that there are several evolutionary constraints on strict clonality in eukaryotes. Foremost among these is the accumulation of deleterious mutations in non-sexual lineages; a phenomenon formally described as Muller’s ratchet (Drenth et al., 2019). Put simply, beneficial and neutral mutations are able to become separated from deleterious mutations in sexual populations, whereas they are confined to one genetic background in clonal lineages.

In fungal plant pathogens, clonality can be pervasive. However, the universal existence of some degree of sexual recombination makes clonality a quantitative rather than qualitative phenomenon. In this review we distinguish between pathogens that exhibit “prevalent” asexuality and those that exhibit “limited” asexuality (Table 1). Those that exhibit prevalent asexuality include species such as Alternaria alternata, for which population studies typically identify multiple identical genotypes separated by great geographical or temporal distances (Meng et al., 2015). Those with limited asexuality include species such as Zymoseptoria tritici, which typically exhibits extremely high levels of genetic diversity and evidence of rapid linkage disequilibrium decay in natural populations (Hassine et al., 2019). We align the species Sclerotinia sclerotiorum with the pathogens exhibiting prevalent asexuality. Although this species is homothallic and technically obligately sexual, widespread selfing leads to a highly clonal population structure (e.g., Hambleton et al., 2002; Lehner et al., 2017). Recombination in these populations is evident from linkage disequilibrium decay analysis as in other species with significant levels of clonality (see Attanayake et al., 2014 for recombination in S. sclerotiorum and Meng et al., 2015 for recombination in the largely asexual species A. alternata). However, from a population genetics perspective, a clonal population structure is likely to be subject to the same evolutionary forces regardless of whether it is derived from frequent selfing in a homothallic species like S. sclerotiorum or true asexuality. We acknowledge here that the level of outcrossing that occurs in natural populations of S. sclerotiorum is an issue that has not been settled in the literature (Attanayake et al., 2019).

The amount of host species a pathogen can infect may have profound impacts on its mode of reproduction. In many taxa, parasitic species with broad host ranges exhibit a greater degree of asexuality than those with narrow host ranges (Gibson, 2019). Although this phenomenon has not been formally addressed in plant pathogenic fungi, among our sample of 13 plant pathogens asexuality appears more prevalent among host generalists (Table 1). This is in accordance with a similar observation in entomopathogenic fungi (Hu et al., 2014).

The potential selective forces behind this increase in asexuality among generalist parasites are reviewed by Gibson (2019), who comes to several broad conclusions. According to Normark and Johnson (2011), host generalists may have significantly larger populations than host specialists. If density per host and geographic range are equal between a specialist and a generalist inhabiting a diverse community of host species, the generalist population will be larger as it is able to infect more hosts. Sexual reproduction is very important in small populations as natural selection is less effective. There is a substantial effect of genetic drift in small populations and a lower probability of the appearance of new advantageous alleles. Therefore, selection favors a system under which advantageous mutations are separated from potentially deleterious mutations through recombination. In large populations, natural selection is much more efficient, which may reduce the need for sexual reproduction. The chances of a favorable allele arising in a given time period are quite high in a large population, and many favorable mutations may appear in non-deleterious genetic backgrounds (Ross et al., 2013).

Viewing host generalism from a slightly different angle, the infamous “Red Queen Hypothesis” (Van and Van Valen, 1973; Bell, 2019), suggests that sexual reproduction is favored when advantageous alleles become disadvantageous in subsequent generations. Specialist parasite lineages that infect the most common host genotypes would gradually degrade their resources. This would result in negative frequency-dependent selection favoring new, rare pathogen genotypes that can infect undepleted host genotypes. Sexually reproducing lineages would be selected for as they are more likely to produce novel, and at first rare, combinations of alleles.

This can be reconciled with the gene-for-gene and matching allele/inverse gene-for-gene models of plant–pathogen interactions in the following way. Pathogen lineages that are undetected by the most common R gene complement in the host population would gradually degrade this host resource and select for rare host genotypes with R genes that recognize their effector complements. Selection would in turn favor rare pathogen genotypes that have novel combinations of effectors that maximize infectivity whilst avoiding the new dominant R gene complements in the plant population. Such novel combinations would be more likely to appear in sexual lineages as they can freely acquire or lose new effectors through meiotic recombination. In pathogens that produce necrotrophic effectors, selection would initially favor lineages that infect host genotypes with the most commonly occurring combination of susceptibility genes. Again, this resource would gradually be depleted, selecting for rare host genotypes that have lost these genes. Negative frequency-dependent selection would then favor rare pathogen lineages that have novel combinations of necrotrophic effectors that correspond with the susceptibility genes present in the host population. Again, these lineages would arise more frequently from meiotic recombination, thus favoring sexual reproduction.

In both instances, selection for sexuality would be strongest when the costs of disadvantageous alleles, and thus selection strength, are high. This is clearly the case for biotrophic pathogens where a previously advantageous effector may cause complete avirulence. However, in necrotrophic pathogens, host specific necrotrophic effectors may also be under strong selection pressure. Often, only one or a few necrotrophic effectors may be the sole determinants of whether the pathogen lineage is able to infect a host lineage with a particular susceptibility gene complement (e.g., Lorang et al., 2007).

Host generalists could be under a much more “relaxed” coevolutionary regime than specialists. The Red Queen Hypothesis assumes constant antagonistic coevolution between two species to be a major promoter of sexuality. However, in widely and randomly dispersed host generalist fungal phytopathogens, antagonistic coevolution could be inconsistent. Referring again to Whitlock (1996), selection strength on generalist populations on a given host is scaled to the frequency, p, at which that host is encountered. If a host generalist lineage is unable to infect a particular host species, it may still survive on other host species in the environment. Thus, overall selection strength would be lower for generalists, negating the need for sexual reproduction to maintain overall fitness. Future studies could aim to elucidate the ecological reasons for asexuality among host generalist fungi, as there do not appear to be many on this topic so far.



BROAD HOST-RANGE PATHOGENS ARE EFFECTIVE MODULATORS OF HOST REACTIVE OXYGEN SPECIES

The accumulation of host reactive oxygen species (ROS) is an intriguing element of plant–pathogen interactions. The involvement of ROS in plant immunity was first described nearly four decades ago in potato (S. tuberosum) resistance to the causal agent of potato late blight, the oomycete pathogen Phytophthora infestans (Doke, 1983). ROS production is now well established as an essential component of the plant immune system. Upon initial recognition of conserved microbial features (MAMPs), plant cells induce a transient burst of ROS in the apoplast within minutes (Jwa and Hwang, 2017). ROS are directly cytotoxic to invading pathogens and also act as signaling molecules to activate MTI; this is sufficient to prevent the spread of most non-adapted pathogens (Torres, 2010). However, for pathogens that have evolved to suppress MTI through secretion of immunity-dampening effectors, a second wave of ROS may await. Perception of pathogen-derived effectors by R proteins triggers ETI, which results in a prolonged, amplified accumulation of ROS and often culminates in a form of PCD termed the hypersensitive response (HR) (Jones and Dangl, 2006). This response is highly effective at impeding the growth of pathogens in a biotrophic phase. ETI-associated ROS production occurs in the apoplast as well as in organelles, particularly mitochondria and chloroplasts (Van Breusegem et al., 2008).

Paradoxically, ROS production may also be detrimental to the host. Despite the well-described role in disease resistance, the accumulation of ROS may be favorable for the pathogen. The outcome of host ROS production is highly dependent on the lifestyle of the pathogen. As ROS production is associated with the induction of PCD, high levels of ROS in the host and subsequent cell death impedes the spread of biotrophic pathogens but can aid the spread of necrotrophic pathogens, which feed off the dead tissue (Govrin and Levine, 2000). For this reason, necrotrophic pathogens have evolved various mechanisms by which to hijack the host and elevate ROS levels for their own benefit. The ability of a pathogen to modulate host ROS levels constitutes a critical mechanism by which to successfully colonize host tissues. Pathogens that have the ability to modulate ROS levels effectively can overcome host resistance and enhance virulence in multiple host species resulting in a compatible interaction and disease progression. Accordingly, effective modulation of host ROS is commonly exhibited by broad host range necrotrophic fungal pathogens.

Pathogenesis mechanisms in the archetypal broad host range necrotrophic fungal pathogen S. sclerotiorum are relatively well characterized and evidence suggests that it may be an adept modulator of host ROS. This is largely through the activity of the multifunctional organic compound oxalic acid (OA), which was surprisingly shown to be both a suppressor and promoter of host ROS, and a key virulence determinant on a wide range of dicotyledonous host species. According to the oxalate-dependent theory, OA functions to modulate ROS independent of its role in acidification described below (Williams et al., 2011). Secretion of OA was proposed to enable S. sclerotiorum to dampen ROS accumulation, thereby abrogating host defense responses during initial colonization and within a brief biotrophic phase. Once infection had been established, S. sclerotiorum-derived OA was shown to have the opposite effect and induce the generation of host ROS leading to spreading ROS-mediated necrosis (Cessna et al., 2000; Williams et al., 2011). This manipulation of host ROS is independent of any specific host components and, therefore, may function across a broad range of host species. It must be noted that this theory has recently been challenged by Xu et al. (2015) using targeted OA-deficient mutants. The authors concluded that low pH, not specifically OA, is required for S. sclerotiorum pathogenicity. A critical evaluation of the role of OA in S. sclerotiorum virulence is reviewed in detail by Xu et al. (2018). Interestingly, monocotyledonous plants harbor oxalate oxidases that break down OA, rendering it non-functional (Chiriboga, 1966; Lane et al., 1993). This may play a role in restricting the host range of S. sclerotiorum almost exclusively to dicotyledonous plant species. Indeed, transgenic oilseed rape expressing a barley or wheat oxalate oxidase gene and transgenic soybean expressing a wheat oxalate oxidase gene exhibit enhanced resistance to S. sclerotiorum (Thompson et al., 1995; Dong et al., 2008). Furthermore, a homolog of a gene involved in biogenesis of OA, oxaloacetate hydrolase (OAH), was highly induced in Rhizoctonia solani during infection of wheat (Foley et al., 2016). We can assume that OA would be broken down by wheat oxalate oxidase; however, R. solani may utilize OA effectively for infection of its dicotyledonous host species, although this remains to be confirmed.

Rhizoctonia solani may employ an alternative mechanism of ROS modulation to facilitate infection. Expression of the rice mitochondrial respiratory chain enzyme NADH:ubiquinone oxidoreductase (NUOR) was significantly upregulated during infection of a susceptible rice cultivar, whereas the NUOR gene of a partially resistant cultivar was significantly downregulated during infection. NUOR silencing in tomato and rice resulted in reduced ROS accumulation around the site of infection and enhanced resistance (Kant et al., 2019). It was proposed that R. solani may actively upregulate the expression of NUOR in order to elevate ROS accumulation, and thus induce PCD to benefit its necrotrophic lifestyle. NUOR is conserved in a wide range of plant species due to its fundamental role in respiration (Subrahmanian et al., 2016). In theory, this would allow R. solani to manipulate host ROS on a broad host range via this mechanism. S. sclerotiorum has also been demonstrated to target a component of the host mitochondrial respiratory chain, the cytochrome-b-c1 complex, using the proteinaceous secreted effector SsSSVP1, leading to host cell death (Lyu et al., 2016). Although not explicitly shown, the resulting cell death is presumably due to release of large amounts of ROS from mitochondria. The conservation of the cytochrome-b-c1 complex in almost all plant species suggests that SsSSVP1 may play a role in the necrotizing ability of S. sclerotiorum on a broad range of host species. This mechanism is in contrast to the gene-for-gene interaction demonstrated for many narrow host range pathogens, which rely on specific host targets for favorable ROS accumulation. As discussed in section “The Plant Immune System,” when necrotrophic effectors interact with R genes to elicit an HR, this results in susceptibility and is commonly referred to as an inverse gene-for-gene interaction (Fenton et al., 2009). This type of host-specific interaction has been demonstrated for the narrow host range pathogens Parastagonospora nodorum and Pyrenophora tritici-repentis, which depend on necrotrophic effectors to induce ROS production and subsequent host cell death on specific genotypes of wheat carrying cognate receptors. For example, P. nodorum and P. tritici-repentis both produce the host-specific effector ToxA, which triggers ROS production and necrosis on wheat lines carrying the R-like gene Tsn1 (Faris et al., 1996; Liu et al., 2006). These inverse gene-for-gene interactions are critical for the necrotrophic lifestyle of host-specific P. nodorum and P. tritici-repentis, but have not been reported for broad host range pathogens.

It is becoming evident that most, if not all, necrotrophic pathogens initially colonize host tissue in a biotrophic-like manner during which ROS production can suppress or halt infection. Therefore, strategies to suppress or detoxify host ROS production provide a benefit to all pathogens when establishing infection. The transcription factor YAP1 was first identified in the yeast species Saccharomyces cerevisiae. YAP1 regulates the expression of antioxidant genes and is essential for tolerating oxidative stress in yeast (Schnell et al., 1992). YAP1 homologs have been identified in filamentous fungi including plant pathogens (Rodrigues-Pousada et al., 2019). YAP1 is required for hydrogen peroxide (H2O2) tolerance in all characterized YAP1-harboring fungal phytopathogens but essential for virulence only in some. Of the pathogens in Table 1, YAP1 is required for virulence of broad host range pathogens Alternaria alternata, A. brassicicola, and Monilinia fructicola but not for the broad host range pathogen B. cinerea or the narrow host range pathogens Fusarium graminearum and Z. tritici (Mendoza-Martínez et al., 2020). It is possible that F. graminearum, Z. tritici, and B. cinerea utilize alternative signaling pathways to cope with potentially damaging host ROS. Indeed, B. cinerea depends on the transcription factor BcLTF1 for oxidative stress tolerance and full virulence. When inoculated on Phaseolus vulgaris leaves, a B. cinerea bcltf1 deletion mutant was unable to suppress host ROS accumulation, resulting in increased H2O2 accumulation and slower spread of the lesion when compared to the wild-type. This is due to the altered expression of ROS-related genes that are controlled by BcLTF1 (Schumacher et al., 2014). The mutant phenotype is reminiscent of an OA-deficient S. sclerotiorum mutant albeit with a weaker effect on virulence.

In cases where narrow host range pathogens encounter a resistant host genotype, they are often impeded in the asymptomatic, biotrophic-like phase by a host defense response that includes ROS production. For example, Z. tritici infection of a resistant wheat cultivar resulted in significantly higher amounts of H2O2 when compared to infection of a susceptible cultivar, which correlated with inhibition of pathogen growth (Shetty et al., 2003). Similar findings have been shown in resistance of lentil genotypes to Ascochyta lentis (Sambasivam et al., 2017). Presumably, these pathogens lack the ability to suppress the damaging host ROS production on some host genotypes.



FINE-TUNING OF HOST pH IS WIDESPREAD AMONG BROAD HOST-RANGE NECROTROPHS

Pathogenic fungi have evolved mechanisms to modify the ambient pH of host tissue to facilitate infection. The well-conserved Pal/Rim alkaline signaling pathway in fungi senses and responds to environmental pH (Selvig and Alspaugh, 2011). This allows pathogens to fine-tune their environment to a favorable pH through acidification or alkalinization. The benefit of pH modulation is due to its effect both on host resistance and pathogen virulence. Firstly, host pH impacts the ability of the host to mount an effective defense response. The well-characterized MTI-associated ROS burst is inhibited at a low pH (Legendre et al., 1993). In many plant species, induction of a ROS burst is associated with an increase in pH. In fact, in French bean, merely exposing cells to an alkaline environment triggered ROS production (Bolwell et al., 1995). Therefore, rapid acidification of host tissue by fungal pathogens functions to suppress MTI, thereby facilitating initial colonization in the host.

Interestingly, analysis of plant pathogenic species in the Sclerotiniaceae family revealed a remarkable difference in the in planta expression of oxaloacetate acetylhydrolase (oah), which is required for OA biosynthesis, between broad host and narrow host range pathogens. Within four hours of plant infection, oah expression was between ten and 300 times greater in the broad host range necrotrophic pathogens B. cinerea and S. sclerotiorum compared to their narrow host range counterparts (Andrew et al., 2012). Early production of significant amounts of OA could conceivably very rapidly lower the ambient pH and suppress a PTI-induced ROS burst. The proficiency of S. sclerotiorum to acidify host tissue has long been known; an early study demonstrated a reduction in the pH of sunflower stems to as low as four during S. sclerotiorum infection (Marciano et al., 1983). Other broad host range pathogens are capable of acidifying host tissue via production of various organic acids including phenylacetic acid (PAA) and 3-methylthioproprionic acid (MTPA), produced by R. solani, and tenuazonic acid, produced by A. alternata (Meronuck et al., 1972; Bartz et al., 2012; Kankam et al., 2016).

In addition to its role in suppression of host immune responses, acidification of the host environment may also enhance fungal virulence. For example, lowering of pH influences expression of polygalacturonase (PG) cell wall degrading enzyme (CWDE)-encoding genes during S. sclerotiorum infection of carrot where a pH of four to five induced the highest expression (Cotton et al., 2003). The optimum pH for activity of polygalacturonases PGs also lies within this range (Favaron et al., 2004). Therefore, acidification of host tissue results in an increase in both expression and activity of CWDEs thereby facilitating penetration and tissue maceration.

Similarly, acidification induces expression of a B. cinerea PG and is required for transcription and post-translational modification of the B. cinerea protease, BcACP1 (Wubben et al., 2000; Rolland et al., 2009). B. cinerea produces multiple acids during infection including oxalic, citric and succinic acids (Gentile, 1954; Verhoeff et al., 1988; Dalmais et al., 2011). A set of mutants in the VELVET complex are impaired in citric acid production and virulence. Virulence of the mutants could be partially restored by artificial acidification at infection sites demonstrating the requirement for acidification of host tissue (Müller et al., 2018). Similar results were found using oah mutants of S. sclerotiorum; acidification of host tissue could enhance virulence (Xu et al., 2015). It is no surprise, then, that the endogenous ability to acidify often correlates highly with virulence of broad host range necrotrophic fungi (Nagarajkumar et al., 2005; Bartz et al., 2012). As well as the aforementioned effects on fungal virulence, some acids secreted by fungal pathogens exhibit direct phytotoxicity, a function that benefits fungi with a necrotrophic lifestyle. For example, botcinic acid, MTPA, OA, and tenuazonic acid produced by B. cinerea, R. solani, S. sclerotiorum, and A. alternata respectively, all have phytotoxic activity (Visconti et al., 1987; Cutler et al., 1996; Kim et al., 2008; Kankam et al., 2016).

Despite the described benefits of acidification, some necrotrophic pathogens also benefit from prolonged alkalinization of the host environment. Alkalinization has been reported for the broad host range pathogen A. alternata, several Colletotrichum species and F. oxysporum (Fernandes et al., 2017). In all cases, the increase in pH is driven by secretion of ammonia. A. alternata increases pH via ammonia secretion during infection of fruits; this has been demonstrated in persimmon, tomato and melon. Ammonia production and pH increases varied between fruits, suggesting that A. alternata can sensitively perceive the ambient pH prior to fine-tuning. In a manner similar to the acidic induction of PG expression in S. sclerotiorum, an increase in pH induced expression of an endoglucanase and enhanced the spread of disease (Eshel et al., 2002).

During infection of sunflower cotyledons, B. cinerea and S. sclerotiorum were demonstrated to initially reduce the pH through secretion of citric and succinic acids then as the infection advanced both pathogens increased the pH through secretion of ammonia (Billon-Grand et al., 2012). This demonstrates effective fine-tuning of host pH to facilitate infection by broad host range pathogens.

Fine-tuning of host pH has a multitude of benefits for pathogenic success and perhaps the capacity to do so contributes to an expansion of host range. Indeed, robust evidence of host pH modulation appears to be rare in narrow host range necrotrophic fungi. Of the narrow host range pathogens in Table 1, none have been reported to modulate host pH during infection.



METABOLIC FLEXIBILITY IS A KEY ADAPTATION TO INFECTION OF MULTIPLE HOST SPECIES

An important defense response employed by plant species is production of antimicrobial secondary metabolites termed phytoalexins. Additionally, plants produce preformed antifungal agents, which are known as phytoanticipins (VanEtten et al., 1994). These metabolites function in conjunction with other defense strategies such as MTI and ETI to fend off invading pathogens. A well-studied phytoalexin is camalexin, named after the species from which it was first isolated, camelina (Camelina sativa) (Browne et al., 1991). Camalexin is produced by members of the Brassicaceae family and functions in resistance to multiple necrotrophic fungal pathogens including A. brassicicola and B. cinerea. It has also been shown to contribute to resistance to some hemibiotrophic and biotrophic pathogens, and the Brassicaceae-specific aphid, Brevicoryne brassicae (Ahuja et al., 2012). Camalexin has been shown to exert its toxicity by disruption of membranes (Rogers et al., 1996). Other phytoalexins are known to induce cytoplasmic granulation and inhibit fungal enzymes, all of which can effectively kill invading fungal pathogens and prevent the spread of disease (Arruda et al., 2016).

A study in Arabidopsis thaliana demonstrated a role for phytoalexins in non-host resistance to the necrotrophic fungus Plectosphaerella cucumerina. Tryptophan-derived metabolites were shown to be required for resistance to non-adapted P. cucumerina isolates. Intriguingly, mutant A. thaliana lines impaired in accumulation of these metabolites became hosts for the non-adapted isolates (Sanchez-Vallet et al., 2010). This indicates that phytoalexins play a role in defining the host range of necrotrophic fungal pathogens. Plant families are known to produce many different types of phytoalexins such as camalexin in the Brassicaceae, medicarpin in the Fabaceae, kauralexin in the Poaceae, capsidiol in the Solanaceae and resveratrol in the Vitaceae (Ahuja et al., 2012). To cause disease on a particular plant species, a fungal pathogen must be able to tolerate or metabolize the phytoalexins produced by the host. Therefore, an increase in host range would require an expanded pathogenic toolkit equipped to metabolize the antifungal secondary metabolites produced by the new host species. Broad host range pathogens such as R. solani, which has been reported on 169 different plant families, are capable of tolerating or metabolizing a wide range of phytoalexins.

One way in which plant pathogens can tolerate phytoalexins is by efflux. Over 20 years ago, an ATP-binding cassette (ABC) transporter was first identified as a pathogenicity determinant in the narrow host range rice blast pathogen, Magnaporthe oryzae. The gene was demonstrated to be upregulated in response to the rice phytoalexin sakuranetin, strongly suggesting a role of the transporter in efflux of antifungal secondary metabolites, which was necessary for infection (Urban et al., 1999).

A B. cinerea ABC transporter (BcatrB) was shown to provide tolerance to the Vitaceae-specific phytoalexin resveratrol and contribute to virulence on grapevine leaves (Schoonbeek et al., 2001). BcatrB expression was later found to be induced by camalexin and confirmed to play a role in tolerance to camalexin and virulence on A. thaliana, demonstrating that a single transporter facilitates B. cinerea infection of at least two plant families (Stefanato et al., 2009).

Another B. cinerea efflux pump belonging to the major facilitator superfamily (MFS) family (mfsG) provides tolerance to glucosinolates, a group of Brassicaceae-derived secondary metabolites. Interestingly, mfsG is differentially expressed in response to the presence of different glucosinolate constituents, isothiocyanates (ITCs), suggesting that B. cinerea can regulate expression of transporters in response to specific host compounds (Vela-Corcía et al., 2019).

The closely related generalist pathogen S. sclerotiorum also exhibits metabolic flexibility. A transcriptome analysis on infected tissue of two different host species of S. sclerotiorum, canola (Brassica napus) and lupin (Lupinus angustifolius), revealed differential expression of genes associated with detoxification and efflux of host-derived secondary metabolites (Allan et al., 2019). Further research is required to understand the extent of differential regulation of metabolic enzymes by broad host range pathogens. However, analysis of the number of MFS transporters in B. cinerea and S. sclerotiorum revealed a large repertoire harbored by both broad host range pathogens (Vela-Corcía et al., 2019). MFS transporters are involved in the transport of many substrates and we speculate that the large repertoires include some MFS transporters involved in the efflux of antifungal metabolites produced by the diverse plant species infected by these pathogens.

Plant pathogens also detoxify host-derived secondary metabolites by degradation or biotransformation. R. solani can degrade or biotransform camalexin, cyclobrassinin and sakuranetin, thereby facilitating infection on dicotyledonous crucifers and the monocotyledonous rice (Pedras and Okanga, 1999; Pedras and Khan, 2000; Katsumata et al., 2018). A. brassicicola is particularly successful on plants in the Brassicaceae family. This can at least in part be explained by its ability to detoxify many cruciferous metabolites including brassicanate A, brassinin, camalexin, cyclobrassinin, isalexin, isothiocyanates, and rutalexin (Pedras and Okanga, 1999; Sellam et al., 2006; Pedras et al., 2013; Pedras and Abdoli, 2017). B. cinerea has been demonstrated to detoxify an array of phytoanticipins and phytoalexins such as α-tomatine, avenacin, avenocosides, digitonin, camalexin, brassinin, cyclobrassinin, brassilexin, terpinolene, resveratrol, and pterostilbene (Sbaghi et al., 1996; Quidde et al., 1998; Afgan et al., 2002; Quidde et al., 2004; Pedras et al., 2011). The importance of phytoalexin detoxification for pathogenicity has been shown using natural isolates unable to detoxify specific phytoalexins. For example, B. cinerea isolates that cannot degrade the phytoalexins resveratrol and pterostilbene are non-pathogenic on grapevines (Sbaghi et al., 1996). Moreover, one B. cinerea strain was identified that was deficient in the α-tomatine-degrading enzyme, tomatinase, and was unable to induce lesions on tomato leaves but displayed comparable pathogenicity to tomatinase-producing strains on bean leaves (Quidde et al., 1998). Broad host range pathogens require an arsenal of detoxification enzymes to overcome the array of antifungal compounds that they encounter.

Narrow host range pathogens also employ detoxification mechanisms to facilitate compatible interactions with their respective host species. However, the phytoalexins degraded tend to be host-specific and the narrow host range pathogens lack the repertoire of detoxifying enzymes to metabolize a range of antifungal secondary metabolites (Table 1). For example, the causal agent of ascochyta blight on chickpea, Ascochyta rabiei, metabolizes the pterocarpan phytoalexins medicarpin and maackiain, known to accumulate in chickpea during A. rabiei infection (Weigand et al., 1986; Tenhaken et al., 1991). The wheat pathogen, P. nodorum, can degrade low amounts of the cereal phytoalexin 6−methoxy−2−benzoxazolinone (MBOA); however, MBOA becomes toxic at high concentrations (Du Fall and Solomon, 2013).

To summarize, detoxification of antifungal host metabolites is required for successful infection in many pathogens and host generalist necrotrophic fungi can detoxify a particularly wide range of host-derived secondary metabolites to facilitate their lifestyles.



CONCLUSION

Broad host-range necrotrophic fungi are capable of causing disease and yield loss on many economically important crops. However, the molecular and evolutionary characteristics of these species are, thus far, often described poorly relatively to those of host specialists. Here, we have discussed common evolutionary and molecular features that set host generalists apart from specialists. Based on the literature discussed, we have begun to build a picture of a typical broad host-range necrotrophic fungal pathogen. This is a pathogen that likely evolved in a region of high host species diversity and that reproduces predominantly asexually. It has developed a highly efficient molecular toolkit, which enables it to establish disease on diverse plant species. This toolkit comprises mechanisms to modulate host ROS and pH, and detoxify a wide range of host-derived antifungal secondary metabolites. Further research is required to clarify the evolutionary bases of host generalism and to better understand the mechanisms by which they cause economically damaging disease to so many crop species.
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A fundamental process culminating in the mechanisms of plant-pathogen interactions is the regulation of trophic divergence into biotrophic, hemibiotrophic, and necrotrophic interactions. Plant hormones, of almost all types, play significant roles in this regulatory apparatus. In plant-pathogen interactions, two classical mechanisms underlying hormone-dependent trophic divergence are long recognized. While salicylic acid dominates in the execution of host defense response against biotrophic and early-stage hemibiotrophic pathogens, jasmonic acid, and ethylene are key players facilitating host defense response against necrotrophic and later-stage hemibiotrophic pathogens. Evidence increasingly suggests that trophic divergence appears to be modulated by more complex signaling networks. Acting antagonistically or agonistically, other hormones such as auxins, cytokinins, abscisic acid, gibberellins, brassinosteroids, and strigolactones, as well as nitric oxide, are emerging candidates in the regulation of trophic divergence. In this review, the latest advances in the dynamic regulation of trophic divergence are summarized, emphasizing common and contrasting hormonal and nitric oxide signaling strategies deployed in plant-pathogen interactions.
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INTRODUCTION

Plant pathogens are often clustered into three types: biotrophs, hemibiotrophs, and necrotrophs, based on their lifestyles, notably the strategies of nutritional acquisition and structural changes (Perfect and Green, 2001; Kraepiel and Barny, 2016). Biotrophs establish trophically in the apoplast and assimilate nutrients directly from the living host tissues without inducing programmed cell death (PCD), or asymptomatically. On the contrary, necrotrophs break plasma membranes and execute PCD in the host prior to nutrient uptake, or destructively. Hemibiotrophs, traditionally believed to share the trophic features of both biotrophs and necrotrophs, emulate the characteristics of biotrophic pathogens in the first phase and those of necrotrophs in the second phase. The morphological landmark of the trophic switch during the infection process is the growth of thick primary hyphae in the biotrophic phase followed by the formation of thin secondary hyphae in the necrotrophic phase (Chowdhury et al., 2017). To complete their lifecycles successfully, plant pathogens also evolve to selectively activate genes either for adapting to colonize and disintegrate the intercellular matrix or for breaching cell walls and cellular compartments in biotrophic and necrotrophic interactions, respectively (Koh and Somerville, 2006; Di Pietro et al., 2009; Meinhardt et al., 2014; Fernandes et al., 2017). The underlying mechanisms for the trophic switch, or the transition from biotrophic to necrotrophic phase during plant hemibiotrophic interactions remain largely unknown, though their execution requires the programming and reprogramming of specific secreted effector proteins (Kelley et al., 2010; Lee and Rose, 2010; Vargas et al., 2012; Yang et al., 2013).

Hormones, the multifaceted signal molecules controlling plant growth and development, are also essential regulators of pathogen-triggered programmed cell death (pPCD), or plant immunity-associated cell death (Spoel and Dong, 2008; Huysmans et al., 2017). Strikingly, the machinery underlying hormone regulated pPCD in the host during plant-pathogen interactions is manifested by the infection strategy of the pathogen, or more specifically, either biotrophic or necrotrophic (Glazebrook, 2005). Earlier studies on hormonal regulation in trophic divergence have illustrated that salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) play essential roles in navigating biotrophic and necrotrophic interactions (Glazebrook, 2005; Tsuda et al., 2009, 2013). NPR1, the master regulator of SA signaling, also mediates systemic acquired resistance (SAR), the induced immune response offers protection counteracting broad-spectrum pathogens (Fu and Dong, 2013). However, SAR seems to be more effective against biotrophs and hemibiotrophs than necrotrophs (Hammerschmidt, 2009; Luna et al., 2012). More recently, progress has been made in the understanding of hormonal regulation of trophic divergence via integrated approaches (Robert-Seilaniantz et al., 2011a; Denancé et al., 2013; López-Ráez et al., 2017). The focus has seemingly expanded toward the involvement of other hormones, such as auxins, cytokinins (CKs), abscisic acid (ABA), gibberellins (GAs), brassinosteroids (BRs) and strigolactones (SLs), and signaling molecules such as nitric oxide (NO). Here, we briefly revisit the SA and JA/ET antagonism that is well-established (Robert-Seilaniantz et al., 2011a), and intensively anatomize these emerging players in directing trophic divergence and infer future directions for this area.



CENTRALITY OF SALICYLIC ACID AND JASMONIC ACID/ETHYLENE ANTAGONISM IN TROPHIC DIVERGENCE

The regulation of plant defense is directed by complex signaling pathways that are often interconnected, among which, SA and JA/ET are the most well-studied antagonistic hormone pairs in host-pathogen interactions. These SA- and JA/ET-dependent pathways, and their crosstalk defense mechanisms operate acutely in response to a single pathogen or multiple pathogens of different trophic phases and types (Kloek et al., 2001; Spoel et al., 2003, 2007; Zhao et al., 2003). Other than the specifically inducible defense of SA and JA/ET against most biotrophic and necrotrophic pathogens, the concerted action of both SA and JA/ET was well shown in hemibiotrophic interactions in Arabidopsis thaliana-Pseudomonas syringae (Spoel et al., 2003), A. thaliana-Fusarium oxysporum (Anderson et al., 2004; Kazan and Manners, 2008; Grant et al., 2013; Kazan and Lyons, 2014) and Brassica napus-Leptosphaeria maculans (Becker et al., 2017; Zou et al., 2020) pathosystems. The SA receptor NPR1 (Wu et al., 2012), and potentially NPR2 (Castelló et al., 2018), is the key to this crosstalk, modulating the SA-mediated activation of PR genes such as the conserved PR1, but also the suppression of JA biosynthetic and responsive genes like PDF1.2 in A. thaliana against P. syringae (Spoel et al., 2003) and F. oxysporum (Anderson et al., 2004). Interestingly, these JA-responsive pathogen defense genes are negatively regulated by the basic helix-loop-helix Leu zipper transcription factor MYC2/JIN1 in the A. thaliana-F. oxysporum pathosystem (Anderson et al., 2004; Lorenzo et al., 2004; Dombrecht et al., 2007). Maneuvered in a tissue specific fashion, such antagonism between SA and JA/ET, is also applicable in the defense commutation between biotrophic and necrotrophic pathogens (Spoel et al., 2007). The induction of SA by the virulent strain of hemibiotrophic P. syringae in the host suppresses JA signaling pathways, manifesting the elevated susceptibility to the necrotrophic pathogen Alternaria brassicicola in local infection tissues but not systematic tissues (Spoel et al., 2007). However, it is important to keep in mind that the perceptible effect of SA and JA/ET on trophic divergence does not exclude the crosstalk between SA and JA/ET (Li et al., 2019), and most likely it is a collective outcome orchestrated by other hormones that will be discussed in the following sections.



ADDITIONAL ANTAGONISTIC HORMONES AND TROPHIC DIVERGENCE

Hormone crosstalk is one of the major strategies that plants utilize in prioritizing growth or defense (Huot et al., 2014), and such balancing is reminiscent of trophic divergence. In addition to the conventional defense hormones SA and JA/ET regulating the variance of biotrophic and necrotrophic interactions, auxin and cytokinin, ABA, and GA are emerging as newer antagonistic players. To highlight their implications, our focus in this section is pointing out the involvement of these antagonistic hormones, as well as their interactions with SA and JA/ET in navigating trophic divergence.


Auxins and Cytokinins in Trophic Divergence

While auxins and CKs are antagonistic in the homeostasis of cell division and differentiation in root meristem niche (Su et al., 2011), it remains largely unknown, whether such antagonism is also present and how they may interact with SA and JA/ET pathways in trophic divergence in plant-pathogen interactions. Independent research has demonstrated that auxin negatively correlates with ETI (effector-triggered immunity) and PTI (pattern-triggered immunity) mediated susceptibility via manipulations in auxin sensitivity or auxin responsive genes (Chen et al., 2007; Kazan and Lyons, 2014). Interestingly, in the P. syringae-A. thaliana hemibiotrophic interaction, attenuation of PIN1-mediated auxin transport was also associated with the increase in host susceptibility (Nomura et al., 2006; Tanaka et al., 2009; Kazan and Lyons, 2014). In the same hemibiotrophic pathosystem, overexpression of GH3.5, the bifunctional modulator of both auxin and SA (Zhang et al., 2007), has enhanced host resistance likely by suppressing auxin biosynthesis while promoting SA response. Conversely, elevating auxin biosynthesis via overexpression of the auxin (indole-3-acetic acid, IAA) biosynthesis gene YUCCA1 (YUC1) was able to escalate host susceptibility independent of SA response in Arabidopsis plants infested with the hemibiotrophic P. syringae inoculum (Mutka et al., 2013). Moreover, further studies indicated that overexpression of the auxin receptor AFB reduces host susceptibility in a biotrophic interaction excited by Hyaloperonospora arabidopsidis but exerts no effect on host susceptibility in a necrotrophic interaction by A. brassicicola (Robert-Seilaniantz et al., 2011b). These studies have suggested that trophic divergence could be affected by auxin biosynthesis, signaling, and transport. It is worth noting that the navigation of biotrophic interactions by auxin could be dependent or independent of SA. On the other hand, auxin may navigate the necrotrophic interactions, as illustrated in the A. thaliana-A. brassicicola pathosystem, promoting auxin biosynthesis and repressing auxin transport, synergistically with the JA/ET pathways via inducing the expression of PDF1.2 and HEL (Qi et al., 2012), which requires more detailed investigations.

Similar to auxins, CKs are also involved in the navigation of trophic divergence, but the effect on host defense response is diversified. Independent studies investigating hemibiotrophic interactions in the A. thaliana-P. syringae and Oryza sativa-Magnaporthe oryzae pathosystems indicate that CK acts synergistically with SA and results in aggrandized host resistance when CK is increased (Naseem et al., 2012; Jiang et al., 2013), possibly dependent of the SA receptor NPR1 (Choi et al., 2011). In biotrophic interactions rendered by H. arabidopsidis, a negative feedback of SA on CK is instead established in the regulation (Argueso et al., 2012; Naseem et al., 2014). In this specific interaction, higher levels of CK reduced host susceptibility while lower CK levels favored host susceptibility (Argueso et al., 2012). Similarly, in necrotrophic interactions, the effect of CK on the defense response also operates in concentration-dependent fashion. Elevated expression of CK response regulators ARR and IPT genes increases CK levels and enhances host resistance (Choi et al., 2011), while overexpression of CKX4 lowers CK levels and shows a reverse phenotype against the same necrotrophic pathogen (Choi et al., 2010).



Abscisic Acid and Gibberellins in Trophic Divergence

The third antagonistic hormone pair ABA and GA, eminent in directing seed dormancy and germination (Liu and Hou, 2018), also engages in trophic divergence. As compared to their explicit roles in regulating plant growth and development and abiotic stress response (Shu et al., 2016), the involvement of ABA and GA in navigating trophic divergence is less explored, but mounting evidence has revealed some regulatory patterns in both dicots and monocots challenged by biotrophic, necrotrophic, and hemibiotrophic interactions.

By interacting with SA and JA/ET, ABA is versatilely involved in the regulation of host defense response in biotrophic, necrotrophic, and hemibiotrophic interactions (Denancé et al., 2013). Intriguingly, while directing the trophic interactions, ABA appears to negatively regulate the defense response in biotrophic interactions delineated by Triticum aestivum-F. graminearum (Buhrow et al., 2016) and A. thaliana-Golovinomyces cichoracearum (Xiao et al., 2017) pathosystems. And, hemibiotrophic interactions in the A. thaliana-P. syringae pathosystem (Mohr and Cahill, 2003) with ABA biosynthesis and signaling impairing shown to elevate host resistance. It was speculated that such navigation was executed antagonistically with SA (Denancé et al., 2013; Han and Kahmann, 2019). Dissimilarly, the role of ABA in directing necrotrophic interactions is dichotomous. Earlier studies revealed that ABA may negatively modulate necrotrophic interactions antagonizing with JA/ET signaling, as well exemplified in Arabidopsis plants confronted by Plectosphaerella cucumerina (Sánchez-Vallet et al., 2012) and F. oxysporum (Anderson et al., 2004). In the latter, the antagonistic effects between ABA and JA/ET employed in the host was further explored to negatively regulate disease resistance against F. oxysporum modulated by MYC2 (Anderson et al., 2004). Surprisingly, ABA also negatively regulate host resistance suppressing SA in the necrotrophic interaction mediated by the Lycopersicon esculentum-Botrytis cinerea pathosystem (Audenaert et al., 2002). In contrast, ABA was also shown to positively regulate resistance in Arabidopsis plants challenged by necrotrophic pathogens Pythium irregulare (Adie et al., 2007), A. brassicicola (Flors et al., 2008; Fan et al., 2009), B. cinerea (Garcia-Andrade et al., 2011), and P. cucumerina (Hernandez-Blanco et al., 2007; Garcia-Andrade et al., 2011), possibly mediated by the ET signaling pathway (De Vleesschauwer et al., 2010).

Similar to its multifaceted functions in plant growth and development, GA is also entailed on trophic divergence. Independent studies have implied that GA acts in a dicot- and monocot-specific manner and contributes to maneuvering trophic divergence (De Bruyne et al., 2014). In dicots, at least in A. thaliana, loss-of-function in DELLAs and exogenous applications of GA were shown to enhance host resistance to hemibiotrophic P. syringae attacks but impair host resistance counteracting against the necrotrophic pathogen A. brassicola via a DELLA-dependent pathway (Robert-Seilaniantz et al., 2007; Navarro et al., 2008). In several monocot systems inclusive of wheat, barley, and rice, however, independent observations suggest that GA appears to play a dichotomous role in the regulation of trophic divergence. Specifically, wheat and barley plants with gain-of-function in DELLAs elevated host susceptibility to biotrophic Blumeria graminis while promoting host resistance against necrotrophic Oculimacula acuformis and O. yallundae and hemibiotrophic F. graminearum (Saville et al., 2012). Opposite to the findings in wheat and barley, enriched studies in rice demonstrate that the DELLA protein SLR1 indulges host resistance against biotrophic and hemibiotrophic pathogens (Yang et al., 2012; Qin et al., 2013; De Vleesschauwer et al., 2016), but suppresses host susceptibility to necrotrophic pathogens (De Vleesschauwer et al., 2012). These studies clearly demonstrated that GA operates irreconcilably in the trophic divergence between dicots and monocots, and the contradiction among them, especially its role in wheat and barley discrepantly to rice, is likely the interactive outcome of GA specifically with SA or JA/ET (Navarro et al., 2008; De Vleesschauwer et al., 2016). It is also noteworthy that such a unique mechanism in trophic divergence is regulated dependently of signaling pathways mediated by DELLAs, negative regulators of GA signaling (De Bruyne et al., 2014; De Vleesschauwer et al., 2016).



BRASSINOSTEROIDS AND TROPHIC DIVERGENCE

Substantial progress has been made in the roles of BRs in plant growth and development and plant response to abiotic stresses and pathogen attacks. Molecular mechanisms illustrating multidirectional BR signaling were well-characterized (Nolan et al., 2020), while the involvement of BRs in plant-pathogen interactions is relatively ambiguous, as contradicting observations were obtained from earlier studies (De Bruyne et al., 2014). With regard to trophic divergence, the regulation by BRs becomes more intricate. In biotrophic relationships, a possible pattern could be perceived from most studies showing that elevated levels of BRs in the host seems to enhance resistance against biotrophic pathogens including Oidium neolycopersici (Nakashita et al., 2003). Contrarily, it is difficult to form a consensus pertaining to the roles of BRs in hemibiotrophic and necrotrophic interactions. Independent studies demonstrated that higher contents of BRs could increase either resistance against hemibiotrophic F. culmorum (Albrecht et al., 2012; Ali et al., 2013) or susceptibility against necrotrophic P. graminicola through crosstalk with SA and GA (De Vleesschauwer et al., 2012). However, disruption in BR receptor BRI1 has been shown to promote host (Brachypodium distachyon and Hordeum vulgare) resistance against hemibiotrophic M. oryzae (Goddard et al., 2014). Intriguingly, the possible mimicking effect between BR and GA (De Bruyne et al., 2014) allows us to speculate on their crosstalk in trophic divergence likely mediated by the BR signaling transcription factor BZR1 (Lozano-Durán et al., 2013) and DELLA protein SLR1 (De Vleesschauwer et al., 2012). It is foreseeable from these studies that BRs play important roles in trophic divergence. However, questions such as whether BR-mediated regulation of trophic divergence is pathosystem-specific, and whether the observed contrasting phenotypes are an outcome of either the spatiotemporal distributions of BRs or the crosstalk of BRs with other hormones such as auxins given their shared roles in cell expansion and proliferation (Hardtke et al., 2007), remain largely unanswered.



STRIGOLACTONES AND TROPHIC DIVERGENCE

In addition to the above-mentioned hormones, SLs are important regulators of plant growth and development (Waters et al., 2017), while limited information is available related to their roles in plant defense against pathogens (Pandey et al., 2016). Forward genetics approaches have shown that strigolactone deficiency has a contrasting effect on host susceptibility in pathogens of different lifestyles. For instance, when challenged by necrotrophic B. cinerea, tomato Slccd8 mutants underwent more severe disease development and disease symptoms (Torres-Vera et al., 2014). Likewise, host plants with knockout of CCD7 and CCD8 become more vulnerable to the necrotrophic pathogen infection during Orobanche ramosa-Sclerotinia sclerotiorum interactions (Decker et al., 2017) using GR24, one of the SL analogs (Zwanenburg and Pospísil, 2013). Thus, it is reasonable to hypothesize a possible link of GR24 to trophic divergence, especially in necrotrophic interactions, though high variability of in vitro morphogenesis of some necrotrophic pathogens (López-Ráez et al., 2017). When challenged by hemibiotrophic F. oxysporum, pea plants with different SL levels did not exhibit any difference in disease development or disease symptoms (Foo et al., 2016). Strikingly, independent studies on the hemibiotrophic A. thaliana-P. syringae pathosystem showed that, mutations in SL biosynthesis (MAX3 and MAX4) and perception (MAX2) manifest host sensitivity to the disease, likely via a signaling pathway independent of ABA signaling pathways (Piisilä et al., 2015; Kalliola et al., 2019). On the other hand, Arabidopsis plants defective in SL biosynthesis and signaling become more susceptible when challenged by biotrophic Rhodococcus fascians, with the possibility of crosstalk with CKs involving receptors AHK3 and AHK4 (Stes et al., 2015). This evidence clearly shows that SLs are involved in trophic divergence, and their roles might be pathosystem-specific. This is possibly the outcome of interactions of the lifestyle of the pathogen, the levels of SLs in the host dependent or independent of other hormones like ABA, CK, GA, JA and SA (Omoarelojie et al., 2019), and the environmental conditions, meaning that more studies are required to determine their roles in trophic divergence.



EMERGING ROLES OF NITRIC OXIDE IN TROPHIC DIVERGENCE

It is well-known that nitric oxide is a multitasked signaling molecule in plant biology from development (Huang et al., 2014) to defense (Domingos et al., 2015). During plant-pathogen interactions, cellular levels of NO are believed to facilitate early establishment of the pathogen but also restrict further pathogenic infections (Martínez-Medina et al., 2019). The versatility of NO in trophic divergence is even more complex, but studies detailing in pathogens with different trophic lifestyles have shed light on some of the common and differential patterns.

Despite their explicit differences in trophic characteristics, biotrophs, hemibiotrophs, and necrotrophs are able to produce NO. The generation of NO could occur distinctly in several vegetative tissues, including mycelia in biotrophic Blumeria graminis and O. neolycopersici and hemibiotrophic M. oryzae (Prats et al., 2008; Piterková et al., 2009; Samalova et al., 2013), hyphae in biotrophic Bremia lactucae (Sedlářová et al., 2011), and spores in necrotrophic B. cinerea (Floryszak-Wieczorek et al., 2007). Similar to ROS (Heller and Tudzynski, 2011), these studies suggest that NO also plays an important part during fungal morphogenesis and reproduction (Cánovas et al., 2016), which requires further investigations to reveal its specific roles contributing to trophic classification.

Strikingly, spatiotemporal distributions of pathogen-triggered NO and their concentrations appear to participate in the direction of trophic divergence. At the outset of biotrophic contact with the host, NO is induced and present in both compatible and incompatible interactions (Sedlářová et al., 2011), while it is only detectable in the compatible interactions during the necrotrophic contact (van Baarlen et al., 2004; Turrion-Gomez and Benito, 2011). Interestingly, a relative higher concentration of the induced NO, likely via the reduction of S-nitrosoglutathione (Zhang et al., 2015), is commonly observed in the compatible interactions elicited by the biotrophic pathogen B. lactucae (Sedlářová et al., 2011) and the necrotrophic B. cinerea (Turrion-Gomez and Benito, 2011). In the incompatible interactions, a lower concentration of the incited NO was often found to encompass the infection site where hypersensitive cell death occurs to prevent an outward disease spread (Piterková et al., 2011; Sedlářová et al., 2011). However, with limited literature available, these independent studies should be interpreted cautiously, as the possible role of NO in trophic divergence might be pathosystem-specific. In addition, possible crosstalk of NO with other defense components such as ROS (Bellin et al., 2013) and hormones including but not limited to the SA and JA/ET antagonism (Bari and Jonathan, 2009; Mur et al., 2013) might be able to mechanistically explain trophic divergence.



CONCLUSION AND PERSPECTIVE

From the studies described above, it is apparent that complex signaling pathways mediated by hormones and NO regulate trophic divergence. Identified as the first “defense” hormone antagonism, SA and JA/ET are a central part of navigating biotrophic and necrotrophic interactions. Two additional antagonistic hormone pairs, auxins and CKs, as well as ABA and GA, classical regulators of plant growth and development, have also played important roles in the regulation of trophic divergence. Moreover, two relatively new hormones, brassinosteroids and strigolactones contribute substantially to directing trophic divergence. The versatile signaling molecule NO has emerged as a key component in the direction of trophic divergence. Similar to plant growth and development, hormonal crosstalk and interplays between hormones and NO (Sanz et al., 2015) are also required for directing plant-pathogen interactions, especially trophic divergence. In the above sections, we anatomize these “newer” multifaceted players by highlighting their specific regulatory roles, and more importantly, accentuating their crosstalk with SA and JA/ET and/or with each other in trophic divergence. It is apparent that these hormones often operate in conjunction with each other and fine tune trophic divergence. The choice of which hormones to be involved, their concentrations (either high or low), and their interaction modes (either antagonistic or synergistic) are important for trophic divergence. The roles of hormone crosstalk are so diversified in navigating trophic divergence and details are summarized in Figure 1. One of the best examples is that JA, auxin, ABA, GA, and BR were shown to interact with the DELLA protein SLR1 in response to biotic and abiotic stresses (De Bruyne et al., 2014), and it may also be the case in the regulation of trophic divergence. Another notion to be ingrained in the understanding of trophic divergence is, while hormones largely regulate trophic divergence in concerted actions, the levels of hormones such as auxin, CK, and SA are for example changed due to gall formation, in the biotrophic B. napus-Plasmodiophora brassicae interaction (Prerostova et al., 2018), and such a unique reciprocal regulation module might be ubiquitous in hormone modulation of trophic divergence.


[image: image]

FIGURE 1. Hormone crosstalk in directing biotrophic, hemibiotrophic, and necrotrophic interactions. During trophic divergence, SA orchestrates both biotrophic and hemibiotrophic interactions, while JA/ET orchestrates both necrotrophic and hemibiotrophic interactions. By interacting with SA, JA/ET, and other hormones, auxin, CK, ABA, GA, BR, and SL as well as their important biosynthesis, transport and response genes, receptors, regulatory components, and transcription factors are all involved in directing trophic divergence, and their crosstalk are widely diversified across these three trophic interactions. Red upward triangle arrows are used to indicate positive regulators for host immunity, and blue downward triangle arrows for negative regulators for host immunity in each specific trophic interaction. Black triangle arrows are denoted for positive regulations in the pathway, while black round arrows for negative regulations in the pathway. Question marks designate potential regulations that require further investigations. Trophic divergence by different hormones are separated by horizontal dotted lines, while different regulatory modules within a trophic interaction are separated by vertical dotted lines.


Collectively, these studies have suggested that by interacting antagonistically or synergistically, hormones and NO may act as important regulators in trophic divergence. The pathosystem itself, the concentration and spatiotemporal distribution of the involved hormones and NO, and the timing of their actions are among those key modulators that determine the navigation of trophic divergence. Hormones and NO may also coordinate with ROS (Yoda et al., 2003; Torres et al., 2006; Shetty et al., 2007; Lyons et al., 2015) and maneuver trophic divergence. Due to the complex interactions involved, global gene expression analysis at transcriptional, translational, or post-translational levels may broaden our understanding of how hormones and NO regulatory networks specify trophic divergence. Meanwhile, when a given component is amended genetically or pharmaceutically during plant-pathogen interactions, especially during hemibiotrohic interactions that endure a trophic switch accompanied by the reprogramming of gene regulatory networks, detailed time-course studies may be necessary to dissect its exact role in trophic divergence. To this end, it would be interesting to investigate more host systems challenged by biotrophic and necrotrophic pathogens, as this would allow us to have a comprehensive model of hormone and NO signaling in trophic divergence.
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Grape white rot caused by Coniella diplodiella (Speg.) affects the production and quality of grapevine in China and other grapevine-growing countries. Despite the importance of C. diplodiella as a serious disease-causing agent in grape, the genome information and molecular mechanisms underlying its pathogenicity are poorly understood. To bridge this gap, 40.93 Mbp of C. diplodiella strain WR01 was de novo assembled. A total of 9,403 putative protein-coding genes were predicted. Among these, 608 and 248 genes are potentially secreted proteins and candidate effector proteins (CEPs), respectively. Additionally, the transcriptome of C. diplodiella was analyzed after feeding with crude grapevine leaf homogenates, which reveals the transcriptional expression of 9,115 genes. Gene ontology enrichment analysis indicated that the highly enriched genes are related with carbohydrate metabolism and secondary metabolite synthesis. Forty-three putative effectors were cloned from C. diplodiella, and applied for further functional analysis. Among them, one protein exhibited strong effect in the suppression of BCL2-associated X (BAX)-induced hypersensitive response after transiently expressed in Nicotiana benthamiana leaves. This work facilitates valuable genetic basis for understanding the molecular mechanism underlying C. diplodiella-grapevine interaction.

Keywords: Coniella diplodiella, grapevine, genome assembly, transcriptome, pathogenicity, effector


INTRODUCTION

Grapevine (Vitis vinifera L.) is an economically important fruit crop around the world. However, the widely planted Vitis vinifera cultivars are highly susceptible to various fungal pathogens (Armijo et al., 2016). Among them, the pathogenic fungus Coniella diplodiella (Speg.) Petr. and Syd, which causes white rot disease on the grapevine, can severely affect vine growth and grape production with an annual yield loss of 10–20% (Li et al., 2008). Coniella diplodiella is a necrotrophic fungal pathogen, which infects the injured grape berries, spikelets, young branches and leaves under high temperature and high humidity environments (Chethana et al., 2017; Zhang et al., 2017b). Several antifungal chemicals were used to control the white rot disease, however, the continuous application of chemical fungicides lead to the emergence of resistant pathogens and finally food safety and environmental problems (Han et al., 2015; Escribano-Viana et al., 2018).

Although the application of the fungicides is still one of the most effective ways to combat the C. diplodiella, efforts have been applied on the genetic basis of pathogen resistance and biological control reagents in recent years. Several candidate pathogenesis-related (PR) genes have been identified by comparative transcriptome analysis of susceptible and resistant grapevine species or cultivars challenged by C. diplodiella (Su et al., 2019; Zhang et al., 2019). Both salicylic acid (SA) and jasmonic acid (JA) synthesis signaling pathways may involve in host resistance against C. diplodiella. Association mapping in Chinese wild grapevines was performed to investigate potential quantitative trait loci (QTLs) involved in white rot disease resistance (Zhang et al., 2017c). However, molecular mechanism underlying pathogenicity of C. diplodiella on grapes has not been well understood so far, possibly due to the lack of genome information of this species.

The genus Coniella contains plenty of plant pathogens of economically important agricultural crops, including Vitis, Fragaria, and Punica (Alvarez et al., 2016). These Coniella species cause foliar, fruit, stem, and root diseases, bringing huge economic loss. However, the understanding of their pathogenicity mechanisms is very limited as there are no relevant genetic data available for these pathogens. Recently, the draft genome of Coniella lustricola, a new Coniella species isolated from submerged detritus, was reported (Raudabaugh et al., 2017). With the advantage of next generation sequencing (NGS) technologies, the number of sequenced fungal pathogen genomes are increasing rapidly. Genome annotation and comparison reveals the infection mechanism of plant pathogens of economically important crops, providing the genetic basis for understanding the plant-pathogen arm races (Moller and Stukenbrock, 2017; Raudabaugh et al., 2017).

Pathogens use secreted effectors to interfere with plant immunity, which are determinants of host-pathogen interaction (Dou and Zhou, 2012). Although some effectors have been characterized from the biotrophic and hemibiotrophic fungal pathogens, knowledge on the roles of effectors encoded by the necrotrophic fungi is still very limited (Lo Presti et al., 2015; Franceschetti et al., 2017). In addition to function as key virulence factors, effectors can be used for probing plant germplasm to seek resistance (R) genes in disease-resistant species or disease susceptibility (S) genes in disease-prone species (Vleeshouwers and Oliver, 2014; Xu et al., 2019). Wild Chinese Vitis species contain abundant and diverse gene resources for the genetic improvement of grapevine (Wan et al., 2007; Li et al., 2008). We have identified several grapevine accessions with conferred resistance to white rot disease (Zhang et al., 2017b). Furthermore, transcriptome analysis of the leaves of the resistant wild grapevine species Vitis davidii and the susceptible cultivar of V. vinifera “Manicure Finger” challenged by C. diplodiella identified more than 20 disease resistance-related genes (Zhang et al., 2019). However, the molecular mechanisms underlying the interaction of C. diplodiella with its host are still scarce.

In order to attain genetic information on the grape white rot fungus C. diplodiella, we sequenced the genome of C. diplodiella in this study. The 40.93 Mb genome contains 9,403 predicted genes coding for a large number of pathogenicity-related genes, including carbohydrate-active enzymes, secondary metabolite synthesis, effectors, and so on. These genes were differentially regulated by susceptible and resistant grapevine varieties. A preliminary screening of putative effector proteins revealed that one effector involved in the suppression of BCL2-associated X (BAX)-induced HR in tobacco, which may also important for the interaction between grapevine and C. diplodiella. Taken together, our results will improve the understanding of the pathogenicity of C. diplodiella on grapevine, and provide genome information for further comparison with other plant pathogens of the Coniella genus.



MATERIALS AND METHODS


Fungal Strain and DNA Extraction

The Coniella diplodiella (Speg.) strain WR01 (from the Institute of Plant Protection, Chinese Academy of Agricultural Sciences) was cultured on PDA (Potato Dextrose Agar) medium at 28°C. Total DNA of C. diplodiella was isolated from the mycelia using QIAGEN® Genomic DNA kit following the standard procedures.



Genome Sequencing and Assembly

Qualified DNA was sheared using Covaris g-TUBE device. The fragmented DNA was repaired using PacBio Template Prep Kit (Pacific Biosciences, United States). The enrichment for long fragments was done by BluePippin size selection system (Sage Science) to construct a 20 kb library. After DNA purification using AMPure® PB beads (Pacific Biosciences, United States), the DNA fragments were ligated to the hairpins (SMRTbellTM templates). The library quality was checked by Agilent Bioanalyzer 2100 (Agilent Technologies, CA, United States) and Qubit 2.0 Fluorometer (Invitrogen, Life Technologies, CA, United States). The prepared SMRTbellTM templates was bound with magbead and loaded on a SMRT cell of PacBio Sequel platform. Single-molecule real-time (SMRT®) DNA sequencing (Berlin et al., 2015) was performed in Nextomics Biosciences Co., Ltd (Wuhan, China) according to the manufacturer’s protocol (Pacific Biosciences, CA, United States). Raw reads were processed by the SMRT Link v2.3.0 in the default mode to remove the adaptor sequences and low quality reads (below quality 0.8), and the filtered reads (6.3 G) were assembled to contigs with no gaps by CANU with default parameters (Koren et al., 2017). The sequencing data generated were deposited in NCBI Short Read Archive database (SRA accession: PRJNA649095).



Repetitive Elements and Non-coding RNA Analysis

Repetitive sequences were identified by aligning the assembly sequences with the known sequences in the Repbase database using RepeatProteinMasker and RepeatMasker (Bao et al., 2015) softwares, or by de novo prediction using three tools including RepeatModeler, LTRfinder (Xu and Wang, 2007), and PILER (Edgar and Myers, 2005) with default parameters. Tandem Repeats Finder (Benson, 1999) and MIcoSAtellite (Beier et al., 2017) were used to identify tandem repeat sequences and simple sequence repeats (SSR), respectively. tRNA sequences and its secondary structures were predicted using tRNAscan-SE (Schattner et al., 2005) software. rRNAs were predicted by RNAmmer (Lagesen et al., 2007) software.



Gene Prediction and Annotation

Protein coding gene models were predicted from the repeat-masked genome using three approaches: (1) ab initio gene prediction by SNAP (Korf, 2004) and Augustus (Stanke et al., 2004) using a transcriptome-based training set constructed by PASA (Haas et al., 2003); (2) protein homology-based prediction, where tBLASTn and GeneWise (Ter-Hovhannisyan et al., 2008) were used to align protein sequences from related species to the assembled genome; (3) transcriptome-based prediction, where transcripts were aligned to assembled genome using Exonerate software. Finally, EVidenceModeler (EVM) program was used to integrate all predicted gene models into a weighted consensus gene set (Haas et al., 2008).

All predicted gene models were annotated functionally by using several databases, including NCBI Non-Redundant (NR) and Swiss-Prot protein databases, Cluster of Orthologous Groups of proteins (COG), and Kyoto Encyclopedia of Genes and Genomes (KEGG) using BLASTp with E-value cut-off of 1e–05. Gene Ontology (GO) was performed using InterProScan.



Comparative Genomics

Orthologous groups of C. diplodiella and 12 other fungal genomes were determined by OrthoMCL (Li et al., 2003) software executed with the All-vs.-all BlASTp search with an E-value threshold of 1e–05. Amino acids of single-copy ortholog genes were aligned using MAFFT (Katoh and Standley, 2013). Gaps present in the alignments were removed by Gblocks (Castresana, 2000). The phylogenetic tree was constructed using RaxML (Stamatakis, 2014) with the GTRGAMMA model and 100 bootstrap replications, based on the concatenated alignments of single-copy ortholog families. Synteny analysis of C. diplodiella and its relative Coniella lustricola was performed by MUMmer (Kurtz et al., 2004). Mummerplot was used to produce the dot-blot of the MUMmer alignments.



Functional Annotation of Specific Gene Categories

Secretome was predicted using a combination of several tools. Signal peptides were predicted by both SignalP v4.1 (Petersen et al., 2011) and TargetP v1.1 (Emanuelsson et al., 2000). Transmembrane helices were analyzed using TMHMM v2.0 (Krogh et al., 2001). Glycosylphosphatidylinositol (GPI) modification sites were predicted by big-PI predictor (Eisenhaber et al., 1999). Extracellular secreted proteins were identified by a combination of characters including the presence of a functional signal peptide and the absence of a trans-membrane domain and GPI modifications (Sperschneider et al., 2015). Potentially secreted proteins with unknown functions (cannot be annotated by Swiss-Prot) were identified as putative effectors. Putative effectors which show no significant homology to known proteins from species outside the genus Coniella (BLASTp, E-value cut-off of 1e–05) were considered as Genus-specific candidate effectors.

Genes encoding carbohydrate-active enzymes were identified by the hmmscan program in the HMMER 3.0 package against the family-specific HMM profiles of CAZymes downloaded from the dbCAN database (Yin et al., 2012). The resulted file hmmscan was parsed by the hmmscan-parser scripts provided by dbCAN. Gene clusters related to secondary metabolite biosynthesis were identified using the antibiotics and secondary metabolite analysis shell database (antiSMASH v.4.0.2) (Weber et al., 2015).



Transcriptome Analysis and Quantitative RT-PCR

The agar plug (6 mm diameter) with C. diplodiella mycelium was inoculated onto PDA plates covered with or without the ground leaf homogenates from V. vinifera “Manicure Finger” or V. davidii accession 0940 under aseptic condition, and incubated at 28°C for 6 days (Figure 4). Then, fungal samples were harvested, immediately frozen in liquid nitrogen and stored at −80°C. Total RNA was extracted from six fungal samples with two biological replicates for each of the three different treatments using TRIzol reagent following manufacturer’s instructions (Invitrogen). The quality of RNA was evaluated using Agilent 2100 Bioanalyzer (Agilent, United States). The RNA-seq library construction and sequencing were performed in BGI company using Illumina HiSeq X Ten platform with 150 bp paired-end (PE) mode. Raw RNA-seq data was filtered to remove adaptor sequences and low-quality reads using a BGI internal software SOAPnuke (Chen et al., 2018). The clean reads were mapped to the C. diplodiella genome using Hisat2 software (Kim et al., 2015). Transcript assembly was performed using Bowtie 2 (Langmead and Salzberg, 2012) and gene expression levels were calculated based on fragments per kilobase of transcript per million fragments mapped (FPKM) using RSEM (Li and Dewey, 2011). Differential expression analysis was carried out using DEGseq2 (Wang et al., 2010).

For quantitative RT-PCR, the cDNAs were synthesized from 1 μg of total RNA using FastKing RT Kit with DNase (Tiangen Biotech, Beijing, PRC). The gene-specific primers were designed using Primer3Plus software and were listed in Supplementary Table S12. PCR reactions with the Roche FastStart DNA Master SYBR Green I reagent were performed on Roche LightCycler480 instruments with the following procedure: 95°C for 5 min, followed by 45 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C for 20 s. The actin gene of C. diplodiella was used as the internal control. The relative gene expression level was analyzed by the 2–ΔΔCT method (Livak and Schmittgen, 2001). Primers used for qRT-PCR were listed in Supplementary Table S12. The data of RNA-seq has been deposited in NCBI Short Read Archive database (SRA accession: PRJNA657740).



Transient Expression Analysis of Candidate Effectors in Nicotiana benthamiana

Candidate effector genes (without putative signal peptide sequence, and an ATG start codon was added to initiate translation) were amplified from cDNA library using PrimeSTAR HS DNA Polymerase (Takara) and were ligated into the PVX vector pGR106. The primers used for vector construction were listed in Supplementary Table S13. Constructs verified by DNA sequencing were introduced into Agrobactrium tumefaciens (GV3101) cells containing the helper plasmid pJIC SA_Rep. Agroinfiltration assays were carried out according to the described method (Dou et al., 2008). Briefly, Agrobacterium cells carrying pGR106-effector or the respective control plasmids (empty pGR106 and pGR106-Bax) were cultured in LB (Luria-Bertani) medium containing kanamycin (50 μg/ml) overnight at 28°C with agitation. Bacterial cells were harvested by centrifugation (4,000 g, 2 min), washed with 10 mM MgCl2 twice and resuspended in MMA buffer (10 mM MgCl2, 10 mM MES, 100 μM acetosyringone, pH 5.6). The optical density of cell suspension was adjusted to an OD600 of 0.4 and incubated at room temperature for 2–3 h before infiltration. Fully expanded leaves from 5 to 6 weeks old Nicotiana benthamiana plants were used for agroinfiltration. Symptoms were observed in the following 3–7 days.



RESULTS AND DISCUSSION


Genome Assembly and Annotation

The genome of C. diplodiella was sequenced by PacBio long-read single molecule real-time (SMRT) technologies to 145-fold coverage with an estimated genome size of 40.93 Mb and GC content of 49.79% (Table 1). The sequencing data (6,321,978,582 bp reads) were de novo assembled using CANU (Koren et al., 2017) into 13 contigs with an N50 length of 3.99 Mb, one of which corresponds to the mitochondrial genome with a length of 0.2 Mb. The other 12 contigs constitute the nuclear genome with a total size of 40.73 Mb. We identified 9,403 protein-coding gene models from genome assembly by combining ab initio gene prediction and homology-based methods. The average protein-coding gene length is 1,754 bp, with an average of 2.73 exons per gene and an average exon length of 571 bp. Furthermore, RNA-seq analysis of transcripts from in vitro C. diplodiella cultures supports the expression of 9,115 genes in the growth conditions tested (Figure 5). Both the estimated genome size and gene number of C. diplodiella are comparable to that of its relative Coniella lustricola. The completeness of the assembled gene space was evaluated by the benchmarking universal single-copy orthologs (BUSCO) method (Simão et al., 2015) using the Ascomycota dataset. This study identified 1,284 (97.6%) complete and single copy eukaryotic conserved protein-coding sequences (Supplementary Table S1), supporting a high completeness of the assembled C. diplodiella genome. Additionally, 311 tRNA and 57 rRNA genes were predicted in the genome (Table 1).


TABLE 1. Main features of Coniella diplodiella (Speg.) isolate WR01 genome.
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In total, 9,134 (97.14%) predicted genes could be annotated by homology search against multiple databases (Supplementary Tables S2, S3). Of them, 9,125 (97.04%) and 6,557 (69.73%) genes were annotated by NCBI non-redundant protein database (NR) and Swiss-Prot database, respectively. In addition, NR annotation showed 85.99% genes of C. diplodiella sharing homology with those of C. lustricola (Raudabaugh et al., 2017). Gene Ontology (GO) terms were assigned to 4,219 (44.87%) of the predicted protein-coding genes, including molecular function (3,386 genes), biological process (2,645 genes) and cellular component (1,293 genes) categories (Supplementary Table S3). The most enriched GO terms in the biological process were “single-organism process,” “metabolic process,” and “cellular process” terms (Supplementary Figure S1). KEGG analysis categorized 3,578 (38.05%) genes into 185 pathways (Supplementary Table S3). Among the 34 KEGG subclasses from 5 main classes, the “Global and overview maps,” “Carbohydrate Metabolism,” and “Translation” were the top three subclasses (Supplementary Figure S2). By the KOG (Eukaryotic Orthologous Groups) mapping, 2,870 (30.52%) genes were classified into 26 KOG categories (Supplementary Figure S3).

Repeat sequences were identified using several softwares. The length of total repetitive sequences was 5,182,685 bp, corresponding to 12.74% of the assembled C. diplodiella genome (Supplementary Table S4). The percentage of repetitive sequences in C. diplodiella is comparable to that of Valsa mali genome (14.05%) (Yin et al., 2015). The most abundant repetitive element is the long terminal repeat (LTR) element Gypsy (7.76%), followed by DNA transposons (1.75%), simple repeats (1.58%), non-LTR retrotransposon LINEs (0.49%) (Supplementary Table S5).



Orthologous Families and Phylogenetic Relationship Analysis

The predicted proteome of C. diplodiella was compared to 12 other filamentous fungi with different lifestyles. OrthoMCL analysis showed that C. diplodiella shared 8,823 orthologs with the other 12 fungi species, and 1,105 single-copy orthologous genes were conserved among all fungi analyzed (Figure 1A). The phylogenetic tree was constructed by RaxML using single-copy orthologous genes. Phylogenetic analysis revealed that C. diplodiella is evolutionally close to Coniella lustricola (Figure 1B; Raudabaugh et al., 2017), a non-pathogenic fungus that mainly feeds on plant detritus. Furthermore, we performed synteny comparison between C. diplodiella and C. lustricola. Genome colinearity comparison revealed a high sequence identity between them (Figure 2).
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FIGURE 1. Orthologous gene family and phylogenetic relationship between C. diplodiella and 12 other fungi. (A) Statistic analysis of the shared and distinct orthologs. (B) A maximum likelihood phylogenetic tree was constructed by RaxML based on single-copy orthologous genes.
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FIGURE 2. Genome synteny analysis between C. diplodiella and C. lustricola by MUMmer.




Secretome and Putative Effectors

The pathogenic fungi can deliver distinct sets of secreted proteins into the host-pathogen interface to facilitate its infection during plant-pathogen interactions. Using a combination of softwares including SignalP 4.1, TargetP 1.1, TMHMM 2.0, and big-PI Predictor (Sperschneider et al., 2015; Jones et al., 2018), we predicted 608 genes encoding putative secreted proteins, accounting for 6.47% of C. diplodiella proteome (Supplementary Table S6). The proportion of predicted secreted proteins relative to the total proteome is similar to those of other fungal pathogens (5–10%) (Lo Presti et al., 2015). Functional annotation showed that 88% of the secreted proteins have significant homologs outside the genus Coniella in GenBank NR database (E-value 1e–05) (Supplementary Table S3). Functional enrichment analysis showed that proteins involved in carbohydrate metabolism are significantly overrepresented in the C. diplodiella secretome (Supplementary Table S3). Some secreted proteins called effectors can function in the apoplast or translocate into plant cells to manipulate plant immunity (Dou and Zhou, 2012). Because most of the effectors identified so far have low sequence similarity to known proteins (Franceschetti et al., 2017), here candidate effectors proteins (CEPs) were defined as secreted proteins that have no homologs in Swiss-Prot database. Among the 608 secreted proteins of the C. diplodiella genome, we identified 246 CEPs, of which 72 proteins are Coniella-specific. Comparison analysis of amino acid sequences revealed that CEPs have shorter amino acid sequence length relative to other secreted proteins, with an average of 296 amino acids (Figure 3). In addition, they are cysteine-rich (2.18%) (Figure 3). These are the common properties for known fungal protein effectors (Jones et al., 2018). The identification of the effector repertoire of C. diplodiella will provide insights into its virulence function on host plants.
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FIGURE 3. Box-plot shows sequence length and cysteine content of CEPs compared with those of the total secretome.
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FIGURE 4. Comparison of carbohydrate-active enzymes between C. diplodiella and seven other fungal species. C. diplodiella, Coniella diplodiella; E. necator, Erysiphe necator; C. gloeosporioides, Colletotrichum gloeosporioides; B. cinerea, Botrytis cinerea; V. mali, Valsa mali; M. oryzae, Magnaporthe oryzae; F. graminearum, Fusarium graminearum; V. dahliae, Verticillium dahliae; GH, glycoside hydrolase; GT, glycosyltransferase; PL, polysaccharide lyase; CE, carbohydrate esterase; AA, auxiliary activity family; CBM, carbohydrate-binding module family.
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FIGURE 5. Statistics analysis of differentially expressed genes (DEGs) in C. diplodiella in response to susceptible and resistant grapevine host feeding. (A) Growth of C. diplodiella on potato dextrose agar (PDA) (Cd_Mock6), and PDA overlaid with leaf homogenates from susceptible V. vinifera “Manicure Finger” (Cd_MF6) or with that from resistant V. davidii accession 0940 (Cd_Vd6) for days at 28°C. (B) Venn diagram of DEGs of C. diplodiella with different treatments (Mock, MF, or Vd). (C) Number of up and down regulated genes of C. diplodiella with different treatments (Mock, MF, or Vd).




Secondary Metabolism Gene Clusters

Fungal secondary metabolites including non-ribosomal peptides, polyketides, NRPS-PKS hybrids, indole alkaloid, and terpenes are widely involved in the responses of fungus to environment stimuli and interaction with other organisms (Brakhage, 2013; Pusztahelyi et al., 2015). Biosynthetic pathways for secondary metabolites contain the backbone enzymes and several decorating enzymes and their corresponding genes tend to be co-regulated at the transcriptional level and clustered in the chromosome (Brakhage, 2013; Massonnet et al., 2018). The genome of C. diplodiella contains a total of 39 secondary metabolite gene clusters, including type 1 polyketide synthase (T1PKS, 15 clusters), non-ribosomal peptide synthetases (NRPS, three clusters), type 1 PKS-NRPS hybrids (four clusters), terpene synthases (three clusters), dimethylallyl tryptophan synthases (DMATS, one cluster), one T3 PKS and 13 other clusters (Supplementary Table S7). There are 21 and four genes predicted to encode polyketide synthase and non-ribosomal peptide synthetases, respectively. The numbers of PKS and NRPS genes in C. diplodiella are less than those in V. mali (Yin et al., 2015). Furthermore, many of these PKS and NRPS genes were surrounded by genes related to cytochrome P450 monooxygenase, dehydrogenase/reductase, alpha/beta-hydrolase and transporters (Supplementary Table S7). However, none of the predicted SM clusters showed high homology to the known clusters in other fungi. To our knowledge, there are no reports regarding bioactive secondary metabolite identified from Coniella-species, except for Coniella fragariae (Yu et al., 2018). Among the 423 putative secondary metabolism (SM) genes, the transcriptional expression of 414 SM genes was detected by RNA sequencing. Furthermore, comparing with that grown on PDA agar, 106 SM genes were significantly up-regulated in C. diplodiella mycelia by leaf tissue homogenates from the susceptible V. vinifera “Manicure Finger” grapevine (Supplementary Figure S4C), suggesting that these genes may participate in fungal infection. Of them, several up-regulated genes encode the polyketide synthases, including Cdip_03501, Cdip_04510, Cdip_04513, and Cdip_08045. They are considered as priority candidate genes for future study of secondary-metabolite biosynthesis. The PKS Cdip_08045 is orthologous to the conidial pigment polyketide synthase PfmaE in Pestalotiopsis fici, which is involved in melanin biosynthesis (Zhang et al., 2017a). Pigments produced by fungi can involve in fungal development, pathogenesis, and protect them from detrimental environments such as oxidative stress and UV irradiation. In Botrytis cinerea, deletions of PKS12 and PKS13 genes blocked spore pigmentation production (Schumacher, 2016). Similarly, deletion of PKSs in Alternaria alternata caused melanin deficiency and blocked spore formation (Wenderoth et al., 2017). The polyketide synthase gene cluster identification and gene expression profile analysis in this study support the possibility that melanin pigment may contribute to the C. diplodiella’s virulence. Moreover, many necrotrophic plant pathogens of the Dothideomycete class can produce phytotoxic metabolites that are required for pathogenicity (Stergiopoulos et al., 2013). The functional characterization of SM genes and the chemical entity of potential secondary metabolites from C. diplodiella await further investigation.



Carbohydrate-Active Enzymes

For successful colonization and infection, phytopathogenic fungi can produce an array of carbohydrate-active enzymes (CAZymes) to break down plant cell wall polysaccharides and derive nutrition from their hosts. The repertoire of CAZymes provides insights into its nutritional mode and infection mechanisms (Zhao et al., 2013). The C. diplodiella genome encoded 1,141 putative CAZymes. These CAZymes contain 507 glycoside hydrolases (GHs), 313 glycosyltransferases (GTs), 115 carbohydrate esterases (CEs), 98 auxiliary activities (AAs), 14 polysaccharide lyases (PLs) and 94 carbohydrate-binding modules (CBMs) and were categorized into 160 distinct families (Supplementary Table S8). Similarly, a total of 1,179 CAZymes including 531 GHs, 322 GTs, 125 CEs, 96 AAs, 13 PLs, and 92 CBMs were predicted in C. lustricola genome (Supplementary Table S8). Beside C. lustricola, the CAZyme profiles of C. diplodiella are close to that of other necrotrophic plant pathogens, such as Botrytis cinerea, Valsa mali, and Verticillium dahliae (Supplementary Table S8).

Plant cell walls are composed primarily of pectins, celluloses, hemicelluloses, lignins, and proteins. The GHs are the largest family involved in the carbohydrate degradation process. The GH class contributes the most catalytic enzymes to the degradation of lignocelluloses. The most genes encoding for the lignocellulose degrading enzymes belong to the GH3, GH16, GH18, GH28, GH43, GH78, GH79 family in C. diplodiella genome (Figure 4 and Supplementary Table S9). Fungal pathogens usually encode a large number of pectin-degrading enzymes including pectinlyase, pectatelyase, pectinesterase, and polygalacturonase to efficiently digest pectin. Polygalacturonases (family GH28) and pectinesterases (family CE8) catalyze the de-esterification of pectin to pectate and methanol. Most fungi contain only a small number (no more than 8) of pectinesterases, which may play a critical role in pectin degradation during pathogen infection. The genome of C. diplodiella contains 25 polygalacturonase genes and nine pectinesterases genes, suggesting a potential ability for pectin degradation (Figure 4 and Supplementary Table S9). In addition, there are abundant GT classes related with hemicellulose (GT34) and chitin (GT2) degradation and pectin-degrading enzymes (PL1 and PL3) in C. diplodiella genome (Figure 4 and Supplementary Table S9).

The C. diplodiella contains no radical-copper oxidases of the family AA5, an essential enzyme for lignin degradation, while several AA5 genes exist in other necrotrophic and hemibiotrophic pathogens examined, except for V. mali (Figure 4 and Supplementary Table S9). There are fewer lytic polysaccharide monooxygenases (LPMOs) of the family AA9, which cleave cellulose chains in synergic with classical cellulases, and also smaller number of family CBM1 members in C. diplodiella genome, compared with the cereal pathogens C. graminicola and M. oryzae (Figure 4 and Supplementary Table S9). Plant cuticle composed of a cutin polymer matrix is an effective physical barrier against the majority of pathogens. Therefore, plant fungal pathogen needs to produce cutinases in the early infection stages to launch infection (Dickman et al., 1989; Lu et al., 2018). Considering that the initial infection of C. diplodiella often requires a pre-existing wound site, it is surprising that the high number of cutinase genes of family CE5 exists in C. diplodiella genome (Figure 4 and Supplementary Table S9). RNA-seq analysis showed that most the cutinase-encoding genes are expressed in very low level or not detected (Supplementary Table S11), suggesting that they don’t involve in initial infection, and their expression may require a special stimulus or only in special infection stage.



RNA-Seq Analysis of Transcriptome Changes of C. diplodiella in Response to Host Grapevine Feed

Because the successful infection of C. diplodiella usually require wounds on the grapevine, and its destructive necrotrophic lifestyle (Chethana et al., 2017), this makes it difficult to recover enough fungus samples for examining gene expression in planta. Alternatively, we incubated the fungus on PDA supplemented with resistant or susceptible grapevine leaf homogenates to partially mimic the physiological response of C. diplodiella to its host plant. The growth of C. diplodiella was inhibited by resistant Vitis davidii, compared with that grown on PDA or susceptible V. vinifera (Figure 5A).

For RNA-sequencing, about 6.6 Gb cleaned data and 44 Mb clean reads were generated for each cDNA library (Cd_Mock6-1, Cd_Mock6-2, Cd_MF6-1, Cd_MF6-2, Cd_Vd6-1, Cd_Vd6-2) (Supplementary Table S9). The clean reads Q30 value was about 91% and approximately 85.53–88.9% of the clean reads were mapped to the C. diplodiella genome (Supplementary Table S9). The expression levels of all the transcripts were estimated by FPKM (fragments per kilo-base of exon per million fragments mapped) using RSEM (Li and Dewey, 2011). Overall, a total of 2,861 DEGs and 253 common DEGs were identified among three different treatments (Figure 5B). There were 1,585 DEGs (528 up-regulated and 1,057 down-regulated) in Cd_Mock6-vs-Cd_MF6, 1,861 DEGs (727 up-regulated and 1,135 down-regulated) in Cd_Mock6-vs-Cd_Vd6, and 1,506 DEGs (854 up-regulated and 652 down-regulated) in Cd_MF6-vs-Cd_Vd6 (Figure 5C). Quantitative RT-PCR was performed with nine selected genes to validate the accuracy of the gene expression profiles derived from RNA-seq data. The relative expression levels of all the nine genes were overall consistent with those obtained from RNA-seq data (Supplementary Figure S5). Gene Ontology enrichment analysis of the up-regulated genes in Cd_Mock6-vs-Cd_MF6 showed that predominant DEGs are enriched in catalytic activity, membrane-related process and carbohydrate metabolic process (Figure 6A), while the riched GO terms of the up-regulated genes in Cd_Mock6-vs-Cd_Vd6 belong to the ribosome, DNA replication and extracellular region (Figure 6B). These results suggest that resistant V. davidii may possess special genes/metabolites for resisting C. diplodiella infection.
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FIGURE 6. Bubble diagram of top 20 enriched GO terms of up-regulated genes in C. diplodiella in response to susceptible (A) and resistant (B) grapevine host feeding. X axis represents the Rich Ratio, which meaning the ratio of selected gene number annotated to a particular item to the total number of genes in this item in one species. The calculating formula is Rich Ratio = Term Candidate Gene Num/Term Gene Num. Y axis represents GO term. The size of the bubbles indicates the number of genes annotated to a GO term. And the color represents Q-value of enrichment. The deeper the color, the smaller the Q-value.




Functional Analysis of Putative Effectors

Effector proteins secreted by plant pathogens are key virulence factors that can suppress plant defense responses and modulate host cell physiology to promote infection (Lo Presti et al., 2015). When transiently expressed in plant cells, the pro-apoptotic mouse protein BAX (BCL2-associated X) can trigger programmed cell death (PCD) that closely resemble hypersensitive response in plants (Lacomme and Santa Cruz, 1999). Therefore, the ability to suppress BAX-triggered PCD has been used as a powerful tool for initial screening of candidate effectors (Wang et al., 2011; Li et al., 2015). To gain information on the function of putative effectors in plant-pathogen interaction, we randomly selected 43 candidate effector genes (the detailed information was listed in Supplementary Table S6) for transient expression in N. benthamiana. When co-infiltrated with BAX, Cdip00651 (here we named as Coniella diplodiella effector 1, CdE1) shows significant suppression of BAX-triggered PCD, but all other 42 candidate effectors do not (Figure 7), suggesting that CdE1 involves in plant immune suppression. CdE1 encodes a 91 amino acid protein with a predicted secretory signal peptide (amino acids 1–31) and contains no recognizable functional domain. The possible role of CdE1 in virulence and/or avirulence function needs to be explored by constructing CdE1 gene deletion and overexpression C. diplodiella mutants. In general, biotrophic and hemibiotrophic pathogens deliver effectors to interfere with PCD. In contrast, necrotrophic pathogens secrete effectors to promote plant cell death (Wang et al., 2014). For instance, the ToxA protein of P. tritici-repentis triggers cell death in wheat by targeting the host chloroplastic protein ToxABP1 (Manning et al., 2007). In this study, we identified one effector that suppresses BAX-triggered PCD among the 43 candidate effectors tested, but no one was found to induce cell death on non-host N. benthamiana. Given that necrotrophic effectors are usually host-specific, the necrosis-inducing activity of these CEPs needs to be further determined on hosts. As more effectors from necrotrophic pathogens were identified, the effectors with cell death-suppressing activity have been found. Several effectors of V. mali were found to suppresses Bax-induced PCD, in which both VmEP1 and VmPxE1 were demonstrated to contribute to the virulence of V. mali (Li et al., 2015; Zhang et al., 2018). Phytotoxin oxalic acid (OA) is a key virulence factor in the necrotrophic fungus Sclerotinia sclerotiorum and host interaction (Kabbage et al., 2013). OA-deficient mutants display non-pathogenic phenotype and trigger autophagic cell death, indicating that autophagy act in host defense against this pathogen and OA contributes to the suppression of autophagy (Kabbage et al., 2013). Therefore, we can assume that necrotrophic pathogens also employ effectors to suppress defense responses manifested as an PCD. Functional characterization of the host targets of CdE1 in grapevine will help to ascertain the roles of CdE1 in C. diplodiella-grapevine interaction.
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FIGURE 7. Effects of transient expression of candidate effector proteins on Bax-induced programmed cell death (PCD) in N. benthamiana using agroinfiltration. N. benthamiana leaves were infiltrated with Agrobacterium tumefaciens cells carrying pGR106 empty vector or the Bax gene, or candidate effector genes. For cell death suppression assays, co-expression of CEPs and Bax by mixing an equal volume of cells (OD600 = 0.8). Both Cdip_00651 (A) suppressed Bax-induced PCD, while other CEPs tested, such as Cdip_02666 (B), failed to block Bax-induced PCD. One representative result was showed in figure, and two independent experiments with six biological replicates for each experiment were performed with similar results.




CONCLUSION

Although grape white rot is one of the main fungal diseases in viticulture regions in China and widely distributed among most grape cultivation areas of the world, there is limited knowledge of its pathogenic mechanisms. The genome sequence and annotation of C. diplodiella revealed the genomic characteristics. Genome comparative analysis provided evidence for evolutionary relationships between C. diplodiella and C. lustricola. C. diplodiella contains a large number of genes encoding carbohydrate-active enzymes, consistent with other necrotrophic pathogens and its relative C. lustricola. As an essential feature for the necrotrophic pathogens is the use of special secondary metabolites as virulence factors, we identified numerous secondary biosynthetic gene clusters. None of them share similarity with known biosynthetic gene clusters, indicating that C. diplodiella may produce novel secondary metabolites. During plant-pathogen interaction, fungal effectors are crucial regulator of both pathogen virulence and plant immunity, therefore, identification of the target of effectors in plant host will provide insights into the way how pathogen interfere with host immunity for the success of infection. Further functional analysis of the pathogenesis-related candidate genes will improve our understanding of the interaction between C. diplodiella and grapevine.
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Pathogenesis-related proteins (PRs) are a class of proteins that accumulate in response to biotic and abiotic stresses to protect plants from damage. In this study, a gene encoding a PR-like protein (PnPR-like) was isolated from Panax notoginseng, which is used in traditional Chinese herbal medicines. An analysis of gene expression in P. notoginseng indicated that PnPR-like was responsive to an infection by the root rot pathogen Fusarium solani. The expression of this gene was induced by several signaling molecules, including methyl jasmonate, ethephon, hydrogen peroxide, and salicylic acid. The PnPR-like-GFP fusion gene was transiently expressed in onion (Allium cepa) epidermal cells, which revealed that PnPR-like is a cytoplasmic protein. The purified recombinant PnPR-like protein expressed in Escherichia coli had antifungal effects on F. solani and Colletotrichum gloeosporioides as well as inhibited the spore germination of F. solani. Additionally, the in vitro ribonuclease (RNase) activity of the recombinant PnPR-like protein was revealed. The PnPR-like gene was inserted into tobacco (Nicotiana tabacum) to verify its function. The gene was stably expressed in T2 transgenic tobacco plants, which exhibited more RNase activity and greater disease resistance than the wild-type tobacco. Moreover, the transient expression of hairpin RNA targeting PnPR-like in P. notoginseng leaves increased the susceptibility to F. solani and decreased the PnPR-like expression level. In conclusion, the cytoplasmic protein PnPR-like, which has RNase activity, is involved in the P. notoginseng defense response to F. solani.
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INTRODUCTION

Plants are sessile organisms that are usually subjected to a variety of biotic and abiotic stresses during growth. Specifically, fungal diseases account for 70–80% of all plant diseases. Effector-triggered immunity (ETI) is an important part of plant innate immunity that protects against pathogen infections (Zhang J. et al., 2018). In plants, ETI is established via the recognition of virulence effectors by the corresponding receptor resistance (R) proteins in a specific gene-to-gene manner (Zhang W. et al., 2018). During a pathogen attack, the ETI induction mechanism in plants is activated, leading to the accumulation of pathogenesis-related proteins (PRs) (Mazumder et al., 2013). The accumulated PRs help plants prevent reinfections, resulting in the development of systemic acquired resistance (Zhang et al., 2013).

On the basis of the similarity of their amino acid sequences, structures, serological relationships, and biological activities, the PRs have been grouped into 17 families (Kaur et al., 2017). These PRs have diverse functions, contributing to cell wall rigidification, signal transduction, and antimicrobial activities, and they are mainly expressed in plants as chitinases, glucanases, and thaumatin-like proteins (Farrakh et al., 2018). Many PRs are distributed in plant cell gaps and vacuoles, and their distribution is related to their isoelectric point and the exposure to stress (Jo et al., 2020). The PRs are usually small (10–40 kDa) and mostly acidic. Therefore, they are able to accumulate in intracellular and intercellular spaces.

In plant cells, specific signaling pathways stimulate the defense system, making plant signaling molecules, including some hormones, crucial for the regulation of defense gene expression. Specially, some PR genes are considered as the signature genes of salicylic acid (SA) and jasmonic acid (JA) pathways in model and many crop plants, in which the biotrophic pathogen activates the SA pathway, whereas the necrotrophic pathogen stimulates the JA pathway (Ali et al., 2017). Both abscisic acid and JA up-regulate the expression of ginseng (Panax ginseng C.A. Mey) PR10-1 and PR10-2 genes to varying degrees (Lee et al., 2012). The moss (Physcomitrella patens) PpPR-10 genes are highly expressed in response to SA (Castro et al., 2016). The application of exogenous methyl jasmonate (MeJA), SA, and ethylene can increase the NtPR1a expression level in tobacco (Nicotiana tabacum) (Liu Y. et al., 2019). The ScPR10 transcription level in sugarcane (Saccharum spp. hybrid) is reportedly continuously up-regulated in the first 12 h after a MeJA treatment, and ScPR10 expression is highly induced by SA and MeJA (Peng et al., 2017). In Chilean strawberry (Fragaria chiloensis), the relative expression levels of β-1,3-glucanase genes (FcBG2-1, FcBG2-2, and FcBG2-3) and chitinase genes (FcCHI2-2 and FcCHI3-1) are up-regulated by MeJA (Macedo et al., 2017).

Many PRs have antifungal activities. The broad-spectrum antifungal activities of purified maize (Zea mays) PR10 can disrupt the conidial germination and hyphal growth of various species, including Botrytis cinerea, Sclerotinia sclerotiorum, Fusarium oxysporum, Verticillium dahliae, and Alternaria solani (Zandvakili et al., 2017). The in vitro antimicrobial activities of most PRs are due to their hydrolytic effects on cell walls, contact toxicity and perhaps their involvement in defense signaling. Moreover, some PRs may function as RNase, suggesting they may degrade fungal RNA during infections (Chen et al., 2013). For example, the recombinant LrPR4 protein expressed in Escherichia coli shows RNase activity toward hydrolyzing RNA from Lycoris radiata bulbs and has antifungal activity against rice (Oryza sativa) blast Magnaporthe grisea (Li et al., 2009). The in vitro antifungal activity of wheatwin1, a wheat (Triticum aestivum) PR4, is due to its RNase ability (Caporale et al., 2004; Bertini et al., 2009). The RNase activity of jelly fig (Ficus awkeotsang Makino) PR-4s is correlated to its inhibitory effect on fungal growth (Lu et al., 2012). An earlier investigation confirmed the in vitro RNase activity of soybean (Glycine max) GmPRP, which is a PR that can inhibit Phytophthora sojae mycelial growth (Xu et al., 2014). Another study proved that GbPR10-1 from sea island cotton (Gossypium barbadense) adversely affects V. dahliae mycelial growth and shows in vitro RNase activity (Chen et al., 2013).

Panax notoginseng (Burk) F.H. Chen is a perennial herb in the family Araliaceae. Dried P. notoginseng roots are important medicinal materials for producing drugs useful for treating cardiovascular diseases. As a component of traditional Chinese herbal medicines, P. notoginseng is widely cultivated in Yunnan Province in China. However, the humid environments in which it is grown are suitable for pests and diseases, especially root rot, which is problematic for the sustainable commercial production of P. notoginseng. Root rot, which substantially affects the quality and yield of P. notoginseng medicinal materials, is mainly caused by the pathogenic fungus F. solani (Chen et al., 2015). In an earlier study, we proved that treating P. notoginseng roots with exogenous MeJA can significantly improve the resistance of plants to F. solani, and the expression levels of many P. notoginseng PR genes changed in response to an exogenous MeJA treatment and F. solani infection through transcriptome sequencing (Liu D. et al., 2019). To clarify the PR functions that protect plants from F. solani, a PR-like gene was isolated from P. notoginseng. The full-length cDNA sequence of this gene was obtained and named PnPR-like (GenBank accession number MT515437). Additionally, the PnPR-like expression profile as well as the expression of PnPR-like in a prokaryotic system and the subcellular localization of the encoded protein were analyzed. To functionally validate PnPR-like, it was overexpressed in tobacco and the hairpin RNA targeting PnPR-like was transiently expressed in P. notoginseng leaves through the RNAi-mediated gene silencing.



MATERIALS AND METHODS


Plant and Fungal Materials

Sterile tobacco seedlings were cultured in a climate-controlled cabinet and used for genetic transformations. Additionally, 1-year-old P. notoginseng plants grown in a greenhouse under double-layered shade nets were used for gene cloning and expression pattern analyses. Prior to their use in experiments, F. solani, and Colletotrichum gloeosporioides mycelia were maintained on potato dextrose agar (PDA) medium at 4°C.



Chemical Treatments and Fungal Inoculation

The roots of healthy 1-year-old P. notoginseng plants were wounded with scissors, after which the root-dipping method was used to treat plants with SA (200 μM), MeJA (100 μM), ethephon (ETH, 1 mM), or H2O2 (1 mM) for 30 min. The P. notoginseng roots treated with sterile water were used as control samples. The roots were collected at 0, 4, 12, 24, 48, and 72 h after the treatments. Regarding the fungal inoculations, the wounded roots of healthy 1-year-old P. notoginseng seedlings were treated with a MeJA solution (100 μM; treatment group) or sterile water (control group) for 30 min. After 24 h, the roots were inoculated with a fresh F. solani spore suspension (106 spores mL–1) for 30 min. For the two P. notoginseng groups, the roots were collected at 0, 4, 12, 24, 48, and 72 h post-inoculation. All samples were immediately frozen in liquid nitrogen and stored at −80°C before the subsequent nucleic acid extraction.



Rapid Amplification of cDNA Ends (RACE) and Bioinformatics Analyses

The PnPR-like unigene sequence determined from the P. notoginseng transcriptome sequencing data included the 5′ untranslated region (UTR) and the start codon. Therefore, a 3′ RACE was performed to obtain the full-length cDNA sequence. The gene-specific primers used for the 3′ RACE were designed based on the unigene sequence (Supplementary Table 1). The mRNA was isolated from 100 μg P. notoginseng total RNA using the NucleoTrap®, mRNA Midi Kit (Macherey-Nagel, Germany). The SMART RACE cDNA Amplification Kit (Clontech, United States) was used to synthesize cDNA and complete the RACE-PCR. The PCR product was cloned into the pMD-18T vector (TaKaRa, Japan) and the resulting recombinant plasmid was inserted into competent E. coli DH5α cells. The recombinant clones were analyzed by sequencing. The GenBank blastn tools1 were used to assemble the unigene and RACE products. The ORFfinder online tool2 was used to search for the open reading frame (ORF) in the assembled sequence. Bioinformatics analyses, including the sequence analysis, multiple sequence alignment, and cluster analysis, were completed as described by Taif et al. (2020).



Quantitative Real-Time PCR

The PnPR-like gene expression patterns in P. notoginseng roots during an infection by F. solani as well as after a treatment with SA, ETH, MeJA, or H2O2 were analyzed in a quantitative real-time PCR (qRT-PCR) assay. A gene-specific primer pair was designed based on the PnPR-like cDNA sequence (Supplementary Table 1). The P. notoginseng actin 2 gene (PnACT2; GenBank accession number KF815706.2) was used as an internal reference gene. The qRT-PCR was performed using the ABI Prism 7,500 Sequence Detection System (Applied Biosystems, United States). The qRT-PCR conditions in this study were the same as those described by Liu et al. (2012). The PnPR-like expression level in each sample was calculated using the 2–Δ Δ Ct method. The qRT-PCR analysis was completed with three replications.



Subcellular Localization

The PnPR-like ORF was cloned into the pGEM-T Easy vector (Promega, United States) to produce the pGEM-T Easy-PnPR-like plasmid, which was digested with NdeI and BamHI. The same restriction enzymes were used to digest the binary expression vector pBIN m-gfp5-ER, which includes the GFP (green fluorescent protein) gene. The PnPR-like ORF was incorporated into pBIN m-gfp5-ER using T4 DNA ligase (Promega, United States) to generate the pBIN m-gfp5-ER-PnPR-like recombinant plasmid, which included the PnPR-like-GFP fusion gene. This plasmid was inserted into Agrobacterium tumefaciens EHA105 cells using the CaCl2 freeze–thaw method. The transient expression of the PnPR-like-GFP fusion gene in onion epidermal cells was analyzed as described by Liu et al. (2018).



Expression and Purification of the Recombinant PnPR-Like Protein in E. coli

The PnPR-like ORF was removed from the pGEM-T Easy-PnPR-like plasmid by restriction enzyme digestion and then subcloned into the pET-32a vector. The resulting pET-32a-PnPR-like plasmid was inserted into competent E. coli BL21 cells. The transformed E. coli cells were cultured in liquid Luria-Bertani (LB) medium supplemented with ampicillin (50 mg L–1) for 12 h at 37°C. When the optical density (at 600 nm) of the bacterial culture reached 0.6, isopropyl β-D-1-thiogalactopyranoside (IPTG, 1 mM final concentration) was added, after which the bacterial culture was incubated at 25°C in a shaker to induce PnPR-like expression. Aliquots of the bacterial culture were collected at 2, 4, 6, and 8 h after the E. coli cells were induced. The bacterial cells were lysed with lysozyme and then centrifuged. The supernatant and the precipitate were collected and analyzed by SDS-PAGE. The polyhistidine-tagged recombinant PnPR-like protein was purified using a Ni-NTA column (Sangon Biotech, China) as described by Wang et al. (2019).



Analyses of the RNase and Antifungal Activities of the Recombinant PnPR-Like Protein

The recombinant PnPR-like protein concentration was determined with the Bradford Protein Assay Kit (Sangon Biotech). To further evaluate the PnPR-like activity, fresh F. solani and C. gloeosporioides mycelia were activated on agar-solidified PDA medium. When the diameter of the fungal colonies reached 2 cm, sterile filter paper disks (0.6 mm in diameter) containing 5, 10, and 20 μg recombinant PnPR-like protein were added around the fungal colonies. As controls, sterile filter paper disks moistened with ddH2O and buffer were also placed around the fungal colonies. After a 3-day incubation at 28°C, the in vitro antifungal effects of the recombinant PnPR-like protein on F. solani and C. gloeosporioides were observed. Specifically, three replications of the antifungal assay were analyzed with Photoshop 7.0 to calculate the average mycelial growth inhibition areas (mm2) for the two pathogenic fungi. To further observe the inhibitory effect of PnPR-like on the growth of F. solani, the spore growth inhibition was also tested. The F.solani spores were grown in the presence of recombinant PnPR-like proteins (40 μg/ml) using glucose solution as control. Inhibition of spore germination was evaluated after 8 h at 21°C and was examined under an optical microscopy (Nikon, JPN). Images acquired through the digital photo camera were sized and optimized for contrast and brightness using Photoshop 7.0. The experiment was carried out at least three times independently using the same conditions.

RNase activity of the recombinant PnPR-like was performed using 20 μg protein incubated with 5 μg of extracted RNA from F. solani. The reaction was incubated at 37°C for 30 min, the proteins were removed by phenol–chloroform (1:1) extraction and the results were observed on 1.4% agarose gel. RNase Inhibitor (40 U; promega, United States) was used as a control. The value of RNase activity of the recombinant PnPR-like protein was measured by spectrophotometric assay. The reaction mixture contained 20 μg of F.solani RNA and 1 μg of recombinant protein. After 30 min incubation at 37°C, the residual not degraded RNA was recovered by an equal volume of 4 M LiCl at 4°C for 3 h, whereas the free oligonucleotides remained in the supernatant. The reaction mixture without incubation contained the same content of F.solani RNA, recombinant protein, and 4M LiCl was as a control. The absorbance of the supernatant at 260 nm was read in comparison with the absorbance of control RNA treated as above. One unit of RNase activity (U/mg) was defined as one OD260 value adding from the digested RNA by 1 mg protein.



Generation and Screening of Transgenic Tobacco Plants

The PnPR-like ORF fragment was obtained by digesting the pGEM-T-PnPR-like plasmid with BamHI and EcoR I. The PnPR-like fragment was then inserted into the pCAMBIA2300s plant expression vector digested with the same two restriction enzymes. Competent E. coli DH5α cells were transformed with pCAMBIA2300s-PnPR-like. The transformation was confirmed by PCR. The recombinant plasmid was then inserted into A. tumefaciens LBA4404 cells using a CaCl2 freeze–thaw method, with transformants detected by PCR. The A. tumefaciens cells carrying pCAMBIA2300s-PnPR-like were used to transform N. tabacum L. cv “Xanthi” leaf disks (Horsch et al., 1985). The T0 generation transgenic tobacco plants verified by PCR were grown in a greenhouse to produce the T1 and T2 generations.



Analysis of Transgene Expression and Evaluation of the Disease Resistance of T2 Transgenic Tobacco

The PnPR-like transcription level in T2 tobacco lines was analyzed by qRT-PCR. The PnACT2 gene was used as an internal reference control. Additionally, wild-type (WT) tobacco served as a negative control, whereas the transgenic tobacco line with the highest Ct value was used as a positive control (The expression level in this line was set as 1). In addition, the RNase activity of total protein of PnPR-like transgenic tobacco lines was tested. The 0.5 g tobacco leaves of transgenic tobacco and WT were quickly ground into powder with liquid nitrogen, and then 500 μL of protein extract was added with sufficient grinding, which was following the incubation at 4°C for overnight. After centrifuging at 4°C and 12,000 g for 30 min, the supernatant was obtained to test the RNase activity by spectrophotometric assay as previously described.

To further functionally characterize PnPR-like, four transgenic tobacco lines in which PnPR-like was expressed at relatively high levels were examined regarding their resistance to fungal infections. The WT plants were used as controls. Fully expanded tobacco leaves of a uniform size were wounded and then inoculated with 100 μL F. solani spore suspension (106 spores mL–1). The inoculated leaves were placed on sterile water-soaked filter paper in a foam box, which was then sealed with plastic wrap and maintained under light in an incubator set at 25°C for 1 week. The leaves were collected and the lesions due to the F. solani infection were examined. Additionally, the roots of sterile WT and transgenic tobacco plants were wounded and then immersed in the F. solani spore suspension (106 spores mL–1) for 30 min. The inoculated tobacco plants were grown in Hoagland nutrient solution under light in an incubator set at 25°C for 1 week. The disease symptoms induced by the F. solani infection were analyzed.



Transient Expression of Hairpin RNA Targeting PnPR-Like in P. notoginseng

Primers specific for PnPR-like were designed and then modified at the 5′ end by the addition of the attB adapter sequence (Supplementary Table 1). The PCR product with the attB adapter sequence as well as the RNAi vector pHellsgate 2 were subjected to a BP recombination reaction using the BP ClonaseTM II enzyme mix (Invitrogen, United States). The reaction product was inserted into competent E. coli DH10B cells, with the transformants selected on agar-solidified LB medium containing spectinomycin (90 mg L–1). The recombinant plasmid was subsequently digested with XbaI and XhoI to confirm the exogenous gene fragments were correctly recombined.

The pHellsgate 2-PnPR-like recombinant plasmid and an empty pHellsgate two vector were inserted into separate A. tumefaciens EHA105 cells. Positive clones were selected on agar-solidified LB medium supplemented with kanamycin (90 mg L–1) and rifampicin (20 mg L–1). The cells carrying the empty pHellsgate two vector were used as controls. The A. tumefaciens EHA105 clones were added to MGL medium and incubated for 5 h at 28°C in a constant temperature shaker (150 rpm). Young P. notoginseng leaves were wounded and placed on filter paper moistened with water. The A. tumefaciens cells containing the RNAi vector were added to the P. notoginseng leaves at the wound site. The hairpin RNA from pHellsgate 2-PnPR-like was transiently expressed in P. notoginseng leaves for approximately 24 h in a climate-controlled cabinet set at 25°C, after which a fresh F. solani spore suspension (106 spores mL–1) was used to inoculate the leaves at the wound site. The infected leaves were collected at 72 h after the inoculation for an examination of the lesions caused by F. solani. The samples were frozen in liquid nitrogen and stored at −80°C. Finally, the PnPR-like expression level after the transient expression of the hairpin RNA used for RNAi in P. notoginseng leaves was analyzed by qRT-PCR.



Statistical Analyses

Data regarding the relative PnPR-like expression levels, the inhibition of fungal growth by the recombinant PnPR-like protein, RNase activity, and the lesion areas are presented herein as the mean ± standard deviation. The data were analyzed with the SPSS software (version 17.0), using Student’s t-test to determine the significance of the differences between the treated or inoculated and control samples as well as between the WT and T2 transgenic lines.




RESULTS


Isolation and Analysis of a PnPR-Like Gene From P. notoginseng

In this study, a gene encoding a PR-like protein was isolated from P. notoginseng. The full-length PnPR-like cDNA is 976 bp in length, with a 717-bp ORF, a 96-bp 5′ UTR, and a 163-bp 3′ UTR. The PnPR-like ORF encodes a protein with 238 amino acid residues, with a molecular mass of approximately 26.64 kDa and an isoelectric point of about 5.69. A BLASTp analysis indicated that the protein sequence encoded by PnPR-like is very similar to the sequences of many PR-like proteins and PRs, including DcPR-like (XP_017223871.1) in carrot (Daucus carota), CsPR-like (XP_028067451.1) in Camellia sinensis, InPR-like (XP_019190454.1) in Ipomoea nil, PmPR-like (XP_008237645.1) in Prunus mume, JrPR-like (XP_018849219.1) in Juglans regia, MnPR (XP_010110490.1) in Morus notabilis, and PtPR (XP_002306682.2) in Populus trichocarpa. A multiple sequence alignment of PnPR-like and the homologous sequences confirmed the high homology among these protein sequences (Figure 1A).
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FIGURE 1. Multiple sequence alignment and phylogenetic tree of PnPR-like and some known PRs (like). (A) The multiple alignment of the deduced amino acid sequences of PnPR-like and seven homologous sequences were performed with the ClustalW. (B) The phylogenetic tree of PnPR-like and 35 known PRs was constructed with Mega seven. The scale bar equals a distance of 10 changes per 100 amino acid positions. The protein sequences are from M. notabilis (MnPR, XP_010110490.1), P. trichocarpa (PtPR, XP_002306682.2), C. sinensis (CsPR-like, XP_028067451.1), I. nil (InPR-like, XP_019190454.1), J. regia (JrPR-like, XP_018849219.1), P. mume (PmPR-like, XP_008237645.1), carrot (DcPR-like, XP_017223871.1), N. tabacum (AtPR1, NP_179068.1), N. tabacum (NtPR2, AAA63542.1), N. tabacum (NtPR3, CAA54374.1), N. tabacum (NtPR5, XP_016515435.1), rice (OsPR6, AAW72835.1), T. pretense (TpPR7, PNX89554.1), rice (OsPR8, AAG02504.1), N. tabacum (NtPR9, AAA34108.1), N. tabacum (NtPR10, AEY11296.1), A. thaliana (AtPR12, NP_199255.1), A. thaliana (AtPR13, AAC41678.1), wheat (HvPR14, CAA91436.1), wheat (HvPR15, CAA74595.1), wheat (HvPR16, CAA63659.1), N. tabacum (NtPR17, BAA81904.1), P. ginseng (PgPR5, ACV83333.1), P. ginseng (PgPR6, ALR81052.1), P. ginseng (PgPR10-1, ADW93867.1), P. ginseng (PgPR10-2, ADW93869.1), P. ginseng (PgPR10-3, ADW93868.1), P. ginseng (PgRnase, P80889.1), P. notoginseng (PnPR1, AWX94595.1), P. notoginseng (PnPR10, ASM46793.1), P. notoginseng (PnPR10-1, AJM71468.1), P. notoginseng (PnCHI1, ANR02614.1), P. notoginseng (PnGlu1, QBA29395.1), P. notoginseng (PnPR10, ASM46793.1), and P. notoginseng (PnPR10-3, MK238491), respectively.


In addition to PnPR-like and the above-mentioned 7 homologous proteins, 13 PRs from Panax species and 15 other PR family proteins were used to construct a phylogenetic tree. The PRs and PR-like proteins were divided into three clusters (A–C) and further subdivided into five groups. Cluster A included PnPR-like, the two homologous PRs and four PR-like proteins, TpPR7, and HvPR16 (Figure 1B), implying that PnPR-like is highly homologous to PRs. Additionally, PnPR-like, MnPR, PtPR, and DcPR-like formed Group I. The 13 PRs from Panax species were unequally distributed among the three clusters. Specifically, the PR10s, including PnPR10, PgPR10, PnPR10-1, PnPR10-3, PgPR10-1, PgPR10-2, and PgPR10-3, as well as PgPR5, PgRnase, and PnCHI1 belonged to Cluster B, whereas PgPR6, PnPR1, and PnGlu1 were included in Cluster C. These phylogenetic relationships suggest that PnPR-like encodes a P. notoginseng PR.



PnPR-Like Expression Is Responsive to Several Signaling Molecules and Is Up-Regulated During the F. solani Infection

The qRT-PCR data revealed the up-regulated expression of PnPR-like following treatments with four signaling molecules (Figures 2A–D). Relative to the control level, the PnPR-like expression level was highest in the roots after the MeJA treatment, followed by the SA, H2O2, and ETH treatments. The PnPR-like gene was most highly expressed (i.e., 5.2-times higher than the control level) at 24 h after the treatments with MeJA. Regarding the SA treatment, the PnPR-like expression level was highest at 24 h (i.e., 5-times higher than the control level). The highest PnPR-like expression levels in response to the H2O2 and ETH treatments (i.e., 3.2- and 2.3-times higher than the control level, respectively) were detected at the 12-h time-point.
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FIGURE 2. The expression profiles of PnPR-like in P. notoginseng roots. (A–E) The relative expression levels of PnPR-like after treatment with four signal molecules including MeJA (A), SA (B), H2O2 (C), and ETH (D) as well as after inoculation with F. solani (E) were analyzed by qRT-PCR. The roots were collected at 4-, 12-, 24-, 48-, and 72-h post-inoculation, respectively. The P. notoginseng roots respectively pretreated with MeJA and sterile water were inoculated with F. solani spore’s suspension. Results are showed with the average values calculated from three replicates, and the statistical differences between the treatments or inoculation and the control were analyzed by Student’s t-test (**p < 0.01).


After the inoculation with F. solani, PnPR-like expression increased immediately in the P. notoginseng roots pre-treated with MeJA, with an expression level about 5.1-times higher than that in the plants pre-treated with water (Figure 2E). Moreover, the peak PnPR-like expression levels in the two groups of P. notoginseng roots were detected at 24 h; the expression level in the roots pre-treated with MeJA was about 1.4-times higher than that in the roots pre-treated with water and 11.2-times higher than that in the control roots (uninoculated roots pre-treated with sterile water).



The PnPR-Like Protein Is Localized in the Cytoplasm

The deduced PnPR-like protein lacks a predicted signal peptide and may be an endocrine protein. To investigate the subcellular localization of PnPR-like, a PnPR-like-GFP expression cassette was constructed and transiently expressed in onion epidermal cells following A. tumefaciens-mediated transformation. An examination with a confocal laser scanning microscope indicated that the GFP signal was specifically distributed in the cytoplasm of onion epidermal cells in which the PnPR-like-GFP fusion gene was expressed, whereas it was detected throughout the cells transformed with the empty GFP vector (Figure 3). Thus, PnPR-like appears to be a cytoplasmic protein.
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FIGURE 3. Subcellular analysis revealed the location of PnPR-like in the cytoplasm through the transient expression of the PnPR-like-GFP fusion gene in the onion epidermal cells. The PnPR-like-GFP fusion gene and GFP (control) were transiently expressed in onion epidermal cells mediated by A. tumefaciens. The onion epidermal tissues were treated with 20% sucrose solution to induce plasmolysis, and then a confocal laser microscopy was used to display GFP (green fluorescence), bright field (bright), and combination (merged) views, respectively.




The PnPR-Like Recombinant Protein Expressed in E. coli Has RNase and Antifungal Activities

The SDS-PAGE analysis revealed that the recombinant PnPR-like protein expressed in E. coli is about 43 kDa, which is consistent with the expected size. The recombinant protein was purified with a Ni-NTA column and then concentrated with a Millipore ultrafiltration tube. In the subsequent antifungal assay, the recombinant PnPR-like protein significantly inhibited C. gloeosporioides and F. solani mycelial growth (Figures 4A,B). For both fungi, the mycelial growth inhibition increased as the amount of recombinant PnPR-like protein increased. Moreover, the inhibitory effect of the recombinant protein was greater for F. solani than for C. gloeosporioides (Figure 4C). To further observe the inhibitory effect of PnPR-like on the growth of F. solani, spore growth inhibition was also tested. The Figure 4D showed the growth of F. solani in the absence of PnPR-like protein, whereas the effect of PnPR-like is reported in Figure 4E. It is clear that the PnPR-like protein obviously inhibited the germination of F. solani spores and the mycelium growth. Moreover, the recombinant PnPR-like protein exhibited in vitro RNase activity (Figure 4F), and the tested enzymatic activity was 325 U mg–1. RNA degradation caused by 20 μg of PnPR-like protein was clearly visible (lane two, Figure 4F). Meanwhile, its RNase activity was proved to be sensitive to the RNase inhibitor treatment, and no degradation was observed in presence of 20 μg of PnPR-like plus RNase inhibitor (lane three, Figure 4F).
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FIGURE 4. The antifungal assay of the recombinant PnPR-like protein expressed in E. coli. (A,B) The recombinant PnPR-like protein has evident antifungal activity to C. gloeosporioides (A) and F. solani (B). (C) The fungal growth inhibition analysis shows the antifungal activities are increased with the increase of recombinant PnPR-like protein. (D,E) Antifungal effect of PnPR-like on F. solani spore germination revealed by optical microscopy. F. solani spores germinated in the presence of glucose solution (D) and PnPR-like (E), respectively. (F) RNase activity of the recombinant PnPR-like protein tested against F. solani total RNA. The F. solani total RNA (lane 1) was incubated with PnPR-like for 30 min (lane 2); The F. solani total RNA was incubated with PnPR-like and RNase inhibitor for 30 min (lane 3). Results are showed with the average values calculated from three replicates, and the statistical differences are analyzed by Student’s t-test (**p < 0.01).




The Overexpression of PnPR-Like in Tobacco Confers a High Level of Resistance to F. solani

The PnPR-like gene was inserted into tobacco plants to investigate its biological function related to defense responses. The T0 generation transgenic tobacco plants were obtained via a leaf disk transformation method, with 32 positive PnPR-like transgenic tobacco plants identified by a PCR analysis. Twelve transgenic tobacco plants were randomly selected to develop T2 lines by self-crossing for two generations. There were no visible phenotypic differences between the T2 tobacco lines and the WT control. Additionally, qRT-PCR data indicated that PnPR-like was stably expressed in 12 analyzed T2 transgenic tobacco lines (Figure 5A). More specifically, the PnPR-like expression levels were highest in transgenic lines Pl-10, Pl-11, Pl-12, and Pl-16 (Figure 5A). Accordingly, these four lines were used for testing the RNase activity and evaluating the resistance to fungal infections. The total protein of WT and PnPR-like transgenic tobacco showed the RNase activity, but the RNase activity of the PnPR-like transgenic lines was significantly higher than the WT (Figure 5B).
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FIGURE 5. The expression levels, RNase activities, and resistance analyses of T2 generation PnPR-like transgenic tobacco. (A) The expression levels of PnPR-like in the T2 generation of transgenic tobacco were by detected through qRT-PCR, and PnPR-like was expressed in all transgenic tobacco plants. The Pl-1, Pl-3, Pl-4, Pl-5, Pl-6, Pl-9, Pl-10, Pl-11, Pl-12, Pl-16, Pl-17, and Pl-19 are the T2 generation transgenic tobacco lines, and WT is the wild-type tobacco. (B) The RNase activity of total protein of PnPR-like transgenic tobacco and WT tested against F. solani total RNA. (C) The roots inoculation assay reveals the enhanced resistance of PnPR-like transgenic tobacco lines against F. solani. (D) The leave inoculation assay shows the enhanced resistance of PnPR-like transgenic tobacco lines against F. solani. (E) The lesion sizes in leaves of PnPR-like transgenic tobacco lines and WT during F. solani infection. The results show the mean of three replicate calculations and statistical differences were analyzed by Student’s t-test (**p < 0.01).


At 7 days after the inoculation with F. solani, the roots of WT tobacco plants were blackened and the leaf chlorosis was severe. In contrast, the roots of the four PnPR-like transgenic lines were growing normally, with no blackening or rotting (Figure 5C). Furthermore, the F. solani infection resulted in mild chlorosis around the inoculation site of the transgenic tobacco leaves, whereas the WT tobacco leaves had severe chlorotic lesions and were rotting (Figure 5D). The lesions were almost 12-times larger on the WT leaves than on the transgenic tobacco leaves (Figure 5E) at 7 days after the inoculation with F. solani. The inoculation assay results suggest that the transgenic tobacco plants were more resistant to F. solani than the WT plants. Thus, the overexpression of PnPR-like in tobacco confers strong resistance to F. solani.



The Transient Expression of the Hairpin RNA Targeting PnPR-Like in P. notoginseng Leaves Increases the Susceptibility to F. solani

The pHellsgate 2-PnPR-like and the pHellsgate two empty vector were inserted into separate P. notoginseng leaves, which were then inoculated with F. solani. At 3 days post-inoculation, the infected leaves were withered, yellow, and decayed around the inoculation site (Figure 6A). However, the lesions were significantly larger on the leaves transformed with pHellsgate 2-PnPR-like than on the leaves transformed with the empty vector. The average leaf lesion area was 2.5 cm2 for the PnPR-like RNAi samples, whereas it was less than 1 cm2 for the empty vector control samples (Figure 6B). Additionally, the PnPR-like expression level in the control leaves was about five-times higher than that in the leaves transformed with pHellsgate 2-PnPR-like (Figure 6C). Thus, the transient expression of the hairpin RNA targeting PnPR-like increased the susceptibility of P. notoginseng leaves to F. solani.
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FIGURE 6. Analysis of the hairpin RNA targeting PnPR-like transiently expressed in the P. notoginseng leaves. (A) The symptoms of P. notoginseng leaves after inoculation with F. solani, in which the PnPR-like RNAi vector and the empty vector was expressed, respectively. (B) The lesion size in P. notoginseng leaves caused by F. solani infection using Student’s t-test (**p < 0.01). The transient expression of the hairpin RNA targeting PnPR-like increased the susceptibility of P. notoginseng leaves to F. solani. (C) The relative expression levels of PnPR-like in the two group of P. notoginseng leaves evaluated by qRT-PCR. After inoculation with F. solani for 72 h, the PnPR-like expression level in the control leaves was about 5-times higher than that in the leaves transformed with pHellsgate 2-PnPR-like, which indicates that the transient expression of RNAi construct decreased the expression level of PnPR-like in P. notoginseng leaves. Results are showed with the average values calculated from three replicates, and the Student’s t-test was used to analyze the statistical differences (**p < 0.01).





DISCUSSION

Pathogenesis-related proteins are widely distributed in higher plants, wherein they are important for defense responses that protect plant cells from diverse stresses. In this study, a new PR gene, PnPR-like, was isolated from P. notoginseng. The deduced PnPR-like amino acid sequence is highly similar to the sequences of some known plant PR-like proteins. The PRs are mainly distributed in the intercellular space. However, the deduced PnPR-like protein appears to lack a signal peptide, and its subcellular localization suggests PnPR-like may be an intracellular protein. In the current study, the PnPR-like-GFP fusion protein was detected exclusively in the cytoplasm of onion epidermal cells, implying PnPR-like encodes a cytoplasmic protein. In the PR family, PR10 is a class of typical cytoplasmic proteins with no signal peptide (Han et al., 2017). Previous studies proved that GmPR10 (Xu et al., 2014), ZmPR10.1 (Xie et al., 2010), JcPR10a (Agarwal et al., 2012), and P. notoginseng PR10-3 (Tang et al., 2019) are localized in the cytoplasm. These intracellular proteins are synthesized by free ribosomes and help mediate cytosolic reactions associated with mitochondria, nuclei, and peroxidases. Some intracellular PRs can bind to ligands, including hormones, biological macromolecules, and active substances with important biological functions, to regulate growth and development as well as defense responses (Mogensen et al., 2002).

The expression of many PR genes is regulated by specific hormone signaling pathways. In Arabidopsis thaliana, SA treatments significantly up-regulate PR1, PR2, and PR5 expression, but have the opposite effect on the expression of PR3, PR12, and PR13 (Seo et al., 2008). The expression of Brassica juncea PR genes is responsive to JA. The BjPR3, BjPR4, and BjPR12 expression levels reportedly increase following a JA treatment, whereas an abscisic acid treatment down-regulates the transcription of BjPR1, BjPR2, and BjPR5 (Ali et al., 2017). An earlier investigation of Lilium regale indicated that the stress-related signaling molecules JA, SA, ETH, and H2O2 up-regulate PR10-1/-2/-5/-6/-7 expression, but down-regulate the expression of PR10-3/-4/-8/-9 (He et al., 2014). In the current study, PnPR-like expression was up-regulated by MeJA, ETH, H2O2, and SA to varying degrees. Moreover, PnPR-like expression was also induced by an infection of F. solani. To effectively defend against pathogens, plants have evolved sophisticated defense mechanisms that “sense” pathogen attacks and activate appropriate defense responses (Ji et al., 2014; Gupta et al., 2015). Additionally, cross-communicating signal transduction networks are formed in plants to regulate the induced defense responses. Specifically, necrotrophic pathogen F. solani mainly stimulates JA pathway, whereas the cross-talk among SA, JA, and ETH signaling pathways helps control the defense response of P. notoginseng to F. solani (Ali et al., 2017; Liu Y. et al., 2019). Moreover, the MeJA regulates the expression of genes encoding PnPR10-3, osmotin-like protein, and β-1,3-glucanase following an F. solani infection (Tang et al., 2017; Taif et al., 2020). The activation of P. notoginseng PRs, including PnPR-like, is part of a regulatory network mediated by the cross-talk among hormone signaling pathways during an F. solani infection; however, the precise regulatory mechanism will need to be more thoroughly characterized.

The PRs are an important part of plant defense systems. Some PRs are hydrolytic enzymes, such as chitinases (NtPR-Q, VpPR4-1, and EuCHIT2) and β-1,3-glucanases (PnGlu1 and HbPR2), that hydrolyze β-1,3-glucans and chitin, which are cell wall components in most higher fungi (Dai et al., 2016; Sunpapao and Pornsuriya, 2016; Dong et al., 2017; Tang et al., 2017). The antifungal activities of PR5 proteins, including thaumatin-like and osmotin-like proteins, result in permeabilized plasma membranes, weakened cell walls, and plasmolysis (Rather et al., 2015). The Ypr6 (proteinase inhibitor), Ypr12 (plant defensin), Ypr13 (plant thionin), and Ypr14 (lipid transfer protein) antimicrobial peptides are usually cysteine-rich peptides with broad-spectrum antifungal activities (Loon et al., 2006; Nawrot et al., 2013). Many PR10 proteins and PR4 protrins have been shown to have RNase activity (Xu et al., 2010; Wang et al., 2011; Yang et al., 2018). The recombinant Theobroma cacao PR-10 protein has antifungal activities against the basidiomycetous pathogen Moniliophthora perniciosa and the yeast Saccharomyces cerevisiae, while also exhibiting in vitro and in vivo RNase activities (Pungartnik et al., 2009). Two PR10 proteins from ginseng (PgPR10s) have been characterized as RNases (Lee et al., 2012). A recent study proved that recombinant PnPR10-3 functions as an RNase in vitro has clear antifungal effects on Fusarium species (F. oxysporum, F. solani, and F. verticillioides) (Tang et al., 2019). The RNase activity in Capsicum chinense PR-4 protein plays a protective role by degrading RNA of invasive pathogens (Guevara-Morato et al., 2010). The antifungal activity of T. cacao PR-4b is directly dependent of its RNase activity (Menezes et al., 2014). In the current study, the recombinant PnPR-like protein had RNase activity in vitro and was able to inhibit C. gloeosporioides and F. solani mycelial growth, meanwhile, the spore germination of F. solani was significantly inhibited by the recombinant PnPR-like protein. Thus, in addition to the PR10 and PR4 proteins, some other PRs have RNase activities related to plant defense responses during pathogen infections.

The application of reverse genetics technology involving gene overexpression and gene silencing (e.g., RNAi) has enabled the rapid functional characterization of PR genes. For example, overexpressing the sugarcane PR10 gene in tobacco enhances the resistance of transgenic plants to Pseudomonas solanacearum and F. solani (Peng et al., 2017). Transgenic grape (Vitis vinifera) lines overexpressing VpPR10.1 are more resistant to downy mildew caused by Plasmopara viticola than WT plants (Ma et al., 2018). Constitutive overexpression of wheat PR4a and PR4b in transgenic tobacco plants decreased Phytophthora nicotianae susceptibility, and the T4 generation plants were found to be significantly more resistant against P. nicotianae (Fiocchetti et al., 2007). Overexpression of VpPR4-1 increased powdery mildew resistance of grape (Dai et al., 2016). Additionally, transgenic tobacco plants overexpressing the L. regale PR10-5 gene exhibit increased resistance to F. oxysporum (Chen et al., 2017). The RNAi-mediated silencing of PR5 expression was observed to decrease the resistance of cherry tomato (Lycopersicum esculentum) to Alternaria alternata (Zhai et al., 2018). In another study, fungal colonization significantly increased in mature PR10-RNAi transgenic maize kernels inoculated with Aspergillus flavus (Chen et al., 2010). In the present study, the F. solani infection rate was significantly lower for PnPR-like transgenic tobacco than for the WT plants, reflecting the increase in disease resistance induced by the overexpression of PnPR-like. To further elucidate the PnPR-like function, PnPR-like expression was suppressed via RNAi, which resulted in P. notoginseng leaves that were more susceptible to F. solani than the WT leaves in vitro. These findings clearly indicate that PnPR-like is a defense response gene in P. notoginseng that protects plants against F. solani infections. Fusarium species, including F. oxysporum and F. solani, cause serious diseases in many crops, ornamental plants, and medicinal plants. Therefore, they are very important agricultural pathogens. The best way to sustainably and effectively control plant diseases involves developing disease-resistant cultivars (Moscou and van Esse, 2017). A deeper understanding of the molecular basis of plant disease resistance may enhance the genetic engineering of crop species to overcome the limitations of traditional breeding strategies. The P. notoginseng genes encoding PRs, including PnPR-like, are excellent candidate genes for the genetic engineering of plants with increased disease resistance.



CONCLUSION

The PnPR-like gene isolated from P. notoginseng in this study encodes a cytoplasmic protein. Additionally, PnPR-like expression is responsive to F. solani infections and is induced by four signaling molecules, including MeJA. The recombinant PnPR-like protein has significant in vitro antifungal and RNase activities. Moreover, the overexpression of PnPR-like results in transgenic tobacco plants that is highly resistant to F. solani. In contrast, the RNAi-mediated down-regulation of PnPR-like expression increases the susceptibility of P. notoginseng plants to F. solani. Therefore, PnPR-like plays an important role in the P. notoginseng defense response to the root rot pathogen. The regulatory effects of hormone signaling pathways on PnPR-like expression and the mechanism underlying the PnPR-like RNase activity in defense responses to root rot will be explored more precisely in future studies.
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Responses of the Necrotrophic Fungus Alternaria brassisicola to the Indolic Phytoalexin Brassinin
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Alternaria brassicicola causes black spot disease in Brassicaceae. During host infection, this necrotrophic fungus is exposed to various antimicrobial compounds, such as the phytoalexin brassinin which is produced by many cultivated Brassica species. To investigate the cellular mechanisms by which this compound causes toxicity and the corresponding fungal adaptive strategies, we first analyzed fungal transcriptional responses to short-term exposure to brassinin and then used additional functional approaches. This study supports the hypothesis that indolic phytoalexin primarily targets mitochondrial functions in fungal cells. Indeed, we notably observed that phytoalexin treatment of A. brassicicola disrupted the mitochondrial membrane potential and resulted in a significant and rapid decrease in the oxygen consumption rates. Secondary effects, such as Reactive oxygen species production, changes in lipid and endoplasmic reticulum homeostasis were then found to be induced. Consequently, the fungus has to adapt its metabolism to protect itself against the toxic effects of these molecules, especially via the activation of high osmolarity glycerol and cell wall integrity signaling pathways and by induction of the unfolded protein response.
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INTRODUCTION

Plant antimicrobial secondary metabolites are one of the key elements of host immune systems. Two classes of plant antibiotics may be distinguished based on the type of synthesis in host cells (VanEtten et al., 1994). Phytoanticipins constitutively accumulate in plants or are produced during infection from preexisting constituents (Osbourn, 1996). On the contrary, phytoalexins are produced by plants in response to biotic or abiotic stresses, and accumulate to the infected site. The two types of molecules include a wide range of chemical families, but closely related plants generally synthesize phytoalexins of similar chemical structures. Phytoalexins have been demonstrated to have inhibitory activity in vitro against various bacteria and fungi, and they confered disease protection in several parasitic plant-host interactions (González-Lamothe et al., 2009; Ahuja et al., 2012; Großkinsky et al., 2012).

The Brassicaceae plant family, also known as crucifers, includes many plants of economic importance, among which many vegetables, ornamentals and oilseed. More than 40 phytoalexins have been identified from cultivated and wild Brassicaceae (Pedras et al., 2011). The majority contains an indole ring derived from (s)-tryptophan, and a sulfur atom derived from cysteine. However, non-indolyl cruciferous phytoalexins, such as nasturlexins A–D and corresponding sulfoxides, were recently reported in cress plants and appeared to be derived from the phenylalanine pathway (Pedras and To, 2015, 2018; Pedras et al., 2015). The most studied indolic phytoalexin is likely camalexin (3-thiazol-20-yl-indole) since this compound is the major phytoalexin produced by Arabidopsis thaliana (Ahuja et al., 2012). Brassinin [3-(S-methyldithiocarbamoyl) aminomethyl indole] is not present in this model plant species but is produced by many cultivated Brassica species. The compound is a precursor of several other phytoalexins, such as spirobrassinin and cyclobrassinin (Pedras et al., 2011). The toxophore group of brassinin is a dithiocarbamate group, which is present in broad-spectrum agrochemicals, and could be partly responsible for its antimicrobial activity.

Besides their antimicrobial activity against different plant pathogenic species, indolic phytoalexins are also known for exhibiting anti-trypanosomal activity (Mezencev et al., 2009), influencing cabbage aphid fitness (Kuśnierczyk et al., 2008), and having health-promoting effects. For instance, many of them have been found to contribute to antioxidant, anticarcinogenic and cardiovascular protective activities of Brassica vegetables (Jahangir et al., 2009). Recently, brassinin has been reported to have anti-proliferative effects against cancer through inhibition of the phosphatidylinositol 3-kinase signaling pathway (Izutani et al., 2012; Yang et al., 2019) and to suppress obesity-induced inflammatory responses (Kang et al., 2019).

Because of its antifungal activity (Sellam et al., 2007b), brassinin probably contributes to the level of resistance of plants against various fungal and oomycete pathogens, as it was well descibed for camalexin from studies on Arabidopsis mutants (Ferrari et al., 2003; Bohman et al., 2004; Van Baarlen et al., 2007; Chassot et al., 2008; Schlaeppi and Mauch, 2010; Schlaeppi et al., 2010). However, little information is currently available about the potential targets and cellular effects triggered by the exposure to brassinin. Sellam et al. (2007a) showed that camalexin probably damages fungal membranes and activates a compensatory mechanism in Alternaria brassicicola cells aimed at preserving membrane integrity. More recently, proteomic techniques were applied to detect differentially expressed proteins in A. brassicicola cultures exposed to camalexin or brassinin, respectively (Pedras and Minic, 2012; Pedras et al., 2014). The findings suggested that these respective phytoalexins affected protein expression differently. However, the exposure times that were applied in this study appeared too long to obtain relevant information on phytoalexin potential targets. We have reported earlier that an optimal adaptation of A. brassicicola to stress caused by camalexin and brassinin required the activation of several pathways: the unfolded protein response (UPR) and two mitogen-activated protein kinase (MAPK) signaling cascades, high osmolarity glycerol (HOG) and cell wall integrity (CWI) pathways (Joubert et al., 2011a, b). Other mechanisms, such as the production of detoxifying enzymes, can occur to protect cells against the toxicity of indolic phytoalexins. Some cruciferous pathogens are thus able to metabolize phytoalexins using a variety of reactions (Pedras et al., 2011). For example, A. brassicicola produces an inducible brassinin hydrolase, which transforms brassinin to 3-indolylmethanamine (Pedras et al., 2009). Srivastava et al. (2013) also reported that this fungus detoxified brassinin by transforming it into non-indolyl products. These authors highlighted the essential role of the Bdtf1 transcription factor in the detoxification of brassinin and full virulence of the fungus.

Alternaria brassicicola is the causative agent of black spot disease in Brassicaceae. This ascomycetous fungus is a typical necrotroph that is exposed to several host indolic metabolites and that has to overcome their toxicity to achieve the infection process. In this study, we first focused on an analysis of the transcriptional response in germinating conidia to short-term exposures (0.5, 2, and 6 h) to brassinin at concentrations that would likely be found in the area surrounding necrotic lesions during host infection (Kliebenstein et al., 2005). The generated data and additional functional analyses provide insights on the cellular mechanisms by which the studied compound exerts its toxicity and on the strategies used by the fungus to protect itself against this defense metabolite.



RESULTS


Susceptibility of A. brassicicola to Brassinin

We conducted several preliminary tests to define the optimal experimental conditions suitable for transcriptomic analyses (phytoalexin concentrations and sampling times). Phytoalexin sensitivity assays were first performed in 96-well plates by monitoring initial growth stages using laser nephelometry in liquid medium amended with different brassinin concentrations (Figure 1A).
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FIGURE 1. Susceptibility of A. brassicicola to brassinin. (A) Growth of the wild-type strain for 33 h at 24°C. The unit of the Y-axis corresponds to the relative nephelometric unit (RNU). Microplate wells containing standard PDB medium supplemented either with DMSO or various concentrations of brassinin were inoculated with a wild-type conidial suspension (105 conidia/mL, final concentration). Fungal growth was recorded using a nephelometric reader. Each condition was conducted in triplicate and the experiments were repeated twice. Areas under the growth curves were used to calculate MGI50, i.e., the phytoalexin concentration for which 50% of mycelium growth inhibition was observed. (B) Effect of brassinin (100 μM) on viability of germinated A. brassicicola conidia. Conidia (105 mL– 1) were germinated for 24 h, incubated in PDB for various times in the presence of brassinin at the desired concentration. After centrifugation, the pellets containing the germinated conidia were re-suspended in 200 μL, which were applied on the Petri dishes containing PDA medium. Colonies were visualized after 48 h of incubation. Control plates were prepared with conidia incubated for up to 24 h with DMSO (1% v/v final concentration).


For each tested condition, the fungal growth was assessed considering the area under the growth curve (AUC) as described by Gaucher et al. (2013). A percentage of growth inhibition was then calculated as follows [100-(AUCBrass/AUCc)∗100] by comparing the AUC obtained after exposure to brassinin to the AUC from the corresponding control culture. To avoid non-specific fungal responses to too severe stress conditions, we considered the MGI50 values (100 μM brassinin), corresponding to the phytoalexin concentration for which 50% of mycelium growth inhibition was observed, as the most suitable concentrations for studying the effect of brassinin. Moreover, this brassinin concentration corresponds to concentrations likely to exist in localized leaf areas surrounding necrotic lesions (Kliebenstein et al., 2005; Stefanato et al., 2009). Under these conditions and by using short exposure periods (0.5, 2, and 6 h), plating assays showed that cell viability did not differ from untreated controls (Figure 1B).



Transcriptomic Analysis of the A. brassicicola Responses to Brassinin

To explore cellular mechanisms by which the studied compound exerted its toxicity and further A. brassicicola protection mechanisms, we focused on the analysis of the transcriptional response in 1-day-old germinating conidia exposed to an MGI50 concentration of brassinin for 0.5, 2, and 6 h. At this stage, all conidia had produced short branched hyphae. Each phytoalexin-treated sample was compared to the control sample exposed to DMSO during an equivalent time. Thus, we produced three transcriptome datasets (each set was obtained from three biological replicates) using A. brassicicola microarrays. The numbers of genes differentially expressed under one or more conditions are shown in Figure 2. The expression profile of several genes following brassinin exposure was also confirmed by quantitative PCR (Supplementary Table 2).
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FIGURE 2. Venn diagram of overlapping and non-overlapping genes with significantly regulated expression levels in brassinin-treated cultures compared to DMSO-treated cultures. The number of induced or repressed genes are indicated with black or gray numbers, respectively. Probes with a P ≤ 0.01and a log ratio ≥ 1 or ≤-1 were considered as differentially expressed.


First, our data showed that the number of differentially up-regulated genes in A. brassicicola cells following brassinin exposure was higher (almost twice) compared to the number of differentially down-regulated genes. Most genes appeared to be regulated by brassinin after 0.5 h, and especially after 2 h while very few were regulated after 6 h. The proportion of common genes up- or down-regulated at both time points (0.5 and 2 h exposures) was relatively low (around 20%), suggesting the occurrence of contrasting responses at each time point.

To gain insight into the A. brassicicola phytoalexin-related transcriptome, a Gene ontology (GO) enrichment analysis was performed to identify statistically over-represented GO terms within our given gene sets. No enriched GO terms were identified in the 6 h brassinin down-regulated gene list, probably because the number of genes was too low. Enriched categories emerging from the down-regulated genes after 0.5 and 2 h exposure were almost all related to the transcription and translation processes (Table 1). Within the up-regulated genes, the main enriched GO terms identified in the 0.5 and 2 h brassinin data sets were remarkably close and were predominantly associated with lipid metabolism and other related categories, such as actin cortical patch localization or vesicle-mediated transport and its child terms endocytosis and eisosome (Table 2). Almost all of these functional categories had obvious links to the cell membrane system, and the metabolisms of most of the membrane lipid families (phospholipids, sterols, and sphingolipids) were found to be over-represented within the data-sets. Distinct enriched categories emerged from the induced gene list obtained after 6 h of treatment. These categories were related to protein processing in endoplasmic reticulum (ER) and mitochondria, to cell wall biogenesis (chitosome) and to cellular transport (vesicle and myosin complex).


TABLE 1. Gene ontology (GO) enrichment analysis on down-regulated genes related to brassinin exposure.
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TABLE 2. Gene ontology (GO) enrichment analysis on up-regulated genes related to brassinin exposure.
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Exposure to Brassinin-Induced Perturbations of Membrane Lipid Homeostasis

Our microarray analysis revealed that a number of mRNAs involved in the ergosterol pathway had increased abundance in samples treated by brassinin relative to DMSO-treated samples (Supplementary Table 3). These genes were directly related to ergosterol biosynthesis (such as the cytochrome P450 enzyme ERG5 and the transcriptional regulator UPC2), or to sterol transport (such as oxysterol-binding proteins). Sterols are essential lipid components of eukaryotic membranes and ergosterol is the major sterol in fungal membranes, modulating a wide variety of membrane processes, such as fluidity, permeability, and the activities of membrane-bound enzymes (Sturley, 2000). To test whether the ergosterol metabolism is linked to the fungal response to indolic metabolites, we generated two AbErg5 deficient mutants using gene replacement cassettes and analyzed their response after exposure to brassinin. ERG5 is a sterol C-22 desaturase which is involved in the late steps of ergosterol biosynthesis. We chose to produce these particular mutants since the AbErg5-encoding gene was found to be over-expressed in two of the tested conditions (exposure to brassinin for 0.5 and 2 h, respectively; Supplementary Table 3).

The susceptibility of the Δaberg5 strains to brassinin was assessed by nephelometric monitoring of the initial growth stages (Figure 3). Under control conditions (PDB medium), growth of the mutant strains was similar to that of the wild-type strain. However, the two mutants were found to be more susceptible than the wild-type to brassinin, thus supporting the fact that the sterol pathway plays a crucial role in the fungal response to this indolic metabolite.
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FIGURE 3. Growth inhibition rates of the wild-type strain and AbErg5 and AbAp1 deficient mutants (two transformants per genotype) exposed to 100 μM brassinin. The results show the percentages of inhibition in treated samples compared to the control. Fungal growth was recorded using a nephelometric reader from microplate wells containing standard PDB medium supplemented with brassinin or DMSO and inoculated with conidia (105 mL– 1). Each genotype was analyzed in triplicate and the experiments were repeated three times per growth condition. Error bars indicate standard deviations. Asterisks indicate a significant difference between the mutant and the parental isolate (Student test, P < 0.01).




Brassinin Provokes Mitochondrial Dysfunction and Decreases Oxygen Consumption

Gene ontology enrichment analyses were conducted from the A. brassicicola automatically annotated genome database. In this database, the gene annotation was still partial and a large number of genes had no GO assignment, thus limiting the sensitivity of GO enrichment methods, such as GOEAST. A closer (manual) inspection of the up-regulated genes and their respective predicted function led us to identify other putative enriched functional categories in response to indolic phytoalexin treatment. First, a significant portion of genes (7%) transcriptionally induced by brassinin are involved in the oxidative stress response, such as glutathione transferases (GST), γ-glutamylcysteine synthetases, thioredoxins, thioredoxin reductase and oxidoreductases (Supplementary Table 4). Secondly, a large number of induced genes encode proteins which are predicted to be involved in mitochondrial functions or to be adressed to mitochondria (Supplementary Table 5).

As gene expression profiling revealed that a large group of mRNAs related to mitochondrial biogenesis and function showed an altered abundance following indolic phytoalexin treatment, we used the fluorescent cationic dye JC-1 to examine the status of the mitochondrial membrane potential in fungal cells exposed to brassinin. The JC-1 cationic dye accumulates in the mitochondrial matrix in a concentration-dependent manner. In healthy cells with a normal ΔΨ, JC-1 forms aggregates that display red fluorescence. In unhealthy cells with abnormal ΔΨ, the JC-1 dye also accumulates in the mitochondrial matrix but to a lesser concentration, not allowing the formation of JC-1 aggregates. In this case, JC-1 monomers display green fluorescence. The red/green fluorescence ratio of the dye is therefore an indicator of the mitochondria polarization and provide an assessement of the mitochondrial function. Compared to control (DMSO exposure), there was an increase in green fluorescence after exposure to brassinin, which was indicative of a decrease in mitochondrial ΔΨ (Figure 4).
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FIGURE 4. Assessment of changes in mitochondrial membrane potentials within A. brassicicola cells exposed for 30 min to 100 μM brassinin or to DMSO, using the fluorescent potentiometric dye JC-1. The top pictures correspond to light-field microscopy while the other pictures correspond to fluorescence microscopy. Scale bars = 20 μm.


These alterations of ΔΨ indicate that brassinin can rapidly modify mitochondrial functions and processes related to cellular energy metabolism. The impact of brassinin on fungal respiration was then investigated by measuring the oxygen consumption of hyphae exposed to the phytoalexin for 60 min using a water soluble oxygen-sensitive fluorescent probe. Compared to the control, brassinin strongly inhibited the respiration of wild-type cells in a dose-dependent manner (100 and 200 μM were tested), reaching 80 % inhibition at 200 μM (Figure 5). By comparison, cyanide, the well-known and effective inhibitor of cytochrome c oxidase (component of mitochondrial electron transport), caused 85 % respiration inhibition at 500 μM.
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FIGURE 5. Impact of brassinin on A. brassicicola respiration. The results are expressed as the inhibitory effects (% of the control) on the respiration rate of germlings, following 1 h-exposure to 100 and 200 μM brassinin or 0.5 mM KCN. SD is indicated.


Collectively, these results showed that mitochondria were a primary target of brassinin since it could affect both the mitochondrial membrane potential and oxygen consumption.



Indolic Phytoalexin Induces an Intracellular Accumulation of Reactive Oxygen Species

To obtain additional support regarding brassinin-induced oxidative stress in fungal cells, Reactive oxygen species (ROS) accumulation was assessed using the fluorescent dyes 2’,7’-dichlorodihydrofluorescein diacetate (H2DCF-DA) and dihydro-ethidium (DHE). H2DCF-DA diffuses into cells and is hydrolyzed by intracellular esterases to form a nonfluorescent derivative. In the presence of intracellular ROS, this compound is rapidly converted to the highly green fluorescent 2’,7’-dichlorofluorescein (DCF). After 0.5 h or 1 h of incubation with brassinin, the amount of DCF-dependent fluorescence was increased in most of the examined hyphae, whereas low or no signal was recorded in the untreated control (Figure 6). We also used the fluorogenic dye DHE to detect intracellular superoxide or other ROS after exposure to brassinin. The level of DHE-derived fluorescence was increased in hyphae exposed for 0.5 h or 1 h to brassinin as compared with the untreated control (Figure 6), thus confirming that indolic phytoalexin induced intracellular ROS in fungal cells.
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FIGURE 6. Assessment of oxidative stress within A. brassicicola cells exposed for 30 min to 100 μM brassinin or to DMSO. The fluorescent dyes H2DCFDA and DHE were used to detect the accumulation of ROS within hyphae of germlings treated for 1 h with DMSO (control) or 100 μM brassininin. For each panel, the bottom part corresponds to fluorescence microscopy and the top part to light-field microscopy. Scale bars = 20 μm.




Exposure to Brassinin Resulted in Activation of the MAP Kinase AbHOG1 and the Oxidant Responsive Factor AbAP1

Reactive oxygen species production in A. brassicicola following phytoalexin exposure induced the expression of various genes involved in antioxidant defenses. The expression of such genes was previously shown to be coordinated by several transcriptional regulators, either alone or in concert (de Dios et al., 2010; Morano et al., 2012). Our transcriptional data suggested that two regulators, i.e., the MAPK AbHOG1 and the AbAP1 transcription factor, might be preferentially involved in the response to phytoalexin-induced oxidative stress. For instance, several genes over-expressed following brassinin exposure were previously shown to be regulated by AbAP1, such as AB08663.1, AB00813.1, AB02955.1, AB04481.1 (Calmes et al., 2015), and AbAp1 was up-regulated by brassinin. We also noticed the up-regulation of genes encoding putative osmosensors (such as AB03936.1 and AB09295.1) and other proteins able to interact with the HOG pathway (such as AB01195.1). The corresponding deficient single mutants Δabap1 and Δabhog1 were characterized by a high susceptibility toward oxidative stress generated by exposure to menadione (O2– generation) or H2O2, as compared with their parental strain (Calmes et al., 2015).

In this study, we first determined the phosphorylation status of AbHOG1 in A. brassicicola wild-type when exposed to brassinin or DMSO for 20 min. We used a Western blot approach with antibodies specific of the phosphorylated form of p38-type kinases (Figure 7). Control blots were challenged with antibodies recognizing HOG1-type kinases in order to reflect the loading of the protein samples. As expected, increased phosphorylation of the AbHOG1 MAPK was observed upon challenge with brassinin, suggesting that AbHOG1 may play a crucial role in cell protection mechanisms. To confirm that AbHOG1 phosphorylation was followed by nuclear translocation, we investigated its subcellular localization during phytoalexin stress. AbHOG1-GFP fusion under the control of the AbHog1 endogenous promoter was introduced in a A. brassicicola strain expressing a mCherry:NLS (nuclear localization signal) protein. This protein targets nuclei and allows their visualization in fungal cells (Khang et al., 2010). The mutant expressing the fusion protein was similar to A. brassicicola wild-type in terms of germination and vegetative growth on potato dextrose agar (PDA; data not shown). Under control conditions, GFP signals formed weak punctate dots localized in the cytoplasm (Figure 7). After a few minutes of treatment with brassinin, GFP-AbHog1 signals were found to be more intense and formed punctate green dots, which were localized in nuclei, as revealed by mCherry:NLS fluorescence.
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FIGURE 7. Cellular localization of the AbHOG1-GFP fusion protein in hyphae exposed to either DMSO (control) or 100 μM brassininin for 20 min and observed using confocal microscopy. Bars = 25 μm. A double-labeled strain expressing AbHOG1-GFP and mCherry-NLS was used. In smaller panels located under the pictures is presented the phosphorylation of the HOG1-like MAPK in A. brassicicola wild-type after exposure to brassinin. Total protein extracts were blotted with either anti-Hog1 C-terminus antibody or anti-dually phosphorylated p38 antibody.


To assess the subcellular localization and a potential nuclear translocation of AbAP1 after exposure to brassinin, we constructed an A. brassicicola strain that expressed an AbAP1-GFP protein under control of the Abap1 endogenous promoter and that also constitutively expressed the mCherry-NLS protein. After exposure of germlings to 100 μM brassinin for 20 min, we observed intense green fluorescent spots along the hyphae and their distribution co-localized with the red labeled nuclei (Figure 8). On the contrary, hyphal cells exposed to DMSO (control condition) exhibited more diffuse green fluorescence signals in the cytoplasmic compartment. A similar AbAP1 migration to nuclei was observed in an AbHOG1-deficient strain, indicating that AbAP1 was not under the control of the MAP kinase in response to brassinin (Figure 8).
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FIGURE 8. Cellular localization of the AbAP1-GFP fusion protein in the wild-type background and Δabhog1 background. Double-labeled strains expressing mCherry-NLS and AbAP1-GFP were exposed to either DMSO (control) or 100 μM brassininin for 0.5 h. Bars = 25 μm.


When monitoring growth in solid PDA medium (data not shown) and in liquid PDB medium (Figure 3), Δabap1 strains did not show any growth defects and were not impaired in conidia germination and sporulation compared to the wild-type parental strain. However, as previously reported for the AbHog1 mutants, increased sensitivities toward brassinin were recorded for Δabap1 strains compared to the wild-type (Figure 3).

In the light of the above results, we hypothesize that the HOG pathway and the AbAP1 transcription factor were activated by oxidative stress triggered by indolic phytoalexin exposure as a defense mechanism to cope with such stress.



A Later Response to Brassinin Involved the UPR Activation

After 6 h of brassinin exposure, we observed the up-regulation of six genes (out of 30) which encode chaperone and protein disulfide isomerase, such as ER proteins AbPDIA (AB02021.1), which are essential for the formation of disulfide bonds in secretory and cell-surface proteins, and calnexin (AB10652.1) involved in folding and quality control of glycoproteins. Since these two proteins are known to be part of the UPR, we investigated whether brassinin was able to activate this pathway. UPR is a key element of ER protein quality control in eukaryotes allowing efficient maturation of membrane-bound and secreted proteins. In A. brassicicola, the basic leucine zipper (bZIP)-type transcription factor AbHACA is the major UPR transcriptional regulator (Joubert et al., 2011a; Guillemette et al., 2014). As initially described in the yeast S. cerevisiae, AbHACA synthesis is dependent on splicing of an unconventional intron in the AbHacA mRNA. In response to ER stress, this splicing event is promoted by the homolog of yeast ER-located transmembrane protein Ire1 (Rüegsegger et al., 2001; Joubert et al., 2011a) and triggers the translation of AbHACA, allowing the differential expression of UPR target genes. To confirm the activation of the UPR pathway in response to brassinin, we quantified the spliced AbHacA mRNA and monitored the parallel expression of three well-known UPR target genes, i.e., AbPdiA, AbBipA (encoding an ER chaperone), and AbEroA (thiol oxidase required for oxidative protein folding in the ER) in untreated and treated wild-type samples using quantitative RT-PCR (Figure 9). These analyses showed that A. brassicicola mycelium exposure to 200 μM of brassinin induced splicing of the AbHacA mRNA intron and also led to simultaneous up-regulation of the three target genes. UPR was activated after 1 h of treatment but induction was found to be stronger after 2 and 6 h exposure. In line with this, we previously showed that Δabhaca mutants were hypersensitive to various host defense metabolites, including brassinin and camalexin (Joubert et al., 2011a), suggesting that UPR has a role in regulating a cellular compensatory response to preserve cell integrity during exposure to indolic phytoalexins.
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FIGURE 9. Brassinin activation of the UPR signaling pathway. Quantitative RT-PCR results for the expression of UPR target genes (AbBipA, AbPdiA, and AbEroA) and the spliced AbHacA mRNA (AbHacAi) in an A. brassicicola wild-type strain during brassinin exposure (200 μM) for 10, 20, and 30 min, 1, 2, and 6 h. For each target, expression induction is represented as a ratio (studied gene transcript abundance/actin transcript abundance) of its relative expression in each brassinin-treated sample to its relative expression in DMSO-treated cultures. The data are means of three repetitions. Error bars indicate standard deviations and asterisks indicate a relative expression significantly different from 1 (Student test, P < 0.01).





DISCUSSION

While many studies have focused on structural diversity, chemical synthesis, biosynthesis, microbial transformations, and biological activities of cruciferous indolic phytoalexins (Pedras et al., 2011; Srivastava et al., 2013; Cho et al., 2014), the mechanisms by which these metabolites exert their toxicity on fungal cells have been so far poorly documented. Pedras and Minic (2012) and Pedras et al. (2014) compared protein profiles of A. brassicicola cultures treated for 20 h with either brassinin or camalexin. Overall, the findings of these studies highlighted clear differences in the cellular response to each phytoalexin and the authors suggested that each phytoalexin has several different targets in the cells. However, these studies were first conducted with the aim of identifying proteins potentially involved in the fungal protection from phytoalexin-induced stress. The exposure time that was applied thus seems to be too long and poorly suited to a strategy aiming at identifying cellular targets.

In the present study, young A. brassicicola cultures (germinating conidia) were exposed to brassinin for short times (0.5, 2, and 6 h) and the global transcriptional responses were compared. Overall, brassinin induced broad transcriptional regulation in fungal cells and the number of genes modulated by brassinin increased until at least 2 h of treatment and then decreased drastically after 6 h. Based on our transcriptional data and additional functional analyses, we propose an interpretative model showing the succession of cellular mechanisms that are activated after exposure to brassinin (Figure 10).
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FIGURE 10. Model illustration of the fungal response induced by brassinin. The indolic phytoalexin primarily targets mitochondrial functions in fungal cells, inducing secondary effects such as ROS production and alteration of lipid homeostasis (1). Then, ROS production elicits AbHOG1 and AbAP1-mediated responses in order to reinforce antioxidant defenses and limit their deleterious effects (2). Changes in lipid homeostasis affect the activity of cell wall synthesis enzymes located in the plasma membrane and synthesis of the GPI anchor, leading to activation of the cell wall integrity pathway (3). Perturbations in membrane and cell wall homeostasis trigger UPR induction (4).


Our results supported the hypothesis that brassinin triggers mitochondrial dysfunction in A. brassicicola cells. First, a large group of mRNAs related to mitochondrial biogenesis and function showed an altered abundance following indolic phytoalexin treatment. Secondly, JC-1 dye revealed that phytoalexin treatment altered mitochondrial membrane potentials. Thirdly, exposure to brassinin (at concentrations corresponding to MGI50 or MGI90) resulted in a significant and rapid decrease in oxygen consumption rates of A. brassicicola. Our results thus suggested a probable effect on mitochondrial oxidative phosphorylation. Indeed, it is remarkable that several genes, whose expression is induced by phytoalexins, encode proteins involved in the respiratory chain, such as the NADH dehydrogenases NDE1 and NDE2 (complex I), lactate dehydrogenase and subunits of cytochrome c oxidase (complex III; Supplementary Table 5). As the reduction in oxygen consumption rates was found to be very fast (a few minutes after exposure to phytoalexin), we hypothesized that mitochondria are the primary target of brassinin. Another remarkable point is the simultaneous induction of several mitochondrial quality control pathways which are involved in maintaining mitochondrial integrity. Several genes encoding key antioxidant defense factors, such as thioredoxin and superoxide dismutase, are thus present in the list of induced genes and are known to detoxify mitochondrial ROS. Several other genes are involved in the mitochondrial protein quality control. Protein folding is indeed disturbed in case of excessive accumulation of ROS generated from the complex I and III of the electron transport chain (Hamanaka and Chandel, 2010; Tormos et al., 2011). In addition to molecular chaperones that are involved in promoting efficient mitochondrial protein folding and complex assembly, several genes encoding mitochondrial proteases (Lon proteases, metalloendopeptidases) were found to be induced by phytoalexin, probably to degrade proteins that failed to fold properly (Pellegrino et al., 2013). Another mechanism that emerged from the transcriptional data was the activation of the MAD (mitochondria-associated degradation) pathway. In this pathway, matrix or inner membrane proteins are retro-translocated to the outer membrane for ubiquitination and targeting to the proteasome (Chatenay-Lapointe and Shadel, 2010; Heo et al., 2010). Genes encoding the yeast homologous proteins Vms1p and Npl4p, which have been described as two key factors of MAD in yeast (Heo et al., 2010), were induced in A. brassicicola following phytoalexin exposure. All of these quality controls are important for clearing dysfunctional proteins from the inner membrane, which may accumulate due to failure in respiratory chain complex assembly or oxidative damage.

Mitochondrial alteration likely causes the generation of oxidative stress in fungal cells. Indeed, it is well described that mitochondrion appears to be the main intracellular source of ROS (Turrens, 2003) and, among the genes overexpressed by brassinin, a significant portion could be considered as related to an adaptive response to cellular oxidative stress (Supplementary Table 4). This observation suggested that the phytoalexins mediated redox dysregulation in fungal cells and ROS accumulation following phytoalexin exposure was revealed here using DHE and H2DFDA probes. We tried to use another intracellular ROS indicator, called MitoSOX Red, but, as previously reported by Calmes et al. (2015), this fluorescent compound is not suitable for A. brassicicola studies, probably due to its weak penetration through the fungal cell-walls. We also showed that ROS production elicited AbHOG1- and AbAP1-mediated responses (and possibly others) in order to reinforce antioxidant defenses and limit their deleterious effects.

In A. brassicicola, as in other filamentous ascomycetes, the HOG signaling pathway has a pivotal role in the response to hyper-osmotic and oxidant challenges (Hohmann, 2002; Moye-Rowley, 2003; Aguirre et al., 2005; Liu et al., 2008; Joubert et al., 2011b). This kind of stress triggers rapid phosphorylation and nuclear translocation of HOG1, the MAPK of the HOG pathway. In the nucleus, HOG1 associates with stress-responsive promoters and stimulates specific gene expression which is essential in the adaptive response of the cell (Hohmann, 2009; de Nadal and Posas, 2010). We previously showed that the HOG pathway has a pivotal role in regulating the protective fungal response during exposure to indolic phytoalexins (Joubert et al., 2011b). Camalexin and brassinin were found to phosphorylate AbHOG1 MAP kinase in a precocious manner and AbHOG1-deficient mutants showed hypersensitivity to these metabolites. Here we confirmed that brassinin exposure resulted in a rapid and transient accumulation of the AbHOG1 phosphorylated form in A. brassicicola. We also showed that the AbHOG1-GFP fusion protein migrated into the nucleus when fungal cells were challenged with brassinin, confirming the role of this MAP kinase as a tanscription factor under these conditions. It is likely that the nuclear AbHOG1 regulates the expression of a set of oxidative response genes.

Indeed, the AbHOG1-deficient mutant strain was not only found to be hypersensitive to indolic phytoalexins (Joubert et al., 2011b) but also to other oxidative stresses (Calmes et al., 2015). On the other hand, Alonso-Monge et al. (2009) showed that loss of HOG1 MAP kinase in Candida albicans resulted in an increased basal respiratory rate, an intracellular accumulation of ROS and a higher sensitivity to inhibitors of the respiratory chain. Similar crosstalks between the osmoregulatory pathway and respiratory metabolism could explain the high susceptibility of AbHOG1-deficient mutant to phytoalexins.

AP1-like transcription factors have also been shown to play major roles in the regulation of the oxidative stress responses in yeast and filamentous fungi (Lee et al., 1999; Aguirre et al., 2005). Yap1p, i.e., the yeast homologous protein of AbAP1, regulates the yeast peroxide detoxification pathway through activation by H2O2 and by inducing the transcription of most cellular antioxidants (Brombacher et al., 2006). Yap1p transcriptional activity is regulated by its cellular localization (Kuge et al., 1997; Gulshan et al., 2005). The C-terminal region contains a nuclear export signal (NES) and the N-terminal region has a NLS (Kuge et al., 1997). In the absence of oxidative stress, Yap1 is restricted to the cytoplasm by rapid nuclear export via exportin (Kuge et al., 1997; Yan et al., 1998). Upon exposure to stress signals, a conformational change leads to loss of the Yap1–Crm1 interaction, thus allowing Yap1p to accumulate in the nucleus (Gulshan et al., 2005). AP1-like transcription factors modulated the expression of various genes involved in antioxidant defenses, such as genes involved in thioredoxin and glutathione systems. For instance, overexpression of several GSTs and of the majority of the oxidative stress response genes in A. brassicicola cells challenged with isothiocyanates (ITCs) was found to be AP1-dependent (Calmes et al., 2015). Moreover, the AbAP1-deficient strain was found to be highly sensitive to oxidative stress caused by H2O2 menadione and ITCs (Calmes et al., 2015). In this study, we showed that this mutant strain had increased sensitivity toward brassinin compared to the wild-type. We also observed that the AbAP1-GFP fusion protein localized inside the nucleus upon exposure to phytoalexin. This result was indicative of cellular redox dysregulation triggering the conformational change and induction of AbAP1.

The increase in cellular ROS concentrations leads to free radical-mediated chain reactions, which target proteins, lipids, polysaccharides and DNA (Turrens, 2003; Aguirre et al., 2005). The damaging effects of ROS could explain some of the enriched GO categories that we identified from the transcriptome of phytoalexin-treated cells, such as categories linked to protein catabolism, transcription and translation processes and lipid metabolism. Our transcriptomic data clearly showed that the abundance of induced genes was related to various lipid pathways and membrane maintenance. In connection with this observation, it has been clearly shown that impairment of mitochondrial functions could have an effect on membrane lipid homeostasis. Indeed, the mitochondrial function is important for the membrane lipid structure, and thus, activation of lipid homeostasis could compensate for the aberrant membrane composition upon mitochondrial dysfunction (Shingu-Vazquez and Traven, 2011). Several observations support this point. Mitochondria are the predominant cellular site for synthesis of the ubiquitous membrane phospholipid phosphatidylethanolamine (PE; Schuiki et al., 2010), and PE also serves as the precursor for the synthesis of phosphatidylcholine, another major membrane phospholipid, in the ER (Birner and Daum, 2003; Schuiki et al., 2010). Hallstrom et al. (2001) also showed that sphingolipid homeostasis was disturbed in cells that have lost the mitochondrial genome. Moreover, heme acts as a cofactor for two cytochrome P450 enzymes in the biosynthetic pathway of ergosterol (including the sterol C-22 desaturase ERG5) and is synthesized in mitochondria (Crešnar and Petriè, 2011). In line with this, mitochondrial mutants in C. albicans and C. glabrata have an altered cellular sterol composition (Geraghty and Kavanagh, 2003; Brun et al., 2004). Moreover, Ichimura et al. (2000) showed that PE is required for the assembly of autophagosomes and delivery of cytoplasmic proteins to the vacuole by autophagy. We identified several genes related to autophagy that were over-expressed by brassinin (e.g., AB05971.1, AB06309.1, AB02770.1, AB02779.1, AB01785.1, and AB01424.1), and this induction may be linked to possible alteration of mitochondrial PE biosynthesis in phytoalexin-treated cells. MCC/eisosomes microdomains, that have been proposed to participate in the regulation of lipid homeostasis and also probably in the autophagic process, do not appear to be involved in the primary response to brassinin since Colou et al. (2019) showed that A. brassicicola mutants deficient for key MCC/eisosome components did not exhibit any enhanced susceptibility to this phytoalexin.

We previously reported that the CWI was required for adaptation of A. brassicicola to stress caused by camalexin and brassinin (Joubert et al., 2011b). Camalexin and brassinin were thus found to activate AbSLT2 MAP kinase and mutant strains lacking functional MAP kinase showed hypersensitivity to both phytoalexins. From our transcriptomic data, we also identified several genes related to cell wall synthesis, such as chitinase, glucanase, chitin synthase, mannoproteins and GPI (glycosylphosphatidylinositol)-anchored proteins (Supplementary Table 6). For instance, after 6 h of brassinin exposure, we reported up-regulation of six genes (out of 30) encoding proteins with functions in cell wall biogenesis and maintenance, and chitosome emerged as an enriched GO (cellular component) category (Table 1). Consistent with the mitochondrial targeting by brassinin that we report here, several studies recently revealed a link between mitochondrial dysfunction and CWI (Dagley et al., 2011; Shingu-Vazquez and Traven, 2011). Mitochondrial mutants of C. albicans, Candida parapsilosis, and S. cerevisiae were thus found to be sensitive to echinocandin antifungal drugs, which inhibit β-1,3 glucan synthase, the enzyme responsible for synthesis of the main glucan component of yeast cell wall (Chamilos et al., 2006; Sarinová et al., 2007; Hillenmeyer et al., 2008; Chen et al., 2010; Dagley et al., 2011). Moreover, it was reported that mitochondrial dysfunction leads to cell wall defects in C. glabrata and C. albicans (Brun et al., 2005; Batova et al., 2008; Dagley et al., 2011). Shingu-Vazquez and Traven (2011) put forward several hypotheses to explain how CWI may be affected by impairment of mitochondrial functions. Mitochondrial dysfunction could thus lead to changes in lipid homeostasis, which may affect the activity of cell wall synthesis enzymes located in the plasma membrane (such as chitin synthases). A second mechanism may affect the synthesis of the GPI anchor. A large number of cell wall proteins are GPI anchored, and PE, whose biosynthesis is dependent on mitochondria, is required for the synthesis of GPI structures. Finally, it is not really surprising that UPR was found to be secondarily activated by brassinin, since several studies showed that this pathway supports membrane and cell wall homeostasis (Malavazi et al., 2014). For instance, the cell wall composition is abnormal in ΔhacA and ΔireA mutants (Richie et al., 2009; Feng et al., 2011; Guillemette et al., 2014), and both UPR mutants also showed decreased expression of mRNAs encoding enzymes in the ergosterol biosynthetic pathway and reduced total ergosterol levels (Richie et al., 2009; Feng et al., 2011). In addition, UPR mutants in A. fumigatus showed increased susceptibility to antifungal drug classes which target the plasma membrane and cell walls. Taken together, these results suggest that alterations in membrane and cell wall homeostasis due to brassinin activity may trigger UPR activation as an adaptive response. This is also strongly supported by the fact that loss of UPR in A. brassicicola Δabhaca mutants resulted in an increased susceptibility to brassinin (Joubert et al., 2011a).

In conclusion, this study supports the hypothesis that indolic phytoalexin brassinin primarily targets mitochondrial functions in fungal cells, then inducing secondary effects such as ROS production and changes in lipid homeostasis. Consequently, the fungus has to adapt its metabolism to protect itself against the toxic effects of this molecule, especially via the activation of signaling pathways mediated by AbHOG1, AbAP1, AbHAC1, and AbSLT2. It is striking that there are several similarities between the responses to brassinin and mechanisms by which ITCs could trigger cell death in A. brassicicola. Many species of Brassicaceae constitutively accumulate secondary sulfur compounds called glucosinolates in relatively high levels. Glucosinolates and their breakdown products, including ITC, have significant antimicrobial activity against various plant pathogenic fungi. Calmes et al. (2015) showed that exposure of the fungus to ITCs resulted in a reduction of oxygen consumption, an intracellular accumulation of ROS and a mitochondrial-membrane depolarization. However, the effects on oxygen consumption were less pronounced after ITC exposure (40% inhibition of respiration at the MGI90 value) than after brassinin treatment (80% inhibition of respiration at the MGI90 value). Moreover, as shown in this study in response to brassinin, Calmes et al. (2015) found that AbHOG1 and AbAP1 were activated in the presence of ITCs and that the respective deficient mutants were hypersensitive to ITCs, suggesting a significant role of these regulators in fungal protection against ITCs. These results strongly suggest that common (at least in part) protection mechanisms could be induced by necrotrophic fungi against various brassicaceous defense metabolites. Developing specific inhibitors of said pathways may thus be a promising way to optimize the deleterious impacts of host defense metabolites and protect plants.



MATERIALS AND METHODS


Antimicrobial Metabolites

Brassinin was synthesized according to Kutschy et al. (1998) and Takasugi et al. (1988) and dissolved in DMSO.



Strains and Culture Conditions

The A. brassicicola wild-type strain Abra43 (Sellam et al., 2007a) used in this study was grown and maintained on PDA at 24°C. Samples for transcriptomic analyses were prepared as described by Colou et al. (2019). Viability assays were performed at each time point by laying out aliquots of treated or control germlings onto PDA plates. The number and appearance of fungal colonies developed after 48 h of incubation revealed the impact of the treatment on the fungal viability.

Hyphal growth in liquid media were monitored over a 30 h period using a laser-based microplate nephelometer (NEPHELOstar, BMG Labtech) as described by Joubert et al. (2010). The fungal growth was assessed considering the AUC as described by Gaucher et al. (2013). Three replicates were conducted per treatment.



RNA Extraction and Microarray Analysis

Total RNA extraction and microarray analysis were performed as described by N’Guyen et al. (2019) and Colou et al. (2019) using the dye-switch method on three biological replicates. Probes with P < 0.01 and with log ratio ≥ 1 or ≤−1 were considered as differentially expressed. Gene expression datasets were deposited in the Gene Expression Omnibus (GEO) with the following accession numbers, GSE140386.



Generation of Targeted Gene Knockout Mutants and Fusion Strains

The gene replacement cassettes were generated using the double-joint PCR procedure (Yu et al., 2004) described by N’Guyen et al. (2019).

The AbHOG1 and AbAP1 C-terminal GFP fusion constructs were generated in the wild-type background by fusion PCR, as described in Calmes et al. (2015). Another AbAP1-GFP fusion mutant was also generated in the Δabhog1 background using the same procedure. Observations were performed under a Nikon (Nikon Instruments, Melville, NY, United States) A1S1 confocal laser microscope equipped with argon-ion (488 nm) and diode (561 nm) lasers.



Western Blot Analysis

The phosphorylation status of HOG1-related MAPKs in A. brassicicola was studied as previously described by Calmes et al. (2015).



Intracellular Detection of Oxidative Products

Assays with 2’,7’-dichlorodihydrofluorescein diacetate (H2DCF-DA, Molecular Probes) or dihydroethidium (DHE, Molecular Probes) solutions (5 μM final concentration) were perfoormed on young (16 h-old) germinating conidia exposed to either 100 μM brassinin or 1% (v/v) DMSO, as described by Calmes et al. (2015).



Measurement of Mitochondrial Transmembrane Potential

Examination of the mitochondrial transmembrane potentials (ΔΨm) was performed as described by Calmes et al. (2015) using the dye 5,5′,6,′-tetrachloro 1,1′,3,3′tetraethylbenzimidazolylcarbocyanine iodide (JC-1; Invitrogen) on 16 h-old germinating conidia that were treated for the indicated times with either 100 μM brassinin or 1% (v/v) DMSO.



Oxygen Consumption Rate Measurement

The respiratory activity was measured using the MitoXpress (Luxcel Biosciences, Cork, Ireland) fluorescent probe as previously descibed by Calmes et al. (2015).



Quantitative PCR

Total RNA was extracted as described above. Amplification experiments were performed as described by N’Guyen et al. (2019) using the comparative ΔΔCt method (Winer et al., 1999). Primer sequences used in real-time quantitative PCR are summarized in Supplementary Table 1.
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Supplementary Table 6 | Genes induced by brassinin treatment and predicted to be involved in cell wall maintenance and biogenesis. The indicated gene names correspond to homologous genes from the Saccharomyces cerevisiae genome except when indicated.
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Unraveling Interactions of the Necrotrophic Fungal Species Botrytis cinerea With 1-Methylcyclopropene or Ozone-Treated Apple Fruit Using Proteomic Analysis
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Gray mold caused by the necrotrophic fungus Botrytis cinerea is one of the major postharvest diseases of apple fruit. The exogenous application of 1-methylcyclopropene (1-MCP) and gaseous ozone (O 3) is commonly used to ensure postharvest fruit quality. However, the effect of these treatments on the susceptibility of apple fruit to postharvest pathogens remains largely unknown. Herein, the effect of O 3 and 1-MCP treatments on the development of gray mold on apple fruit (cv. “Granny Smith”) was investigated. Artificially inoculated apple fruits, treated or not with 1-MCP, were subjected for 2 months to cold storage [0°C, relative humidity (RH) 95%] either in an O3-enriched atmosphere or in a conventional cold chamber. Minor differences between 1-MCP-treated and control fruits were found in terms of disease expression; however, exposure to ozone resulted in a decrease of disease severity by more than 50% compared with 1-MCP-treated and untreated fruits. Proteomic analysis was conducted to determine proteome changes in the mesocarp tissue of control and 1-MCP- or O3-treated fruits in the absence or in the presence of inoculation with B. cinerea. In the non-inoculated fruits, 26 proteins were affected by 1-MCP, while 51 proteins were altered by ozone. Dynamic changes in fruit proteome were also observed in response to B. cinerea. In O3-treated fruits, a significant number of disease/defense-related proteins were increased in comparison with control fruit. Among these proteins, higher accumulation levels were observed for allergen, major allergen, ACC oxidase, putative NBS-LRR disease resistance protein, major latex protein (MLP)-like protein, or 2-Cys peroxiredoxin. In contrast, most of these proteins were down-accumulated in 1-MCP-treated fruits that were challenged with B. cinerea. These results suggest that ozone exposure may contribute to the reduction of gray mold in apple fruits, while 1-MCP was not effective in affecting this disease. This is the first study deciphering differential regulations of apple fruit proteome upon B. cinerea infection and postharvest storage treatments, underlying aspects of host response related to the gray mold disease.

Keywords: apple proteome, gaseous O3, Granny Smith, gray mold, postharvest treatments, 1-methylcyclopropene


INTRODUCTION

Apple (Malus domestica Borkh) is one of the most popular fruit crops cultivated throughout the world, with more than 80,000,000 tonnes of annual production (FAO, 2018). Apple fruits are characterized by their long storage capacity that can be extended by exogenous application of compounds interfering with ethylene biosynthesis or ethylene activity that delay fruit ripening (Karagiannis et al., 2018). However, during the long period of storage, apples become susceptible to various biotic (fungi and bacteria deterioration) and abiotic factors (physiological disorders), which lead to great economic losses. Among the biotic disorders, fungal pathogens play a predominant role in fruit postharvest decay. It is estimated that more than 90 fungal species may be agents of postharvest diseases on apple fruits, and some of them can cause devastating losses that can reach up to 25% (Jijakli and Lepoivre, 2004).

Gray mold caused by the necrotrophic pathogen Botrytis cinerea is a major postharvest disease of apple fruits throughout the world (Konstantinou et al., 2011; Nybom et al., 2020). Infections by the pathogen occur mostly through wounds caused during harvest or during postharvest processes in the packing house, while B. cinerea can also infect apple fruits during bloom or just after fruit setting through the open calyx of the fruits. However, the disease symptoms appear on the infected fruits during storage. Symptoms consist in the appearance of light tan to dark brown lesions that are irregular in shape without well-defined margins between healthy and decayed tissues (Konstantinou et al., 2011; Nybom et al., 2020).

As is typical, necrotrophic pathogen B. cinerea during the infection process modulates the host environment by lowering the pH of the host tissues, a condition conducive for fungal development and increase in virulence (Alkan et al., 2013; Rascle et al., 2018). Host tissue acidification is mediated through the production of gluconic, fumaric, and citric acids and is regulated by PacC, a conserved transcription factor that is involved in pH regulation in several phytopathogenic fungi including B. cinerea (Rascle et al., 2018). The lowering of pH within host tissues enhances the activity of several cell wall-degrading enzymes, such as polygalacturonases, employed by necrotrophic pathogens to destroy pectin and the primary cell walls of the host, to cause cell death or to alter the integrity of the host cells (Blanco-Ulate et al., 2014).

Despite that immunity of apple cultivars to gray mold does not exist, there is a variability in the level of their susceptibility to the disease, as has been shown by several previous studies assessing cultivars’ susceptibility level with either natural infections or artificial inoculations (Spotts et al., 1999; Konstantinou et al., 2011). These differences in the level of cultivar susceptibility are associated with fruit ripening-related characteristics, such as the rate of softening as well as with the chemical constituents of the peel and the flesh tissues, including polyphenol biosynthesis and pathogenesis-related (PR) protein activity (Ma et al., 2018). Particularly, the activation of ethylene biosynthesis in the harvested fruit has been found to play a critical role in the induction of resistance responses that are associated with PR proteins, polyphenolic compounds, or lignin biosynthesis (Akagi et al., 2011).

Apple, as a climacteric fruit, is characterized by a burst of respiration and ethylene production during its long storage life, which subsequently lead to a rapid fruit ripening accompanied by an undesirable fruit softening (Karagiannis et al., 2020). The 1-methylcyclopropene (1-MCP), an inhibitor of ethylene action, has been widely used in horticultural crops, particularly in apple fruits, to delay ripening, especially following long-term storage (Li et al., 2016; Minas et al., 2018). Also, 1-MCP applications have proven to be beneficial for the control of many physiological disorders, such as apple superficial scald (Karagiannis et al., 2018). Moreover, the effects of 1-MCP treatments on decay development are controversial and differ among the several fruit commodities tested (Li et al., 2016). In some cases, 1-MCP applications increased the susceptibility of the treated fruits, while there are some examples in which 1-MCP reduced the growth of postharvest pathogens (Mir et al., 2001; Díaz et al., 2002; Janisiewicz et al., 2003; Marcos et al., 2005). Meanwhile, ozone treatments can also delay climacteric fruit ripening by directly oxidizing ethylene, while, in addition, it can reduce the residues of various mycotoxins and fungicides (Karaca and Velioglu, 2007; Minas et al., 2018). However, apple fruit exposure to a high concentration of ozone may stimulate oxidative damage and physiological disorders such as superficial scald (Yaseen et al., 2015; Lv et al., 2019). Ozone has been tested against several pathogens on several horticultural fruits, with contradictory results (Palou et al., 2002; Karaca and Velioglu, 2007).

Proteomic analysis has been used to investigate complex biological processes such as the responses of fruit tissues to pathogens (Papavasileiou et al., 2020). With the use of proteomics, the response of B. cinerea to plant-based elicitors and hormones (Liñeiro et al., 2016) and the in vitro secretome of B. cinerea related to pathogenesis (González-Fernández et al., 2015) have been investigated. In apple fruits, proteomic studies have focused mostly on the investigation of protein changes during the ripening process (Zheng et al., 2013; Shi et al., 2014), while the available information on the effect of postharvest treatments and pathogen’s presence on the modulation of apple proteome is limited (Buron-Moles et al., 2015).

In this work, we characterize the effect of 1-MCP and gaseous O3 on the development of gray mold of apple (cv. Granny Smith) fruits. To improve our fundamental understanding of B. cinerea development and its response to 1-MCP and gaseous O3 treatments, we conducted proteomic analysis to quantitatively investigate protein profiles of apple mesocarp of control and 1-MCP- or O3-treated fruits following inoculation with B. cinerea to identify proteins potentially involved in fruit responses to pathogen attack.



MATERIALS AND METHODS


Fruit Material

Apple fruits (cv. Granny Smith) used in the experiments were collected from an orchard located in the region of Imathia (northern Greece) at the commercial harvest stage. The fruits selected for the experiments originated from trees that did not receive any fungicide application during the last 2 months before harvest. The selected fruits were healthy, without any visual defect, and they had an average weight of 150 g. The fruits immediately after harvest were transferred to the fruit storage facilities of AUTH and stored at a conventional chamber at 1°C and 95% relative humidity (RH).

The harvested fruits were divided into three groups, one for each treatment (untreated control, 1-MCP-treated, and O3-treated fruits; see below), and placed on single-layer wooden trays with plastic vents. For each treatment, three replicates of 10 fruits were used for artificial inoculations, as well as for the ripening measurements after 60 days of storage.



Treatments With 1-Methylcyclopropene and O3

The application of 1-MCP (SmartFreshTM, AgroFresh Inc., Rohm and Haas, Spring House, PA, United States) was conducted 24 h after harvest. 1-MCP was applied at the commercially recommended dose of 500 μl L–1 for 24 h at 1°C. The application of O3 was initiated after the artificial inoculation of the fruits and was continuous during the entire cold storage period. For the production and monitoring of ozone concentration, an oxygen generator (model SEP-100, Anseros Klaus Non-nenmacher GmbH, Tubingen, Germany), a corona discharge ozone generator (model COM-AD-04, Anseros Klaus Non-nenmacher GmbH, Tubingen, Germany), and an ozone analyzer (model MP-6060, Anseros Klaus Non-nenmacher GmbH, Tubingen, Germany) were used.



Ripening Parameters of Apple Fruits

Ripening parameters, including firmness, titratable acidity (TA), and total soluble solids, of apple fruits were measured on the harvest day and after 60 days storage period, as previously outlined (Karagiannis et al., 2020). On the harvest day, the ripening status of apple fruits was performed using 30 replicate fruits (10 × 3 fruits in three independent replications). Similarly, after the end of the storage period, ripening parameters were conducted on 30 replicate fruits per treatment (control, 1-MCP-treated, and O3-treated fruits; 10 × 3 fruits in three independent replications). Fruit firmness was measured in two opposite sites of each fruit after peeling of skin using a texture analyzer (model 53205, T.R. Turoni Srl, Forli, Italy) with a 12 mm probe. Soluble solids content (SSC) measurement was performed in juice using a refractometer (Atago PR-1, Atago Co., Ltd., Tokyo, Japan) and TA by acid–base titration of maleic acid (Karagiannis et al., 2020).



Fungal Strain and Artificial Inoculations

A Botrytis cinerea isolate (Bc Z08) that had been obtained from infected apple fruits and identified for the requirements of monitoring studies conducted by our group was used in the study. Inoculum was produced by cultivating the isolate on Potato Dextrose Agar (PDA) for 7 days at 25°C under continuous light. Conidia were suspended from the petri dishes using a scalpel, and inoculum suspensions were prepared in sterile distilled water supplemented with 0.1% (v/v) Tween 80 (PanReac Applichem, Germany). Inoculum suspensions density was adjusted at 4 × 105 conidia ml–1, using a hemocytometer counting chamber (Neubauer, Heinz Herenz Hamburg, Germany).

On all the fruit sets, artificial inoculations were conducted 48 h after harvest (24 h after 1-MCP application on 1-MCP-treated fruit). Before inoculation, the fruits had been surface-sterilized by immersion in a 70% (v/v) ethanol solution for 2 min. Then, fruits were wounded with a sterile needle (5 mm) and inoculated with 45 μl of conidial suspension. Control fruits were similarly wounded and inoculated with 45 μl of distilled sterile water.



Storage Conditions and Disease Incidence/Severity Measurements

Following inoculation, the fruits were incubated for 3 h at 20°C to allow fungal spores to germinate and then transferred for cold storage. Control fruits and fruits that had been treated with 1-MCP were stored in a conventional cold chamber (1°C and RH 95%), while the rest of fruits were stored in an ozone-enriched atmosphere chamber (O3 treatment) (0.3 μl L–1, 1°C, RH 95%). Ozone generation was performed as described above.

After 60 days of cold storage, disease incidence (%) was measured by counting the number of the fruits with decay symptoms around the inoculation point, and the disease severity was determined by measuring the lesion diameter (cm) around the inoculation point.



Proteomic Analysis

After 60 days of cold storage, 20–30 g of skinless flesh of the mesocarp were carefully removed from each fruit antipodal to the inoculation point, to avoid any rotten tissue and the potential presence of fungal mycelia. Samples were cut into small pieces, placed in polyethylene bags (10 fruits per bag), frozen instantly in liquid nitrogen, and stored at -80°C until further analysis. In total, 30 fruits (3 × 10 fruits in each replicate) were utilized for the analysis. Apple protein extraction was performed with 5 g of mesocarp tissue based on a phenol extraction protocol (Karagiannis et al., 2020). Two-dimensional electrophoretic separation followed Minas et al. (2016) described procedure using a BIO-RAD system. For imaging statistical analysis, silver nitrate staining was followed by two-dimensional gel electrophoresis (2-DE) scanning with a Bio-Rad GS-800 Calibrated Densitometer equipped with PDQuest Advanced 2-DE Gel Analysis Software, whereas for mass spectrum analysis, a compatible modified silver nitrate staining protocol using Silver Stain Plus kit (Bio-Rad) was performed according to Tanou et al. (2015). Statistics were done by one-way analysis of variance for significance level (P ≤ 0.05). Student’s t-test (significance level 95%) was applied to compare means. The statistically significant differences were further combined by a quantitative 2.0-fold change of spot volume. At least three biological replicates were performed for each fruit treatment.

Selected of interest spots underwent tryptic in-gel digestion and peptide fragments analyzed by matrix-assisted laser desorption ionization MS (MALDI-MS) in a time-of-flight MS (TOF-MS) (Ultraflex II, Bruker Daltonics, Bremen, Germany) as detailed by Ainalidou et al. (2016). Peptide mixtures were injected in a MALDI-TOF mass spectrometer (Autoflex-Speed, Bruker Daltonics). Raw files were searched against the Uniprot Malus domestica protein database using the (MASCOT Server v2.0). The mass error tolerance on the Mascot server was set to 25 ppm, methionine oxidation was considered as a variable modification, and cysteine carbamidomethylation was considered as a fixed modification. All information regarding peptide sequences, accession numbers, Mascot scores, and sequence coverage are provided in Supplementary Table S1B. For non-identified spots, peptide fragments were loaded on an LC-MS/MS using a LTQ Orbitrap XL Mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) coupled online with a nanoLC Ultimate 3000 chromatography system (Dionex, Sunnyvale, CA) (Karagiannis et al., 2016). Raw files were searched against the ncbi M. domestica protein database using PD 1.4 and the SEQUEST HT search engine. Protein identification required minimal XCorr values of 2.0 and 2.5 for charge states of doubly and triply charged precursor ions, respectively (Supplementary Table S1A). Manual protein BLAST against current databases was performed where protein annotations were missing. Identifications are based on at least two peptides per protein. This work is Minimum Information About a Proteomics Experiment (MIAPE) compliant.



Data Analysis

The Pearson chi-square test was used to compare disease incidence values on fruits of the three different treatments. Disease incidence percentage values were arcsine transformed for statistical analysis. Data on disease severity in terms of lesion diameter were subjected to one-way analysis of variance and the least significant differences (Duncan) at P = 0.05 were used for means comparison. Statistical analysis transacted using SPSS v21.0 (SPSS, Chicago, IL, United States). All the graphical presentation was created with GraphPad Prism (GraphPad Prism version 8.0.0 for Windows, GraphPad Software, San Diego, California United States)1.



RESULTS


The Effect of 1-Methylcyclopropene and O3 Treatments on the Ripening Characteristic of Apple Fruit

Measurements of fruit qualitative parameters on the harvest day revealed that mean SSC, TA, and fruit firmness levels were of 12.2°Brix, 0.76%, and 70.5 N, respectively (Figure 1). In 1-MCP-treated fruits after 60 days of storage, most of the studied quality parameters remained at harvest day’s level. After 60 days of storage, SSC values were significantly higher (P < 0.05) in 1-MCP-treated fruits (12.8°Brix) compared with control (11.43°Brix) and O3-treated (11.8°Brix) fruits (Figure 1A). Similarly, fruit firmness was substantially higher (P < 0.05) in 1-MCP-treated fruits (75.6 N) compared with that of control (50.1 N) or O3-treated (50.2 N) fruits (Figure 1C). TA levels were substantially reduced in the three postharvest conditions compared with the initial ones determined on harvest day. Moreover, the reduction in TA was higher in untreated control fruits compared with that observed in 1-MCP- or O3-treated fruits (Figure 1B).
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FIGURE 1. Physiological quality parameters: (A) SSC (soluble solids content;°Brix), (B) TA (titratable acidity;%), and (C) Firmness (fruit firmness; N) of “Granny Smith” apples following 1-methylcyclopropene (1-MCP) and O3 treatments after 60 days of cold storage in a conventional [1°C, relative humidity (RH) 95%] or in an O3-enriched cold chamber (0.3 μl L–1, 1°C, RH 95%). HD: measurements of quality parameter at harvest day. Letters on the bars indicate significant differences between the treatments, according to one-way ANOVA at P = 0.05.




The Effect of 1-Methylcyclopropene and O3 Treatments on Gray Mold Incidence and Severity

Measurements of gray mold incidence on apple fruit treated with 1-MCP or O3 showed that these treatments did not affect (P > 0.05) disease incidence compared with that on the control fruits. In detail, the rates of the disease incidence in response to control, 1-MCP, and O3 treatment were 86.6, 76.6, and 93.3%, respectively (Figure 2A). However, distinct differences were observed among the different treatments regarding disease severity. The lower (P < 0.05) lesion diameter was observed in O3-treated apple fruits with a mean value of 2.55 cm, while no difference (P > 0.05) was observed between 1-MCP-treated and control fruits, with mean lesion diameter values of 5.95 and 6.07 cm, respectively (Figures 2B,C). These results indicated that the O3 application significantly suppressed Botrytis cinerea, while 1-MCP treatment had no significant impact on the pathogen.
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FIGURE 2. (A) Disease incidence (%; infected apples), (B) Severity (cm; lesion diameter), and (C) Symptoms of gray mold disease caused by Botrytis cinerea on artificially inoculated apple fruits (cv. “Granny Smith”) after 60 days of cold storage in a conventional [1°C, relative humidity (RH) 95%] or in an O3-enriched cold chamber (0.3 μl L–1, 1°C, RH 95%). Asterisks and letters on the bars indicate significant differences between disease incidence and severity values, according to a chi-square and one-way ANOVA at P = 0.05, respectively.




Characterization of Apple Fruit Proteome Following Long-Term Storage

To better understand the mechanisms behind the observed resistance of apple fruits to B. cinerea of O3-treated fruits, 2-DE analysis was performed to identify protein changes between the postharvest treatments tested (Figures 3A,B). Among all treatments (inoculated or not), more than 500 protein spots were detected. At the same time, 98 of them exhibited significant differences in their abundance of either inoculated or not 1-MCP- and O3-treated apple fruits according to the Student t-test with 95% confidence interval, further validated by 2-fold change threshold (Figures 3C,D and Supplementary Table S3). According to the mass spectrum analysis, 138 proteins were identified, while 19 proteins were detected in more than one spot, and 10 proteins were not identified. In detail, these proteins were 2-methylene-furan-3-one-reductase (spot nos. 5,223 and 6,218), 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase (spot nos. 7,720 and 7,728), ACC oxidase (ACO; spot nos. 1,132, 1,212, 1,220, 2,213, and 3,220), actin (spot nos. 23, 3,220, and 3,327), allergen (spot nos. 1,037 and 2,029), ATP-citrate synthase beta chain protein (spot nos. 8,606 and 9,603), beta galactosidase (spot nos. 3,719 and 9,708), CNP-60 (spot nos. 2,631 and 2,634), fructose-bisphosphate aldolase (spot nos. 6,222, 6,225, 7,222, and 9,227), glyceraldehyde-3-phosphate dehydrogenase (spot nos. 3,211, 9,313, and 9,314), L-3-cyanoalanine synthase (spot nos. 2,320, 3,322, and 3,324), major allergen (spot nos. 1,037, 3,040, and 4,016), NADP-dependent-D-sorbitol-6-phosphate dehydrogenase (spot nos. 5,627, 7,222, 7,226, 8,232, and 9,221), phosphoenolpyruvate carboxylase (spot nos. 6,834, 6,905, and 6,908), porin (spot no. 8,732, 9,117, 9,118), proteasome subunit alpha (spot nos. 4,105 and 8,123), serine/threonine protein phosphatase (spot nos. 109 and 1624), stem-specific protein (spot nos. 210 and 2,113), and V-ATPase (spot nos. 1,510, 1,511, and 2,727). Further information regarding the identified proteins and their functional categorization based on their gene ontology and literature is provided in Supplementary Tables S1A,B.
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FIGURE 3. Representative silver-stained two-dimensional gel electrophoresis (2-DE) map of total proteins from (A) Untreated (control) and (B) Untreated inoculated (control-Bc) apple fruits (cv. “Granny Smith”). (C,D) Enlarged view panels of selected areas of control in relation to 1-methylcyclopropene (1-MCP)- and O3-treated apple fruits inoculated or not with the necrotrophic pathogen Botrytis cinerea. Blue, red, and black arrows demonstrate protein spots abundance increased, decreased, or remained unchanged, respectively, compared with the control. Enlarged in views of selected areas of full-length gels are provided as Supplementary Figure S1.




Functional Classification of Proteins Affected by 1-Methylcyclopropene and O3 Treatments in Non-inoculated Fruit

To determine the apple proteins whose abundance changed (increased or decreased) by the 1-MCP and O3 applications compared with the untreated control fruits, proteins were grouped into two sets: (1) a set of 26 proteins that were changed in non-inoculated fruits by the application of 1-MCP (control vs. 1-MCP) (Figure 4B), and (2) a set of 51 proteins that were altered in non-inoculated fruits by the O3 application (control vs. O3) (Figure 4C).
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FIGURE 4. (A) Venn diagram demonstrating the common and distinct differentially expressed proteins in the 1-methylcyclopropene (1-MCP)- and O3-treated apple fruits (cv. “Granny Smith”) proteome after 60 days of cold storage [1°C, relative humidity (RH) 95%]. Graphical representation of functional classification of differentially expressed proteins in (B) Apple fruits treated with 1-MCP and incubated in conventional cold chamber, (C) Apple fruits incubated in an O3-enriched atmosphere chamber (0.3 μl L– 1, 1°C, RH 95%), and (D) Functional categorization of the unique and overlapping proteins presented in the Venn diagram (A). Symbols (+) and (-) present the up- and downregulated proteins on each treatment.


Functional analysis showed that 1-MCP application affected several proteins (n = 26) that were mainly involved in energy (26.92%), disease/defense (23.08%), and protein destination and storage (15.38%) (Figure 4B). Moreover, most of these proteins were down-accumulated (n = 18), while many of them were involved in energy (27.78%), disease/defense (27.78%), and protein destination and storage (16.67%) (Figure 5). A similar functional classification was observed in up-accumulated (n = 8) proteins, which were mainly participated in energy (25%), disease/defense (12.5%), protein destination and storage (12.5%), and metabolism (12.5%) (Figures 4B, 5). The application of O3 on apple fruits affected a major part of proteins (n = 51) that were mostly involved in disease/defense (25.4%), energy (15.6%), and protein destination and storage (15.6%). Most of these proteins were up-accumulated (n = 43) and functionally belong to disease/defense (37.5%), energy (25%), and protein destination and storage (25%). A similar function classification also had the down-accumulated proteins (n = 8) with rates of 23.2, 13.95, and 13.95% (Figures 4C, 5).
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FIGURE 5. Protein abundance changes among “untreated,” “1-MCP-treated,” and “O3-treated” apple fruits (cv. “Granny Smith”) inoculated or not with Botrytis cinerea compared with the non-inoculated and untreated apple fruits (control). Heat map of proteins that demonstrated statistically significant differences among the different experimental conditions. Color scale shows the relative abundance of each protein across the experimental conditions, as it has been calculated as log2 of the ratio of the protein abundance of all experimental conditions to the protein abundance to the corresponding control. Blue and red colors indicate, respectively, enhanced and reduced abundance. (*) indicates protein accumulation prevented by O3 treatment. Proteins correspond to those listed in Supplementary Tables S1A,B.


An overlap of 15 proteins modulated by both 1-MCP and O3 treatments was detected, whereas 11 and 36 proteins were affected exclusively by 1-MCP and O3 treatments, respectively (Figures 4A,D). These 15 proteins were mainly involved in energy (33.3%), protein destination and storage (26.6%), and disease/defense (13.3%) (Figures 4A,D), whereas the 11 and 36 solely 1-MCP- or O3-triggered proteins were associated with disease/defense or their classification was unclear (Figures 4A,D).



Functional Classification of Proteins Modulated by 1-Methylcyclopropene and O3 Treatments in Fruit Artificially Inoculated With Botrytis cinerea

Proteome comparisons were also performed to identify proteins modulated by 1-MCP and O3 treatments in the presence of B. cinerea compared with the untreated and non-inoculated fruits (control). Subsequently, three sets of apple proteins were defined: (1) a set of 50 proteins that were differentiated by the presence of the pathogen in untreated fruits (control vs. control-Bc) (Figure 6B and Supplementary Table S2), (2) a set of 49 proteins that were influenced by the pathogen and 1-MCP treatment (control vs. 1-MCP-Bc) (Figure 6C and Supplementary Table S2), and (3) a set of 40 proteins that were modulated by B. cinerea and O3 treatment (control vs. O3-Bc) (Figure 6D and Supplementary Table S2).
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FIGURE 6. (A) Venn diagram demonstrating the common and distinct differentially expressed proteins of 1-methylcyclopropene (1-MCP) and O3 application on apple proteome after 60 days of cold storage [1°C, relative humidity (RH) 95%]. Graphical representation of the functional classification of differentially expressed proteins in (B) Apple fruits inoculated with Botrytis cinerea, (C) Apple fruits treated with 1-MCP and inoculated with B. cinerea, and (D) Apple fruits inoculated with B. cinerea and incubated in O3 enriched-atmosphere chamber (0.3 μl L– 1, 1°C, RH 95%) and (E) Functional categorization of the unique and overlapping proteins presented in the Venn diagram (A). Symbols (+) and (-) present the up- and downregulated proteins on each treatment. Control: untreated and non-inoculated fruits. Control Bc: untreated, inoculated with B. cinerea fruits. 1-MCP Bc: I-MCP-treated fruits, inoculated with B. cinerea. O3 Bc: O3-treated fruits, inoculated with B. cinerea.


Functional classification revealed that the presence of B. cinerea significantly affected apple proteins, mainly those involved in disease/defense, metabolism, energy, and protein destination and storage. Inoculation with the pathogen triggered a great number of proteins (n = 50), which operated in disease/defense (30%), metabolism (30%), and energy (10%). In detail, most of these proteins were up-accumulated (n = 29) and involved in metabolism (38%) and disease/defense (31%), while down-accumulated proteins (n = 21) were associated with disease/defense (29%) and metabolism (19%) (Figures 5, 6B and Supplementary Table S2). The combination of artificial inoculations and 1-MCP treatment affected several proteins (n = 49) that are involved in metabolism (22%), protein destination and storage (20%), disease/defense (16%), and energy (16%). A great number of these proteins were downregulated (n = 26) and functionally associated with disease/defense (23%), protein destination and storage (23%), metabolism (15%), and energy (15%). A similar functional classification was observed in the up-accumulated proteins, which were associated with metabolism (30%), protein destination and storage (17%), and energy (17%) (Figures 5, 6C and Supplementary Table S2). The combination of artificial inoculations and O3 treatment affected 40 proteins that were mostly involved in metabolism (30%), disease/defense (25%), and protein destination and storage (13%). Among these 40 proteins, 23 were upregulated and mainly involved in disease/defense (39%) and metabolism (35%), while 17 proteins were downregulated proteins, and they were associated with metabolism (24%) and protein destination and storage (24%) (Figures 5, 6D and Supplementary Table S2).

Details of shared and distinct affected proteins among the untreated control and the 1-MCP- and O3-treated fruits that had been inoculated with B. cinerea are shown in Figures 6A,D. The common proteins shared among the three conditions (n = 13) were involved in metabolism (54%), protein destination and storage (15.4%), and energy (15.4%) (Figure 6E). Proteins related to disease/defense (31.6%) and metabolism (21%) were predominant in the set of proteins (n = 19) exclusively affected by the presence of the pathogen on the untreated fruits (Figure 6E). Common proteins between control and 1-MCP-treated and artificially inoculated fruits (n = 4) were associated with disease/defense (75%) and energy (25%), while control’s shared proteins with O3-treated and inoculated fruits (n = 14) were mainly involved in disease/defense (43%) and metabolism (28%) (Figure 6E). In 1-MCP-treated apple fruits inoculated with B. cinerea, a set of unique proteins (n = 27) were identified that were mainly related to protein destination and storage (22.2%), disease/defense (18.5%), and energy (18.5%). Proteins triggered uniquely (n = 8) by O3 treatment and the pathogen were associated with disease/defense (30%), while proteins commonly shared between O3- and 1-MCP-treated fruits that had been inoculated with the pathogen (n = 5) were mostly associated with protein destination and storage (40%) (Figure 6E).

The changes in apple proteins among untreated control, 1- MCP-, and O3-exposed fruits inoculated or not with B. cinerea compared with the non-inoculated and untreated fruits (control) are presented in Figure 5. Interestingly, the variations in accumulation levels of B. cinerea (Bc)-responsive proteins were prevented by O3 treatment compared with control (Figure 5). It is noted that a set of 50 proteins were differentiated by the presence of the pathogen (control vs. control-Bc), whereas the O3 treatment prevented the accumulation of almost half of them (n = 23), and their abundance was not different compared with that in the control. Such proteins included actin (spot nos. 23, 3,220, and 3,327), sorbitol dehydrogenase (spot no. 50), plastoglobulin (spot no. 317), dedydrin 8 (spot no. 1,507), stem-specific protein (spot no. 2,110), plasma membrane-associated cation-binding protein (spot no. 2,115), L-3-cyanoalanine synthase (spot no. 2,320), glyceraldehyde-3-phosphate dehydrogenase (spot no. 3,211, 9,313), ACCO (spot no. 3,220), glutamine synthetase (spot no. 4,314), glutamate decarboxylase (spot no. 4,517), aconitate hydratase (spot no. 5,840), AP-2 complex subunit alpha (spot no. 5,845), alpha-glucosidase (spot no. 5,845), apolipoprotein (spot no. 6,016), oxygen-evolving enhancer protein (spot no. 6,019), glutathione-S-transferase (spot no. 6,019), phosphoenolpyruvate carboxylase (spot no. 6,908), voltage-gated potassium channel subunit beta (spot no. 7,220), and porin (spot no. 9,117) (Figure 5).



DISCUSSION

Applications of ozone and especially 1-MCP have been widely distributed throughout the world as postharvest treatments to extend the storage period of apple. However, most of these studies focus on the anti-ripening and antimicrobial efficacy of 1-MCP and ozone treatment, respectively, and knowledge concerning the molecular effects of these chemical applications on major postharvest spoilage agents of apple fruits is quite limited. In this study, the effect of the postharvest treatments with 1-MCP and ozone on the development of gray mold caused by Botrytis cinerea on apple fruit (cv. “Granny Smith”) was investigated. We further employed a comparative study of the proteomic profiles among non-inoculated and inoculated fruits that were either exposed to 1-MCP and ozone or remain untreated. Such an experimental approach provides insights into the responses of apple fruits to B. cinerea infection as well as into the physiological function of 1-MCP and ozone in apple postharvest biology.

The ripening of fleshy fruit is associated with changes in susceptibility to pathogen infection since susceptibility significantly increases during ripening (Papavasileiou et al., 2020). Apple is a typical climacteric fruit, and its ripening process and postharvest behavior is controlled by ethylene (Karagiannis et al., 2018). In line, apple fruit ripening parameters such as SSC, TA, and firmness underwent reduction in untreated control fruits during storage compared with harvest stage. The application of 1-MCP contributed to a retention of fruit physiological characteristics at levels comparable with those during harvest, confirming previous studies (Janisiewicz et al., 2003; Kolniak-Ostek et al., 2014). Moreover, firmness and SSC remained unaffected in O3-treated fruits, supporting recent works in apples (Lv et al., 2019; Karagiannis et al., 2020).

The phenotypic characterization of apple fruit responses to B. cinerea showed that applications of 1-MCP did not contribute to the suppression of the pathogen. Disease incidence and severity caused by B. cinerea in 1-MCP-treated fruits was similar to that observed on untreated control fruits. Unpublished data of our group suggested that 1-MCP applications on another apple cultivar (cv. “Red Delicious”) increased fruit susceptibility to B. cinerea (Karaoglanidis, unpublished data). Previous studies on the effect of 1-MCP treatments on the control of B. cinerea on several horticultural commodities provided variable results. For example, applications of 1-MCP failed to protect tomato and pear fruits by B. cinerea or even led to an increased susceptibility (Díaz et al., 2002; Akagi and Stotz, 2007; Min et al., 2018), while on cut carnation flowers, 1-MCP treatment resulted in a reduction of gray mold incidence and severity (Seglie et al., 2012). However, it should be stated that fruit ripening stage at the time of 1-MCP application may be critical, as has been shown in avocado fruits that were 1-MCP treated and artificially inoculated with Colletotrichum gloeosporioides (Wang et al., 2006). In that study, early harvested avocado fruits treated with 1-MCP revealed significant inhibition of fruit ripening and the synthesis of (Z,Z)-1-acetoxy-2-hydroxy-4-oxo-heneicosa-12,15-diene (AFD), one of the most active antifungal compounds in avocado fruits (Wang et al., 2006).

An important result revealed by this study was that ozone exposure strongly reduced gray mold severity compared with control. In vitro studies have shown that ozone treatments in kiwifruit exhibited a strong toxic impact on B. cinerea conidia viability and a robust mycostatic activity on pathogen’s mycelial growth (Minas et al., 2010). However, the observed reduction of disease severity on O3-treated apple fruits could not be correlated with direct toxic effects of O3 on the conidia or mycelial growth. The artificially inoculated fruits were transferred to the ozonated chambers after some hours of incubation at 20°C. This is expected to allow the germination of conidia on fruit surface. Notably, previous studies on the effect of ozone exposure on apple fruits revealed an increased spoilage rate in ozone-treated apple fruits by unspecified spoilage agents (Antos et al., 2018). In contrast, Yaseen et al. (2015) reported a reduction in Penicillium expansum population densities on fruit surface. However, in the latter report, only surface fungal population was measured and not disease incidence or disease severity on infected fruits. More recently, in a study aiming to determine the effects of ozone treatments on fruits of different apple cultivars, it was reported that effects on apple fruit spoilage were cultivar dependent (Juhnevica-Radenkova et al., 2019).

To characterize the mechanisms behind the responses of 1-MCP- or O3-treated apple to B. cinerea, a comparative proteomic analysis was conducted on non-inoculated and artificially inoculated fruits. Initially, we performed a direct comparison of the proteome of fruits that were subjected to the two postharvest treatments tested, without artificial inoculation with B. cinerea. Using this approach, we determined differences in the protein abundance imposed by 1-MCP and ozone in the absence of pathogen that could be associated with the observed phenotypic response to B. cinerea. Data indicated that ozone induced a stronger alteration in non-inoculated fruit proteome compared with protein changes caused by 1-MCP. Such as greater protein impact of ozone treatment compared with that imposed by 1-MCP application has been described in kiwifruit (Minas et al., 2018). Interestingly, most of the changed ozone-responsive proteins were found to be up-accumulated, while, in contrast, most of the proteins changed by 1-MCP were found to be down-accumulated. The majority of the upregulated proteins in the O3-treated fruits were primarily involved in disease/defense. The obvious absence of defense-related proteins triggering by 1-MCP may explain, therefore, its failure to provide an efficient protection against B. cinerea. A similar down-accumulation of defense proteins, such as the PR proteins, has been observed in 1-MCP-treated kiwifruit (Minas et al., 2018) or banana fruits (Kesari et al., 2010). In contrast, in O3-treated fruits, both in the absence and in the presence of the pathogen, an upregulation of proteins belonging to the groups of allergen and major allergens was observed.

PR proteins are among the most widespread allergen proteins associated with plants, and they are, currently, organized in 17 distinct families. PR proteins are mainly induced by plant pathogens, but in addition, they can be synthesized in response to abiotic factors such as wounding (Buron-Moles et al., 2014; Sinha et al., 2014). Since ozone is a strong oxidative agent, it is possible that fruit exposure to it may induce the observed upregulation of PR proteins. In apple fruits, allergen proteins, belonging to diverse PR protein families, have been associated with fruit resistance to several fungal and bacterial pathogens, including B. cinerea (Krebitz et al., 2003; Beuning et al., 2004; Ballester et al., 2017; Banani et al., 2018). For instance, a thaumatin-like (PR-5) protein and a class III chitinase (PR-8) were associated with apple fruit resistance to B. cinerea (Banani et al., 2018). Similarly, three Mal d 1 proteins (PR-10 family proteins) were found to be induced in apple fruits in response to stress imposed by abiotic factors such as wounding and biotic factors such as the apple pathogen P. expansum or the non-apple pathogen Penicillium digitatum (Buron-Moles et al., 2015). Interestingly, some of these were upregulated by both Penicillium spp., while for at least one of them, a higher induction rate was observed in fruit challenged with the apple non-pathogen P. digitatum, providing evidence for its role in the resistance of apple fruits to P. digitatum (Buron-Moles et al., 2015). In another study aimed to determine the proteome profile of apple varieties susceptible and resistant to Alternaria alternata, another necrotrophic pathogen of apple, two major allergens, a glucanase (PR-2 family), and a thaumatin-like protein (PR-5 family) were associated with resistance to this disease (Ni et al., 2017). In addition to apple fruits, allergen and major allergen PR proteins have been found to play a major role in the tolerance to B. cinerea infections on several other hosts such as strawberry or grape (Monteiro et al., 2003; Haile et al., 2019). Taking into account the variability and complexity that exist within the group of allergen and major allergen proteins of apple fruits, further studies are required to determine precisely the role of each of them in the response of apple fruits to the stress imposed by B. cinerea or other spoilage agents and to understand how they regulate the defense responses of the host.

Dynamic changes in fruit proteome were observed in the presence of B. cinerea in all the types of fruits tested (control, 1-MCP treated, and O3 treated). A similar strong modulation of host proteome by pathogen infection has been described in numerous previous reports including the interaction of B. cinerea with tomato (Tzortzakis, 2019). Interestingly, in O3-treated fruits, a significant number of disease/defense-related proteins were upregulated in comparison with the control fruits. Among these disease/defense-related proteins, the higher accumulation levels were observed for allergen, major allergen, putative nucleotide-binding site leucine-rich repeat (NBS-LRR) disease resistance protein, major latex protein (MLP)-like protein, and 2-Cys peroxiredoxin (2-Cys Prx). All these proteins have been found to play a significant role in the interactions of several plant species including apple with biotic stress factors, and most of them are induced by the ethylene signaling pathway. The critical role of ethylene in the initiation of defense responses of apple fruits against B. cinerea had previously been determined (Akagi et al., 2011). Herein, ACO, which catalyzes the last steps of ethylene biosynthesis, was induced by B. cinerea in the O3-treated fruits, while it remained unaffected by B. cinerea in 1-MCP-treated fruits. Moreover, ACO was down-accumulated in non-inoculated fruits that were treated with 1-MCP or exposed to ozone, confirming previous observations (Minas et al., 2018). A similar down-accumulation of ACO was observed in O3-exposed tomato fruits (Tzortzakis et al., 2013). However, on the same fruits, ACO was also found to be suppressed in O3-treated fruits challenged with B. cinerea (Tzortzakis et al., 2013; Tzortzakis, 2019). Our data suggest that ACO was up-accumulated by the pathogen’s presence only in O3-treated apple fruits. Thus, the observed relative resistance of ozone-exposed fruits to B. cinerea infections may be explained by the induction of ethylene signaling that would initiate defense responses.

The current proteomic analysis further indicated that 2-Cys Prx was specifically up-accumulated in the O3-exposed fruits that had been inoculated with B. cinerea. 2-Cys Prx is a distinct subgroup within the family of peroxiredoxins (PRXs) that are associated with resistance of plants to both biotic and abiotic stress, while in apple fruits, their downregulation has been linked to A. alternata susceptibility (Borges et al., 2013; Ni et al., 2017; Ojeda et al., 2018). Given that PRXs are highly conserved antioxidant proteins that scavenge reactive oxygen species (ROS) (Zhang et al., 2019), it can be hypothesized that the increased abundance of 2-Cys Prx in O3-treated fruit reduces ROS level in the host and protects apple cells from the pathogen invasion. It is well established that production of ROS is one of the earliest response of plant tissues to pathogen attacks (Lamb and Dixon, 1997). However, this defense response is primarily effective against biotrophic pathogens, while necrotrophic pathogens such as B. cinerea may take advantage in the infection process of host tissues by the generation of ROS produced by the host or even B. cinerea itself (Govrin and Levine, 2000; Heller and Tudzynski, 2011). In our study, several ROS-related proteins such as PRX, glutathione peroxidase 8 isoform, oxygen-evolving enhancer protein, and glutathione S-transferase were depressed in 1-MCP-treated fruits that were challenged with B. cinerea. These proteins are part of the antioxidant system of the plants participating in their redox homeostasis by suppressing ROS accumulation (Ozyigit et al., 2016; Gullner et al., 2018), while many of them are considered as ripening-induced proteins in apple fruits and other commodities (Nishitani et al., 2010; Zheng et al., 2013; Shi et al., 2014). The observed down-accumulation of these proteins in apple exposed to both 1-MCP and B. cinerea suggests that high ROS accumulation occurs in fruits, which facilitates pathogen growth and contributes to the increased susceptibility of 1-MCP-treated apple to pathogen.

The upregulation of the NBS-LRR protein in the O3-treated fruits in the presence of B. cinerea was another interesting finding of this study. Several putative NBS-LRR proteins have been identified from the whole genome data set of apple, although functional characterization was not conducted (Arya et al., 2014). The NBS-LRR proteins are considered R gene products, and their overexpression is usually associated with resistance to biotrophic or hemibiotrophic pathogens (Galli et al., 2010). However, recently, it was demonstrated that an NBS-LRR protein confers resistance of wheat to Rhizoctonia cerealis (Zhu et al., 2017). An induction of an NBS-LRR protein encoding gene was observed in ripe strawberry fruits inoculated by B. cinerea, while the same gene was found to be downregulated in unripe and pathogen-tolerant fruits (Haile et al., 2019). Therefore, taking into account that NBS-LRR proteins are involved in hypersensitive responses at the site of pathogen entry, it was proposed that their upregulation may assist B. cinerea in infecting the ripe strawberry fruits (Haile et al., 2019). Whether a similar response occurs in O3-treated fruits challenged with B. cinerea remains to be further investigated.

The last defense-associated protein found to be upregulated in the O3-exposed fruits inoculated with B. cinerea was the MLP. MLP and the orthologs of MLP (MLP-like protein) belong to the PR10 family and have been found in several plant species, including apple, and most of them are expressed during fruit ripening (He et al., 2020; Song et al., 2020). Although the precise molecular basis of protection of plants by MLPs against plant pathogens currently is unclear, evidence has been provided for their induction on several plant hosts against a wide range of plant pathogens such as fungi, viruses, and phytoplasmas (Segarra et al., 2013; Yang et al., 2015; Gai et al., 2018; Song et al., 2020).

In the current study, we focused on the determination of dynamic changes in apple fruit proteome in response to 1-MCP or ozone treatments. However, the same treatments may also affect the proteome and the secretome of the fungus itself. It is already known from previous studies that the biochemical characteristics of the fungus growth substrate may strongly influence its secretome that plays a crucial role in its pathogenicity (Shah et al., 2009; Li et al., 2012). For instance, it has been shown that in host tissues of lower pH, the fungus preferentially secretes proteins associated with proteolysis rather than cell wall-degrading enzymes (CWDEs), while in host tissues of higher pH, CWDEs are preferentially secreted by B. cinerea (Li et al., 2012). Future research on the role of the tested postharvest treatments on the differential induction of fungus secretome could provide further explanations for the observed tolerance of O3-treated apple fruits to gray mold.



CONCLUSION

Data presented in the current study represent a first attempt to investigate the impact of 1-MCP and ozone applications on the development of Botrytis cinerea, a major agent of postharvest decay of “Granny Smith” apple fruit. Although 1-MCP was not able to affect the B. cinerea development, ozone treatment effectively suppressed the disease severity. Proteomic analysis has allowed the detection of various apple fruit proteins and their specific accumulation pattern in response to 1-MCP and ozone treatments in the presence and the absence of B. cinerea, thus allowing an identification of differentially accumulated proteins in both types of interactions. Fruits treated with ozone exhibited larger proteome programming than 1-MCP exposed apples and possessed a more sensitive defense system when the fruits were challenged with subsequent B. cinerea infection. The current study provides a deeper understanding of the interactions among 1-MCP or ozone treatments and B. cinerea in apple fruits and underlines the mechanism of action of the two postharvest applications against gray mold.
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Net blotch, induced by the ascomycete Pyrenophora teres, has become among the most important disease of barley (Hordeum vulgare L.). Easily recognizable by brown reticulated stripes on the sensitive barley leaves, net blotch reduces the yield by up to 40% and decreases seed quality. The life cycle, the mode of dispersion and the development of the pathogen, allow a quick contamination of the host. Crop residues, seeds, and wild grass species are the inoculum sources to spread the disease. The interaction between the barley plant and the fungus is complex and involves physiological changes with the emergence of symptoms on barley and genetic changes including the modulation of different genes involved in the defense pathways. The genes of net blotch resistance have been identified and their localizations are distributed on seven barley chromosomes. Considering the importance of this disease, several management approaches have been performed to control net blotch. One of them is the use of beneficial bacteria colonizing the rhizosphere, collectively referred to as Plant Growth Promoting Rhizobacteria. Several studies have reported the protective role of these bacteria and their metabolites against potential pathogens. Based on the available data, we expose a comprehensive review of Pyrenophora teres including its morphology, interaction with the host plant and means of control.

Keywords: barley, Hordeum vulgare L., Pyrenophora teres, net blotch, plant growth promoting rhizobacteria


INTRODUCTION

Worldwide, net blotch caused by Pyrenophora teres Drechsler [anamorph Drechslera teres (Sacc.) Shoem] is a major foliar disease of barley (Hordeum vulgare L.) causing economic losses by reducing the grain quantity and quality. According to Smedegard-Petersen (1971), net blotch exists in two different forms: the spot and net form of net blotch (SFNB and NFNB), caused by P. teres f. maculata (Ptm) and P. teres f. teres (Ptt) respectively (Smedegård-Petersen, 1976). These two forms have been identified as similar morphologically, however, different at the genetic and pathophysiological levels (Campbell et al., 1999; Liu et al., 2011; Akhavan et al., 2016). Ptt forms dark-brown and longitudinal necrotic lesions, which can turn chlorotic (Lightfoot and Able, 2010), while Ptm is responsible for dark brown circular or elliptical spots with chlorosis on the surrounding leaf tissues (Gupta and Loughman, 2001; Jayasena et al., 2004). The differentiation of these forms has been reported in Sweden (Jonsson et al., 1997), France (Arabi et al., 1992), Western Australia (Gupta and Loughman, 2001), South Africa (Louw et al., 1996), and Western Canada (Akhavan et al., 2016).

The distinction between these two forms is also due to differences in fungal growth and in symptoms’ development (Lightfoot and Able, 2010). Indeed, compared to Ptt, Ptm germinates slowly. Additionally, Ptm forms more intracellular vesicles compared to Ptt and is responsible of the leaf cell death within the fungal penetration area. The hyphal growth of Ptt is more extensive than Ptm before the formation of appressoria on the leaf surface. The time required for Ptm infection is also shorter than Ptt (Liu et al., 2011). Therefore, Ptt feeds and infects as a necrotroph during the infection period and grows only intercellularly. Contrary, Ptm initially develops haustorial-like intracellular vesicles, feeding similarly to a biotroph, and then switches quickly to a necrotrophic growth. Thus, Ptt behaves as a necrotroph, while Ptm acts as a hemibiotroph (Lightfoot and Able, 2010). A recent study has demonstrated that Ptm has significantly higher necrotrophic and saprotrophic growth rates than Ptt (Ronen et al., 2019). Several toxins are produced by both forms of P. teres (Bach et al., 1979; Nukina et al., 1980; Barrault et al., 1982; Friis et al., 1991; Weiergang et al., 2002), namely proteinaceous toxins and low molecular weight aspergillomarasmine-derived toxins contributing to the necrosis and chlorosis (Sarpeleh et al., 2007, 2008). Ptt produces greater quantities of toxins in the culture medium (Lightfoot and Able, 2010). In addition, the toxin composition and amount are different and remain to be established in planta.

Pyrenophora teres f. teres and Pyrenophora teres f. maculata are morphologically very similar, while the disease symptoms are different. Recent studies have shown that they are two phylogenetically distinct species, which are considered to be genetically autonomous populations (Akhavan et al., 2016). A period of evolutionary separation has been suggested thanks to a study of intergenic regions (Ellwood et al., 2012). Primers were developed on the basis of Internal Transcripted Spacer (ITS) regions and they allow to identify and distinguish the two forms of P. teres (Leisova et al., 2006; Mclean et al., 2009). In several parts of the world, the genetic diversity and population of P. teres were explored by using random amplified polymorphic DNA (RAPD; Peever and Milgroom, 1994; Campbell et al., 1999, 2002), amplified fragment length polymorphism (AFLP; Rau et al., 2003; Leisova et al., 2005; Serenius et al., 2007), and simple sequence repeat (SSR) analysis (Keiper et al., 2008; Bogacki et al., 2010; Leišová-Svobodová et al., 2014). In addition, both forms of P. teres have cycles of sexual reproduction occurring on overwintering crop residues followed by multiple cycles of asexual reproduction during the vegetative season (Piening, 1968; Duczek et al., 1999). Therefore, Ptt and Ptm have a mixed breeding and an outcrossing mating system. Because of these characteristics, Ptt and Ptm fall into the category of pathogens having a high capacity to adapt to resistance genes of the plant host as well as to fungicides. The recombination between P. teres isolates can lead to multiple resistances, for example, towards several triazoles (Jalli, 2011; Poudel et al., 2018). Studies have reported that the sexual reproduction between Ptt and Ptm is inducible under laboratory conditions (Campbell et al., 1999; Jalli, 2011). However, other studies have indicated that, under field conditions, hybridizations between Ptt and Ptm are unusual or even absent (Rau et al., 2003, 2007; Serenius et al., 2007; Poudel et al., 2018).

The first genome assembly of Ptt was obtained using the Illumina Solexa sequencing platform leading to a 41.95 Mbp of total assembly size (Ellwood et al., 2010). There have since been additional genomes sequenced and deposited in publicly available repositories including 11 P. teres f. teres genomes and five P. teres f. maculata genomes (Wyatt et al., 2018; Wyatt and Friesen, 2020). The genome assemblies of both forms of P. teres were constructed from long DNA reads, optical and genetic maps. These genomes are highly collinear and each one is composed of 12 chromosomes. The Ptt genome is larger and more repetitive than the Ptm genome (Syme et al., 2018).

In 1973, Shipton and collaborators published the first review on barley net blotch. This review compiled available information concerning the repartition and importance of the disease (Shipton et al., 1973). From 1973 to 2011, other reviews have been published describing the disease epidemiology and the host resistance toward Ptm (Mclean et al., 2009; Liu et al., 2011). In 2020, Clare and collaborators reported the brief consensus maps for all loci published for both barley and P. teres (Clare et al., 2020). To the best of our knowledge, no review has yet described the pathology of the fungus in relation with biological means to increase the resistance of the host. Beneficial bacteria are attracting attention in light of their potential use in agriculture (Babalola, 2010; Dutta and Podile, 2010; Vejan et al., 2016, 2019; Ferreira et al., 2019; Kumari et al., 2019; Prasad et al., 2019; Kumar et al., 2020). The present review provides an overview of the existing knowledge on the interaction between P. teres and barley and summarizes the current and ongoing research on P. teres. It also presents the morphological description, development of the fungus and the interaction with barley, and synthesizes the knowledge on current means used to manage net blotch.



TAXONOMY HISTORY AND FOCUS ON PYRENOPHORA SPECIES

Established in 1809, the genus Helminthosporium became the repository for a large number of described taxa (Alcorn, 1988). Helminthosporium species attack the graminaceous plants in temperate regions (Sampson and Western, 1940). For instance, in 1943, Helminthosporium oryzae destroyed 90% of the rice in India, leading to a famine situation (Padmanabhan, 1973). This virulence was due to an increase of (i) the mean temperature, (ii) the rainfall, and (iii) the relative humidity. Nowadays, the major climate-change factors, including the increasing CO2, lead to an increase in humidity and therefore to optimal conditions for fungal development (Luck et al., 2011; Mikkelsen et al., 2015).

In 1923, Drechsler distinguished Helminthosporium species with cylindrical conidia growing over the whole cell surface and species with fusoid conidia germinating only at their ends (Drechsler, 1923). In 1929, Nisikado proposed two subgenera based on the description of Drechsler: Cylindro-Helminthosporium and Eu-Helminthosporium (Nisikado, 1929; Shoemaker, 1959; Alcorn, 1988). Later, Luttrell (1963) highlighted the differences between Helminthosporium sensu stricto and Graminicolous species in the development of conidia and conidiophores. Depending on the sexual states, Graminicolous species were separated into three genera, Bipolaris, Drechslera, and Exserohilum or Cochliobolus, Pyrenophora and Setosphaeria, respectively (Ibrahim et al., 1966; Ariyawansa, 2014). The genus Bipolaris contains Eu-Helminthosporium of Nisikado and Helminthosporium for lignicolous species (Shoemaker, 1959; Alcorn, 1988). Leonard and Suggs (1974) established the Exserohilum genus for species having strongly protuberant conidial hilum (Alcorn, 1988). In 1930, Cylindro-Helminthosporium became a genus under the name of Pyrenophora by Ito (1930).

Pyrenophora accounts for 135 species listed in Index Fungorum (2014), most of which are not pathogenic to humans (Ariyawansa, 2014). Gramineae and, more specifically, Hordeum vulgare, are considered as the main hosts for Pyrenophora. Depending on the barley’s symptoms, different species of Pyrenophora can be distinguished. Table 1 summarizes the main species of Pyrenophora involved in barley diseases.



TABLE 1. Summary of the different species of Pyrenophora, pathogen of barley.
[image: Table1]

Pyrenophora graminea [Ito & Kuribayashi; anamorph stage: Drechslera graminea (Rabenhorst ex Schlechtendal Shoemaker], is a seed-borne pathogen of barley causing leaf stripe (Porta-Puglia et al., 1986). Pyrenophora japonica S. Ito & Kurib. (anamorph stage: Drechslera tuberosa Shoemaker) is identified as the agent causing leaf spot symptoms on barley (Campbell et al., 1999). Net blotch caused by P. teres [anamorph stage: D. teres (Sacc.) Shoemaker Drechsler] belongs to the kingdom Fungi, phylum Ascomycota, subphylum Pezizomycotina, and class Dothideomycetes (Figure 1; Liu et al., 2011).

[image: Figure 1]

FIGURE 1. Phylogenetic tree of fungi according to MycoCosm portal (adapted from Grigoriev et al., 2014). According to this phylogenetic tree, Pyrenophora teres belongs to the kingdom Fungi, phylum Ascomycota, subphylum Pezizomucotina, and class Dothideomycetes.




DISTRIBUTION AND ECONOMIC IMPACT OF NET BLOTCH

The ascomycete P. teres is the causal agent of net blotch on spring and winter barley. During the last decades, P. teres has spread throughout the world and ravaged crops in many countries: Australia (Gupta and Loughman, 2001; Mclean et al., 2010), Canada (Turkington et al., 2002; Akhavan et al., 2016), Europe (Dennis and Foister, 1942; Arabi et al., 1992; Plessl et al., 2005), South Africa (Smith and Rattray, 1930; Louw et al., 1996; Campbell et al., 1999), and the United States (Lartey et al., 2012). Net blotch causes important economic problems by reducing barley seed’s quality (Shipton, 1966; Plessl et al., 2005; Jayasena et al., 2007). For instance, in Australia, the economic losses are estimated to be $ 117 × 106 per year (Murray and Brennan, 2010). In addition, yield losses might reach 40% in years with extensive rainfall in Germany (Plessl et al., 2005).



SYMPTOMATOLOGY

Pyrenophora teres causes disease and can infect leaves, stems, and kernels of barley (Liu et al., 2011). Like other plant diseases, symptoms’ appearance is dependent on the pathogen virulence, host genotype, and environment. Damages are different on resistant and susceptible varieties. Only few dot-like lesions are present with no development of a net-like pattern on highly resistant barley (Mclean et al., 2009; Liu et al., 2011).

On susceptible varieties, the disease evolves quickly as shown in Figure 2. Twenty-two hours post infection on a six row winter barley named Siberia, the first symptoms appear as brown necrotic spots on infected tissues increasing in size to form elliptical or fusiform lesions to 3 by 6 mm (Figure 2B; Keon and Hargreaves, 1983; Mclean et al., 2009). These necrotic lesions may be accompanied by chlorotic lesions of varying width (Figure 2C). Upon further fungal development, these chlorotic lesions might lead to the entire leaf’s death (Figure 2D). The first wilts appear 40 h after infection (Barrault et al., 1982; Arabi et al., 2003). Then, the oldest leaves start to wither, followed by the youngest.

[image: Figure 2]

FIGURE 2. Symptoms caused by P. teres on Siberia barley leaves. Control (A), 4 days after infection (B), 7 days after infection (C), and 10 days after infection (D).


These symptoms closely resemble those caused by P. japonica (Scott et al., 1991) and Cochliobolus sativus (Van den Berg, 1988), therefore examination of the conidia is often necessary to distinguish the pathogen agent (Mclean et al., 2009).


Toxins’ Production

The symptoms caused by P. teres are partially induced by various toxins (Weiergang et al., 2002). The produced phytotoxic compounds include pyrenolides, pyrenolines, and three peptide alkaloids, aspergilomarasmine A and its derivatives (Muria-Gonzalez et al., 2020). Pyrenolines (A and B) and pyrenolides (A, B, C, and D) constitute general toxins affecting different plants (Nukina and Hirota, 1992; Sarpeleh et al., 2007) and induced only brown necrotic spots or lesions similar to those induced by the pathogen 72 h after inoculation (Sarpeleh et al., 2007). Pyrenolines A and B represent a class of bioactive metabolites produced by P. teres (Coval et al., 1990). While tested on both monocots and dicots, pyrenoline A shows no host specificity. In addition, pyrenoline B is also active on several plant species but at higher concentrations compared to pyrenoline A. Pyrenolides A, B, and C produced by P. teres, exhibit growth inhibiting and morphogenic activities towards other fungi. For instance, the application of pyrenolide C allows hyphal growth inhibition and the formation of many irregularly swollen hyphae in Cochliobolous lunata (Nukina et al., 1980).

In addition to pyrenolines and pyrenolides, P. teres also produces three other toxins, designated as N-(2-amino-2-carboxyethyl) aspartic acid, anhydrospergillomarasmine A, and aspergilomarasmine A, symbolized by A, B, and C, respectively (Barrault et al., 1982; Friis et al., 1991). These peptides are thermostable with a low molecular weight and cause chlorosis, rather than the classical net blotch necrosis, after infiltration of the pure compound (Muria-Gonzalez et al., 2020). The aspergilomarasmines were first described by Haenni et al. (1965), as metabolites of Aspergillus oryzae and Aspergillus flavus (Haenni et al., 1965). According to their chemical structures, toxin A might be a precursor of toxin C (Figure 3; Friis et al., 1991).

[image: Figure 3]

FIGURE 3. The biosynthetic pathway of aspergilomarasmine A (toxin C) and its derivatives (toxin A and toxin B) and their chemical structures (inspired from Friis et al., 1991).


These toxins are involved in the development of the net blotch symptoms (Mikhailova et al., 2010). Toxin A is responsible for necrosis, while toxin B and C cause chlorosis (Weiergang et al., 2002; Mikhailova et al., 2010). Moreover, aspergilomarasmines A and B disturb the water balance of the plant cell. Their activities are enhanced by the presence of metal ions, especially ferric ions (Friis et al., 1991). Separated by electrophoresis, toxin C is the first detectable toxin, which is accumulated between 10 and 16 days after inoculation (Friis et al., 1991). The quantity of toxins produced by the fungus impacts the severity of symptoms (Sarpeleh et al., 2007; Mclean et al., 2009). Aspergilomarasmine A (toxin C) and its derivative (toxin A) are toxics at a concentration of 0.25 mmol/L, while the other derivative of aspergilomarasmine A, toxin B, is toxic at 1 mmol/L (Bach et al., 1979; Weiergang et al., 2002). These three peptides belong to host-specific toxins (HST; Stergiopoulos et al., 2013). Their activities are dependent on the age of plants with a higher level on young leaves (Sarpeleh et al., 2008). Toxins of P. teres are considered as virulence factors defined as the degree of damage caused to a host and not as pathogenicity factors representing the qualitative capacity of a pathogen to infect and cause disease on a host (Sacristán and García-Arenal, 2008; Jalli, 2011).



Origin of Contamination

Characterized as a hemibiotroph, P. teres survives saprophytically between cropping seasons. The pathogen is present as mycelium on host crop residues, on seeds before sowing or wild grass species, forming a source of primary inoculum (Jordan and Allen, 1984; Brown et al., 1993). Pyrenophora teres is able to contaminate young shoots and the coleoptile (Jordan, 1981). The pathogenic factor and the quantity of primary inoculum from infected residues depend on several factors. Firstly, the environmental conditions and, more specifically, long periods of wet, increase the primary inoculum levels (Mclean et al., 2009). The amount of residues also directly impacts the disease intensity since the inoculum survives on infected residues. Secondly, the disease levels vary greatly depending on the cultural practice applied. Crop rotation, avoiding barley monoculture and eliminating or reducing primary inoculum in the field are means preventing the pathogen’s development (Liu et al., 2011). For instance, a minimum of 2 years between barley crops is required to prevent net blotch disease (Duczek et al., 1999). Concerning wild grass species, P. teres can infect Agropyron, Bromus, Elymus, Hordelymus, Stipa, and other Hordeum spp. (Mclean et al., 2009). These wild grass species can impact the epidemiology of net blotch, but they do not provide a significant additional inoculum to the next year’s crop (Brown et al., 1993).



Life Cycle of Pyrenophora teres

The P. teres lifecycle implies both an asexual and a sexual stage (Figure 4; Jalli, 2011). Conidia are produced during the asexual stage, whereas the sexual stage involves reproduction between isolates of compatible mating types and genetic recombination to produce ascospores (Fowler et al., 2017). The asexual stage occurs during the summer period on residues of the previous barley crop, and triggers the infection in autumn. At the end of the growing season, the fungus produces dark, globosely shaped pseudothecia, 1–2 mm in diameter (Figure 5A; Mclean et al., 2009). As sexual organs, pseudothecia represent the teleomorph or perfect state of P. teres. Once mature, pseudothecia produce asci containing three to eight ascospores measuring 18–28 μm × 43–61 μm, light brown and helical in shape (Liu et al., 2011). The ascospores production is temperature-dependent with an optimum between 15 and 20°C (Jordan, 1981; Mironenko et al., 2005). The spores have three or four transverse septa (Figure 5B). These ascospores are released on infected residues (Figure 5C) until spring constituting the primary inoculum (Duczek et al., 1999). These ascospores are dispersed into the air by the wind, or are splash-dispersed by the rain (Figure 4; Deadman and Cooke, 1989).
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FIGURE 4. Dynamics of net blotch epidemics adapted from Suffert et al. (2011). Red arrows indicate P. teres wind-dispersed infections and blue arrows indicate splash-dispersed infections. The months with a brown color indicate that the source of inoculum comes from swarming debris on the soil, while the months with a green color indicate a source of inoculum mainly from the aerial parts of the plants. The numbers indicate the pathogen’s infection stages: 1: infection by P. teres ascospores present on infected barley debris; 2: mycelium present on grass species infects barley young plants; 3: the net blotch disease progresses from the bottom to the top of the barley plant; 4: disseminated by the wind, conidia contaminate other barley plants; 5: heavily infected crops show abortion of the ear; and 6: Pyrenophora teres colonizes the senescent tissues and produces perithecia on straw and grass species.
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FIGURE 5. Vegetative and reproductive forms of P. teres and its symptoms on barley leaves. Mycelium of P. teres in barley leaf deposited on PDA medium (A), conidia of P. teres (B), chlorosis and necrosis symptoms on barley leaf caused by P. teres (C), and penetration of mycelium (red arrow) through barley leaf (D).


Following the primary infection, P. teres produces conidia measuring 30–174 μm × 15–23 μm constituting the asexual cycle (Liu et al., 2011). Generally, conidia are elongated with rounded ends. This secondary infection sets in 14–20 days after the primary infection and increases the severity of the disease (Mclean et al., 2009). The conidia, considered as the anamorph stage or imperfect stage of P. teres are found on conidiophores, solitary or grouped by two or three and swollen at the base (Mclean et al., 2009). Conidiophores need light to develop whereas conidia appear in the darkness (Wright and Sutton, 1990). Conidia of P. teres are recognizable from other pathogens due to their inside septum (Alcorn, 1988). The conidia are qualified as viable when they present more than two segments, otherwise they will not germinate and cannot penetrate plant tissues (Figure 5D). Between April and August, conidia are disseminated by the wind and/or rainfall to surrounding barley plants, or carried for long distances to reach new barley fields initiating, thus, the secondary infection cycle (Figure 4; Duczek et al., 1999). The infection process begins with the germination of ascospores or conidia on leaves. After penetrating the outer epidermal cell wall of barley, P. teres develops within a large intracellular vesicle called the primary vesicle (Liu et al., 2011). Then, vesicles are formed inside the sub-stomatal chamber leading to haustoria, the secondary hyphae (Keon and Hargreaves, 1983).

Thus, the pathogen contaminates the leaf, particularly the epidermal cells, within 48 h post infection (Jørgensen et al., 1998). The disease progresses from the bottom to the top of the plant (Figure 4). Further, the severity of damages is lower in older plants. Indeed, the older plants have a thicker cuticle limiting the penetration of the pathogen and have a greater capacity for producing antifungal substances (Khan and Boyd, 1969; Douiyssi et al., 1998). Once secondary infection is completed, P. teres colonizes the senescent tissues and produces pseudothecia on straw or weed residues (Figure 4; Liu et al., 2011).




METHODS FOR THE DISEASE ASSESSMENT

Field trials can be tested, known as “hill summer,” to follow the development of the disease and to test resistance to net blotch in different barley cultivars. For hill summer trials, barley seeds are sown in hill plots at a distance between hills of 50 cm at the beginning of August. Pyrenophora teres inoculation is conducted by distributing naturally infested straw debris before sowing (early August; König et al., 2013; Vatter et al., 2017).

The evaluation of the disease in the laboratory and under controlled conditions is as follows: the barley plants are grown in controlled enclosure (temperature, humidity, and light) following a cycle of 23°C day/22°C night, 80% relative humidity, 14/10 h day/night photoperiod. For example, the P. teres pathogen can be sprayed with a sprayer on the leaves at different stages of growth after sowing in order to follow the disease development. For the control condition, the barley plants are sprayed with a sterile water solution. As soon as the pathogen is inoculated, the barley plants are placed in a hood to increase the humidity level, allowing the pathogen to improve its development. This same experiment can be carried out in a greenhouse under less controlled conditions, i.e., with a natural photoperiod.

The disease can also be followed on detached leaves (Figure 6). Indeed, the detached plant leaf assay is a rapid technique of assessment under controlled conditions. For this experiment, barley leaves are cut to equal lengths and then placed on filter paper or on an agar-agar medium deposited or poured into a sterile plastic Petri dish. The barley leaves can be kept taut by means of agar–agar bands. Then, the inoculation is carried out by depositing 5–10 μl of a suspension of P. teres spores on previously injured barley leaves (Deadman and Cooke, 1986; El-Mor et al., 2017).
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FIGURE 6. Assessment on detached leaves. The barley leaves were disinfected in an ethanol bath at 70°C followed by rinsing in three successive sterile water baths. All the leaves were cut to the same length then placed on agar-agar medium. These leaves were then wounded with a wooden pick. A volume of 10 μl was deposited at the level of the wound containing sterile water for a control condition (A) or P. teres spores at a concentration of 105 spores.ml−1 for the infected condition (B).


The infection response based on the measurement of individual lesion sizes (dimension; mm) for each second leaf was assessed 15 days after inoculation of P. teres. The 0–5 scale was used in this methods, where the scores 0–5 indicate resistant and increasingly susceptible barley phenotypes (Arabi and Jawhar, 2010). The disease severity for net blotch was scored on a dozen barley plants using modified Saari and Prescott’s double-digit scale (D1D2, 00–99) scoring method, which was based on the severity scale to assess foliar diseases in cereals. The first digit (D1) represents the relative height of the disease on the plant and corresponds to the vertical disease progression. The second digit (D2) refers to the severity measured as diseased leaf area (Saari and Prescott, 1975; Jalata et al., 2020).



GENETICS OF THE INTERACTION BETWEEN BARLEY AND PYRENOPHORA TERES

At the molecular level, several mechanisms are involved during the interaction between P. teres and barley. In many fungal diseases, the infection cycle begins with the development of penetration structures triggered by the perception of chemical and/or physical signals from the plant surface. During the initial interaction, the mitogen-activated protein kinase (MAPK) signal transduction pathway plays crucial roles in the pathogenesis process. In P. teres, the MAPK PTK1 gene allows the conidiation, appressorium formation, and pathogenicity on barley (Figure 7; Ruiz-Roldán et al., 2001). Other proteins containing a common domain in several fungal extracellular membrane proteins (CFEM), an eight cysteine-containing domain, are also required for appressorium development. CFEM-containing proteins could act as signal transducers or cell-surface receptors during host-pathogen interactions (Kulkarni et al., 2003; Ismail et al., 2014a).
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FIGURE 7. The schematic model of the fungal growth and symptoms’ development in a susceptible barley leaf. Each enzyme occurs at a specific time of infection. At 24 h, the spores germinate and form an appressorium through the plant epidermis supposing a biotrophic stage. By 96 h, P. teres is growing inside the barley leaf and develops chlorosis and necrosis suggesting a necrotroph stage. Colored bars represent the genes expressed during the plant/pathogen interaction and describe their molecular function(s) (Inspired from Ismail and Able, 2017).


Pyrenophora teres is able to modulate its cell wall in function of the vegetative or reproductive state and of the culture media used. Indeed, genes involved in the synthesis and remodeling of cell wall polysaccharides, namely chitin, β-(1,3)-glucan, mixed-linkage glucan, as well as endo/exoglucanases and a MAPK, varied in expression in P. teres spores and mycelium after cultivation on several media (Backes et al., 2020).

The cell wall of barley constitutes the first barrier to P. teres. To infect the plant, P. teres produces proteins degrading the plant cell wall (Muria-Gonzalez et al., 2020). These enzymes belong to cell wall degrading enzymes (CWDE; Figure 7). Each of these enzymes plays a role at several time points during the plant-pathogen interaction. Pyrenophora teres is characterized as a hemibiotrophic pathogen appearing as a biotroph during the first 24–48 h in contact with its host before switching to the necrotrophic stage (Ismail and Able, 2017). So, cutinase degrades the plant cuticle and participates to the initial colonization of plant tissues. Some of these proteins have been identified such as endo-(1,4)-β-xylanase and glucan-(1,3)-β-glucosidase precursors (Ismail et al., 2014b; Ismail and Able, 2016). Endo-(1,4)-β-xylanase is the key enzyme responsible for degradation of xylan, predominant hemicellulose in the plant cell (Beliën et al., 2006). Glucan-(1,3)-β-glucosidase precursor catalyzes the liberation of α-glucose from β-(1,3)-glucan, other principal component of plant cell wall (Boonvitthya et al., 2012). According to Ismail and Able (2017), genes coding for glycoside hydrolase family 43 protein, glycoside hydrolase family 105 protein, and endoglucanase-5 are highly expressed during the barley – P. teres interaction (Figure 7).

After the pathogen attack, the carbohydrate metabolism is impacted in plants. In barley, the sugar transporter genes are induced after pathogen attack (Williams et al., 2000; Bogacki et al., 2008). In the same way, the gene coding for a putative invertase allows to satisfy the increased metabolic demand on barley leaf tissue. An invertase-encoding gene, which cleaves sucrose to glucose and fructose, is induced in plants infected by fungal pathogens (Fotopoulos et al., 2003). The energy normally used for the primary metabolism is intended for defense mechanisms activated by the host plant against pathogens (Rojas et al., 2014). Consequently, these energy requirements for plant defense responses decrease the yield in barley (Shipton, 1966; Rojas et al., 2014).

Filamentous fungi may also produce effectors or proteinaceous toxins to facilitate the susceptible host colonization and notably cereal hosts (Gardiner et al., 2012; Ismail et al., 2014b; Muria-Gonzalez et al., 2020). Three proteins have been identified in P. teres: a cysteine hydrolase family protein, an endo-1,4- β-xylanase A, and an unknown secreted protein. The cysteine hydrolase family protein shows homology to an isochorismatase known as an enzyme suppressing plant defense (Ismail et al., 2014a).

During the interaction between P. teres and barley, a series of complex molecular and physiological processes activate and often lead to plant cell death, referred to as the hypersensitive reaction (HR; Goodman and Novacky, 1994; Greenberg, 1997; Heath, 2000; Lam et al., 2001; Greenberg and Yao, 2004; Mur et al., 2008; Künstler et al., 2016; Balint-Kurti, 2019). In the initiation of the HR, the oxidative burst triggers the production of reactive oxygen species (ROS). During the interaction between barley and pathogens, great quantities of ROS are produced resulting in an increase of antioxidant enzymes’ expression such as catalase and superoxide dismutase (SOD; Able, 2003). For instance, HvCSD1, a cytosolic SOD isolated from barley, is upregulated in barley tissues infected by P. teres (Lightfoot et al., 2017). The barley resistance to P. teres is correlated to this SOD activity increase and the HvCSD1 seems to be important in the cytosolic redox status maintenance. Other genes involved in oxidation-reduction processes and defense mechanisms in plants including FAD-binding domains proteins, a choline dehydrogenase, or an iso-amyl alcohol oxidase were upregulated during the infection of barley by P. teres (Ismail and Able, 2017). Identified in 16 P. teres proteins, FAD-binding domain proteins are associated with multiple secondary metabolite pathways (Ismail and Able, 2016; Muria-Gonzalez et al., 2020). During infection of Septoria nodorum in wheat, the activity of catalase was also increased with the virulence of the pathogen and with the time post inoculation (Maksimov et al., 2013; Ismail and Able, 2017). Contributing to amine and polyamine biosynthesis, the choline dehydrogenase plays a role in barley infection by P. teres. The isoamyl alcohol oxidase produces aspergilomarasmine-derivatives, a toxin responsible for the chlorotic symptoms observed and described above.



NET BLOTCH DISEASE MANAGEMENT


Chemical Control

Causing 70% of cereal diseases, fungi are commonly controlled by fungicides. These products aim to ensure yield and to secure the quality of the harvest (Bartlett et al., 2002). Fungicides of the quinone outside inhibitors (QoI), the succinate dehydrogenase inhibitor (SDHI), and azole or demethylase inhibitor (DMI) classes are used as site-specific systemic fungicides (Mair et al., 2016). The foliar fungicide application effectiveness to control net blotch has been largely carried out (Sutton and Steele, 1983; Jayasena et al., 2002; Mclean et al., 2009). First studies have shown that triazole-based fungicides by pulverization allowed to control net blotch (Sutton and Steele, 1983; Van Den Berg and Rossnagel, 1990; Jayasena et al., 2002). Triazoles, known as DMI (propiconazole and prothioconazole), inhibit dimethylation between substrates that are necessary for the biosynthesis of ergosterol in fungi. In addition, SDHIs are also used to reduce the disease severity. In 1969, carboxin was the first SDHI fungicide launched, followed by several other SDHIs with a narrow spectrum of activity. The target of SDHI fungicide is the succinate dehydrogenase (SDH) enzyme or succinate ubiquinone oxidoreductases, which play an essential role in the tricarboxylic cycle and the mitochondrial electron transfer chain (Rehfus et al., 2016). The strobilurins, a new class of broad-spectrum fungicides, have been adopted these last years for net blotch control (Bartlett et al., 2002). Strobilurin fungicides were inspired by natural fungicidal derivatives of β-methoxyacrylic acid (Bartlett et al., 2002). Belonging to QoI (pyraclostrobin and picoxystrobin), strobilurins are natural substances isolated mainly from fungi and more specifically, Basidiomycetes. The strobilurin name is derived from the fungi genera Strobilurus (Balba, 2007). First introduced to the market in 1996, strobilurins inhibit mitochondrial respiration by blocking electron transfer at the level of cytochromes b and c (Bartlett et al., 2001; Gisi et al., 2002; Balba, 2007).

The antifungal efficacies depend also on the period of their application and how they are applied, as well as on the plant growth stage (Van Den Berg and Rossnagel, 1990). Seed treatments were successful if applied early in the season corresponding at Zadoks growth stage 23–24, but less at later growth stages (Martin, 1985). Barley seeds are considered as a source of inoculum for the ascomycete P. teres. The severity of the barley net blotch is reduced when a fungicide seed treatment is applied (Martin, 1985). Seed treatment effectiveness depends on fungal sensitivity, chemical fungitoxicity, and seed coverage quality. Iprodione is the fungicide providing the best control of dematiaceous fungi (Bipolaris and Drechslera) on seeds (Reis et al., 2012). Another study demonstrates the efficiency of one application of propiconazole at spike emergence for the management of net blotch (Sutton and Steele, 1983). A correct application of fungicides before the emergence of the flag leaf and the ear aims to protect the photosynthetic potential of the top four leaves, which contribute to 72% of the total yield (Mclean et al., 2009). A single application of propiconazole is not enough when the pathogen progresses quickly. A recent study demonstrates that two applications with the combination pyraclostrobin and epoxiconazole improved net blotch control and increased the yield in both experimental years (Stepanovic et al., 2016). Belonging to QoI, metyltetraprole is a new fungicide, which is effective against important cereal diseases, including net blotch (Suemoto et al., 2019). Further, the metyltetraprole suppresses succinate-cytochrome c reductase activity in QoI susceptible P. teres.

With time, resistant strains to these products have emerged (Jørgensen and Olsen, 2007). In Europe and in Australia, P. teres developed a resistance to DMI fungicides (Peever and Milgroom, 1993; Mair et al., 2016; Rehfus et al., 2016). Shortly after the first QoIs uses, resistant isolates to these antifungal products were detected in field populations (Gisi et al., 2002). More specifically, in 2003, resistance to QoI fungicides in P. teres was detected in France, Sweden, and Denmark. The resistance mechanism to QoIs has been identified as mutations in the mitochondrial target gene, cytochromes b (Sierotzki et al., 2007). In P. teres, this mutation has been described as a substitution of phenylalanine to leucine at amino acid position 129 (Sierotzki et al., 2007). To conclude, the fungicide exerts a selection pressure, which leads to the selection of isolates, which have a mutation providing fungicide resistance, while susceptible isolates will be eliminated. There is a subsequent increase in the number of resistant individuals in the population. Successive rounds of fungicide use repeat the selection of resistant isolates, which leads to the increase of the resistance mutation in the population each time the fungicide is used. Eventually, the resistant isolates will dominate the population and the effectiveness of the fungicide will be reduced (Gisi et al., 2000).

In addition to the resistance among several fungal species, azoles use has also been affected by a restriction with a wide range of significant toxicities, including hallucinations, hepatotoxicity, and QTc prolongation (Thompson et al., 2009; Gintjee et al., 2020). Faced with these problems, varietal selection, preventive agronomic measures, and biocontrol agents might be considered as alternative solutions to fungicides products.



Host Plant Resistance

Cereals are selected according to their disease resistance (Jonsson et al., 1998). By definition, a resistant genotype is characterized by having the least and smallest visible foliar lesions, a fungal restricted growth on the infected leaf tissue and an increased production of antifungal products by barley leaves (Graner et al., 1996). Several studies have demonstrated the existence of resistance genes and loci to net blotch depending on the different forms of P. teres.

Geschele (1928) has first demonstrated the resistance to P. teres f. teres to be quantitatively inherited (Clare et al., 2020). The genetic control of resistance to P. teres in barley was first conducted in United States in 1955 (Afanasenko et al., 2007). In 1955, the first gene Pt1 conferring the barley resistance to P. teres was found by Schaller. Later, two additional loci, designated Pt2 and Pt3 were identified by Mode and Schaller in 1958 (Mode and Schaller, 1958; Graner et al., 1996). Using different molecular techniques, several studies have identified net blotch resistance genes or quantitative trait loci (QTL) on all seven barley chromosomes (Mode and Schaller, 1958; Steffenson et al., 1996; Manninen et al., 2000; Gupta et al., 2011; Clare et al., 2020). Major QTL have been identified on barley chromosomes 1H (Bockelman et al., 1977; Manninen et al., 2000, 2006), 2H (Bockelman et al., 1977; Williams et al., 1999; Ma et al., 2004; Adawy et al., 2013; Tamang et al., 2019), 3H (Bockelman et al., 1977; Graner et al., 1996), 4H (Friesen et al., 2006; Grewal et al., 2008; Adawy et al., 2013; Islamovic et al., 2017), 5H (Manninen et al., 2006; Adawy et al., 2013), 6H (Ma et al., 2004; Friesen et al., 2006; Abu Qamar et al., 2008; Grewal et al., 2008; Gupta et al., 2011; Adawy et al., 2013), and 7H (Williams et al., 1999; Grewal et al., 2008; Mclean et al., 2009; Tamang et al., 2019). Localized on chromosome 6H, the Rpt5 locus has been reported by several studies and is considered to be essential in the P. teres f. teres – barley interaction (Clare et al., 2020). According to several studies, the majority of the markers significantly associated with NFNB resistance localize to the centromeric region of chromosome 6H (Abu Qamar et al., 2008; Adawy et al., 2013; Richards et al., 2016). In the same way, the high-resolution mapping of a dominant susceptibility locus located in the centromeric region of barley chromosome 6H has been described using markers (Richards et al., 2016). Therefore, these results indicate the importance of this region. In addition, the Rpt7 locus confers resistance to P. teres f. teres in barley on the chromosome 4H. Recently, 449 barley accessions were phenotyped for P. teres f. teres resistance in greenhouse trials. Using genome-wide association, the results identified 254 marker-trait associations corresponding to 15 QTLs. Four of these regions were new QTL not described in previous studies and are located on chromosome 3H at 233–350 Mpb, 5H at 579 Mbp, 6H at 406–410 Mpb and 7H at 5 Mbp, respectively (Novakazi et al., 2019).

Initially, the genetics conferring resistance to P. teres f. maculata contained three major designated loci and therefore has been considered less complex to compare the P. teres f. teres – barley interaction (Clare et al., 2020). Designated as Rpt4, Rpt6, and Rpt8, these three major loci confer in barley a resistance to P. teres f. maculata. The Rpt4, Rpt6, and Rpt8 loci are localized on chromosome 7H, 5H, and 4H, respectively. Burlakoti et al. (2017) revealed the effect of two- and six-row barley, and concluded that the two-row barley (13%) resistant to P. teres f. maculata was less than the six-row barley (43%) tested.

The use of resistant varieties is proving to be one of the most effective methods with the least environmental impact. Nevertheless, this selection has a high financial cost for farmers (Mclean et al., 2009).



Preventive Agronomic Measures

Based on the life cycle described earlier in this review, three sources can form the primary inoculum of which infected seeds, crop debris, and straw residue. Therefore, the first step to control net blotch is the deletion of the primary inoculum of P. teres by sowing healthy seeds (Jalli, 2011). After harvesting barley kernels, debris and straw residues are other sources of primary inoculum. A study has demonstrated that amounts of residue infested can increase disease intensity and thus reduce the yield (Adee, 1989). To limit the primary inoculum and reduce straw debris, straw may be baled and removed from fields leaving standing stubble after the harvest (Jordan and Allen, 1984). In addition, some farmers practiced open field burning a few years ago. However, due to the pollution (smoke and smuts) generated the loss of organic matter and damage to wildlife and hedges, this practice of burning is now prohibited. Today, new means exist to eliminate the quantity of inoculum present on the straw residues such as chopping and burying (Jordan and Allen, 1984).

In addition to these measures to limit the sources of inoculum, preventive agronomic measures play an essential role in the management of net blotch. Crop rotation is beneficial to reduce the severity of the pathogen. A minimum of 2 years between barley crops is required to prevent net blotch (Duczek et al., 1999). The type of seedling has also an influence on the severity of net blotch. Today, agricultural trends aim to reduce field trips with direct seeding for example. Consisting of sowing the seeds directly in undisturbed soil, direct sowing increases the quantity of P. teres present on crop debris and straw residues (Jordan and Allen, 1984; Mclean et al., 2009). Therefore, direct sowing reduces the cost of production but increases P. teres severity (Jørgensen and Olsen, 2007).



Biological Control

The development of environmentally friendly methods based on biological agents is of great interest in the context of the establishment of a sustainable agriculture (Cazorla et al., 2007). The seeking and the selection of biological agents targeting the pathogen, plays an essential role in the success of biological control strategies (Cazorla et al., 2007). Biological control brings together a set of biocontrol agents including microorganisms (bacteria, fungus, and viruses), macroorganisms (birds, insects, and nematodes), as well as molecules derived from these organisms (natural substances and chemical mediators; Pérez-García et al., 2011). Biological control results from a combination of mechanisms, including competition for nutrients and space, production of antibiotics, and induced systemic resistance to pathogens.

To effectively limit pathogens, biocontrol agents need to rely on plant colonization strategies and maintain a high population density (Ghorbanpour et al., 2018). Competition for nutrients and the space between biological control agents and pathogens is considered the primary mode of action (Sharma et al., 2009). The antibiotics production and antibiosis phenomenon constitute the second mechanism, which controls the development and spread of pathogens (Sharma et al., 2009). The last means for biological control agents to limit the development of pathogens is by inducing systemic resistance. Following recognition with a beneficial organism, the plant can respond systemically and rapidly to the perception of the pathogen. The phenomenon called “priming” allows the plant host to set up more quickly and massively the various defense mechanisms against pathogens (Conrath et al., 2002).

In this review, we only highlight the bacteria defined as plant growth promoting rhizobacteria (PGPR) and used in biological control thanks to their beneficial effects.

The term “PGPR” was first coined in 1978 and these bacteria are classified into two groups. The first group includes bacterial strains able to colonize roots, enhance emergence, stimulate growth either directly, by the capability of synthesizing plant growth-promoting substance, or indirectly, by changing the microbial composition in the rhizosphere in favor of the beneficial micro-organisms (Ait Barka et al., 2000, 2002; Hardoim et al., 2008; Turan et al., 2012). They may induce a systemic resistance to pathogens and modulate the plant regulatory mechanisms through the production of hormones such as auxin, cytokinins, and gibberellins (phytostimulators; Van Loon et al., 1998; Ait Barka et al., 2000, 2006; Bloemberg and Lugtenberg, 2001). In addition, some beneficial bacteria fix atmospheric nitrogen, solubilize inorganic nutrients limiting plant growth, stimulate nutrient delivery and uptake by plant roots and improve nutrient and water management (biofertilizers; Babalola, 2010; Afzal et al., 2019). A second group prevents or decreases the deleterious effects of pathogens (Turan et al., 2012). These bacteria are used in agricultural practices against diseases in light of the improved plant performance under environmental stress and, consequently, of yield enhancement (Ait Barka et al., 2000). The biocontrol agents that are best-characterized belong to the genus Pseudomonas, Streptomyces Paraburkholderia, and Bacillus (Bloemberg and Lugtenberg, 2001; Beneduzi et al., 2012; Esmaeel et al., 2016, 2018; Shafi et al., 2017; Newitt et al., 2019). For instance, a study shows that Bacillus substilis has antagonist activity against the causal agent of Fusarium head blight in wheat under in vitro and greenhouse assays (Palazzini et al., 2016).

In the rhizosphere, a community of several strains is often more stable, suppresses a broader range of pathogens and sets up different mechanisms of biological control (Jetiyanon and Kloepper, 2002). The great potential for using bacteria has been shown as an alternative to fungicides in the management of plant diseases (Ait Barka et al., 2002).

The microorganisms are able to produce a wide range of antimicrobial peptides including small bacteriocins and fungal defensins (Waghu and Idicula-Thomas, 2020). In addition, these microorganisms are also able to produce secondary metabolites such as peptaibols, cyclopeptides, and pseudopeptides by non-ribosomal synthesis (Montesinos et al., 2012). The beneficial bacteria also produce antifungal antibiotics, named cyclic lipopeptides, which allow acting as antagonistic agents against pathogens. These molecules with low-molecular-weight are deleterious to the growth of other organisms (Beneduzi et al., 2012). Synthesized in a non-ribosomal manner, lipopeptides exhibit surfactant and antimicrobial activities due to amphiphilic features that have drawn attention (Cazorla et al., 2007). These antibiotic compounds are mostly produced by Bacillus species and Burkholderia and more specifically, Paraburkholderia phytofirmans species (Ongena et al., 2007; Pérez-García et al., 2011; Esmaeel et al., 2016, 2018).



Use of Biocontrol Toward Pyrenophora teres

Concerning P. teres, many species of Trichoderma produce secondary metabolites like volatile organic compounds (VOCs) in the presence of P. teres. These VOCs have been identified as sesquiterpenes, diterpenes, terpenoids, and eight-carbon compounds. In addition, VOCs inhibit mycelium growth and lead to unpigmented mycelium with vacuolization (Moya et al., 2018). In the same way, Trichoderma isolates significantly decrease the severity of P. teres, up to 55% on barley seedlings, 70% on leaves and 77% on stems (Moya et al., 2020). Finally, the fungus Clonostachys rosea isolate IK726 reduces the infection caused by P. teres under controlled conditions (Jensen et al., 2016).

The use of biological agents is considered as one of the most promising methods for more rational and safer crop-management practices (Ongena and Jacques, 2008) since they reduce the inputs use and increase the plant vigor. Future experiments will confirm the biological control use to limit net blotch.




CONCLUSION AND FUTURE PERSPECTIVES

This review provides a reference point on net blotch of barley by highlighting P. teres severity, the changing complexity during the interaction between barley and P. teres and the management of net blotch control. Net blotch has become a major foliar disease of barley in many countries of the world. Caused by the ascomycete P. teres, this disease causes significant grain yield loss and reduces grain quality. Net blotch develops quickly when the environmental conditions are optimal including long periods of wet and cultural practice used. Additionally, P. teres produces a large quantity of toxins improving its virulence factor. The variability of the fungal pathogenicity leads to the conclusion that symptoms’ occurrence is dependent on the host genotype, the pathogen virulence, and the environment. The net blotch control provides a significant challenge now and in the future. Chemical control, host plant resistance, and preventive agronomic measures are used for net blotch management. Among them, as an environmental-friendly means, the biocontrol agents appear as a promising tool towards a sustainable agriculture.
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Botrytis cinerea is a necrotrophic plant pathogenic fungus with a wide host range. Its natural populations are phenotypically and genetically very diverse. A survey of B. cinerea isolates causing gray mold in the vineyards of Castilla y León, Spain, was carried out and as a result eight non-pathogenic natural variants were identified. Phenotypically these isolates belong to two groups. The first group consists of seven isolates displaying a characteristic mycelial morphotype, which do not sporulate and is unable to produce sclerotia. The second group includes one isolate, which sporulates profusely and does not produce sclerotia. All of them are unresponsive to light. Crosses between a representative mycelial non-pathogenic isolate and a highly aggressive field isolate revealed that the phenotypic differences regarding pathogenicity, sporulation and production of sclerotia cosegregated in the progeny and are determined by a single genetic locus. By applying a bulked segregant analysis strategy based on the comparison of the two parental genomes the locus was mapped to a 110 kb region in chromosome 4. Subcloning and transformation experiments revealed that the polymorphism is an SNP affecting gene Bcin04g03490 in the reference genome of B. cinerea. Genetic complementation analysis and sequencing of the Bcin04g03490 alleles demonstrated that the mutations in the mycelial isolates are allelic and informed about the nature of the alterations causing the phenotypes observed. Integration of the allele of the pathogenic isolate into the non-pathogenic isolate fully restored the ability to infect, to sporulate and to produce sclerotia. Therefore, it is concluded that a major effect gene controlling differentiation and developmental processes as well as pathogenicity has been identified in B. cinerea. It encodes a protein with a GAL4-like Zn(II)2Cys6 binuclear cluster DNA binding domain and an acetyltransferase domain, suggesting a role in regulation of gene expression through a mechanism involving acetylation of specific substrates.
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INTRODUCTION

Botrytis cinerea is an endemic phytopathogenic fungus with a necrotrophic lifestyle (van Kan, 2006) and a very wide host range (Elad et al., 2016). It is the most important postharvest decay pathogen (Romanazzi and Feliziani, 2014) and the second most economically significant plant pathogen (Dean et al., 2012). It is suited with a large array of pathogenicity factors which enables the pathogen to use multiple strategies to infect many different species, essentially all aerial parts of the plant and both in the field and during storage (van Kan, 2006). In nature the fungus can reproduce both asexually and sexually. It produces different cell and tissue types, including mycelium, micro- and macroconidia, sclerotia, apothecia and ascospores, which enable its reproduction and survival under different conditions. Macroconidia, produced abundantly on colonized plant tissues, constitute its main dispersal structure. Sclerotia allow the fungus to survive in adverse environmental conditions, germinating to produce mycelium and macroconidia when favorable conditions are reestablished. The sclerotia are also functional during the sexual reproduction of the fungus, being fertilized by the microconidia provided by an isolate of the opposite sexual type. Fertilization gives rise to the development of fruiting bodies, the apothecia, where ascospores are produced, which can also be dispersed and infect host tissues. The arsenal of pathogenicity factors of the fungus, together with its versatility in reproduction and dispersal, make this pathogen difficult to control (Williamson et al., 2007).

Genetic analysis helps to draw the links between phenotype and genotype and to determine the genetic basis of traits. B. cinerea natural populations are known to display high phenotypic and genetic variation. Paul (1929) already distinguished three morphological types, sclerotial, sporulating and mycelial, based on the observation that field isolates produced predominantly sclerotia, conidia or mycelia. Several authors later described these morphotypes and even considered subtypes (Faretra et al., 1988; Martinez et al., 2003: Korolev et al., 2008). Variation in many diverse physiological aspects, vegetative growth, secondary metabolism, resistance to fungicides, response to light, and in virulence have also been extensively reported (Raposo et al., 1996; Kerssies et al., 1997; Martinez et al., 2003; Leroch et al., 2011; Schumacher et al., 2012; Canessa et al., 2013; Soltis et al., 2019). Undoubtedly, this phenotypic variation relies on the existing genetic variation in natural populations. The characterization of genetic variation, either natural or induced, and the analysis of segregating populations facilitates the construction of genetic maps as well as the functional analysis of genetic factors. On the other hand, quantification of genetic variability and evaluation of the mode in which this variation is structured provides valuable information about population structure and about the mode in which different factors, geography, host specialization, cultural practices, contribute to shape it (Walker et al., 2015). Understanding the basis of phenotypic variation has been facilitated by the development of molecular markers and recently by the affordability of genome sequencing methodologies.

The availability of the sequence of a reference genome offers a powerful tool for the genetic analysis of any biological system. First draft versions of the genome of two B. cinerea isolates, B05.10 and T4, were published in 2011 (Amselem et al., 2011). A gapless sequence of the isolate B05.10 (van Kan et al., 2017) has a total length of 42.6 Mb divided over 18 chromosomes, two of them (Chr17 and Chr18) very small. Community efforts to annotate this genome have provided precise gene models that facilitate functional studies and transcriptomic analyses in this species (Pedro et al., 2019). The characterization of the variation between sequenced genomes has facilitated the design of cloning strategies based on genetic mapping that have made possible the identification of the polymorphisms responsible for phenotypic variation in traits of interest (Schumacher et al., 2012; van Kan et al., 2017).

The sequence of reference genomes facilitates the assessment of variation at the genome scale in natural populations. Whole genome resequencing of populations of B. cinerea isolates have identified high levels of standing diversity and have shown it has a high level of recombination and genomic admixture (Atwell et al., 2015, 2018; Soltis et al., 2019). Genome-wide association studies for the analysis of virulence in B. cinerea on Solanum lycopersicum and S. pimpinellifolium, indicated that the genetic architecture of virulence is highly quantitative (Soltis et al., 2019). This provides support to the widely accepted notion that virulence in B. cinerea is polygenic and depends on the participation of an array of pathogenicity factors in the ability of the pathogen to infect the host plant. Interestingly, a pool of large-effect polymorphisms segregating in the populations were found (Atwell et al., 2018), among them the reported loss of function polymorphism for the VELVET gene (Schumacher et al., 2012). Therefore, natural populations are a useful source of variation in both major and minor effect genetic factors on phenotypes.

Bulked segregant analysis (BSA) is a QTL mapping technique devised to identify molecular markers tightly linked to genetic loci involved in the determination of a trait of interest (Magwene et al., 2011). The technique was initially developed to identify RFLP and RAPD markers linked to disease resistance genes in plants (Michelmore et al., 1991). It is more easily implemented for traits determined by single genes with major effect that condition clear and contrasting phenotypes, but it can also be used for complex traits (Magwene et al., 2011). It involves the generation of a segregating population from a genetic cross in which the individuals are assayed for the trait of interest. Two bulked DNA samples are generated from progenies with contrasting phenotypes and genotyped with molecular markers polymorphic between the parental lines. Allelic frequencies should be very similar in the two bulks in regions without loci affecting the trait. For regions containing causal loci, the allelic frequencies of associated markers should exhibit differences between bulks, becoming more significant as the linkage relationships are closer. The resolution of this kind of methodology depends on the number of markers analyzed simultaneously and on the precision in the estimation of the allelic frequencies, which is a function of the number of individuals analyzed in each of the progeny groups (Magwene et al., 2011; Swinnen et al., 2012; Schlötterer et al., 2014). Sequencing the genomes of the parental lines and determining the polymorphisms between them greatly enhance the power of BSA. In Saccharomyces cerevisiae, NGS-assisted BSA has been successfully applied to uncover the genetic basis of Mendelian traits (Birkeland et al., 2010; Wenger et al., 2010) and multi-gene traits (Ehrenreich et al., 2010; Magwene et al., 2011; Parts et al., 2011; Swinnen et al., 2012). In Neurospora crassa the methodology has revealed that the temperature sensitive cell cycle mutation ndc-1 is allelic with the gene for Ornithine decarboxylase (Pomraning et al., 2011).

Transcription factors (TFs) play key roles in the regulation of gene expression by binding to DNA in a sequence-specific manner (Weirauch and Hughes, 2011). They represent the link between the perception and transmission of the signal and the target genes expression. TFs are typically classified by their DNA-binding motif. Representants of 80 TF families are typically found in fungal genomes (Shelest, 2017). The largest family of fungal TFs is the zinc cluster (C6 zinc finger) family (Shelest, 2008). Members of this multifunctional family control several crucial fungal processes including sugar metabolism, gluconeogenesis and respiration, amino acid metabolism and vitamin synthesis, mitosis, meiosis, chromatin remodeling, nitrogen utilization, peroxisome proliferation, stress response and multidrug resistance (reviewed by MacPherson et al., 2006). Like most transcription factors, zinc cluster proteins contain several functional domains. The DNA binding-domain of this family consists of six cysteine residues, arranged in the highly conserved motif CX2CX6CX6CX2CX6C, that bind two zinc atoms. The zinc clusters can interact with DNA as monomers or as homo- or hetero-dimers. It was first described and characterized in the S. cerevisiae Gal4 protein, a transcriptional activator that regulates galactose utilization (Pan and Coleman, 1990). The cysteine-rich DNA binding domain is commonly located at the N terminus. The regulatory domain separates the DNA binding domain and the activator domain. It is less conserved and not always present in members of the family. Most often C-terminally located, the acidic domain acts as activation domain. It is not a conserved domain and its function and structure is varied in the family (reviewed by MacPherson et al., 2006). 222 TFs of this class were annotated in the genome of the B05.10 isolate (Amselem et al., 2011). The Zn2Cys6 TF BcGaaR has been shown to be required for induction of Gal-inducible genes and growth of B. cinerea on Galacturonic acid (Zhang et al., 2015). BcBot6 has been found to be a major positive regulator of Botrydial biosynthesis (Porquier et al., 2016).

We are interested in the characterization of the local populations of B. cinerea in the vineyards of Castilla y León (Spain). In the course of the analysis of field isolates from different geographic origins large differences in virulence were observed among isolates (Acosta Morel et al., 2019). In this work, we extend our collection of natural isolates altered in pathogenicity and perform a genetic and genomic analysis of their differences. A novel major effect gene controlling development processes and pathogenicity is described.



MATERIALS AND METHODS


Organisms and Growth Conditions

The B. cinerea isolates used in this work are indicated in Table 1. They form part of the collection of field isolates maintained by the CIALE (University of Salamanca, Spain). They were sampled and purified as described previously (Acosta Morel et al., 2019). B. cinerea isolates were routinely grown on MEA plates and incubated at 22°C under permanent darkness or permanent light conditions or under a 16 h photoperiod (light generated by Cool White Osram L 36W/840 fluorescent bulbs).


TABLE 1. Isolates used in this work.

[image: Table 1]Bean plants (Phaseolus vulgaris) cv Blanca Riñon were grown in natural substrate for 2 weeks in the green house under a 16 h photoperiod. Vitis vinifera plants variety Tempranillo were maintained in the green house in the same conditions.



Standard Molecular Methods

Genomic DNA was obtained from mycelium cultured in liquid Gamborg’s B5 salts medium (AppliChem) supplemented with 10 mM sucrose and 10 mM KH2PO4 (pH 6.0). DNA to be sequenced with the Ion Torrent sequencer was purified using the protocol described by Raeder and Broda (1985). Estimations of DNA concentrations were obtained using the Qubit dsDNA HS (High Sensitivity) Assay Kit (Invitrogen, Thermofisher) with the Qubit Fluorometer.

Routine PCR reactions were carried out using the Taq Polymerase from Biotools. The amplifications of the Bcin04g03490 alleles were performed using the KAPA HiFi HotStart DNA polymerase (Roche) following manufacturers recommendations. The oligonucleotides used in this work are presented in Supplementary Table 1.

Ligations of fragments generated by restriction enzymes were done with the T4 DNA ligase (Roche). Cloning of genomic DNA fragments in plasmid pWAM6 were carried out using the Gateway BP Clonase II Enzyme Mix according to manufacturer’s indications (Thermofisher). Plasmid pWAM6 was derived from plasmid pNR4 (Zhang et al., 2011) by replacing the 1,9 kb XbaI-HindIII fragment containing the nourseothricin resistance cassette with a 2,6 kb XbaI-HindIII fragment containing the hygromycin resistance cassette from pOHT (Hilber et al., 1994).

Plasmids and PCR fragments were sequenced at the Sequencing Service of NUCLEUS, University of Salamanca, with an ABI PRISM 377 automatic sequencer. Sequences were handled using Geneious R.11 (Biomatters, Auckland, New Zealand).



B. cinerea Transformation

B. cinerea protoplasts were transformed following the protocol described by ten Have et al. (1998) with the modifications indicated by Reis et al. (2005). When the strain to be transformed did not produce spores, protoplasts were generated from mycelium derived from small agar plugs with actively growing mycelium inoculated and cultivated for 72 h in ME medium.



Genetic Complementation Analysis

The Bcin04g03490 alleles from three mycelial non-pathogenic isolates, B217, B459 and B471, together with the allele from the B371 isolate, were amplified as a 3.489 nt fragment which includes the entire gene coding region plus 588 nt of its 5′ upstream sequence and 586 nt from its 3′ downstream sequence with oligonucleotides 4S7-F and 4S7-R-1 and cloned in pWAM6 giving rise to plasmids pCAa217, pCAa459, pCAa471 and pCAa371, respectively. The allele from the sporulating, non-pathogenic isolate B116 was also amplified and cloned, generating plasmid pCAa116. Plasmid pBAS23, which contains the a448 allele, was used as a reference control. All these plasmids were transformed into B371 protoplasts. Primary transformants were selected and transferred to fresh selective plates. Sporulation and production of sclerotia were evaluated in the transformants generated as indicators of functional complementation.



Ion Proton Sequencing and Determination of Polymorphisms

Genomic DNA from the B371 and B448 isolates, as well as the two genomic DNA pools generated from the progeny in cross B371 x B448, were sequenced using the Ion Proton (Life Technologies) sequencer by Bioarray (Alicante, Spain). Reads (mean length 163-180 nt) were mapped on the ASM15095 v229 Botrytis cinerea B05.10 assembly1 using the Torrent Mapping Alignment Software (TMAP). Average coverage was 100× (with genome base coverage at 20× higher than 95% in all the samples). Torrent Variant Caller (TVC) software was used to obtain sequence variants and their frequencies, and SnpEff v4.2 software was implemented to annotate these variants and the impact of mutations in coding sequences.



BSA

For the BSA analysis the list of polymorphisms generated with TVC were used. Heterozygous calls in the B371 and B448 genomes were filtered and a list of polymorphisms exclusive of each parental isolate was generated. Within the progeny two groups of individuals were selected: the first one, group A, consisted of 50 individuals resembling parental isolate B448, and the second, group B, consisted of 50 individuals resembling parental isolate B371. Genomic DNA was extracted from each single isolate and for each of the two groups, equal amounts of DNA from each of the 50 individuals were combined. The two pools of genomic DNA were sequenced and the frequencies in each DNA pool of the polymorphisms specific of either isolate B448 or of isolate B371 were determined. For the association mapping analysis, only high-quality SNPs (deep coverage > 20 and quality score > 500) were selected. The distribution of the polymorphisms specific of one or the other parental isolate in the two progeny groups was analyzed by calculating the difference in the frequency of each polymorphism in DNA pool B and in DNA pool A (f”x” B – f”x” A). This SNP index (Y axis) was represented along the coordinates of each chromosome (X axis) in the B05.10 reference genome. For markers not linked to the locus involved in the determination of the phenotypic difference, the allelic frequencies should be similar in both pools and then the SNP index plot for those chromosomic regions should vary slightly around the “0” value. For markers associated with the locus of interest, allelic frequencies would differ in both DNA pools, being the differences larger as the markers are more closely linked to it. The SNP index would reach maximal values (close to + 1) for B371 exclusive alleles only present in the non-aggressive progeny DNA pool and minimal values (close to -1) for B448 exclusive alleles only present in the aggressive progeny DNA pool.



Crosses and Gene Mapping

Sexual crosses were performed following the protocol of Faretra et al. (1988). Mature apothecia were sampled and crushed in water to release the ascospores. The spore suspension was filtered through glasswool and plated at low density on MEA plates. Single ascospore germlings were transferred 24 h later to fresh MEA plates for visual inspection and propagation.



Inoculations and Virulence Assays

Inoculations and evaluation of differences in virulence in V. vinifera variety Tempranillo leaves were carried out using a mycelium plug based inoculation system in non-wounded leaves as described previously (Acosta Morel et al., 2019). The ability to infect P. vulgaris leaves was analyzed using whole plants. In both systems, isolates that did not expand from the inoculation site were considered to be unable to cause any lesion.



Construction of Bcin04g03490 Mutants in B05.10

A gene replacement cassette was built up using plasmid pMAS25, generated to replace gene Bcmimp1 (Benito-Pescador et al., 2016), as a backbone. First the KpnI-HindIII fragment containing the 5′ upstream region of gene Bcmimp1 in plasmid pMAS25 was replaced by a 606 nt KpnI-HindIII fragment amplified from genomic DNA using oligonucleotides 03490-5′KpnI and 03490-5′HindIII. From the resulting plasmid, the XbaI-NotI fragment containing the 3′ downstream region of gene Bcmimp1 was replaced by a 753 nt XbaI-NotI fragment amplified from genomic DNA using oligonucleotides 03490-3′XbaI and 03490-3′NotI. The plasmid generated was used to amplify the replacement cassette with the external primers flanking the construct. The PCR product was used to transform B. cinerea B05.10. Primary transformants were transferred to fresh selection plates. Enrichment in transformed nuclei was pursued by making successive replicas (6) to fresh selection plates. By visual inspection, several transformants displaying the non-sporulating phenotype were identified. Two transformants that have resulted from gene replacement by double homologous recombination were confirmed by PCR using diagnostic primer combinations (Figure 7).



Evolutionary Analyses

Selected orthologous of Bcin04g03490 encoded protein were identified through a BLAST approach, retrieved from GenBank and aligned with MAFFT v7.450 (Katoh and Standley, 2013). Best substitution model and its parameter values were selected using ProtTest v3.4.2 (Darriba et al., 2011). Phylogenetic tree was reconstructed using Bayesian MCMC analysis (MrBayes v3.2.7; Ronquist and Huelsenbeck, 2003) constructed from the alignment under the WAG + I evolutionary model and the gamma distribution calculated using four rate categories and homogeneous rates across the tree. The posterior probabilities threshold was selected as over 50%.



RESULTS


Phenotypic Characterization of B. cinerea Non-pathogenic Natural Variants

We have previously identified four B. cinerea isolates, B217, B371, B459, and B471, unable to infect V. vinifera leaves and displaying a mycelial morphotype. In addition, a fifth isolate non-pathogenic on V. vinifera leaves was purified which sporulated profusely, B116 (Acosta Morel et al., 2019). In order to increase the number of natural isolates altered in pathogenicity, we extended the physiological evaluation of our field isolates collection with 170 additional isolates. When inoculated on V. vinifera leaves, isolates B286, B350 and B468 were unable to cause lesions. These three isolates all displayed the mycelial morphotype characteristic of isolates B217, B371, B459 and B471 (Figure 1). The 7 mycelial isolates non-pathogenic on V. vinifera leaves were also unable to infect P. vulgaris leaves. Isolate B116 did infect bean leaves, although it caused much smaller lesions in this host than the aggressive field isolate B448 (Acosta Morel et al., 2019) (Figure 1). This B448 isolate sporulates and produces numerous sclerotia when cultured in synthetic solid media in dark conditions and resembles very much the phenotype of the reference isolate B05.10. Interestingly, none of the 8 non-pathogenic isolates produced sclerotia on MEA plates or on PDA plates. Therefore, among the non-pathogenic isolates identified in this analysis two groups can be distinguished: a first class consists of seven isolates of the mycelial morphotype, which do not sporulate, do not produce sclerotia and neither infect V. vinifera nor P. vulgaris leaves, and a second class represented by a single isolate, B116, which sporulates, does not produce sclerotia, is unable to infect V. vinifera leaves but, although being less aggressive than the B448 isolate, does infect P. vulgaris leaves. In our sampling, it has been shown that multiple infections of the same bunch by genetically different individuals occur frequently (Acosta Morel et al., 2019). It is interesting to note that tracing the origin of the non-aggressive isolates indicated that they were purified from symptomatic bunches from which other aggressive B. cinerea isolates were also purified.
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FIGURE 1. Phenotypic characterization of the non-pathogenic field isolates analyzed in this work. (A) Growth in MEA plates 14 days after inoculation in dark conditions. (B) Pathogenicity assays on V. vinifera and on P. vulgaris leaves. Non-wounded leaves were inoculated with the indicated isolates (B371 is representative of the seven mycelial isolates) and incubated for 72 h at 22°C with a 16 h photoperiod.




The Non-pathogenic Natural Mutants Are Blind

As none of the non-pathogenic mutants produced sclerotia in conditions in which they should, their response to light was evaluated. As shown in Figure 2, the aggressive isolate B448 behaves as the reference isolate B05.10. Sporulation was stimulated in light conditions (either continuous or discontinuous) while sclerotia were produced in permanent dark conditions. Mycelial isolate B371 neither produced spores nor sclerotia in any light regime. B116 sporulated profusely independent of the light conditions and never produced sclerotia. Therefore, all the non-pathogenic natural mutants do not respond to light and behave as blind isolates.
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FIGURE 2. Evaluation of the effect of light on sporulation and sclerotia production in the non-pathogenic natural mutants identified in comparison with the aggressive field isolate B448 and the reference isolate B05.10. Isolates were grown for 14 days in permanent light (LL), constant darkness (DD) or a 16 h photoperiod (LD).




Genetic Analysis of the Mycelial Non-pathogenic Isolates

As clear and contrasting phenotypes were identified among the collection of field isolates in the ability to infect, sporulate and produce sclerotia, the genetic analysis of these traits could be considered. We decided to first initiate the characterization of the seven mycelial isolates by analyzing the segregation of the three traits in crosses carried out between selected representative mycelial non-aggressive isolates and our reference aggressive field isolate B448. This isolate carries the MAT 1-1 mating allele. Therefore, mycelial isolates carrying the MAT 1-2 mating allele, B371 and B459, were selected for crossing. The mycelial isolates do not produce sclerotia at all, but they produced microconidia. Crosses could be established using isolate B448 as the female parental strain. In cross B448 x B371 an offspring consisting of 183 single ascospore isolates was collected. The three traits under consideration were scored in the full set of descendants. 83 individuals displayed the combination of phenotypic alternatives characteristic of isolate B371, while 100 individuals showed the combination of phenotypes shown by isolate B448. This situation is indicative of a strict co-segregation of the three traits being analyzed. The proportion of the two classes, 83:100, informs about a 1:1 segregation. Therefore, it can be concluded that the three traits considered are under the control of a single genetic locus which has been altered in isolate B371. Interestingly, when the aggressiveness of the pathogenic progeny was quantified, large differences among individuals were observed (Supplementary Figure 1). This observation suggests that the wild type allele in isolate B448 of that major effect gene controlling sporulation, production of sclerotia and pathogenicity regulates the function of a number of pathogenicity genes which segregate in the aggressive progeny.

In the cross B448 x B459, an offspring of 82 individuals was generated. 37 of them were phenotypically like the B459 parental isolate and 45 were like the parental isolate B448 (not shown). These phenotypic proportions are also indicative of a 1: 1 segregation. The data obtained suggest that the phenotypic differences observed between isolates B448 and B459 are also due to the segregation of a single genetic locus.



Mapping the Gene Altered in B371 by BSA

The cross B448 x B371 was selected for genetic and genomic analysis. In order to gain information about the sequence polymorphisms between these isolates both genomes were sequenced. High quality short reads were aligned to the B05.10 genome reference sequence. In total, 90.189 B371 isolate exclusive polymorphisms and 91.067 B448 isolate exclusive polymorphisms were identified in comparison with the B05.10 reference isolate genome. In addition, both isolates were found to share 165.690 polymorphisms in comparison with the reference genome.

To identify the gene (or genes) altered in B371, a strategy based on BSA was devised. This approach should make it possible to identify polymorphisms specific of the B371 isolate co-segregating with the “non-pathogenic” phenotypic alternative and polymorphisms specific of the B448 isolate co-segregating with the “pathogenic” phenotypic alternative. Once the lists of polymorphisms between isolates B371 and B448 were available, the distribution of the frequencies of markers specific of each parental isolate was analyzed in two pools, A and B, of descendants from the B371 x B448 cross. Each pool consisted of 50 individuals: the first pool contained isolates resembling the pathogenic parental isolate B448 and the second pool contained isolates resembling the non-pathogenic parental isolate B371. For most chromosomes, the plots of the SNP index, oscillate close to “0” along the entire chromosome as shown for Chr1 (Figure 3A; plots for other chromosomes not shown). Chr4 was the only exception: in this case the two SNP plots peaked around coordinate 1.300.000, reaching maximal values for the one corresponding to the B371 isolate specific polymorphisms and minimal values for the one corresponding to the B448 isolate specific polymorphisms. Both plots delimitated a genomic region of markers associated with the segregating phenotypes of about 110 kb (between coordinates 1.240.000 and 1.350.000) (Figure 3B). This region includes 32 annotated genes in the genome of the reference strain B05.10.
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FIGURE 3. Mapping the major effect gene controlling development and pathogenicity in cross B448 x B371 by BSA. Plots of the distribution of frequencies of the polymorphisms specific of isolate B371 or specific of isolate B448 in Chr1 (A) and in Chr4 (B). In each plot the x-axis represents the coordinates of the B05.10 isolate chromosome, used as the reference. The y-axis represents the SNP index value of each polymorphism. The vertical lines mark the region where the SNP index reaches values close to (+ 1) for B371 specific variants and close to (-1) for B448 specific variants. (C) Fine mapping by functional complementation. Boxes represent DNA fragments derived from the parental isolate B448 Chr4 in the region delimitated by BSA subcloned in plasmid pWAM6. The black box represents the clone which restored the wild type phenotype upon transformation of isolate B371. The fragment in pBAS3 was further subcloned in plasmids pBAS23 and pBAS24 (see text). The images show representative transformants obtained with the indicated plasmids cultured during 14 days in MEA plates at 22°C and dark conditions.




Functional Identification of the Gene Altered in B371

To narrow down the location of the gene, or genes, altered in isolate B371 the corresponding genomic region from isolate B448 was subcloned in fragments of about 5 kb in size amplified by PCR. The resulting plasmids were independently introduced by PEG mediated transformation in isolate B371 protoplasts. Primary transformants were transferred to selection plates and then visually inspected checking their ability to sporulate. With plasmid pBAS3 sporulating transformants were obtained (Figure 3C). These transformants were able to infect V. vinifera leaves (Figure 4).
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FIGURE 4. Pathogenicity in V. vinifera leaves of transformants obtained with plasmids pBAS3 and pBAS23 in comparison with isolates B448 and B371. Non-wounded leaves were inoculated with the indicated isolates and incubated at 22°C under a 16 h photoperiod. Image was taken 72 h after inoculation.


The DNA fragment cloned in pBAS3 is 4.973 nt in size covering the sequence between nt positions 1.251.002 and 1.256.074. It contains a single gene, annotated in the B05.10 genome as Bcin04g03490 in the reverse strand and consisting of three exons separated by two introns (GeneID:36394109). Three splice variants are annotated for this gene (Figure 5A). Manual curation of the annotations provides limited support for splice variant Bcin04g03490.1 This would consider a first small (16 nucleotides) intron between positions 1.253.989 and 1.253.974 and a second intron of 50 nucleotides between positions 1.252.942 and 1.252.893. Translation of the predicted ORF from a start codon located at position 1.254.108 would generate a 794 amino acids protein (XM_024692527.1). However, detailed analysis of RNAseq data does not provide solid evidence for the processing of the first small intron predicted (data not shown). Splice variant Bcin04g03490.2 is derived from the consideration of a first intron, 63 nt in length, located in the 5′-UTR region, between positions 1.254.053 and 1.253.991, and the 50 nt long intron described for the first splice variant. Translation from the start codon at position 1.253.972 would result in a 754 amino acids protein (XP_024548305.1) (Figure 5A). Splice variant Bcin04g03490.3 is consequence of the utilization of an alternative 3′ splice junction for the first intron described in variant 2, located at position 1.253.948. Removal of this 106 nt long intron would condition the utilization of a downstream in frame translation start codon at position 1.253.840 and a 710 amino acids protein (XP_024548306.1) would be generated. Therefore, the three predicted proteins would share the last 710 aa with a 44, for Bcin04g03490P2, and a 84, for Bcin04g03490P1, amino acids extension at the amino terminus. In our analysis and descriptions, the gene model and splice variant originating the 754 amino acids protein will be considered as the reference and numbering will be given according to this model.
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FIGURE 5. (A) Organization of the Bcin04g03490 locus and polymorphisms in the alleles from the mycelial non-pathogenic field isolates. The three splice variants annotated in the locus, the corresponding coding sequences and the predicted sizes of the encoded isoforms are presented. Continuous lines frame the representations of the Bcin04g03490.2 splice variant, CDS and encoded protein, considered as the references (*) in this study. (B) Regions in the Bcin04g03490.2 CDS encoding the GAL4, Mac_assoc and LbH_MAT_GAT functional domains, represented by green boxes, identified in the encoded protein. Below the B05.10 allele scheme, the polymorphisms identified in the Bcin04g03490 alleles of the mycelial field isolates and of isolate B448 are presented. For each allele, the nucleotide polymorphisms are indicated in parenthesis relative to the ATG codon. Above each polymorphism, the effect on the encoded protein is indicated. GenBank accession numbers of Bcin04g03490 alleles are the following: a448 – MW682868; a371 – MW682869; a217 – MW682870; a286 – MW682871; a350 – MW682872; a459 – MW682873; a468 – MW682874; a471 – MW682875.


The DNA fragment in plasmid pBAS3 was subcloned in two plasmids: pBAS23, which contained gene Bcin04g03490 and its flanking sequences, 588 nt of the 5′ upstream region and 586 nt of the 3′ downstream region, amplified with oligonucleotides 4S7-F/4S7-R-1 (insert size 3.489 nt), and pBAS24, which contained the 1.956 nt fragment amplified with oligonucleotides 4S7-F-1/4S7-R and located 5′ upstream of Bcin04g03490 (which partially overlaps the insert in pBAS23). Both plasmids were transformed into B371 protoplasts. Only plasmid pBAS23 rescued the sporulation phenotype characteristic of the B448 isolate (Figure 3C). pBAS23 transformants were also able to infect V. vinifera leaves (Figure 4).

We then analyzed the polymorphisms in the 3.460 nt long DNA fragment from isolate B448 cloned in pBAS3 fragment and the sequence from the equivalent fragment from isolate B371 in comparison with the sequence of the reference isolate B05.10 (Table 2). Only one B371 specific SNP was identified, a C(G) to T(A) transition at position 1.251.759 which determines a G to R substitution at amino acid position 722 in the encoded protein, anticipated to have a moderate impact in the function of the protein (Figure 5B and Table 2). One B448 specific polymorphism was also identified, a A(T) to G(C) transition at position 1.251.838, this being a silent mutation. In addition, both isolates shared a polymorphism in relation to the B05.10 allele, a C(G) to T(A) transition at position 1.253.843, which determines a E to K substitution. Therefore, the C(G) to T(A) transition at position 1.251.759 affecting gene Bcin04g03490 is responsible for the alterations in development and pathogenicity that isolate B371 displays.


TABLE 2. Polymorphisms identified in the sequences of the B448 and B371 isolates in comparison with the sequence of the reference isolate B05.10 in the region cloned in plasmid pBAS3 (between nucleotide positions 1.251.101 and 1.254.541 from Chr4).
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The Protein Encoded by Bcin04g03490

Splice variant Bcin04g03490.2 is predicted to encode a hypothetical protein of 754 amino acids. Analysis of conserved domains identifies a GAL4-like Zn(II)2Cys(6) binuclear cluster DNA binding domain between residues 322 and 360, in the central part of the protein (Figure 5B). Between positions 554 and 745 a “LbM_MAT_GAT” region is found, characteristic of Maltose O-acetyltransferase (MAT) and Galactoside O-acetyltransferases (GAT). Between these two domains (positions 370 to 535) a “Mac-assoc” region, is found. This is described as a region of unstructured residues on fungal maltose acetyltransferase proteins linking the acetyltransferase domain and the Zn(II)2Cys(6) binuclear cluster. This organization of domains is characteristic of the domain architecture 11251539. On the basis of the conserved domains identified, the encoded protein has been cataloged as a transcription factor (Amselem et al., 2011; Simon et al., 2013) and, therefore, a role in regulation of gene expression might be expected. GAL4-like TFs contain a DNA binding domain and an activator domain. However, the Bcin04g03490 protein does not have such an activator domain, and instead it possesses a sugar acetyl transferase domain.



Mutations in the Mycelial Non-pathogenic Isolates Are Allelic

B371 was selected for genetic analysis as a representative isolate of the group of seven mycelial non-pathogenic isolates identified. They are all phenotypically similar, but this similarity does not imply that they are all altered in the same gene. To test this situation the plasmids containing the Bcin04g03490 alleles from three mycelial non-pathogenic isolates, B217, B459 and B471, together with the plasmids harboring the a371 and the a116 alleles, were transformed into B371 protoplasts. Plasmid pBAS23, which contains the a448 allele, was used as a reference control. Sporulation and formation of sclerotia were evaluated in the transformants generated as indicators of functional complementation. As shown in Figure 6, transformation with allele a448, but not with allele a371, restored the ability to sporulate and to produce sclerotia, as expected. It also restored pathogenicity (see Figure 3) and light responses (not shown). Transformations with alleles a217, a459 and a471 did not rescue these phenotypes, indicating that the mutations in these three alleles are allelic with the mutation in allele a371. The a116 allele complemented the mutation in B371 restoring sporulation and sclerotia formation (Figure 3) and pathogenicity and light responses (not shown), indicating that B116 is altered in a different gene, not in Bcin04g03490.
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FIGURE 6. Complementation analysis between mutations in the Bcin04g03490 alleles. Primary transformants of isolate B371 generated with plasmids harboring the alleles indicated were transferred to selection plates and incubated for 14 days at 22°C in dark conditions. Sporulation and production of sclerotia were evaluated as indicators of functional complementation.


In order to gain information about the nature of the alterations in gene Bcin04g03490 in the B217, B459 and B471 isolates, the corresponding alleles were sequenced. The alleles from the other three mycelial non-pathogenic isolates, B286, B350 and B468, were also sequenced. In all cases, the coding region plus 300 nt from the 5′ and 3′ flanking regions were sequenced. Results are presented in Figure 5B. In comparison with the reference B05.10 isolate Bcin04g03490 allele, the alleles from all the non-pathogenic isolates shared a C(G) to T(A) transition at position + 130, which determines a E44K substitution, but it is also found in the pathogenic isolate B448. It is, therefore, a polymorphism characteristic of all the local isolates considered in this work which does not affect the phenotypes of interest. Allele a350 was found to be identical in sequence to allele a371. Isolate B371 and isolate B350 were recovered from different bunches collected from different plants in the same vineyard in the same collection date. They likely represent clones of the same genotype. The G722R substitution in the protein sequence affects a residue in the LbH_MAT_GAT domain. The other five alleles all harbor mutations in the Bcin04g03490 coding region and these are different from those found in allele a371. Three alleles, a459, a468 and a471, have mutations generating early STOP codons that result in truncated versions of the protein, 223, 142 and 359 amino acids in length, respectively. Allele a217 was shown to harbor two silent mutations, a G(C) to A(T) transition at position 678 and a A(T) to G(C) transition at position 1014. In addition, a C(G) to T(A) transition was identified, this one causing a C330Y substitution, involving one of the Cysteine residues forming part of the DNA binding domain characteristic of GAL4. Finally, allele a286 was found to harbor a silent G(C) to A(T) transition at position 678 and a A(T) to C(G) transversion at position 1947. The latter mutation determines a Y633D substitution in the LbH_MAT_GAT domain.



Deletion of Bcin04g03490 in B05.10 Causes the B371 Phenotype

The functions of the Bcin04g03490 gene product in development and pathogenicity has been unraveled in the genetic background of mycelial non-pathogenic field isolates. To obtain additional evidence about its role in these processes in B. cinerea, the Bcin04g03490 allele was deleted from the reference isolate B05.10 using gene replacement methods. The phenotype of two independent mutants was analyzed in comparison with that of the reference isolate and that of the field mycelial isolate B371. Both B05.10 knockout mutants showed the inability to sporulate, to produce sclerotia and to infect the bean leaves, the phenotype characteristic of the non-pathogenic mycelial field isolates identified in this work (Figure 7). They do not respond to light at all (not shown).
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FIGURE 7. Generation of ΔBcin04g03490 mutants. (A) Organization of the genomic copy of Bcin04g03490 and structure of the construct used for gene replacement. The flaking sequences conserved to generate the replacement construct are indicated with black boxes. The positions and orientation of the primers used to generate the construct and to confirm the replacement are indicated. (B) PCR based identification of ΔBcin04g03490 mutants. In all cases reactions were carried out with water (Control), genomic DNA of B05.10 or genomic DNA of two deletion mutants as template. The sizes of the diagnostic bands are indicated. (C) Phenotype of the reference B05.10 isolate and of two deletion mutants during growth in MEA plates (14 days at 22°C in darkness) and in inoculations in bean leaves (images taken 72 h after inoculation).




Orthologs of Bcin04g03490

No functional characterization of the Bcin04g03490 gene has been previously described. Our results indicate that its gene product plays a key role in development and pathogenicity. In order to obtain information about its orthologs in other systems a blast analysis was performed using the entire 754 protein sequence as the query. Orthologs were identified in the fungal kingdom and their presence appeared to be restricted to the Pezizomycotina within the Ascomycetes. In this group, proteins maintaining a high overall similarity through their entire length, covering the GAL4-like domain as well as the LbM_MAT_GAT domain, were identified (Figure 8). The sequences of these two domains are highly conserved in all the species considered, representative of the different classes within the Pezizomycotina, in particular the sequence of the GAL4-like domain. In addition, numerous proteins showing homology either with the region corresponding to the GAL4-like DNA binding domain sequence in the central part of the Bcin04g03490 protein or with the LbM_MAT_GAT domain in the carboxy terminus of the protein were detected. The first group of proteins represent GAL4-like domain containing proteins which belong to members of the different major groups within the fungal kingdom, not being restricted to the Ascomycetes. The second group includes proteins with an acetyltransferase domain and are identified in members of all taxonomic groups, from archaea to plants.
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FIGURE 8. Alignment and phylogenetic tree of representative selected sequences from Pezizomycotina species detected by BLAST analysis with the Bcin04g03490 encoded protein. Numbers on nodes indicate the taxonomic class of the selected species: (1) Orbiliomycetes; (2) Pezizomycetes; (3) Lecanoromycetes; (4) Eurotiomycetes; (5) Dothideomycetes; (6) Sordariomycetes; (7) Leotiomycetes. Bayesian posterior probability (BPP) values (above 0.50) are reported next to the nodes while thicker branches indicate BPP values of 1. On the right of each species name the sequence is presented as a discontinuous thick line. Thin segments represent gaps introduced to allow optimal alignment between regions represented as thick segments in which similar residues are marked in dark gray. The regions where the GAL4, Mac_assoc and LbH_MAT_GAT domains are located are shown in green. The highly conserved residues of the GAL4-like domain in the proteins analyzed are displayed as sequence logos.


In the full set of genes and proteins detected in the BLAST analysis little functional information is given. In most cases annotations derive from bioinformatic analysis and no information about the process in which a given gene participates is offered. Database searchers revealed that in the case of N. crassa information about mutants specifically altered in the orthologous gene, FF-7, have been presented. The gene (NCU04001) has been cataloged as a Zn2Cys6 transcription factor and mutants in the gene have been generated in the course of a large-scale functional study of transcription factors in Neurospora (Colot et al., 2006; Carrillo et al., 2017). The gene is not essential, and the deletion mutants form conidia on slants, but they show alterations in sexual development, being unable to produce protoperithecia, perithecia and ascospores (Carrillo et al., 2017). In Fusarium graminearum deletion mutants in 657 genes encoding transcription factors have been generated, among them the orthologs of the 103 TFs studied in N. crassa (Colot et al., 2006). In this system the ortholog of FF-7, and therefore of Bcin04g03490, identified as FGSG-10069, has been shown to be important for growth and sexual development and, in this case, also for virulence (Son et al., 2011).



DISCUSSION

Variation lies at the heart of genetic analysis. In this work we focused on the characterization of a collection of B. cinerea field isolates that showed large physiological differences among individuals regarding their ability to infect the vine. Medium aggressiveness isolates predominated, though very aggressive isolates as well as weak pathogens were also found (Acosta Morel et al., 2019). We selected a group of eight isolates that are completely non-pathogenic on grapevine for genetic analysis.

Phenotypically these isolates separate into two different types and the genetic analysis performed showed that both groups of mutants define distinct complementation groups, each altered in a different gene. Isolate B116 is the sole member of the first group, while the seven mycelial isolates form a second and homogeneous group. These mycelial isolates all harbor mutations in gene Bcin04g03490 and show identical alterations in pathogenicity and in developmental processes. The alterations include the production of aerial, sterile mycelium which does not sporulate at all, the failure to produce sclerotia and also the elimination of the capacity to sense and respond to light modifying developmental programs. Numerous fundamental processes are affected by mutations in a single gene, indicating that the Bcin04g03490 gene plays a key regulatory role in the physiology of the pathogen. Likely, the gene altered in isolate B116 will also be a key gene playing an essential role regulating development and pathogenicity, given its phenotypes. The genetic analysis of crosses between isolate B116 and the aggressive isolate B448 is currently in progress.

The annotation of the B. cinerea genome indicates that the Bcin04g03490 gene is cataloged as a gene encoding a transcription factor of the fungal-specific Zn(II)2Cys6 (C6) binuclear cluster class (Amselem et al., 2011; Simon et al., 2013). In all cases the criterium for this classification was the presence of a Zn(II)2Cys6 binuclear cluster DNA binding domain characterized by the highly conserved motif CX2CX6CX6CX2CX6C. The Bcin04g03490 protein has this DNA binding domain, but it is located in the central region of the protein. Moreover, the C-terminus of the encoded protein contains a predicted acetyltransferase domain. Structurally, therefore, the Bcin04g03490 protein differs from the “conventional” Zn(II)2Cys6 TFs. We propose that the Bcin04g03490 protein binds to DNA and speculate that it functions in regulating gene expression through a mechanism that involves the acetylation of specific substrates, such as proteins in the chromatin complex.

The distinct mutations in the seven Bcin04g03490 alleles all represent loss of function substitutions. Three of them have nonsense mutations that give rise to small, truncated versions of the protein and for which it is possible to predict a total loss of function. The allelic variants of the four remaining mycelial isolates result from nucleotide changes that determine amino acid substitutions. Notably, in allele a217 the nucleotide substitution affects the second Cysteine of the six Cysteines that form the Zn-binding motif characteristic of this type of domains. These six residues are absolutely conserved (Todd and Andrianopoulos, 1997) and are essential for DNA-binding (Johnston and Dover, 1987; Pfeifer et al., 1989; Parsons et al., 1992; Todd and Andrianopoulos, 1997). Mutations in alleles a371 (and a350) and a286 involved residues affecting the LbH_MAT_GAT domain. As they result in complete loss of function, those mutations identify two residues essential for this activity: the G residue at position 722 (substituted by R in the a371 protein), and the Y residue at position 633 (substituted by D in the a286 protein).

Bcin04g03490 is a gene with a major effect that regulates developmental processes and pathogenicity. Numerous studies have analyzed the role of signaling cascades and genetic regulatory factors that affect morphogenesis and virulence and demonstrate the existence of connections between differentiation and developmental processes and pathogenicity (Schumacher and Tudzynski, 2012). During the last decade, evidence has accumulated that shows a fundamental role of light as a key regulatory factor of development and virulence in B. cinerea (Canessa et al., 2013). It is interesting to note that the non-pathogenic mutants identified in this study show phenotypes that resemble those of the “blind” isolates. They have lost their ability to respond to light and, thereby, their ability to produce conidia and sclerotia in a light-regulated manner (Canessa et al., 2013; Schumacher, 2017). The B116 isolate displays the characteristics typical of the “always conidia” isolates, which show hyperconidiation in a light-independent manner, and do not produce sclerotia. On the other hand, the isolates of the group represented by the isolate B371 show the characteristics of the “always mycelia” isolates, producing a sterile aerial mycelium with a “fluffy” appearance and that do not produce sclerotia. The mycelial fluffy phenotype is frequently described in natural populations of the pathogen. The mycelial-type isolates described by Paul (1929) probably represent fluffy isolates. It is striking that those isolates were reported to be the most actively parasitic isolates. Following Paul’s classification, several authors have described “mycelial type” isolates (Faretra et al., 1988; Martinez et al., 2003: Korolev et al., 2008). More recently, Canessa et al. (2013) have described 4 isolates out of 72 wild strains that failed to produce any reproductive structures, among them strain J47a, always producing undifferentiated mycelia of fluffy appearance. When evaluated, the mycelial isolates were shown to be able to infect the host plant (Martinez et al., 2003; Korolev et al., 2008). This is a characteristic that our mycelial isolates do not share. A mycelial fluffy phenotype has been described in several occasions in strains generated in laboratory conditions in the course of the analysis of factors controlling development in B. cinerea. It was found associated with modulation of G protein signaling (Doehlemann et al., 2006) or with deletion of the bZIP TF BcATF1 (Temme et al., 2012). Deletion of the latter TF generates mutants impaired in conidia production which do not differentiate sclerotia. However, they show extremely vigorous growth in axenic culture and marked increase in colonization of different hosts. On the other hand, overexpression of both wcl1 and wcl2 increases formation of aerial hyphae associated with reduced conidiation, yielding colonies with a fluffy appearance (Canessa et al., 2013). None of these “natural or laboratory fluffy” isolates have exactly the phenotype shown by the non-pathogenic mycelial isolates identified in this work, which arise from the alteration of the Bcin04g03490 gene. It will be interesting to determine if the gene Bcin04g03490 is altered in the mycelial isolates previously described. It will also be of interest to evaluate the expression and function of the white collar complex genes, and of other regulatory genes participating in development and pathogenicity, in the Bcin04g03490 mutants. A global expression analysis in the mutants will be highly informative in this context.

The Bcin04g03490 gene and its orthologs appear to be specific of the Pezizomycotina within the Ascomycetes. It is not essential for the survival of the organism, but it plays an important role in controlling developmental processes. In the three systems in which it has been functionally characterized, its elimination disturbs the ability to complete the sexual cycle. In B. cinerea this is likely because the mutant does not produce sclerotia. In N. crassa and in F. graminearum fruiting bodies are not produced at all (Colot et al., 2006; Son et al., 2011; Carrillo et al., 2017). A general function in controlling sexual development can be proposed for the gene product. Other alterations inform about functions which appear to be species specific. Thus, in N. crassa radial growth and conidia production is not altered (Carrillo et al., 2017), while in F. graminearum radial growth is reduced (Son et al., 2011) and in B. cinerea sporulation is completely abolished. Finally, in the two plant pathogenic fungi the virulence is affected, in F. graminearum being reduced (Son et al., 2011) but completely annulled in B. cinerea.

In other fungal necrotrophs, mutants showing the phenotypes displayed by the mycelial non-pathogenic isolates altered in Bcin04g03490 have not been reported. The UV-induced Sclerotinia sclerotiorum mutant A2 (Godoy et al., 1990) resembles the B. cinerea mutants in some aspects, as it is non-pathogenic and does not produce sclerotia. It also fails to produce oxalic acid, an aspect which has not been evaluated in the B. cinerea mutants. The nature of the genetic defects in the A2 mutant has not been determined and evaluation of available evidence showed that UV-induced mutants harbored previously unrecognized genetic alterations (Xu et al., 2018). Although different mutations could have been induced in its genetic background, it might be worthwhile exploring whether the S. sclerotiorum ortholog of the Bcin04g03490 gene is altered in the A2 mutant.

The polymorphism responsible for the phenotypes observed between isolates B448 and B371 has been identified by means of the analysis of genetic variation between them at the genome scale. For both isolates the levels of polymorphism in relation to a reference isolate are in the range reported for other field isolates (Blanco-Ulate et al., 2013; Atwell et al., 2015, 2018; van Kan et al., 2017; Soltis et al., 2019) and support previous observations highlighting the existence of high levels of standing variation in natural populations of the pathogen (Atwell et al., 2018; Soltis et al., 2019). This holds true at the gene level. In each of the seven Bcin04g03490 alleles sequenced at least two, and up to four, SNPs were detected. Our selection criterium imposes an important bias, since only non-pathogenic mycelial isolates are being analyzed. Therefore, each allele should harbor at least one major impact polymorphism. But in the seven alleles at least one additional polymorphism, either silent or functionally not relevant, is found.

The fact that non-pathogenic mycelial isolates are found in grape bunches in the field raises several questions from the ecological perspective. How do they arise and how are they maintained? If the corresponding Bcin04g03490 mutant alleles are in the populations, even with a low frequency, it is possible that macroconidia carrying the mutation in homokaryosis are produced from heterokaryotic mycelium. It is unknown whether or not those macroconidia would germinate and develop into hyphae and infect the host tissues, but certainly the mycelium produced would display the phenotype characteristic of the natural mycelial non-pathogenic mutants purified. It would grow saprophytically, but if it does not produce spores and sclerotia and is not able to infect the plant tissues, its propagation and dispersion capacity would certainly be limited, and the fitness of the pathogen would decrease. Then, how and why are they maintained in the populations? Perhaps these isolates could be able to infect and multiply in other hosts, or even sporulate or produce sclerotia under particular environmental conditions. However, this appears to be unlikely since the mycelial isolates did not infect any host that we tested (S. lycopersicum, Prunus domestica, Arabidopsis thaliana, P. vulgaris and several varieties of V. vinifera). Furthermore, they behave as blind mutants insensitive to light. The corresponding Bcin04g03490 mutant alleles would only be maintained in the populations through propagations of heterokaryotic mycelium. Alternatively, they could be maintained through sexual reproduction in crosses in which these isolates participate as the male parent. Their capacity to produce microconidia that act as spermatia in sexual reproduction in crosses (Faretra et al., 1988) is not compromised in the mutants, as has been shown in this work. But if they do not confer any selective advantage, their frequency would decrease over time. It is interesting to note that, although considered a typical necrotroph, B. cinerea has been shown to be capable of behaving as an endophyte, colonizing plants internally without causing any disease symptom (van Kan et al., 2014). Once inside the host plant, if able to penetrate, the non-pathogenic isolates would disseminate without depending on the production of conidia or of sclerotia. Moving to other plants in the field would involve long distance transmission and that would be much more limited in the absence of conidia. Perhaps transmission by means of insect vectors could take place. It might be speculated that the mutations in gene Bcin04g03490 could provide an advantage when the fungus behaves, if that occurs, as an endophyte. In any case, it is intriguing why these mycelial non-pathogenic blind mutants described in this work, all altered in gene Bcin04g03490, as well as other blind mutants previously described (Canessa et al., 2013), are maintained in the populations at high frequencies. If the mycelial isolates cannot cause disease and cannot produce spores and sclerotia, it would be fair to assume that this is an evolutionary dead-end and that such genotypes would become extinct. Our disease assays cannot exclude that the isolates are able to infect or otherwise colonize (asymptomatically) other host species or tissues that we did not test in our experiments. The observation that the mycelial phenotype is discovered multiple times in a population of limited size and that different isolates carry independent nucleotide substitutions in the same gene suggests that the isolates have a good ecological fitness. This suggests that these mycelial isolates reproduce and disperse successfully, but the mechanisms conferring their competitiveness remain to be understood.

Through the analysis of natural variation, the role of a novel major effect gene in B. cinerea has been unraveled. The functional characterization of Bcin04g03490 brings to light an additional layer in the complex network of regulatory circuits controlling development, light sensing and pathogenicity in B. cinerea. Given the phenotypes displayed by the mutants, Bcin04g03490, and/or genes under its control, can be considered as attractive targets in the context of the development of alternative control strategies.
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Macrophomina phaseolina is a generalist soil-borne fungus present all over the world. It cause diseases such as stem and root rot, charcoal rot and seedling blight. Under high temperatures and low soil moisture, this fungus can cause substantial yield losses in crops such as soybean, sorghum and groundnut. The wide host range and high persistence of M. phaseolina in soil as microsclerotia make disease control challenging. Therefore, understanding the basis of the pathogenicity mechanisms as well as its interactions with host plants is crucial for controlling the pathogen. In this work, we aim to describe the general characteristics and pathogenicity mechanisms of M. phaseolina, as well as the hosts defense response. We also review the current methods and most promising forecoming ones to reach a responsible control of the pathogen, with minimal impacts to the environment and natural resources.
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INTRODUCTION

Macrophomina phaseolina is a generalist soil-borne fungus present all over the world, affecting at least 500 plant species in more than 100 families. It cause diseases such as stem and root rot, charcoal rot and seedling blight (Dhingra and Sinclair, 1978; Ghosh et al., 2018). Under high temperatures (30–35 °C) and low soil moisture (below 60%), this fungus can cause substantial yield losses in crops such as soybean and sorghum, impacting incomes of farmers (Kaur et al., 2012). In the worst case scenario, 100% yield losses have been recorded in groundnut cultivars when disease appeared at pre-emergence stage (Sharma and Bhowmik, 1986).

Despite the many research efforts to control the diseases, the management strategies of M. phaseolina remains a challenge. Indeed, diseases caused by this soil pathogen are the result of interactions between the host plant, the pathogen, and the biotic and abiotic components of the environment. Therefore, in this work we aim to (1) describe the general characteristics of M. phaseolina, (2) report the most up-to-date knowledge on the pathogenicity mechanisms as well as interactions between the fungal pathogen and its host plants and/or other microorganisms, (3) review the current strategies and most promising forecoming ones to control the pathogen.



MACROPHOMINA PHASEOLINA GENERAL CHARACTERISTICS

Macrophomina phaseolina (Tassi) Goid is a member of the family Botryosphaeriaceae. Currently, no subspecies or physiological races, based on morphological or genomic characterizations, have been identified for this fungus (Dhingra and Sinclair, 1978; Crous et al., 2006). However, two new Macrophomina species, M. pseudophaseolina and M. euphorbiicola, have been isolated recently. M. pseudophaseolina was isolated from Abelmoschus esculentus, Arachis hypogaea, Hibiscus sabdarifa and Vigna unguiculata in Senegal (Sarr et al., 2014) and subsequently in A. hypogaea, Gossypium hirsutum and Ricinus communis and associated with seed decay of Jatropha curcas in Brazil (Machado et al., 2019). This fungus appeared to be less distributed than M. phaseolina but only slightly differed in pathogenicity (Mbaye et al., 2015). M. euphorbiicola was reported as a new phylogenetic species of Macrophomina and was found associated with charcoal rot on castor bean (Ricinus communis) and bellyache bush (Jatropha gossypifolia) in Brazil (Machado et al., 2019).


Morphological Characteristics

M. phaseolina is characterized by hyaline hyphae with thin walls to light brown or dark brown hyphae with septa. Branches from the main hyphae are generally formed at right angle on parent hyphae with constriction at the point of origin. Microsclerotia, a compact mass of hardened fungal mycelium, are spherical, oval or oblong, light brown in the young stage becoming darker (brown to black) with ageing. Pycnidia, which are rarely observed under natural conditions, are larger than microsclerotia, dark brown to black, rough, globose, or irregular, beaked and ostiolated (Lakhran et al., 2018). The fungus can show a wide heterogeneity in mycelium colour, microsclerotia distribution, pycnidia formation and chlorate phenotypes between isolates on synthetic media. Nevertheless, the amplification of the internal transcribed spacers (ITS) has indicated that isolates belonged to one single species (Almomani et al., 2013). It has been suggested that the morphological heterogeneity could be attributed to the responses of the fungi to environmental factors or variation in their hosts species (Tok, 2019; Pandey et al., 2020).

Likewise, a high correlation between virulence and phenotype (i.e., morphological variations) has been reported by Tok (2019).



Disease Cycle

Microsclerotia is the primary infective source of M. phaseolina. This structure of resistance is able to survive up to 15 years in soil (Gupta et al., 2012). It can infect the roots of the host plant at the seedling stage via multiple germinating hyphae. Once in the roots, the fungus affects the vascular system, disrupting the water and nutrient transport to the upper parts of the plants (Figure 1). Typical symptoms are yellowing and senescence of leaves that remain attached to the stems by the petioles, sloughing of cortical tissues from the lower stem and taproot, and the grey appearance of these tissues due to the abundance of microsclerotia that can result in a premature death of the host plant (Short et al., 1978; Wyllie, 1988; Sinclair and Backman, 1989; Smith and Carvil, 1997; Figure 2).
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FIGURE 1. Disease cycle of charcoal rot caused by Macrophomina phaseolina. Microsclerotia present in soil is the primary source of inoculum. Microsclerotia germinate (30–35°C) and form a germ tube followed by the development of an appresoria to penetrates through the host epidermis. Once in the roots, the fungus affects the vascular system, disrupting the water and nutrient transport to the upper parts of the plants. This causes wilting of the plant and a typical grey appearance of stem tissues due to the abundance of microsclerotia. Under severe disease and favourable environmental conditions, a premature death of the host plant often occur. Microsclerotia in root and stem debris return to the soil and can either begin a new disease cycle or survive in soil up to 15 years.
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FIGURE 2. Charcoal rot on corn (Zea mays L.) and soybean (Glycine max). (A) Inside of corn stem showing black discoloration and shredding of vascular bundles. (B) M. phaseolina hyphae (red arrow) and microsclerotia developed on vascular aces of corn stem (black arrow). (C) Soybean plant 10 days post inoculation with M. phaseolina under in vitro culture conditions. (D) M. phaseolina hyphae (red arrow) and microsclerotia developed on soybean roots (black arrow).




Genetic Diversity

Genetic diversity among M. phaseolina isolates has been widely studied using mostly molecular markers followed by cluster analysis. Genetic methods such as random amplified polymorphic DNA (RAPD), restriction fragment length polymorphism (RFLP), amplified fragment length polymorphism (AFLP) and rDNA sequencing have been successfully used for comparative genomics in M. phaseolina population from different countries (Mayék-Pérez et al., 2001; Almeida et al., 2003; Jana et al., 2005; Babu et al., 2010; Khan et al., 2017). Eventhough sexual reproduction in M. phaseolina is absent, results showed a high degree of genetic diversity among isolates of this pathogen. It is possible that parasexualism with fusion of cells from different hyphae could occur, and may form heterokaryons that contribute to the variability observed (Almeida et al., 2003).

In some studies (Jana et al., 2005; Babu et al., 2010; Mahdizadeh et al., 2012), genetic diversity has been associated with host plant origin and/or geographical locations, while in other studies (Mahdizadeh et al., 2011; Reznikov et al., 2018, 2019), clustering of data could not clearly differentiate isolates based on their pathogenicity, morphological characteristic, host or geographical origins. In numerous studies the distribution of M. phaseolina genotype has been found to be independent of sampling location and host (Khan et al., 2017; Tančić Živanov et al., 2019). Moreover, genetic variability among Brazilian isolates of M. phaseolina showed that one single root can harbor more than one haplotype (Almeida et al., 2003). M. phaseolina has a very heterogeneous nature. Variation in pathogenicity appeared to be associated with their ability to produce hydrolytic enzymes and to genetic diversity (Ramos et al., 2016; Khan et al., 2017). Thus, attempts to study genotype–genotype specific interactions between plant cultivars and M. phaseolina isolates as proposed by Reznikov et al. (2019) will help in the development of resistant cultivars.



Molecular Diagnostics

Accurate diagnosis and early detection of pathogens is an essential step in plant disease management. Species-specific oligonucleotide primers and oligonucleotide probes can be used to rapidly detect and identify M. phaseolina by polymerase chain reaction (PCR) and hybridization (Babu et al., 2007). More recently, specific primers have been developed for the identification of M. phaseolina, M. pseudophaseolina, and M. euphorbiicola (Santos et al., 2020). This may contribute to broader studies conducted to evaluate the diversity and distribution of species of this genus.

Furthermore, a real-time qPCR assay has been developed to detect and quantify M. phaseolina abundance in rhizosphere soil and plant tissues. Sets of specific primers have been designed for SYBR green and TaqMan assay (Babu et al., 2011; Burkhardt et al., 2018). These are useful tools for the evaluation of a plant pathogen population in the soil, and it seems possible to estimate the vegetative population of M. phaseolina following direct extraction of soil DNA without culturing (Babu et al., 2011).



Genomic, Proteomic and Metabolic Analysis

In the recent decade, Islam et al. (2012) edited the first whole genome of M. phaseolina which was characterized by a large number of enzymes involved in the degradation of cell wall polysaccharides and lignocellulose. This study opened the field to investigate the infection process at the cytological and molecular level via a diverse arsenal of enzymatic and toxin tools infecting a huge diversity of plants. To date and as far as we know, published genomes of M. phaseolina include strains isolated from jute, strawberry, alfalfa, and sorghum (Islam et al., 2012; Burkhardt et al., 2019; Quazi et al., 2019; Purushotham et al., 2020).

Recently, proteome data of M. phaseolina was provided by Zaman et al. (2020). A total of 2204 proteins were identified, of which 137 were found to be differentially regulated in presence of the biocontrol microorganism Bacillus contaminans NZ. Interestingly, most of these proteins with altered expression were related to defense, virulence, cell proliferation, and cell wall composition, together with the proteins of redox and metabolic pathways (Zaman et al., 2020). Interestingly, the metabolites profile of M. phaseolina has been compared in the presence and absence of Eucalyptus globulus stem tissue (Salvatore et al., 2020). The presence of host tissue during M. phaseolina growth induced the production of azelaic acid, suggesting that this secondary metabolite may play a role in disease establishment.



PATHOGENESIS OF M. PHASEOLINA

M. phaseolina genome encodes a large repertoire of pathogenicity-associated genes which may be involved in the pathogenesis of the fungus (Figure 3). Actually, 12% of the genes encoded by the genome have similarities with genes involved in pathogen-host interactions. This wide array of genes enables M. phaseolina to adhere to the host tissue (i.e., cellulose binding elicitor lectin and transglutaminase-like proteins), neutralize the initial host defense (i.e., salicylate-1-monooxygenase), penetrate and invade plant epidermis. Once in the host, the pathogen releases an array of different toxins and cell wall degrading enzymes (CWDEs) and finally disrupt the host defense, resulting in host cell death and disease establishment (Islam et al., 2012).
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FIGURE 3. Macrophomina phaseolina genome encodes a large repertoire of pathogenicity-associated genes which enables to (A) adhere to the host tissue (e.g., CBEL-cellulose binding elicitor lectin and transglutaminase-like proteins), neutralize the initial host defense (i.e., salicylate-1-monooxygenase), and penetrate and invade plant tissues. (B) Once in the host, the pathogen releases an array of different toxins and cell wall degrading enzymes (CDWEs) and finally disrupt the vascular system and overthrow host defense, resulting in host cell death and disease establishment.


A major characteristic of M. phaseolina is its large amount of hydrolytic enzymes for degrading cell wall polysaccharides and lignocelluloses to penetrate into the host tissue. This includes: endoglucanases, exocellobiohydrolases, and β-glucosidases for the hydrolysis of cellulose; and laccases, lignin peroxidases, galactose oxidases, and chloroperoxidases, haloperoxidases, and heme peroxidases for lignin degradation. Interestingly, M. phaseolina possesses the highest number of laccases and cellulolytic enzymes in comparison with genomes of other sequenced fungal species (e.g., Postia placenta, Phanerochaete chrysosporium, Cryptococcus neoformans, Ustilago maydis, Saccharomyces cerevisia, Aspergillus nidulans, Neurospora crassa) (Islam et al., 2012; Bandara et al., 2018). The production and activity of these plant cell wall-degrading enzymes has been confirmed under in vitro culture conditions (Ramos et al., 2016).

Furthermore, phytotoxic metabolites produced by M. phaseolina have been described, including phaseolinon, botryodiplodin and patulin, which are believed to play a role in the initial stages of infection, causing wilting of seedlings and formation of necrotic lesions on leaves and roots (Bhattacharya et al., 1987; Ramezani et al., 2007; Abbas et al., 2020; Salvatore et al., 2020). This increases the virulence of M. phaseolina and may contribute to explain the highly efficient mechanism to infect different hosts and tissues. The great adaptability of the fungus to a wide range of environmental conditions also contibutes to its ubiquitous distribution and infectivity of plants (Islam et al., 2012; Salvatore et al., 2020). This adaptation consist in the expression of detoxification genes (such as cytochrome P450, Cof, superoxide dismutase) to counter the plant defense response (Ghosh et al., 2018).

Interestingly, M. phaseolina genome analysis revealed nitric oxide synthase-like sequence with conserved amino acid sequences. Nitric oxide (NO) was detected in vitro inside the mycelium and in the surrounding medium, and in high concentration in infected jute tissues as well. This suggest that NO may have important physiological significance in necrotrophic host pathogen interaction (Sarkar et al., 2014).

Although M. phaseolina is a polyphagous pathogen and there is no evidence of host specificity, the existence of interactions between plant cultivars (e.g., soybean) and M. phaseolina genotypes aggressiveness has been demonstrated (Reznikov et al., 2018). Therefore, understanding the basis of the pathogenicity mechanisms as well as its interactions with host plants is crucial for controlling the pathogen.



HOST PLANT - M. PHASEOLINA INTERACTION

In order to better understand the underlying mechanisms of resistance, several functional genomic strategies, including proteomics and transcriptomics, have been performed to analyse the interactions between several cultivars of various host plants and M. phaseolina. Hosts defense-related genes and proteins expressed during soilborne infection have been identified and huge datasets have been accumulated (Table 1).


TABLE 1. Study of the interactions between several host plants and Macrophomina phaseolina.

[image: Table 1]The interaction between two sorghum cultivars and M. phaseolina during the first hours of infection, resulted in the ovexpression of antifungal genes (i.e., chitinase and stilbene synthase), suggesting their roles in enhancing sorghum resistance (Sharma et al., 2014). Similarly, an increasing expression of chitinase and β-1,3-glucanase was noticed in groundnuts genotypes selected for their tolerance to M. phaseolina (Iwuala et al., 2020).

In the case of jute, a recombinant inbred line (RIL) population was studied via transcriptome and microRNA analysis. Defense genes related to the phenylpropanoid metabolism, phytohormones [jasmonic acid (JA), abscissic acid (ABA), ethylene (ET) and salycilic acid (SA)], signaling, cell wall biosynthesis and proteolysis were identified in this study (Biswas et al., 2014). Furthermore, microRNA analysis revealed highly abundant 22-nt miRNA families which have an innate ability to trigger phased small RNA cascades in SA/JA/ABA mediated natural SAR resistance (Biswas et al., 2014). Moreover, in-silico analysis suggested that a multi-layered defense is initiated by microRNAs to build strong barriers against M. phaseolina mediated by nucleotide binding site (NBS) and leucine-rich repeat (LRR) motifs, and the gene regulation of reactive oxygen species (ROS) (Dey et al., 2016).

Medicago truncatula, the main legume model, has also been used to analyze gene expression profile in response to M. phaseolina infection. This plant infected with M. phaseolina showed disease symptoms such as wilting and leaf yellowing at 1 day-post- inoculation (dpi), and most plants died 4 dpi. The expression of genes related to flavonoid and isoflavonoid biosynthesis, JA and ET pathways were induced. Meanwhile, transcriptome profile showed overall repression of auxin response genes. These results suggested that the host susceptibility to M. phaseolina is possibly partially due to suppression of the auxin response by the pathogen. In addition, plants treated with the active auxin, indole- 3-acetic acid (IAA), have been reported to be more tolerant to M. phaseolina (Gaige et al., 2010; Mah et al., 2012). On the other hand, studies in the model plant Arabidopsis thaliana, showed that increased expression of defense related genes, as mitogen-activated protein kinases and thaumatin proteins, with increased sugar and proline may play a role in the development of resistance against M. phaseolina (Saima and Wu, 2019). Additionally, ET or JA mutants showed an enhanced susceptibility to M. phaseolina. These observations suggested that ET and JA signaling pathways are important for protection against M. phaseolina in Arabidopsis (Schroeder et al., 2019).

The constitutive expression of Camellia sinensis thaumatin-like protein gene in potato confered enhanced resistance to M. phaseolina and Phytophthora infestans and showed a concomitant and significant increase in transcripts of LOX and phenylpropanoid pathways genes (Acharya et al., 2013).

Soybean is a leading agronomic crop with expanding production areas in diverse regions around the world. Charcoal rot caused by M. phaseolina is one of the most economically important soybean diseases (Wrather et al., 2010). This probably makes the interaction between soybean and M. phaseolina the more explored among host plants.

In the early 80s, Pearson et al. (1987) were the first to search for resistant soybean cultivars. Although this has not been succesfull to date, many studies have since been directed towards identifying new sources of resistance or even towards a better understanding of the resistance mechanisms that will contribute to future breeding programs (Bellaloui, 2012; Coser et al., 2017; Mengistu et al., 2018; Reznikov et al., 2018). Considering that the disease caused by M. phaseolina is highly correlated with environmental conditions, de Sousa Linhares et al. (2020) suggested the use of different temperatures for better characterization of the resistance levels, allowing the selection of plant cultivars most appropriated for different climatic conditions. Likewise, Mengistu et al. (2018) determined the severity of M. phaseolina in putative drough tolerante genotypes and determined the effect of charcoal rot on yield in irrigated and non-irrigated environments. Although a minimal relationship between charcoal rot disease severity and drought tolerance was observed, they concluded that it may be necessary to select for resistance to both traits in environments where both soil moisture stress and charcoal rot are high. The effect of charcoal rot infection was evaluated on seed total phenol, lignin, and isoflavone concentrations in soybean genotypes differing in their resistance to the disease under varying infestation levels and drought conditions. Results showed that resistance to charcoal rot have been associated with high levels of phenolic compounds, boron, and sugars in seeds (Bellaloui et al., 2012). Moreover, Genome-wide association studies (GWAS) provided useful information for understanding the genetic mechanisms of resistance and the advance of breeding programs, although no overlap of markers or genes have been observed between field and greenhouse experiments (Coser et al., 2017).

Transcriptome profile demonstrated a significant impact of M. phaseolina infection on soybean gene expression, including numerous plant defense genes related to signaling hormones, PR proteins, disease-resistance proteins, transcription factors, and secondary metabolism related genes (Marquez et al., 2018). Among secondary metabolism, phenylpropanoids (for example phytoalexins) are known to be involved in plant-pathogen interactions and can be strongly toxic or inhibitory to pathogens. Transgenic soybean lines with a gene that suppresses glyceollin (the collective name for soybean phytoalexins) biosynthesis were used to measure the effect of M. phaseolina colonization. These transformed soybeans markedly reduced root capacity to produce glyceollin and increased susceptibility to pathogen infection, showing that glyceollin accumulation is an important component of the innate soybean defense response (Lygin et al., 2013).



MANAGEMENT STRATEGIES

Many control strategies have been evaluated in recent decades with varying degrees of success (Figure 4). They are detailed in the section below (see Table 2).
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FIGURE 4. Integrated M. phaseolina disease management strategies could include a combination of: (i) Promotion of plant defense response with selected Biological control agents (BCAs) and natural or chemical elicitors via induced systemic resistance (ISR) or systemic acquired resistance (SAR), respectively; (ii) Host genetic resistance [via breeding or GM (genetic modification)]; (iii) Reduction of the inoculum density and growth via agricultural practices (biosolarization, irrigation), plant metabolites with allelopathic activity, BCAs, innovative genetic tools as Small interfering RNA (siRNA) molecules and chemical control using nanoformulation of fungicide with low collateral damage to surrounding ecosystems.



TABLE 2. Summary of different management strategies against Macrophomina phaseolina.
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Genetic Resistance

To the best of our knowledge, there is no known vertical resistance (R-gene based) to M. phaseolina inhibiting or limiting infection but rather, a partial resistance which do not limit infection but reduce or compensate the damages, and therefore the consequences on the fitness of plants.

Cultivars of soybean and strawberry with varying degrees of resistance to M. phaseolina have been identified (Reznikov et al., 2018; Gomez et al., 2020). Differences in fungal behaviour close to the roots and during infection of roots have been observed between resistant vs. susceptible varieties of sesame. The rhizosphere around the resistant variety had a reduced growth of M. phaseolina as compared to the susceptible variety (Chowdhury et al., 2014). Similarly, Hemmati et al. (2018) reported the formation of adventitious roots around the crown of soybean and inability of the pathogen to complete its life cycle in resistant cultivars, while pre-penetration steps within the roots were not linked to resistance, as they did not observe differences in microsclerotia germination and hyphae development.

Notably, the identification and mapping of QTLs associated with resistance to M. phaseolina, revealed candidate genes with potential for further functional genomics analysis and it may facilitate breeding and molecular engineering progress against this pathogen (Srinivasa Reddy et al., 2007; Muchero et al., 2011; Tomar et al., 2017; Mahmoud et al., 2018; da Silva et al., 2019).



Chemical Control

The chemical control of M. phaseolina is difficult, since there are no systemic fungicides that move towards the root. As far as we know, no fungicides have been registered to control this pathogen. However, systemic and non-systemic fungicides (i.e., carbendazim, difenoconazole, benomyl, azoxystrobin, dazome) at different concentration were evaluated in vitro and in vivo against M. phaseolina (Cohen et al., 2012; Tonin et al., 2013; Chamorro et al., 2015a; Parmar et al., 2017; Lokesh et al., 2020).

Results indicates that the mycelial growth and formation of sclerotia are highly sensitive to carbendazim (50 ppm), an impact that increases with the increase in concentration of this systemic fungicide (Lokesh et al., 2020). Carbendazim inactivates tubulin function, the building block of microtubules, necessary for the fungal growth (Davidse and Flach, 1978). In addition, in another set of experiments, carbendazim application reduced disease incidence and increased the rate of plant survival (Iqbal and Mukhtar, 2020). Interestingly, the nanoformulation (particle size < 100 nm) of the commercial fungicide Trifloxystrobin 25% + Tebuconazole 50% (75 WG), was better in comparison to the conventional one (micro sized). The nanoform was effective at 10 ppm and it exerted hyphal abnormality, hyphal lysis and abnormality of sclerotial formation on M. phaseolina when tested under in vitro conditions (Kumar et al., 2016).

Disease management combining cultural practices with chemicals have been reported, but no conclusive results could be drawn, requiring further investigations (Cohen et al., 2012). Although the efficacy of certain chemical fumigants has been demonstrated (Iqbal and Mukhtar, 2020; Lokesh et al., 2020), agro-environmental policies and the increasing negative perception of the public on the agrochemicals have led to the evaluation and comparison of chemicals agents with more sustainable alternatives to control plant diseases caused by M. phaseolina (Reznikov et al., 2016; Swamy et al., 2018; Adhikary et al., 2019).



Agronomic Practices

There is a relationship between pathogen inoculum density in soil and disease intensity, and between disease intensity and yield loss. Hence, some agricultural practices have intended to reduce the inoculum density. Biosolarization, a technique that combines biofumigation and solarization, has been shown effective in the reduction or stabilization of M. phaseolina microsclerotia population in soil, reducing the incidence of strawberry charcoal rot (Chamorro et al., 2015b). Conversely, irrigation maintained densities of microsclerotia relatively constant and did not prevent infection by M. phaseolina. However, high soil moisture (above 60%) reduced disease severity (Kendig et al., 2000; Jordaan et al., 2019). The wide host range and high persistence of M. phaseolina microsclerotia make crop rotation, intercropping and lay period strategies less considered. Although crop rotation has not been effective in controlling this pathogen, reduced densities of inoculum occurred when soybean was less frequently used in rotations (Francl et al., 1988). For the particular case of sesame, grown as mixed or inter cropped with green gram, less incidence of Macrophomina stem and root rot and higher seed yield equivalent as compared to sole sesame was observed (Rajpurohit, 2002).

Approaches intended to modify the soil environment, favouring antagonistic organisms interfering with the pathogen, have also been attempted. For example, the adoption of conservation strategies as direct seeding, showed a suppression of M. phaseolina favoured by the higher microbial abundance and activity, and the subsequent development of plants with healthier root systems (Perez-Brandán et al., 2012). Similarly, combining irrigation with soil amendment, increased the population of lytic bacteria against M. phaseolina (Lodha et al., 1997). Finally, fertilization has shown different effects on the severity of M. phaseolina. Phosphorus fertilization have shown a reduction, while nitrogen increased disease severity (Spagnoletti et al., 2018, 2020).



Biological Control

Biological control agents (BCAs) has well as plant metabolites and elicitors of plant defenses have received increasing attention in the last few decades. Some BCAs impact the pathogens directly, inhibiting their growth, while others affect the pathogen indirectly by eliciting defense pathways in the host plant.


Fungal BCAs

Arbuscular mycorrhizal fungi (AMF) are probably the oldest and most widespread symbiosis on earth (Smith and Carvil, 1997) forming mutualistic associations with an estimate of 72% of land plants (Brundrett and Tedersoo, 2018). They produce significant changes in the host plant and its environment and have been repeatedly reported to reduce the incidence or severity of several pests and diseases (Pozo et al., 2010; Eke et al., 2016; Karthikeyan et al., 2016; Zhang et al., 2018; Jain and Pundir, 2019; Marquez et al., 2019). Described mechanisms range from competition with soil-borne pathogens for space and nutrients to reprogramming of plant gene expression and metabolism, particularly those involved to defense mechanisms (Liu et al., 2003, 2007; López-Ráez et al., 2010; Campos-Soriano et al., 2012; Gallou et al., 2012; Rivero et al., 2015; Marquez et al., 2018, 2019). These fungi may also prime host tissues for efficient activation of plant defenses upon a challenger attack (Pozo and Azcón-Aguilar, 2007).

Although mycorrhizal symbiosis is not able to avoid infection M. phaseolina or any other pathogens, a reduction in root infection by M. phaseolina and disease symptoms severity have been reported (Doley and Jite, 2013; Oyewole et al., 2017; Spagnoletti et al., 2017, 2020; Marquez et al., 2018). These observations were associated with a decreased oxidative damage and the boosting of defense response mechanisms, including a significant increase in total phenol and proline contents, and superoxidase activity (Doley and Jite, 2013; Spagnoletti et al., 2017). In addition, transcriptional studies have suggested that protection is associated with the modulation of pathogen infection. The induction of serine carboxipeptidase-like (SCPL) and lectin genes have been proposed to enhance pathogen recognition capacity, allowing an early defense response, a lower incidence of disease, and better cell homeostasis in roots. However, it is important to notice that 40% of the genes differentially expressed, in mycorrhizal soybean plants infected with M. phaseolina, and potentially involved in the defense response of the plant, corresponded to unknown genes or genes without assigned function (Marquez et al., 2018). Further studies on these interactions should be conducted for a better understanding of the mechanisms involved in the biological control mediated by AMF. Likewise, to the best of our knowledge, the effect of AMF on the pathogenicity mechanisms of M. phaseolina has not yet been investigated. Eventually, even though phosphorus fertilization have shown a reduced disease severity of M. phaseolina, a partial reduction of the AMF protection was observed when both combined treatments where applied (Spagnoletti et al., 2018). Conversely, AMF protects soybean plants against M. phaseolina even under nitrogen fertilization (Spagnoletti et al., 2020). Hence, its important to consider the effect of integrated management in agricultural practices.

Trichoderma spp. are effective BCAs for several soilborne fungal plant pathogens including M. phaseolina (Bastakoti et al., 2017; Hyder et al., 2017). These saprotrophic fungi have evolved multiple antagonistic mechanisms such as nutrient competition, antibiotic production, and mycoparasitism. Moreover, some species are known for their effects on plant health, such as plant growth promotion effects or the abilities to enhance systemic resistance (Martinez-Medina et al., 2016).

M. phaseolina growth inhibitions during antagonism was positively correlated with the capacity of Trichoderma spp. to overgrowth and degrade the pathogen mycelia (coiling around the hyphae with apressoria and hook-like structure). The induction of chitinase, β-1, 3 glucanase and increase in total phenol content was also observed, suggesting their role in growth inhibition of pathogen during antagonism (Gajera et al., 2012). Similarly, Brettanomyces naardensis, an antagonistic and growth-promoting yeast, is a potent biocontrol agent for M. phaseolina that colonizes fungal hyphae causing malformation and damage (Nafady et al., 2019).

In addition to inhibiting the growth of the pathogen during direct interaction, the antibiosis via microbial volatile organic compounds (mVOCs) was observed in the case of Trichoderma longibrachiatum (Sridharan et al., 2020). These mVOCs reduced M. phaseolina mycelial growth by altering the mycelial structure. Interactions increased the level of terpenoids, which includes longifolene, caryophyllene, and cuprenene, but also resulted in newly expressed compound, which were not produced by none of the organisms before interaction, as limonene, azulene, 3-methyl-1-butanol, styrene, salicylaldehyde, undecane, and 3-methylphenol. These compounds might act as signaling molecules in microbe-microbe interactions and are potent antimicrobials.



Bacterial BCAs

Several rhizospheric and root-associated bacteria have been isolated and tested for their antagonistic effects against M. phaseolina. Several isolates were quite effective in reducing disease incidence and promoting host plant growth traits. Among these are species belonging to Bacillus, Pantoea, Pseudomonas, Stenotrophomonas, and Serratia genus (Kumar et al., 2007; Vasebi et al., 2013; Torres et al., 2016; Mmbaga et al., 2018; Sanjeevkumar et al., 2020; Hussain and Khan, 2020).

Bacillus isolates have shown important inhibitions of Macrophomina sp. growth, either in dual culture plate tests or through the use of culture filtrates. Bacillus amyloliquefaciens and B. siamensis have shown antifungal activities via the excretion of compounds of the lipopeptides-surfactin class, although further studies are required to understand the exact composition and molecular structure of the filtrates. For instance, a lethal damage on the fungus microsclerotia was observed (Torres et al., 2016; Hussain and Khan, 2020). Meanwhile, B. subtilis generated a fungistatic effect probably connected to a competition for space or nutrients, instead of a toxic effect (Torres et al., 2016). Furthermore, two plant growth promoting rhizobacteria (PGPR) isolates, identified as Pseudomonas fluorescens and Bacillus subtilis, have shown inhibitory capacities against M. phaseolina under in vitro (on soybean seeds) and in vivo (greenhouse assay) culture conditions (Simonetti et al., 2015).

Interestingly, the whole proteome of M. phaseolina upon B. contaminans challenged condition identified the upregulatation of proteins related to energy production and defense and stress response, while there was significant downregulation in oxidative stress protection pathways, growth and cell wall integrity, and virulence. M. phaseolina remained dormant while it revert to an active life with reduced virulence once the bacteria was removed. In this regard, it seems that B. contaminans arrest the growth of M. phaseolina and decrease its pathogenicity (Zaman et al., 2020).



Mycoviral BCAs

In nature, some mycoviruses are known to be responsible for debilitation/hypovirulence of plant pathogens (Xie and Jiang, 2014). Although several virus-infecting M. phaseolina isolates were described (Wang et al., 2019a, b), no hypovirulence has been documented of this pathogenic fungus or at least was demonstrated.



Plant Metabolites

Most plants exhibit inhibitory and stimulatory biochemical interactions with other plants and microorganisms, referred to as “allelopathy.” Especially, through root exudates, higher plants are able to prevent phytopathogens from infecting crops (Ushiki et al., 1996). Plant extracts and their volatile oils have been reported as natural phytosanitary products aiming the substitution or reduction in the application of conventional fungicides.

In plant defense systems, secondary metabolites can be divided into distinct chemical groups: terpenes, phenolics, nitrogen and sulfur containing compounds. A high number of secondary metabolites possesses antifungal characteristics (Zaynab et al., 2018).

Whole plant or leaf extracts of medicinal plants viz: Prosopis africana, Anacardium occidentale and Nigella sativa have been assayed against M. phaseolina, observing an inhibition of its growth. Analysis of the extracts showed the presence of alkaloids, saponins, tannins, flavonoids, anthraquinones, octadecadienoic acid, pentadecanoic acid, 1,2,3,4, butaneteterol, octadecanoic acid and linoleic acid. The antifugal activity of these extracts have been confirmed in several studies (Elaigwu et al., 2018; Aftab et al., 2019). Moreover, some extracts were able to induce the activity of defense enzymes in soybean plants inoculated with M. phaseolina (Lorenzetti et al., 2018). Additionally, Lippia gracilis oil extract showed an important inhibitory effect on the mycelial growth of M. phaseolina, becoming a promising alternative as control method (Ugulino et al., 2018). Furthermore, exogenous application of the synthetic strigolactone (SL) GR24 suppressed M. phaseolina hyphal branching. These results suggests that SLs released by plant roots, not only affect AMF and parasitic plants, but they also may play other important roles by affecting other organisms in the plant environment (Dor et al., 2011).



Elicitors of Plant Defense

Elicitors are natural or synthetic compounds, which sprayed on the plants have been shown to induce systemic acquired resistance (SAR) and deter infection from bacterial, fungal, and viral pathogens. In order to control M. phaseolina and two other soybean pathogens (Phytophtora sojae and Sclerotinia sclerotiorum), the elicitors benzothiadiazole (BTH), chitosan (CHT), phenylalanine (PHE), and salicylic acid (SA), have been applied to soybean foliage. Results showed that the elicitor effectiveness varied based on soybean genotypes, pathogens, and environmental conditions (Pawlowski et al., 2016).

Chitosan has shown a potential dual role by inducing defense response in jute seedlings and directly inhibiting M. phaseolina during infection. Changes in enzyme profiles of jute after treatment with water-soluble chitosan (s-chitosan) helped to understand the mode of action of this antifungal compound. In this sense, the activity of defense related enzymes like chitosanase and peroxidase in infected seedlings was observed to be enhanced after treatment with s-chitosan in jute seedlings during infection by M. phaseolina (Chatterjee et al., 2014).

A better understanding of the immune responses triggered by elicitors is necessary. The use of elicitors in plant resistance may be detrimental to other physiological processes impacting negatively other plant traits, such as biomass and seed production. Therefore, it is important to make distinction between elicitors that directly activate plant defenses and those which acts as priming compounds. Priming condition, whereby plants that have been subjected to prior stimulus will respond more quickly or more strongly to a subsequent attack, is thought to be a relatively low-cost mechanism of advancing plant defense (Paré et al., 2005; Conrath, 2011; Denancé et al., 2013).



Innovative Genetic Tools

Small interfering RNA (siRNA) molecules have been used as a tool for the management of many plant pathogens (i.e., Fusarium, Aspergillus, Verticillium, Sclerotinia) (Mcloughlin et al., 2018). RNAi-mediated suppression of selected target genes, chosen based on their importance in growth and/or pathogenicity, can negatively affect the pathogen’s ability to infect the host or minimizing host symptoms.

Exogenous siRNAs were applied to target genes, β-1,3-glucan synthase and chitin synthase, in M. phaseolina. These targeting genes are important for the fungal cell wall synthesis. Interestingly, growth of siRNA-treated fungi has been suppressed, as indicated by smaller growth area and less dense mycelium. The siRNA treatments have also been reported to delay the maturation of the fungus since microsclerotia developed and melanized at a slower pace under multiple treatment conditions. Moreover, M. phaseolina growth suppression was correlated with a significant decreases in transcript abundances of target genes (Forster and Shuai, 2020a, b). Selection of siRNAs, where undesirable results due to off-target binding in a host plant or other organisms are minimized, is very important as they can be used for application in other innovative technologies. For example, Host-Delivered RNA interference (HD-RNAi), where plants contain genes encoding siRNA targeting toward pathogens (Hu et al., 2015).



CONCLUDING REMARKS

The interactions that occur underground, between M. phaseolina and micro or macrooganisms and even with the physico-chemical environment conditions, are very complex and it is therefore of uppermost important to fully understand them to optimize their application in disease control strategies. Any management strategy should include interference, alteration, or manipulation of at least one of these components or the interactions, with minimal disruption to the environment and natural resources. Responsible management of diseases caused by M. phaseolina is essential, since the importance of this soilborne fungus lies not only in the losses it causes but also in the impacts it has on the environmental due to unsustainable management practices (Vimal et al., 2017).
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Fusarium oxysporum (Fo) is a notorious pathogen that significantly contributes to yield losses in crops of high economic status. It is responsible for vascular wilt characterized by the browning of conductive tissue, wilting, and plant death. Individual strains of Fo are host specific (formae speciales), and approximately, 150 forms have been documented so far. The pathogen secretes small effector proteins in the xylem, termed as Secreted in Xylem (Six), that contribute to its virulence. Most of these proteins contain cysteine residues in even numbers. These proteins are encoded by SIX genes that reside on mobile pathogenicity chromosomes. So far, 14 proteins have been reported. However, formae speciales vary in SIX protein profile and their respective gene sequence. Thus, SIX genes have been employed as ideal markers for pathogen identification. Acquisition of SIX-encoding mobile pathogenicity chromosomes by non-pathogenic lines, through horizontal transfer, results in the evolution of new virulent lines. Recently, some SIX genes present on these pathogenicity chromosomes have been shown to be involved in defining variation in host specificity among formae speciales. Along these lines, the review entails the variability (formae speciales, races, and vegetative compatibility groups) and evolutionary relationships among members of F. oxysporum species complex (FOSC). It provides updated information on the diversity, structure, regulation, and (a)virulence functions of SIX genes. The improved understanding of roles of SIX in variability and virulence of Fo has significant implication in establishment of molecular framework and techniques for disease management. Finally, the review identifies the gaps in current knowledge and provides insights into potential research landscapes that can be explored to strengthen the understanding of functions of SIX genes.
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INTRODUCTION

Fusarium is a complex and an adaptive genus in Ascomycota that includes both pathogenic as well as non-pathogenic species (Mandeel and Baker, 1991; Gordon and Martyn, 1997). Under this genus, species Fusarium oxysporum Schlechtendal (1824) emend. Snyder and Hansen (1940) (Fo) represents the most pervasive, anamorphic, and polytypic soil-borne pathogen (O’Donnell and Cigelnik, 1997; O’Donnell et al., 1998) that is capable of infecting more than 150 plant species. The host range of Fo varies from vegetables (bottle gourd and tomato), flowers (tulips and carnations), field crops (cotton and chickpea) to plantation crops (banana, dates, and palms) (Pietro et al., 2003; Rana et al., 2017; Edel-Hermann and Lecomte, 2019). Despite showing a broad host range, strains of Fo are highly host specific and are genetically and morphologically distinct (Mandeel et al., 2005; Leslie and Summerell, 2008; Palmero et al., 2009; Edel-Hermann and Lecomte, 2019). Together, these host-specific forms constitute a consortium referred to as F. oxysporum species complex (FOSC) (Edel-Hermann and Lecomte, 2019). FOSC consists of causative agents of vascular wilt, stem-, root-, and crown-rot diseases of economically imperative crops worldwide (Weimer, 1944; Olivain and Alabouvette, 1999; Michielse and Rep, 2009; Gordon, 2017; Rana et al., 2017; Edel-Hermann and Lecomte, 2019). Based on its devastating impact on crop yield, Fo has been positioned fifth among the top 10 economically significant phytopathogenic fungi (Dean et al., 2012).

Genome-wide analysis conducted on Fo has revealed a two-speed genome organization; separating genomic regions required for normal development of the pathogen from relatively fast-evolving regions required for pathogenesis (Croll and McDonald, 2012; Raffaele and Kamoun, 2012; Dong et al., 2015; Fokkens et al., 2018). The host range and specificity of Fo are dictated by genes located on pathogenicity-associated genomic regions (Ma et al., 2010, 2015; Rep and Kistler, 2010; Williams et al., 2016). These pathogenicity-associated genes encode effector proteins, transcription factors (TFs), secreted enzymes, and proteins involved in secondary metabolism and signal transduction (Rep et al., 2002, 2004; Houterman et al., 2007; Van Der Does et al., 2008; Ma et al., 2010; Schmidt et al., 2013). Effector proteins either effectuate a compatible (virulence) response or, on interaction with their corresponding resistance (R) genes, result in incompatible (avirulence) reaction (Flor, 1971; Jones and Dangl, 2006). The horizontal transfer of host-specificity genes to otherwise genetically distinct lineages result in the rapid emergence of new pathogenic lines with a wider host range (Ma et al., 2010). Considering that non-pathogenic strains of Fo can colonize asymptomatic plants as endophytes (Kuldau and Yates, 2000), the potential of these strains to evolve into new virulent lines is a matter of major concern (Gordon and Martyn, 1997; Recorbet et al., 2003; Michielse and Rep, 2009). It is due to the evolution of new pathogens that management strategies for Fusarium wilt have not seen much success. On that account, a thorough understanding of the molecular basis of virulence in Fo is of primary importance as it will provide impetus to the development of efficient and effective disease control strategies. After providing an overview on the biology and variability of Fo pathogens, this review will focus, in particular, on Secreted in Xylem (SIX) genes, their diversity across formae speciales, their role in virulence and host specificity, and evolutionary relationships among Fo pathogens to better understand host–pathogen interactions and rapid emergence of new pathogenic strains.



HOST–PATHOGEN INTERACTION

Fusarium wilt is a soil-borne disease that is characterized by wilted plants with yellow leaves and a marked reduction in crop yield. The pathogen thrives in warm climate and dry soil; hence, symptoms are severe at 25–30°C (Zitter, 1998; Joshi, 2018). Fusarium, being an anamorphic fungus, produces asexual spores, namely, microconidia, macroconidia, and chlamydospores (dormant propagules) (Gordon, 2017). Germination of these spores is triggered by secretion of exudates from host plant roots and sites of lateral root emergence or injury. Upon germination, the development of infection hypha is initiated that penetrates the root epidermis at the tip (Bishop and Cooper, 1983). Thereafter, the hypha progresses intercellularly via root cortical cells until it enters the xylem tissue. Upon reaching the vascular tissue, the fungus branches profusely and produces microconidia and macroconidia that are transported acropetally by the transpirational pull of plant system (Bishop and Cooper, 1983). Microconidia germinate, and the hyphae spread systemically throughout the host. However, contrasting results were obtained in a study by Michielse and Rep (2009), wherein neither conidiophores nor microconidia were observed in xylem vessels of infected tomato and Arabidopsis plants. These results did not align with the conventional idea that microconidia play an important role in colonization (Beckman, 1987). Generally, to prevent the spread of fungus, resistant plants produce antifungal compounds and occlude the lumen of the xylem vessel by tyloses (VanderMolen et al., 1987; Zhang et al., 1993). This response in susceptible hosts is generally delayed till later stages of infection. Blockage of xylem vessels eventually results in browning of the vascular tissue, a prominent symptom of Fusarium wilt. Disease progression over time leads to leaf bending, chlorosis, wilting, and eventual death of the host (Figure 1). At this stage, the fungus sporulates extensively on the surface of dead plant tissues. The disease spread to other hosts via infected plant parts, transplants or seeds, and contaminated soil (Bishop and Cooper, 1983; Michielse and Rep, 2009; Gordon, 2017; Joshi, 2018).
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FIGURE 1. Disease cycle of Fusarium oxysporum. (A) Secretion of root exudates by host plant triggers spore germination and the development of infection hypha prompting penetration of the root epidermis at the tip. (B) The hypha progresses intercellularly via the root cortical cells until it enters the xylem tissue, parenchymal cells, and vessels, through xylem pits. (C) The pathogen colonizes vascular vessels causing blockage and browning as a result of excessive mycelial growth. (D) The initial stage of infection shows symptoms at the stem base and slowly advancing upward, triggering withering of young leaves. (E) Marginal yellowing or complete chlorosis in mature leaves is observed. (F) Disease progression results in wilting and death of the host plant. Fungal spores (microconidia, macroconidia, and chlamydospores) are formed on dead plant tissue and remain dispersed in soil.




CONCEPT OF Formae speciales, RACES, AND VEGETATIVE COMPATIBILITY GROUPS

Pathogenic Fusarium isolates are differentiated at subspecies level into assemblages termed as formae speciales (ff. spp.) (Gordon, 1965; Armstrong and Armstrong, 1981; Baayen, 2000). A forma specialis (f. sp.) is composed of isolates capable of infecting a unique host. Individuals from a forma specialis are further subdivided into pathogenic races depending upon their varied virulence toward cultivars of the same host (Correll, 1991). New races within a forma specialis emerge as a result of mutations in pathogenicity-associated genes. For instance, in race 1 of F. oxysporum f. sp. lycopersici (Fol), whose isolates express three effector genes (AVR1, AVR2, and AVR3), deletion of AVR1 resulted in emergence of race 2 and point mutation(s) in AVR2 eventuated in the evolution of race 3 (Houterman et al., 2008, 2009; Takken and Rep, 2010; Biju et al., 2017). Based on the capability of the isolates to undergo heterokaryosis, they can be grouped as vegetative compatibility groups (VCGs) (Puhalla, 1985; Ploetz and Correll, 1988; Moore et al., 1993). The members of a particular VCG are clonal lineages and share similar pathological, physiological, and biological attributes (Caten and Jinks, 1966). The relationship between races and VCGs of a forma specialis varies from simple to relatively complex (Correll, 1991). In a rather simple relationship, isolates from one race (even from diverse geographical backgrounds) may correspond to a single VCG. For example, in F. oxysporum f. sp. niveum (Fon), all race 2 isolates belong to a single VCG (Correll, 1991; Epstein et al., 2017). On the other hand, occurrence of isolates of different races within a single VCG or isolates of a single race belonging to different VCGs may add to the complexity of the relationship thereof. For instance, three VCGs of F. oxysporum f. sp. cubense (Focub) (0124, 0125, and 0128) contain isolates of races 1 and 2, while isolates of race 1 of Focub belong to eight different VCGs (0123, 0124, 0125, 0128, 01210, 01217, 01218, and 01220) (Czislowski et al., 2018).



POLYPHYLETIC ORIGIN OF Fusarium oxysporum SPECIES COMPLEX MEMBERS

Recent evolutionary studies have annulled the classical concept that most of the pathogenic isolates of Fo are monophyletic in origin. It is now well established that most formae speciales have evolved independently multiple times throughout the course of evolution pointing towards their para- or polyphyletic origin (O’Donnell et al., 1998, 1999). Remarkably, isolates from one forma specialis, race, or VCG may show close relatedness to the isolates of other formae speciales, races, or VCGs than their own members (Kistler, 1997; Lievens et al., 2009a). Conserved gene sequences and their combinations, mitochondrial or nuclear barcoding, and pathogenesis-related genes have been used to study the evolutionary relationships between different formae speciales, races, and VCGs. Studies based on IGS (intergenic spacer) region, vegetative compatibility, restriction fragment length polymorphism (RFLP), mitochondrial DNA (mtDNA) and isozyme polymorphism have demonstrated that Fol isolates may reflect genetically different evolutionary lines. For instance, phylogenetic analysis of Fol isolates by utilizing IGS rDNA sequences showed three well-supported clusters (A1, A2, and A3) (Kawabe et al., 2005). The major cluster A2 consisted of Fol isolates along with representatives of other formae speciales (melonis, batatas, and radicis-lycopersici). Lievens et al. (2009b) studied the evolutionary relationships between Fol and F. oxysporum f. sp. radicis-lycopersici (Forl) by constructing phylogenetic tree employing pgx4 (exo-polygalacturonase) and Translation Elongation Factor 1α (TEF-1α) gene data and concluded that Fol comprises of three independent clonal lineages. Phylogenetic tree developed by exploiting data from the IGS region of rDNA resolved the isolates of Fol and Forl into five distinct lineages (Cai et al., 2003). Interestingly, Fol VCG 0035 (lineage 5) isolates had more similarities to Forl isolates (lineage 4) compared with the isolates in other Fol lineages or VCGs (Cai et al., 2003). About a decade later, Nirmaladevi et al. (2016), through the ITS (internal transcribed spacer) region analysis, identified evolutionary relationships among Fol isolates and other formae speciales and concluded that Fol represents a polyphyletic forma specialis due to divergent evolution. A similar inference was drawn by employing mitochondrial small subunit (mtSSU) rDNA and TEF-1α-based studies in forma specialis cubense. These phylogenetic studies showed that Focub consists of four clades containing members from various polytypic species (O’Donnell et al., 1998). The results demonstrated a close relatedness of Focub isolates to other representative members of FOSC. Phylogenetic relationships between Focub and FOSC members, as well as between VCGs and Focub races, have revealed that the capacity of pathogens to trigger banana disease has evolved independently multiple times (Fourie et al., 2009). The ability of Focub to inflict disease on a particular cultivar of banana is a polyphyletic trait (Fourie et al., 2009). Multiple gene-genealogical studies established F. oxysporum f. sp. vasinfectum (Fov) as a polyphyletic forma specialis (Skovgaard et al., 2001). The phylogenetic tree obtained from integrated TEF-1α, NIR (nitrate reductase), PHO (acid phosphatase), and mtSSU rDNA sequences reported four different lineages of Fov that correlated with variations in their origin and virulence. The phylogenetic relationship deduced from TEF-1α data of Phoenix-specific F. oxysporum f. sp. canariensis (Focan) isolates reported the presence of three lineages, confirming that Focan in Australia evolved independently (Laurence et al., 2015). Depending on TEF-1α phylogenies, isolates belonging to F. oxysporum f. sp. cucumerinum (Foc) and F. oxysporum f. sp. radicis-cucumerinum (Forc) were reported as genetically diverse and resolved in clades separate from other non-cucurbit-infecting formae speciales (Lievens et al., 2007). Based on the phylogenetic tree obtained from 10 conserved gene dataset, Epstein et al. (2017) described F. oxysporum f. sp. apii as a polyphyletic forma specialis. Evaluation of genetic diversity among forma specialis betae isolates based on ITS, β-tubulin, and TEF-1α phylogenies reported the polyphyletic origin of this forma specialis (Hill et al., 2011). Isolates from F. oxysporum f. sp. melonis (Fom) were also reported to be polyphyletic based on the phylogenetic tree constructed using nuclear repetitive DNA sequences. The isolates were separated into different groups in the phylogenetic tree (Namiki et al., 1994; Gordon and Martyn, 1997). The mtSSU rRNA and TEF-1α phylogenies clustered F. oxysporum f. sp. vanillae isolates into different clades pointing toward a polyphyletic pattern of origin (Pinaria et al., 2015). Similarly, F. oxysporum f. sp. lactucae was described as polyphyletic based on IGS phylogeny and VCGs (Ogiso et al., 2002; Fujinaga et al., 2005; Pasquali et al., 2005).

Not all formae speciales are polyphyletic; a few monophyletic ones have also been reported. In a study by Baayen et al. (2000), TEF-1α, mtSSU rDNA, and amplified fragment length polymorphism (AFLP)-based phylogenies were assessed to identify the nature of origin in 89 isolates belonging to eight different formae speciales. The study revealed two formae speciales, tulipae and lilii, to be monophyletic and the remaining ones, asparagi, dianthi, gladioli, lini, opuntiarum, and spinaciae, to be polyphyletic in origin. Apart from lilii and tulipae (Baayen et al., 2000), ciceris is also considered as a monophyletic forma specialis (Jiménez-Gasco et al., 2002). Isolates of different F. oxysporum f. sp. ciceris (Focic) races shared similar sequences in the intronic region of TEF-1α, β-tubulin, calmodulin, actin, and histone 3 genes by virtue of which they clustered together, separated from other non-pathogenic isolates and formae speciales suggesting a monophyletic origin of Focic (Jiménez-Gasco et al., 2002). Identifying species boundary in FOSC is undeniably a challenge considering the lack of distinct morphological characters, ecological diversity, diverse genetic background, and dynamic host range of strains. FOSC members are devoid of sexual stages in their life cycle; however, horizontal gene transfer (HGT) within the complex may contribute to the observed genetic diversity.



FEATURES OF Fusarium oxysporum GENOME

The genome sequences of 16 species (11 Fo and five Fusarium species) can be retrieved from the Joint Genome Institute (JGI) MycoCosm site, FungiDb (Fungi database), and GenBank National Centre for Biotechnology Information (NCBI) database (Ma et al., 2010, 2014; Ma L. J. et al., 2013; Williams et al., 2016; DeIulio et al., 2018). The complete genetic and physical maps of the pathogens provide an outstanding opportunity to investigate the variation in genome size and content within the genus (Ma et al., 2010; Ma L. J. et al., 2013). Comparative genomic studies among the members of the genus have provided insight on the variation in genome size within the genus; Fol strain 4287 (Fol-4287) has an average genome size of 61 Mb, whereas Fusarium verticillioides (Fv), Fusarium graminearum (Fg), and Fusarium solani (Fs) (syn. Nectria haematococca) have 42-, 51-, and 36-Mb genome sizes, respectively (Ma et al., 2010). Fv and Fg have comparable genome sizes, even though in the course of evolutionary diversification, Fol and Fv lineages share a common ancestor and have diverged earlier from the clade containing the Fg lineage (Ma L. J. et al., 2013; O’Donnell et al., 2013). Furthermore, genome sequencing and gene mapping of Fusarium species have revealed a variable chromosome count, fluctuating between four in Fg and 17 in Fs (Cuomo et al., 2007; Coleman et al., 2009; Ma et al., 2010).

The F. oxysporum genome is compartmentalized structurally and functionally into two components: a core genome that encodes housekeeping genes vital for survival and growth of the pathogen and an accessory genome encoding pathogenicity or virulence-associated genes (Ma et al., 2010; Croll and McDonald, 2012; Schmidt et al., 2013). Till date, the genome of Fol-4287 remains the most exhaustively studied genome that has been mapped into complete chromosome sequences. Therefore, the Fol-4287 strain is used as a key point of reference for subsequent studies. Out of 15 chromosomes mapped in the genome assembly of Fol-4287, 11 are designated as core chromosomes and four as accessory chromosomes. The core genome of Fol-4287 shows 80 and 90% similarity to Fg and Fv genomes, respectively, suggesting that they are highly syntenic across isolates and related species (Ma et al., 2010).

The accessory genome, also termed as conditionally dispensable (CD) chromosomes, supernumerary (SP) chromosomes, or lineage-specific (LS) region, encompasses 19 Mb of the total genome size and includes chromosomes 3, 6, 14, 15, scaffold 27 of core chromosome 1, and scaffold 31 of core chromosome 2 (Ma et al., 2010). Lineage-specific regions are rich in retro-elements including SINEs (short interspersed repeat elements), LINEs (long interspersed repeat elements), gypsy- and copia-like long terminal repeat retrotransposons, and DNA transposons [miniature inverted transposable elements (MITEs), hAT-like, Tc1-mariner, and Mutator-like] (Ma et al., 2010). The LS region contains 95% of DNA transposons and 74% of all transposable elements (TEs) present in the Fol-4287 genome (Ma et al., 2010) and may be specifically associated with pathogenic adaptation (Ma et al., 2010, 2015). The shared genomic region of Fol and Arabidopsis-infecting strain (Fo-5176) (55 Mb) amounts to less than 2% of sequence divergence. Intriguingly, counterparts of most of the Fol LS region are missing in Fo-5176 (Ma et al., 2010). Similarly, Fov also shows high sequence identity only to the core genomic region of Fol and not to the corresponding LS region (Ma et al., 2010). On this account, comparison among the genomes of Fo pathogens link LS regions to host adaptation (Ma et al., 2010, 2015).

The observed variation in genome size in the genus is attributed to the activity of TEs, horizontal chromosome transfer (HCT), and deletion or fusion of genomic regions (Kistler et al., 1995; Ma et al., 2010; Ma L. J. et al., 2013; Schmidt et al., 2013) (schematically represented in Figure 2). The activity of TEs can cause translocation, deletion, and complex arrangements of genetic material (Davière et al., 2001; Schmidt et al., 2013). The increase in genome size of Fol has been attributed to the acquisition of LS chromosomes from other Fusarium species through horizontal transfer (Ma et al., 2010).
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FIGURE 2. Schematic representation of Fusarium oxysporum genome features. (A) Horizontal transfer, deletion, and duplication of the lineage-specific (LS) chromosome 14 (LS Chr14) alter pathogenicity and genome size. (B) The LS Chr14 structure showing the presence of class II transposable elements (TE class II) and Secreted in Xylem (SIX) genes. TE class II elements present in the promoter region of SIX are miniature impala (mimp) and mfot5 elements. SIX genes might be trapped between the internal resolution (IR) sites of TEs and subsequently transposed together. The mobilization of SIX genes due to the activity of TEs and HGT could result in variation in SIX profile in FOSC members. Fo, Fusarium oxysporum; FOSC, F. oxysporum species complex; HGT, Horizontal gene transfer.




HORIZONTAL TRANSFER OF MOBILE PATHOGENICITY CHROMOSOME

Horizontal transfer provides a mechanism to transfer pathogenicity-associated genes/chromosomes from a pathogenic isolate to a non-pathogenic one, resulting in the generation of a new virulent lineage. Along these lines, the ability of Fol to cause disease on tomato has been presumed to be acquired through horizontal transfer of pathogenicity chromosome from other Fusarium species (Ma et al., 2010). This was experimentally demonstrated via co-incubation studies. Chromosome 14 of Fol pathogenic strain (Fol-007) marked with zeocin gene was co-incubated with a non-pathogenic Fo strain (Fo-47) labeled with the hygromycin gene. Transfer of chromosome 14 during this co-cultivation experiment rendered Fo-47 pathogenic to tomato (Ma et al., 2010). Similar outcomes in co-incubation experiments were obtained where LS chromosome were transferred from a pathogenic line (Fol-4287) to a non-pathogenic line that rendered it pathogenic (Vlaardingerbroek et al., 2016a). Studies have also reported HCT in formae speciales other than Fol. van Dam et al. (2017) through co-cultivation experiments assessed HCT between cucurbit-infecting strains, in which Forc-016 was chosen as the donor strain and Fo-47 as the recipient. All strains obtained from the experiment exhibited the karyotype of Fo-47 strain along with an additional chromosome presumed to have been transferred from Forc-016 as a result of HCT. Besides the members of FOSC, HGT between other Fusarium species and Fo was also reported (van Dam et al., 2017). Flower bulb-infecting strains, Fusarium proliferatum, Fusarium hostae, and Fusarium agapanthi, showed the presence of Fo-specific genes providing evidence for interspecific horizontal transfer due to shared habitat between their ancestors and F. oxysporum f. sp. hyacinthi or F. oxysporum f. sp. lilii strains. On the other hand, complete loss of chromosome 14 in pathogenic Fol-4287 strains compromised virulence on host plants (Ma et al., 2010), whereas no effect on pathogenicity was observed on the deletion of core chromosome (Vlaardingerbroek et al., 2016b). Contrarily, strains with partial deletion of Fol-4287 chromosome 14 regions including effector genes were still pathogenic, implicating that loss of individual or a few genes results in only fractional loss of virulence (Ma et al., 2010). Vlaardingerbroek et al. (2016b) further elaborated on these results. They showed that a part of the short arm (p arm) of the pathogenicity chromosome is adequate for inflicting disease on plants. Transfer of this portion of pathogenicity chromosome is sufficient to convert a non-pathogenic line to a pathogenic line. Interestingly, recipient strains of this portion of chromosome (short arm) were reported to be more virulent than strains that received complete pathogenicity chromosome (short and long arm). This suggested that the sequences present on the long arm (q arm) of the chromosome were possibly involved in suppressing virulence in non-pathogenic strains that received the complete chromosome (Vlaardingerbroek et al., 2016b). It was evident from these studies that LS chromosomes are significant for the development of new pathogenic lines. Owing to the limited availability of whole genome sequences of many formae speciales, it is difficult to trace the path of HCT between strains. More studies are needed to generate a curated database of genome assembly of pathogenic as well as non-pathogenic isolates. Analyses of the genome of isolates from different geographical backgrounds will shed light on how new pathogens evolve on the acquisition of mobile pathogenicity chromosomes from other lineages.



PATHOGENICITY FACTORS

Xylem-colonizing Fusarium pathogens employ both general and specific pathogenicity mechanisms to invade the host. While components of cell signaling pathways, such as cyclic adenosine monophosphate (cAMP), mitogen-activated protein kinase (MAPK), Ras (retrovirus-associated DNA sequences) proteins, G (guanine nucleotide-binding) protein, and cell wall-degrading enzymes, encompass the general factors regulating pathogenicity (Di Pietro et al., 2001; Jain et al., 2002, 2003, 2005; Ma L. J. et al., 2013; Guo et al., 2016; Liu et al., 2016), effectors and host-specific toxins attribute specificity to pathogens. Effectors secreted by the pathogen facilitate its colonization by modulating immune response in the host plant (Hogenhout et al., 2009). Secreted in Xylem (Six) proteins is one such example of effectors (Rep et al., 2002, 2004) whose detailed overview, structure, regulation, and diverse roles are dealt in further sections.


Secreted in Xylem Proteins

Rep et al. (2002) identified a small 12-kDa cysteine-rich fungal protein in the xylem sap proteome of tomato plants infected with Fol. Further structural analysis revealed that the observed 12-kDa protein corresponded to the central part (six of the eight cysteine residues) of the actual 30-kDa protein that they termed as Six1 (Rep et al., 2004). Later, Houterman et al. (2007) identified a 22-kDa propeptide of Six 1 protein along with three new Six proteins, namely, Six2, Six3, and Six4, that were approximately 24, 16, and 24 kDa in size, respectively, with eight, two, and six cysteine residues, respectively (Houterman et al., 2007). Van Der Does et al. (2008) and Schmidt et al. (2013), through genomic analysis, identified genes that encode Six5, Six6, and Six7; and Six8, Six9, Six10, Six11, Six12, Six13, and Six14 proteins, respectively. Hitherto, 14 Six proteins have been recognized in Fol. These are small secreted proteins, and most of them contain cysteine residues in even numbers (Rep et al., 2004; Rep, 2005; Houterman et al., 2007; Ma et al., 2010). Initially, SIX genes were considered to be limited to Fol, but later, homologs were identified in other formae speciales as well (Supplementary Table 1). It is noteworthy to mention that non-pathogenic strains of Fo share a set of conserved putative effector genes with the pathogenic strains but carry fewer SIX genes (van Dam et al., 2016; de Lamo and Takken, 2020).



Structure and Regulation of Secreted in Xylem Gene

The accessory chromosome 14 of Fol-4287 strain is dominated by TEs and has been predicted to predominantly harbor all 14 SIX genes (Ma et al., 2010). The presence of TEs in the genome was also associated with clustering of SIX genes observed in TE-rich regions. Occasionally, SIX genes present in the vicinity of IR (inverted repeats) sites of class II TEs might get trapped and translocated together to a new location within class II TE-rich chromosomal subregions (Schmidt et al., 2013). In accordance to that, the highly dynamic genomic location of AVR-Pita in rice blast fungus Magnaporthe oryzae was also attributed to the activity of TEs. Transposon insertion in AVR-Pita gene prevented the host from recognizing this avirulence protein (Zhou et al., 2007). Multiple translocation events of AVR-Pita resulted in a cycle of loss and gain of recognition by resistant rice cultivars (Chuma et al., 2011). Similarly, in Fol, deletion events caused by recombination between TEs led to the loss of an Fol avirulence gene (AVR1) that eventuated in overcoming of resistance mediated by the cognate resistance gene (Biju et al., 2017). Owing to the high density of TEs in LS regions of Fo pathogens, FOSC can prove useful as a model system to decipher relationships between virulence and TEs.

Structurally, SIX genes harbor two MITEs, namely, mimp (miniature impala; sized ≈220 nucleotides) and mFot5 (miniature Fot5 transposon) that vary in their distribution. While mfot5 has been reported to be present downstream of SIX9 or some mini-effector clusters, a portion of mimp is found consistently present in the promoter region of all SIX genes (Schmidt et al., 2013). Hence, mimp can be exploited as a diagnostic feature in the detection of putative SIX genes. Overall, 103 mimp elements have been reported in Fol-4287 genome. Among these, only four are present on core chromosomes, while 54 are located on accessory chromosome 14, and the remaining 45 are on other accessory chromosomes (Schmidt et al., 2013). Homologs of five SIX genes (SIX1, SIX2, SIX6, SIX7, and SIX11) and an avirulence gene (FomAVR2) were identified using mimp elements in melon-Fom pathosystem (van Dam and Rep, 2017). Similarly, mimp elements were utilized to predict effector candidates in Fol (Schmidt et al., 2013), legume-infecting strains such as Focic and F. oxysporum f. sp. pisi (Williams et al., 2016), F. oxysporum f. sp. cepae (Armitage et al., 2018), and race 1 and 4 of Focub (Chang et al., 2020). Interestingly, deletion of mimp element from the promoter region of SIX genes (SIX1, SIX3, and SIX5) neither altered gene expression nor affected pathogenicity of Fol ruling out the direct involvement of mimp in SIX gene expression (Schmidt et al., 2013).

Virulence in Fo is considered a polygenic trait and requires TFs for the regulation of pathogenicity-related genes (Husaini et al., 2018). The role of a TF Six gene expression 1 (SGE1) (situated on the core genome), in modulating the expression of SIX genes (SIX1, SIX2, SIX3, and SIX5) has been confirmed in a study by Michielse et al. (2009b) suggesting the dependency of SIX expression on the core chromosome. In compliance with its transcriptional role, deletion of SGE1 in tomato-infecting Fol resulted in reduced pathogenicity, which is attributable to the lost expression of effector genes. SGE1 deletion mutants of Fol also exhibited a quantitative reduction in conidiation, confirming the major role of SGE1 during parasitic growth of the pathogen (Michielse et al., 2009b). Various orthologs of SGE1 have been reported in fungi such as Fv and Candida albicans (Michielse et al., 2009a; Brown et al., 2014). The retention of this gene in Fol indicates that it is a conserved TF that has developed as a SIX gene regulator (Michielse et al., 2009b).

Two TFs, Fusarium transcription factors (FTF) 1 and 2, belonging to a Zn(II)2Cys6-type family factors, modulate the expression of SGE1 and SIX genes (Niño-Sánchez et al., 2016; Van Der Does et al., 2016). While multiple copies of FTF1 are present on chromosome 14 of Fol-4287 and virulent strains of F. oxysporum f. sp. phaseoli (Foph), a single copy of FTF2 is present in all filamentous Ascomycetes (de Vega-Bartol et al., 2011; Niño-Sánchez et al., 2015, 2016; Van Der Does et al., 2016). Studies on SGE1 reported that the expression of SIX genes is dependent on the core chromosome, but the presence of FTF on the pathogenicity chromosome suggested that the SIX gene expression may also be controlled by the chromosome itself (Michielse et al., 2009b; Schmidt et al., 2013). FTF1 resembles the SIX genes in terms of having mimp in its promoter region (Schmidt et al., 2013; Niño-Sánchez et al., 2016). Deletion mutants of FTF1 and FTF2 have implicated their role in the virulence of Foph; however, their functions as direct regulators of SGE1 and SIX genes need further validation (Niño-Sánchez et al., 2016).

Another important transcriptional regulator in Fom is FOW2 (F. oxysporum f. sp. melonis gene for wilt syndrome 2) (Imazaki et al., 2007). It is essentially required for the invasion and colonization of melon roots. Disruption of FOW2 induced loss of virulence in Fom; however, it had no recognizable effect on vegetative development, conidiation, and carbon source utilization (Imazaki et al., 2007).

Expression of SIX genes is very low in the absence of a living plant host (Michielse et al., 2009b). Under such conditions, the activity of SIX genes might be suppressed by the modification of chromatin to a closed/repressive state (Schmidt et al., 2013). The repressive state is achieved by TE silencing that is guided by small RNAs transcribed from TEs. In Solanaceae members, MITEs in the vicinity of resistance genes have been shown to encode small RNAs that recruit methylation machinery to silence TEs (Kuang et al., 2009). This strategy might serve as the first layer for SIX gene regulation where silencing of the MITEs in the vicinity of SIX genes creates a closed chromatin structure (Schmidt et al., 2013). Clustering of SIX genes in class II TE-rich subregions of the accessory chromosome might have facilitated a coordinated expression of SIX genes during infection. The captured genes share the same genomic environment, i.e., closed or open chromatin structure allowing simultaneous transcriptional regulation of these genes (Schmidt et al., 2013).



Roles of Secreted in Xylem Proteins/Genes


Secreted in Xylem Gene Profile Distinguishes Formae speciales and Races of Fusarium oxysporum

Fungicide treatment and soil solarization generally fail to control wilt infection in fields leaving use of resistant cultivar as the most reliable strategy of disease control (Nirmaladevi et al., 2016). Breeding of resistant cultivars requires a thorough understanding of different formae speciales and races of pathogen emerging in the field, which will provide timely information of genes relevant for breeding programs. Members of FOSC are devoid of discernable morphological characters and exhibit genetic heterogeneity attributed to the polyphyletic origin (Kistler, 1997) and horizontal transfer of pathogenicity-associated chromosomes (Ma et al., 2010). Discrimination between pathogenic and non-pathogenic isolates relies on pathogenicity assays that are both time consuming and strenuous owing to abundance of formae speciales and races in FOSC (Recorbet et al., 2003). On the other hand, standard molecular loci-based techniques used in fungal phylogenetics are also constrained by a weak correlation between pathogenicity and phylogenetic relations (Fraser-Smith et al., 2014).

The above challenges can be addressed by techniques that employ specific sequences of DNA closely associated with pathogenicity (Recorbet et al., 2003; van der Does and Rep, 2007; Lievens et al., 2008), such as SIX genes. In this regard, SIX genes can act as a sensitive and specific diagnostic marker as their array varies among members of different formae speciales and races (Lievens et al., 2008, 2009a) (diagramatically represented in Figure 3). For instance, SIX6 gene was used as a molecular marker to differentiate cotton-specific pathogenic Fov isolates from non-pathogenic ones collected from the same geographical regions in Australia (Chakrabarti et al., 2011). Likewise, three races (1, 2, and 3) of pathogenic Fol have been distinguished on the basis of specific array and number of SIX genes. Isolates of race 1 show the presence of three SIX genes (SIX4, SIX3, and SIX1), while race 2 and 3 show two (SIX3 and SIX1) and one (SIX1) genes, respectively (Rep et al., 2004; Houterman et al., 2008, 2009; Van Der Does et al., 2008; Lievens et al., 2009a; Takken and Rep, 2010; Kang et al., 2014). Furthermore, in Focub, race 1 (that infects Gros Michel cultivars of banana) and race 4 (pathogenic to Cavendish banana) were distinguished on the basis of presence, copy number, and sequence variability of SIX1. Three copies and four sequence variants were observed in race 4 compared with one copy and two variants in race 1 (Guo et al., 2014). Similarly, sequence variants of SIX8 have been used to further differentiate race 4 into tropical (TR4) and subtropical (STR4) races. TR4 race harbors four variants, unlike two in STR4 (Fraser-Smith et al., 2014).
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FIGURE 3. Diagrammatic summary of the roles of various Secreted in Xylem (SIX) genes in different formae speciales of Fusarium oxysporum species complex. Fol, Fusarium oxysporum f. sp. lycopersici; Focub, F. oxysporum f. sp. cubense; Fov, F. oxysporum f. sp. vasinfectum; Focon, F. oxysporum f. sp. conglutinans; Fo-5176, Arabidopsis-infecting strain; Forc, F. oxysporum f. sp. radicis-cucumerinum; Fon, F. oxysporum f. sp. niveum; Fophy, F. oxysporum f. sp. physalis; Fom, F. oxysporum f. sp. melonis; TR4, tropical race 4; STR4, subtropical race 4; AVR, avirulence gene; SIX, Secreted in Xylem gene.


An account of the variation in the arsenal of SIX genes in various formae speciales reported so far is given in Supplementary Table 1. The observed variation in SIX gene profile among formae speciales can be attributed to horizontal transfer of SIX genes among them. Since, LS chromosome 14 carries all SIX genes that reside within subregions of the chromosome rich in class II TEs (Ma et al., 2010; Schmidt et al., 2013), it has been observed that a few genes or a cluster of physically linked SIX genes can be transferred to other strains (Simbaqueba et al., 2018). The similarity in suite of effectors and low SIX sequence diversity in isolates of a forma specialis suggest that SIX genes have been transferred horizontally within and among formae speciales of Fo (Lievens et al., 2009a; Fraser-Smith et al., 2014; Laurence et al., 2015; Taylor et al., 2016; van Dam et al., 2016; Czislowski et al., 2018). In a recent study, the SIX genes profile of strains inhabiting asymptomatic banana plants differed from the known Focub SIX genes (Lyons et al., 2019). Thus, a significant prospect will be to explore the differences in effector gene profile of pathogenic isolates and endophytic strains colonizing asymptomatic plants. It would aid in the accurate detection of different formae speciales, races, as well as endophytic strains that will be contributory in the management of diseases caused by Fo. Moreover, if horizontal transfer can be traced, elucidation of whether the functions of the acquired genes remain conserved in both donor and recipient formae speciales is necessary.



Virulence Function of SIX Genes

The presence of effector genes in formae speciales has been widely documented, but their function in pathogenesis has been experimentally validated only in a few (diagrammatically represented in Figure 3). The presence of SIX1 has been reported to be a prerequisite for complete virulence of the pathogens F. oxysporum f. sp. conglutinans (Focon) and Fol on cabbage and tomato, respectively (Rep et al., 2004; Li et al., 2016). Widinugraheni et al. (2018) reported that SIX1 homolog contributes to virulence of Focub tropical race 4 toward the Cavendish banana. Like SIX1, the role of Fol-SIX3 in complete virulence on host plants has also been demonstrated (Van Der Does et al., 2008). The expression of SIX1 and SIX3 is spatiotemporally separated in Fol. While the expression of Fol-SIX1 is induced in the initial phases of root colonization, Fol-SIX3 is primarily expressed in the xylem during the later stages of hyphae growth (Van Der Does et al., 2008). Likewise, the importance of SIX4 in virulence has been demonstrated by deletion studies in different strains. In Focon, deletion of SIX4 led to a reduction in disease severity on both resistant and susceptible cabbage plants comparative to the SIX4-complemented and wild-type strains (Kashiwa et al., 2013). Similarly, in Fo-5176, SIX4 deletion mutants exhibited reduced fungal biomass that eventually resulted in reduced disease symptoms (Thatcher et al., 2012). Deletion studies carried out in Fol have also highlighted the role of SIX5 as an effector (Ma et al., 2015). Fol-ΔSIX5 displayed an apparent reduction in disease symptoms, and reintroduction of the gene restored pathogenicity in 75% of the mutants. Furthermore, knockout mutants of SIX6 in Fol and Forc exhibited compromised virulence confirming the role of SIX6 in pathogenicity (Gawehns et al., 2014; van Dam et al., 2017). SIX6 plays a role in virulence by inhibiting a hypersensitive response (HR) (Gawehns et al., 2014; De Wit, 2016). In Nicotiana benthamiana leaf cells (heterologous expression system), the transient expression of Fol-SIX6, without its signal peptide, suppressed ion leakage and cell death induced by Avr2-I-2 interaction (Gawehns et al., 2014). Like SIX1, SIX8 is also required for virulence of Focub TR4 on Cavendish banana (An et al., 2019). Similarly, SIX8 is involved in conferring virulence to Fo-5176 on Arabidopsis and cabbage plants (Ayukawa et al., 2020).

Functional annotation is absent for most SIX genes. Information on how they contribute to virulence is still obscure. Some evidence suggest that they facilitate virulence by modulating hormonal pathways or defense response cascades (Thatcher et al., 2012; Ma L. et al., 2013; Gawehns et al., 2014; Ma et al., 2015). The role of the SIX genes in virulence, their targets, and specific biological functions of their protein products warrant more research. The protein–protein interaction assay, such as co-immunoprecipitation, pull-down assays, and yeast two-hybrid, are used to identify putative targets of effector proteins (Alfano, 2009; Rao et al., 2014). In case of transient interaction between effector and their targets, in planta subcellular effector localization can provide hints on target identity. Next-generation sequencing (NGS) technologies can be used to obtain sequences of putative effectors that can be screened for polymorphisms (Alfano, 2009). Identification of effector targets and information on effector polymorphisms will improve our understanding on how the pathogen triggers disease or evade recognition by the host.



Secreted in Xylem Genes Act as Avirulence Determinants

Recognition of effector by cognate resistance (R) gene product of the plant results in induction of ETI (effector-triggered immunity) in the host (Jones and Dangl, 2006). Effectors secreted by the pathogen serve as a two-edged sword (Pradhan et al., 2020). While absence of the R gene in susceptible plants benefits the pathogen, their presence in tolerant plants triggers innate immunity characterized by HR-mediated cell death (Flor, 1971; Jones and Dangl, 2006). However, ETI-mediated resistance to vascular wilt pathogen (Fo) does not include HR response; rather, it involves accumulation of tyloses, gums, phenolic compounds, and callose plugs in the xylem vessels, to preclude systemic spread of the pathogen (Mes et al., 2000; Yadeta and Thomma, 2013).

Some SIX gene products such as Six1, Six3, and Six4 have been found to function as avirulence determinants in tomato-Fol pathosystem and, correspondingly, has been termed as Avr3, Avr2, and Avr1 proteins, respectively (Rep et al., 2004; Houterman et al., 2008, 2009; Takken and Rep, 2010; Ma et al., 2015). Four resistance genes have been identified in wild tomato cultivars (Solanum pimpinellifolium and Solanum pennellii) that confer resistance against Fol races. These resistance genes are I (Immunity), I-2, I-3, and I-7 (Bohn and Tucker, 1939; Alexander and Tucker, 1945; Stall and Walter, 1965; McGrath et al., 1987; Scott and Jones, 1989; Lim et al., 2006). Individual expression of these genes in commercial cultivars of tomato resulted in the development of resistance against race 1, race 2, and race 3. The I gene that encodes an LRR-RLP protein (a class of receptor-like protein) was found to provide resistance against Fol race 1 upon recognizing AVR1 (Houterman et al., 2008; Catanzariti et al., 2017). Both I-3 [a cell-surface S-receptor like kinase (SRLK)] and I-7 (LRR-RLP) proteins conferred resistance against race 3 by recognizing Avr3 and Avr7, respectively (Rep et al., 2004; Lim et al., 2006, 2008; Catanzariti et al., 2015; Gonzalez-Cendales et al., 2016). Likewise, I-2 (a cytoplasmic coiled-coil nucleotide-binding leucine-rich repeat protein) provided resistance against race 2 and race 1 by recognizing Avr2 (Simons et al., 1998; Houterman et al., 2009). Later, Di et al. (2017) demonstrated that I-2 confers resistance by recognizing a specific epitope of Avr2. Ma et al. (2015) observed a new variant of the gene-for-gene model, where they observed that interaction between SIX5 and AVR2(SIX3) is required for I-2-mediated resistance in tomato. While mutations in SIX5 led to evasion of recognition and also compromised the virulence of Fol, heterologous expression of AVR2 and I-2 in N. benthamiana leaves triggered I-2-mediated cell death (Gawehns et al., 2014; Ma et al., 2015). Cao et al. (2018), using the biomolecular fluorescence complementation assay, showed that Avr2 and Six5 interact at plasmodesmata, and Six5 facilitates cell-to-cell movement of Avr2, which in I-2-containing plants results in resistance. Interestingly, Avr1 also mediates the suppression of I-triggered responses. AVR1 gene in race 1 isolates enables the pathogen to overcome resistance response mediated by I-2 and I-3 despite the expression of AVR2 and AVR3 (Rep et al., 2005; Houterman et al., 2008). This strategy has enabled the pathogen to circumvent the emergence of new races carrying AVR1 and AVR3 that would retain the virulence function of AVR3 while avoiding I-3-initiated resistance (Catanzariti et al., 2017). However, this suppression effect is strain-specific suggesting the involvement of an unknown fungal factor (Houterman et al., 2008; Chellappan, 2014). Suppression of resistance response by AVR1 also established I as a gene of practical importance proposing that I-3-mediated resistance was safeguarded by deployment of I (Houterman et al., 2008). Nevertheless, AVR1 was not able to overcome resistance mediated by I-7 against race 3 (Gonzalez-Cendales et al., 2016). I-7 is EDS1 (enhanced disease susceptibility1)-dependent and I-2 and I-3 are EDS1 independent (Hu et al., 2005; Gonzalez-Cendales et al., 2016). The EDS1 signaling pathway is required for basal defense and systemic-acquired resistance (Catanzariti et al., 2017). The fact that AVR1 suppresses I-2 and I-3 and not I-7 suggests that AVR1 is not a general suppressor of basal resistance (Catanzariti et al., 2017). Recently, a new R-AVR interaction was recognized in melon-Fom pathosystem reported by Schmidt et al. (2016) wherein a novel AVR gene, FomAVR2, is recognized by FOM2 in resistant melon plants. Similar to SIX genes, FomAVR2 encodes a small secreted protein with two cysteine residues and is found associated with a mimp element in the promoter region (Schmidt et al., 2016).

Single nucleotide polymorphism serves as the source of genetic variation in SIX gene sequences. For instance, SIX genes in Focub were found to be present in multiple copies and showed the presence of sequence variants (Fraser-Smith et al., 2014). The gain of forms and variation in sequence of pathogenicity-associated genes are presumed as adaptations by the pathogen to respond to rapidly changing environment and host (Cuomo et al., 2007; Fraser-Smith et al., 2014; Maldonado et al., 2018). Houterman et al. (2009) demonstrated that Fol strains that are able to overcome I-2-mediated resistance carry specific point mutations in AVR2. These mutations in AVR2 resulted in amino acid change in the protein that led to the loss of its avirulence function. Till now, three AVR2 alleles have been described, each with one amino acid change at V41→M, R45→H, and R46→P in the protein (Houterman et al., 2009; Biju et al., 2017). Additionally, a race 3 isolate showed the presence of an AVR2 gene with deletion of threonine residue at position 50 of the protein. This deletion also resulted in loss of avirulence function of Avr2 (Biju et al., 2017). Di et al. (2017) analyzed the crystal structure of one of the AVR2 variants (AVR2R45H) that is able to evade recognition by I-2 while retaining its virulence function. They identified two threonine residues in Avr2 protein (T53 and T145) that are required for virulence of Avr2 but not for recognition by I-2. The study revealed that the site of recognition by I-2 differs from the site required for maintenance of virulence function of Avr2. Avr2(Six3) facilitates virulence by suppression of pattern-triggered immunity (PTI) response, mainly, MAPK cascade, ROS burst, callose deposition, and growth inhibition (Di et al., 2017). Similar to AVR2, AVR1, and AVR3 are presumed to be equally likely to undergo mutations that increase the probability of breakdown of resistance in tomato cultivars (Takken and Rep, 2010). Such studies should be extrapolated to the remaining SIX genes to investigate if any variation in their sequence implies structural changes in their corresponding proteins, which may potentially increase the likelihood of evasion of SIX gene recognition by cognate R gene. Thus, it becomes important to uncover the mode of recognition of effector proteins. Additionally, as no direct interaction of avirulence gene with the host R gene is documented in Fol, efforts toward mining the targets of effector and cognate R-gene proteins need more impetus to understand disease resistance in host-Fo pathosystems. It will also be interesting to understand how the plant’s response to other vascular wilt fungi varies from Fo.

Furthermore, physical linkage of certain SIX genes observed in various formae speciales is deemed as important for the functions of the interacting pair of genes. As mentioned above, the AVR2(SIX3)–SIX5 linkage is one such example. These genes reside as a minicluster on chromosome 14 and their expression is under the control of the same bidirectional promoter present on the shared upstream region (Schmidt et al., 2013). Another pair of effector genes, SIX8–PSE1, was identified in isolates capable of infecting Arabidopsis, and this pair was found to be associated with suppression of resistance in Arabidopsis (Ayukawa et al., 2020). The mode of action of SIX8–PSE1 potentially involves suppression of a phytoalexin called camalexin. The SIX8–PSE1 pair was found to be present in head-to-head orientation similar to the SIX3–SIX5 gene pair. However, unlike SIX3–SIX5, no direct interaction between SIX8–PSE1 was detected in yeast two-hybrid assays. Mutation in PSE1, and not the SIX8 gene, resulted in evasion of recognition by the corresponding resistance protein suggesting that PSE1 is required to avoid detection (Ayukawa et al., 2020). A conserved gene cluster SIX7/SIX10/SIX12 was also observed in formae speciales narcissi and gladioli (Simbaqueba et al., 2018). However, the presence of SIX7 alone in formae speciales cubense and lilii suggests that SIX7 may be functionally and physically separable from SIX10 and SIX12 (Simbaqueba et al., 2018). Clustering of SIX genes reflects cooperative interactions important to initiate (a)virulence functions. On this account, deletion studies either of any individual gene or a partial or a complete cluster can be done to elucidate the physical interactions among genes in a cluster and their individual roles in (a)virulence.



Secreted in Xylem Genes Confer Host Specificity

The capacity of fungal species to provoke disease on a specific host is referred to as host specificity. The basis of host specificity has been explained by molecular models like the guard and decoy hypothesis (Van der Biezen and Jones, 1998; Dangl and Jones, 2001; van der Hoorn and Kamoun, 2008; Zipfel and Rathjen, 2008). These models have tremendously contributed in deciphering the role of effectors on the virulence of the pathogen as well as understanding the underpinnings of host–pathogen interactions (van der Hoorn and Kamoun, 2008; Borah et al., 2018).

It is widely accepted that the factors that contribute to (a)virulence of a pathogen also determine its host specificity (Li et al., 2021). In this regard, there are studies where SIX genes have been implicated in imparting host specificity to the pathogen. Avirulence genes of Fol and Fom that confer resistance to races of tomato and melon, respectively, function as host-specific factors (Rep et al., 2004; Houterman et al., 2008, 2009; Catanzariti et al., 2015; Schmidt et al., 2016). SIX6 gene from Fon has been known to operate as an avirulence gene in watermelon-Fon pathosystem providing host specificity to the pathogen (Niu et al., 2016). The role of F. oxysporum f. sp. physalis (Fophy) SIX1 gene in specificity was demonstrated through complementation experiment where complementation strains of two homologs of Fophy-SIX1 (a and b) failed to overcome virulence loss in Fol-ΔSIX1 transformants (Simbaqueba et al., 2018). Interestingly, SIX1b complementation restored avirulence of Fol on IL7-3 transgenic tomato lines carrying I-3, demonstrating that Fophy-SIX1b is recognized by the resistance gene and functions as an avirulence factor. Similarly, complementation of Focon–ΔSIX1 mutant using Fol–SIX1 failed to rescue the virulence of Focon on cabbage suggesting a host-specific role of Fol–SIX1 (Li et al., 2016).

Formae speciales of Fo are generally host specific but Forc shows an exceptional host range. Forc infects cucumber, melon, watermelon, squash, and gourd (Vakalounakis, 1996; Punja and Parker, 2000; Cohen et al., 2015). Previous studies have demonstrated that forma specialis cucumerinum showed mild cross-pathogenicity toward melons (Cafri et al., 2005) that was later corroborated in the findings of a study by van Dam et al. (2016). They assessed cross-pathogenicity of cucurbit-infecting strains (cucumerinum, radicis-cucumerinum, melonis, and niveum) on resistant and susceptible cultivars of their corresponding hosts. The study revealed that Fom and Fon were highly host specific, whereas isolates of Forc displayed some degree of cross-pathogenicity toward musk melon (van Dam et al., 2016). The genetic mechanism underlying the difference in host range was examined, and results showed that effector genes present on the mobile pathogenicity chromosome of Forc and Fom limit host range (van Dam et al., 2017). A close comparison of the mobile pathogenicity chromosomes of Forc and Fom revealed that a single gene on mobile pathogenicity chromosome of Fom determined this difference in host range. This gene, upon introduction in Forc, rendered it non-pathogenic on cucumber suggesting that the gene functions as an avirulence factor (Li et al., 2021). Overall, studies devoted to discerning the role of SIX genes in determining host-specificity in members of FOSC are sparse (Table 1), obstructing our understanding of host specialization. Hence, more studies are required to identify gene(s) involved in limiting the host range of FOSC members.


TABLE 1. Secreted in Xylem genes in formae speciales of Fusarium oxysporum, their role in (a) virulence and host specificity.
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CONCLUSION

Even though F. oxysporum infects a variety of plant species, the investigations on the molecular basis of pathogenicity are restricted to a limited number of hosts, mainly tomato, banana, melons, cucurbits, and cabbage. Genome sequencing of tomato and other cucurbit-infecting pathogens has provided insights on host–pathogen interactions, but a large number of formae speciales are yet left unexplored. Genome-based approaches are needed to elucidate mechanisms and understand the evolution of the pathogenicity. Transcriptomic and proteomic studies in infected plant tissues, the role of transposons and HGT in genome structure modulation, and emergence of host-specific pathogenicity are particular areas of interest. A significant prospect is to explore the differences in effector gene profile between different formae speciales, races, and non-pathogenic isolates. It would aid in the molecular detection of different formae speciales and pathogenic races that will assist significantly in the management of diseases caused by Fo. In addition, the biological functions of effector genes are still under investigation and require exhaustive research.
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INTRODUCTION

Fungal pathogens are a heterogeneous group of organisms which differ in many important traits such as mode of nutrition, type of reproduction, and dispersal mechanisms. Traditional classification of fungal pathogens has relied on their mode of nutrition to classify them into three broad categories viz. biotrophs, necrotrophs, and hemibiotrophs. Biotrophs derive nutrients and energy from living cells, while necrotrophs derive their energy from dead or dying cells. Hemibiotrophs initially invade live cells prior to transitioning to a necrotrophic lifestyle to obtain nutrients from killing the host cells. Necrotrophic pathogens have traditionally been perceived as “unsophisticated brutes” that employ a “Kill and feed” approach with the use of a battery of secreted toxins and cell-wall degrading enzymes (CWDEs). However, the perception of necrotrophic pathogens has undergone rapid changes in the last two decades. The experimental evidences that has changed the definition of a typical necrotrophic lifestyle are discussed below. Further, I propose that older definitions and classification of necrotrophs should be revisited in light of these evidences.



PRESENCE OF A “CRYPTIC” BIOTROPHIC PHASE IN NECROTROPHIC LIFESTYLES

Botrytis cinerea and Sclerotinia sclerotiorum are considered archetypal necrotrophs that have a broad host-range and infect most dicots. Though initial studies attributed their indiscriminate necrotrophic lifestyle to secretion of various CWDEs, oxalic acid, and toxins; recent studies have shown very intricate mechanisms underlying their pathogenesis. For example, S. sclerotiorum has been shown to dynamically modulate the host cellular environment (using oxalic acid) and suppress host defenses and cell death initiation in the early stages of infection (Williams et al., 2011). Furthermore, S. sclerotiorum hyphae grow intercellularly without causing cell death during early infection. This biotrophic growth of the hyphae coincides with the suppression of host cell death by oxalic acid. The leading edge of the lesion consists of biotrophic hyphal growth with cell death lagging behind (Kabbage et al., 2015). Recently, a two-phase infection model was proposed in which the pathogen evades and subverts the host defenses and later proceeds to killing the host cells (Liang and Rollins, 2018). Similarly, for B. cinerea, studies have shown that it can grow asymptomatically within the host before switching to a necrotrophic lifestyle. Multiple Botrytis species are capable of asymptomatic growth within the host and switch to necrotrophic development under undefined conditions (van Kan et al., 2014).

Cytological studies of A. brassicae, a necrotroph that infects most Brassicas, also reveal a similar pattern of a biotrophic phase. The advancing infection front had no associated cell death despite a large amount of intercellular hyphal growth. Also, cell death and reactive oxygen species (ROS) production was suppressed at the earlier stages of infection of A. brassicae (Mandal et al., 2018). The findings from A. brassicae is significant, since Alternaria genus is one of the prototypical toxin-producing genera, that have been implicated to cause cell death and infection utilizing host-specific and non-specific toxins.

The presence of a silent or cryptic biotrophic phase in necrotrophs has also been previously described in the context of postharvest pathogens wherein they are referred to as a quiescent stage. Quiescence refers to an extended period of time during which the pathogen activity is suspended, and no apparent growth takes place. Although quiescence is defined as involving no pathogen growth, pathogens often are actively involved in suppressing host defenses and hyphal growth is also observed in many cases. This phase in the infection cycle is referred to as biotrophic-quiescence. Several species of fungal pathogens, such as Colletotrichum, Alternaria, Botrytis, Monilinia, Sclerotinia, and Botryospheria, are known to quiescently live in the hosts and trigger necrosis at later stages of the infection (Prusky, 1996; Adaskaveg et al., 2000). Therefore, the presence of a “cryptic” biotrophic phase in many necrotrophs seems to be the rule rather than an exception.



NECROTROPHIC EFFECTORS—DETERMINANTS OF HOST RESPONSE SUPPRESSION?

Effectors are secreted by various pathogens to modulate host responses to the pathogen. Though most initial studies identified and characterized effectors from biotrophic and hemibiotrophic pathogens due to their lifestyle of suppressing host cell death, genome sequencing of various necrotrophs have revealed that necrotrophs also encode and secrete a number of effectors (Derbyshire et al., 2017; Van Kan et al., 2017; Rajarammohan et al., 2019). Functional studies of various effectors in S. sclerotiorum reconfirm the two-phased infection model. Effectors that support a biotrophic lifestyle, like Sscmu1 (chorismate mutase), LysM (chitin binding proteins), and ROS scavengers are upregulated and secreted in the early infection stages of S. sclerotiorum. Furthermore, the necrosis inducing effectors are upregulated in the later stages or downregulated in the early stages (Chittem et al., 2020). The necrotrophic effectors have been found to suppress and destabilize host immunity by targeting plant organelles such as chloroplast and mitochondria (Lyu et al., 2016; Tang et al., 2020). Transcriptome and proteome studies of the archetypal necrotrophs reveal that the CWDE activity of these pathogens are only activated in the later stages of infection and are generally suppressed during the early stages of infection (Peng et al., 2017; Westrick et al., 2019; Chittem et al., 2020). Therefore, similar to hemibiotrophic pathogens, these necrotrophic pathogens also temporally regulate the secretion of effectors and CWDEs to initially suppress host responses and establish themselves in the host.



THE LINE DIFFERENTIATING NECROTROPHS AND HEMIBIOTROPHS—THIN OR NON-EXISTENT?

There is growing evidence from various cytological, genomics, and functional studies for multiple necrotrophic pathogens of different genera suggestive of a biotrophic phase prior to the onset of cell death. In light of these emerging evidences the factors that can clearly differentiate between hemibiotrophs and necrotrophs are next to none. Both hemibiotrophic and necrotrophic lifestyles consist of an initial biotrophic phase followed by necrosis. The duration of the biotrophic phase varies even within hemibiotrophs and may vary even more in the case of necrotrophs and may be influenced by a myriad of external environmental factors. The necrotrophs discussed herein all form appresoria or appresoria-like structures (ALS), and in some cases bulbous hyphae as in case of hemibiotrophs. One of the major differential feature between hemibiotrophs and these necrotrophs is the formation of haustoria or haustoria-like structures from intracellular hyphae, which the hemibiotrophs share with the biotrophic pathogens. Most hemibiotrophs initially form an intracellular bulged hypha that is encased by the host plasma membrane and later switch to a thinner intracellular hypha that initiates necrosis (Giraldo and Valent, 2013). In the necrotrophs, no intracellular growth of hyphae is observed, but the hyphae grow extracellularly and penetrates through stomatal openings or hydathodes. However, the biotrophic phase of these necrotrophs are characterized by extracellular or intercellular hyphal growth, which is reminiscent of the biotrophic fungal pathogen, Cladosporium fulvum. C. fulvum grows extracellularly and enters the host through the stomata. Therefore, the biotrophic phase of necrotrophs can be deemed similar to the hyphal growth non-haustoria forming biotrophic pathogens (Figure 1).


[image: Figure 1]
FIGURE 1. Pathogenic invasion strategies of diverse pathogens from different trophic lifestyles. Biotrophic pathogens like U. maydis form a haustorium inside a host cell to acquire nutrients from the host while biotrophs like C. fulvum grow extracellularly between the host cells. Hemibiotrophs like M. oryzae form penetration pegs called appresoria to invade the host cell; and switch to necrotrophy later when secondary hyphae are formed. Necrotrophs like A. brassicae invade primarily through the stomata by forming ALS whereas S. sclerotiorum invades the host cells directly; the leading edge of the hyphae, in both necrotrophs grows intercellularly between the host cells similar to the “biotrophic phase” of hemibiotrophs. Necrosis is often induced in the trailing host cells where secondary hyphae start to emerge.


Given the substantial similarities between the lifestyles of hemibiotrophs and necrotrophs, I postulate that necrotrophs that display a two-phase infection process and share most features of hemibiotrophs be classified as “extracellular” hemibiotrophs. The reclassification is important since it highlights the presence of a biotrophic phase in these pathogens and the fact that these necrotrophs secrete various effectors during this early stage to suppress host cell death. The effectors secreted by necrotrophic pathogens during the biotrophic phase may share similarity (sequence/structural/functional) with biotrophic effectors that are recognized by the host surveillance system (R-genes) to mount a defense response. Therefore, identification and characterisation of these early stage effectors may reinvigorate the search for the elusive gene-for-gene resistance against these necrotrophic pathogens.



CONCLUSIONS

The demarcation between the different trophic lifestyles has turned out to be an artifact created by our imperfect understanding of biological systems. Necrotrophic fungal pathogens are complex and their interactions with the host are much more nuanced than previously thought. The definition of necrotrophs as brute force killers has precluded the study of effectors and gene-for-gene interactions in their respective hosts. With the advent of genome sequencing studies, effectors have been identified in necrotrophs and are known to play a role in suppressing host responses including host cell death. The presence of an early biotrophic phase, effectors that suppress and modulate host responses, presence of appresoria or ALS, temporal and spatial regulation of toxins and CWDEs in some of the necrotrophic pathogens support the redefinition or renaming of these necrotrophs as “extracellular” hemibiotrophs. Additionally, cytological studies of early stages of infection of other necrotrophs needs to be revisited in the light of the recent findings to gain better understanding of the necrotrophic lifestyle and redefine their lifestyle if similar features are discovered. I believe that the redefinition of necrotrophs exhibiting the above described features will help illuminate the need to characterize early stage effectors to improve our understanding of necrotrophic pathogens and provide the basis for identifying the complementary host resistance components.
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While fungal biotrophs are dependent on successfully suppressing/subverting host defenses during their interaction with live cells, necrotrophs, due to their lifestyle are often confronted with a suite of toxic metabolites. These include an assortment of plant defense compounds (PDCs) which can demonstrate broad antifungal activity. These PDCs can be either constitutively present in plant tissue or induced in response to infection, but are nevertheless an important obstacle which needs to be overcome for successful pathogenesis. Fungal necrotrophs have developed a number of strategies to achieve this goal, from the direct detoxification of these compounds through enzymatic catalysis and modification, to the active transport of various PDCs to achieve toxin sequestration and efflux. Studies have shown across multiple pathogens that the efficient detoxification of host PDCs is both critical for successful infection and often a determinant factor in pathogen host range. Here, we provide a broad and comparative overview of the various mechanisms for PDC detoxification which have been identified in both fungal necrotrophs and fungal pathogens which depend on detoxification during a necrotrophic phase of infection. Furthermore, the effect that these mechanisms have on fungal host range, metabolism, and disease control will be discussed.
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INTRODUCTION

To successfully infect and colonize a host, phytopathogenic fungi must overcome a repertoire of plant defense compounds (PDCs) with broad antimicrobial properties. PDCs are often sub-classified as those which are induced in response to infection (phytoalexins) and/or those that exist as pre-formed antimicrobial compounds in plant tissue (phytoanticipins). These classifications are not mutually exclusive, as compounds may exist as both a phytoalexin and phytoanticipin within a single plant (Van Etten et al., 1994). The lifestyle of a pathogen can play a major role in how they interact with these compounds, as phytoalexin production is often dependent on the successful induction of plant defenses and phytoanticipin activity requires damage to plant tissue (Tiku, 2020). In the case of biotrophic pathogens that depend on the colonization of living tissue, it has been suggested that the maintenance of plant cellular integrity may prevent the release of phytoanticipins, thus subverting their role in plant defense (Glenn et al., 2002). Additionally, pathogens with greater host-specialization, as is seen in nearly all biotrophs, tend to present greater basal tolerance for co-evolved host antimicrobials and may be less dependent on specific detoxification mechanisms (Basse, 2005; Buxdorf et al., 2013). This may be why active detoxification of host PDCs by fungal biotrophs has only been noted in rare circumstances (Okmen et al., 2013).

Contrarily, necrotrophic and hemibiotrophic fungi, which induce cell death and compromise the integrity of plant tissues during colonization, do not benefit from this covertness and must actively detoxify host antimicrobials. This detoxification is facilitated by a number of mechanisms including metabolization of the compounds to less toxic derivatives and transporter-mediated efflux to maintain PDCs at sublethal thresholds. This review will serve to summarize the current state of knowledge surrounding the detoxification of plant PDCs during fungal necrotrophy and the implications this detoxification has on pathogen evolution, host range, and management.



ENZYMATIC DETOXIFICATION OF INDUCIBLE PDCS

Inducible PDCs are defined in this review as low molecular weight antimicrobial compounds that can be produced/accumulated in response to pathogen invasion. This category includes all compounds classified as phytoalexins (i.e., induced in response to infection) and those which are both phytoalexins and phytoanticipins (i.e., compounds which exist in healthy plant tissue and additionally accumulate in response to infection). Examples of such compounds include the antimicrobials resveratrol and maackiain (Van Etten et al., 1994; Wang et al., 2013). While these compounds are often broadly mycotoxic, it has been observed for decades that pathogens of specific plants appear more tolerant of their PDC repertoire than non-pathogens (Delserone et al., 1999). This tolerance is a necessary trait of a pathogen that seeks to fully colonize host tissue and, in many cases, appears to result from its capacity to actively metabolize (detoxify) specific PDCs into less toxic derivatives (Table 1). Similar to the production of phytoalexins by the plant, this detoxification is typically inducible through fungal exposure to mycotoxic compounds or in response to specific cues (George and Van Etten, 2001; Pedras et al., 2004; Pedras et al., 2007; Chen et al., 2019). This stepwise induction follows: (1) pathogen recognition by the plant, (2) production and accumulation of PDCs at and around the site of infection, (3) recognition of PDCs by the pathogen, (4) production of detoxification enzymes. Some PDCs are not only antimicrobial themselves, but act as intermediates in the biosynthesis of other, often more mycotoxic compounds (Pedras et al., 2008; Dubrovina and Kiselev, 2017). Because of this, the metabolism of such compounds, including resveratrol and brassinin (discussed below), can serve to both actively protect the fungus and disrupt the production of other bioactive compounds. The following section discusses the enzymatic detoxification of inducible PDCs that have been observed or characterized in fungal necrotrophic/hemibiotrophic pathogens of plants.


TABLE 1. Metabolization of inducible PDCs by fungal necrotrophs and hemibiotrophs.
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Pterocarpans

Pterocarpans are class of inducible PDC produced in the phenylpropanoid pathway that are primarily associated with legume defense against biotic stress (Dixon et al., 2002). Pisatin is an antifungal pterocarpan that is produced in pea pods of Pisum sativum during pathogen challenge (Perrin and Bottomley, 1961). As one of the earliest discovered PDCs, pisatin was initially credited with driving non-host resistance in P. sativum to fungal pathogens, as only fungi adapted to this host environment are able to cause disease (Delserone et al., 1999). Pisatin detoxification in Nectria haematococca was attributed to microsomal cytochrome P450s capable of efficiently demethylating pisatin to the less toxic (+)-6a-hydroxymaackiain, and termed pisatin demethylases (PDAs) (George et al., 1998; George and Van Etten, 2001). The gene encoding the primary PDA (PDA1) is located, along with several other pea pathogenicity genes (PEP genes), on a 1.6 Mb supernumerary chromosome which is dispensable for fungal survival in culture, but critical for pathogenicity on pea (Miao et al., 1991; Han et al., 2001). While the function of most of these PEP genes is still unknown a single gene, PEP5, was found to be a likely efflux transporter (discussed in section “Toxin Efflux”), capable of increasing virulence on pea in the absence of other detoxification mechanisms (Han et al., 2001). Although PDA genes have been primarily characterized in Fusarium spp., PDA activity has been noted in other fungal pathogens of pea and putative orthologs are induced during infection in some broad host range necrotrophs (Table 1 and Figure 1) (George and Van Etten, 2001).
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FIGURE 1. A sampling of Botrytis cinerea and Sclerotinia sclerotiorum genes putatively involved in detoxification of PDCs. Simplified differential gene expression values are presented for B. cinerea [infecting mature green (MG) and red ripe (RR) Solanum lycopersicum and Vitis vinifera] and S. sclerotiorum (infecting Glycine max, Arabidopsis thaliana, and Brassica napus) (Haile et al., 2017; Seifbarghi et al., 2017; Petrasch et al., 2019; Peyraud et al., 2019; Westrick et al., 2019). All samples were harvested at ∼24 h post inoculation and differential expression values were generated through comparison to in vitro culture controls. NH = no homolog found in the genome.


A closely related pterocarpan, maackiain, plays a similar role to pisatin in chickpea defense and its detoxification is also highly correlated with N. haematococca virulence (Lucy et al., 1988). Three loci involved in the degradation of maackiain, and the related medicarpin, have been identified (MAK1-3), but only MAK1 has been fully characterized as a hydroxylase capable of converting maackiain into 1α-hydroxy-maackiain (Miao and Van Etten, 1992; Enkerli et al., 1998). Similar to PDA1, MAK1, and MAK2 are on dispensable chromosomes associated with other putative virulence genes and MAK1 appears to share a chromosome with a putative PDA gene (PDA6-1) thought to be involved in pisatin tolerance (Covert et al., 1996). Disruption mutants of MAK1 have a reduced virulence and maackiain tolerant strains overexpressing MAK1 demonstrate increased aggression, confirming a previously noted correlation between maackiain detoxification and virulence (Enkerli et al., 1998). While it is assumed that a tolerance for maackiain is a prerequisite for pathogenicity on chickpea and the degradation of this pterocarpan has been observed in other chickpea pathogens, no other genes involved in maackiain degradation have been characterized (Birgit et al., 1989; Tenhaken et al., 1991).

Another pterocarpan, phaseollidin, is known to accumulate during infection of the common bean, Phaseolus vulgaris, along with the isoflavonol kievitone (discussed below), and is degraded by some pathogens of P. vulgaris (Van Etten et al., 1989; Turbek et al., 1992). Early evaluation of phaseollidin metabolism by the pathogen Fusarium solani suggested that a single enzyme was detoxifying both compounds through a hydration reaction (Kuhn and Smith, 1979). Later work determined that distinct proteins are responsible for kievitone and phaseollidin hydratase (PHase) activities, although the gene encoding the latter has never been characterized (Turbek et al., 1992). As phaseollidin is the precursor of other antifungal PDCs including phaseollin, PHase activity may serve to both detoxify an important PDC and suppress the formation of other antimicrobials (Dewick and Steele, 1982). This may also explain why PHase activity is accomplished by a secreted extracellular enzyme, while other pterocarpan detoxifying proteins are intracellular (Table 2).


TABLE 2. Characterized genes encoding detoxification enzymes from fungal pathogens.
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Isoflavones

Isoflavones are a class of phenylpropanoids primarily known for their importance in legume defense to pathogens (Ahuja et al., 2012). Kievitone is a member of this class which accumulates, along with a range of other isoflavonoid phytoalexins, during fungal infection of P. vulgaris (Van Etten and Smith, 1975; Smith et al., 1984). Early studies determined that F. solani detoxified kievitone through a kievitone hydratase (KHase) reaction and a clear association between KHase activity and virulence on common bean has been readily observed (Kuhn and Smith, 1979; Smith et al., 1982). F. solani isolates/mutants lacking this activity were non-pathogenic, highlighting its critical importance during infection of P. vulgaris (Smith et al., 1984, 1982). The gene encoding kievitone hydratase was first cloned from F. solani f. sp. phaseoli and its function in converting kievitone to kievitone hydrate was confirmed through heterologous expression (Daoxin et al., 1995). Putative homologs of khs have been identified in other non-pathogenic Fusarium spp., suggesting that this gene is not a solely capable of granting virulence to P. vulgaris (Daoxin et al., 1995). More recently the gene encoding KHase in N. haematococca (NhKHS) was cloned and characterized through recombinant expression (Engleder et al., 2018). Purified NhKHS appears capable of acting on kievitone and several other flavonoid compounds, suggesting that this enzyme may be capable of detoxifying a wider range of PDCs than originally thought (Engleder et al., 2018). To date, khs deletion mutants have yet to be generated in any species, thus the involvement of other genes in this process cannot be excluded.

While no other isoflavone detoxification mechanisms have been specifically characterized, metabolic profiling has shown that other isoflavones, including the major isoflavones genistein and daidzein, can be metabolized by a number of other fungal pathogens (Table 1).



Other Flavonoids and Stilbenoids

Flavonol-type PDCs, such as quercetin and kaempferol, are found in a wide range of plants and demonstrate antimicrobial activity both in their free and glycosylated forms (Lygin et al., 2009; Sanzani et al., 2009; Chen et al., 2019). Quercetinase activity has been observed in a number of pathogens and quercetin dioxygenases (QDOs) responsible for this activity have been characterized in Penicillium olsonii, Sclerotinia sclerotiorum, and Verticillium dahlia (Tables 1, 2). While the enzyme from V. dahlia, VDQase, is putatively cytoplasmic, those found in the other two pathogens appear to be secreted, possibly as a dual mechanism that simultaneously detoxifies the compound and subvert the capacity of the host to produce glycosylated flavonols, such as rutin (Table 2). The detoxification of rutin requires the cleavage of the compounds sugar moiety through a proposed fungal rutinase, which subsequently releases the mycotoxic quercetin, thus implicating quercetinases in tolerance to both flavonols and their cognate flavonoid glycosides (El Hadrami et al., 2015). Interestingly, QDO activity has been primarily observed in broad-host range pathogens, whereas detoxification of other flavonoids, such as sakuranetin from rice, appears to utilize a distinct detoxification pathway in the more specialized pathogen Magnaporthe oryzae (Table 1).

Stilbenoids, another class of inducible PDC, help to modulate plant immunity to phytopathogens as well as UV and ozone stress (Chong et al., 2009). The most studied stilbenoid is the grapevine phytoalexin resveratrol, which has an important role in grapevine resistance to the bunch rot pathogen Botrytis cinerea. While resveratrol is suppressive to B. cinerea growth, it is well established that the pathogen is capable of oxidizing the phytoalexin in vitro and this activity has been attributed to a secreted laccase, Bclcc2 (Schouten et al., 2002). Counterintuitively, this laccase acts as a profungicide metabolizing resveratrol to a more toxic metabolite, and gene knockout mutants of Bclcc2 are both resistant to resveratrol and maintain full virulence on grapevine, leaving the role of this enzyme in pathogenesis unclear (Schouten et al., 2002). A more linear story of stilbenoid detoxification can be seen in the spruce pathogen Endoconidiophora polonica. After being deposited into a spruce tree by its bark-beetle vector, the host responds to invasion by producing antifungal compounds such as the stilbenoid astringin and the flavan-3-ol catechin. E. polonica detoxifies these compounds using a group of four catechol dioxygenases (CDOs), one of which is secreted and operates at the forefront of infection, and the other three of which operate intracellularly (Wadke et al., 2016) (Table 2).



Indoles

Indoles are a class of PDC known for their role in defense against biotic stress in cruciferous (brassica) vegetables (Pedras and Ahiahonu, 2005). Detoxification of indoles has been observed in broad-host range necrotrophs including Sclerotinia sclerotiorum and B. cinerea as well as the more specialized Brassicaceae pathogen Leptosphaeria maculans, albeit through seemingly distinct mechanisms (Table 1). A wide range of anti-fungal indoles have been characterized, yet only proteins with the capacity to degrade a single one, the phytoalexin brassinin, have been properly characterized (Table 1). Brassinin hydrolases (BHs), seen in the crucifer pathogens Alternaria brassicicola and L. maculans, transform brassinin to the less toxic indolyl-3-methanamine (Pedras et al., 2009). In addition to its BH activity, L. maculans also detoxifies brassinin through an inducible brassinin oxidase (BO) (Table 1) (Pedras et al., 2008). Both enzymes demonstrate a surprisingly narrow substrate range and are not only incapable of transforming related indoles, such as cyclobrassinin, but in many cases are competitively inhibited by them (Pedras et al., 2008, 2009). This inhibition is intriguing as brassinin is a metabolite required for the production of other antifungal indoles, meaning BH/BO activity may be achieving multiple goals simultaneously: (1) degrading antifungal brassinin in the host, (2) preventing the production of other antifungal indoles, and (3) preventing the production of BH/BO inhibitors.

Rather than oxidation/hydrolysis, S. sclerotiorum appears to detoxify brassinin using a rather uncommon glycosylation reaction in which brassinin is transformed through the conjugation of a glucose molecule. The enzyme responsible for this transformation, SsBGT1, appears to have a similar substrate specificity and induction pattern to other brassinin detoxifying enzymes, but inhibition by natural indoles has not been reported (Table 2) (Sexton et al., 2009). Metabolism of other indoles by fungal pathogens is summarized in Table 1.



Terpenes/Terpenoids

Unlike many of the above-described classes of PDC, which are formed as downstream products of the shikimate pathway, terpenoids are generated through either the mevalonate (MVA) or methylerythritol 4- phosphate (MEP) pathways in plants. Despite the broad range of terpenoids known to operate in chemical defense and the number of phytopathogens known to metabolize terpenoids in vitro, the only fungal enzymes characterized in terpenoid detoxification are from the pine pathogen Grosmannia clavigera (Table 1) (Wang et al., 2014). Multiple enzymes were involved in the metabolic utilization of monoterpenes, primarily the antifungal limonene, but only two Baeyer–Villiger monooxygenases were implicated specifically in enzymatic detoxification (Table 2) (Wang et al., 2014).



ENZYMATIC DETOXIFICATION OF NON-INDUCIBLE PDCS

Non-inducible PDCs are defined in this review as low molecular weight antimicrobial compounds that are pre-formed in healthy plant tissue rather than being produced in response to pathogen invasion. This category includes many phytoanticipins, but excludes those which are both constitutively present in healthy tissue and are also induced in response to infection, examples of which include resveratrol and maackiain (Van Etten et al., 1994; Wang et al., 2013). Non-inducible PDCs are stored in either an active form or as inactive precursors which are activated in response to tissue damage (Tiku, 2020). As this damage is an inevitable result of fungal necrotrophy, these compounds provide protection that is less easily subverted by fungal effectors targeting plant defense pathways than phytoalexins might be. The following section will focus on the detoxification of important classes of non-inducible PDCs by fungal pathogens. A more complete summary of fungal metabolism of these compounds can be found in Table 3.


TABLE 3. Metabolism of non-inducible PDCs by fungal necrotrophs and hemibiotrophs.
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Hydrogen Cyanide

Cyanogenic plants are a broad group, including thousands of individual plant species and >120 plant families, that are characterized by the presence of cyanogenic glycosides in their tissue (Tiku, 2020). Tissue damage leads to the release of plant glycoside hydrolases which cleave the sugar moiety, converting these glycosides to cyanohydrins, which are subsequently transformed to hydrogen cyanide (HCN) by hydroxynitrile lyases (Tiku, 2020). Pathogens of cyanogenic plants are all capable of tolerating HCN and a single mechanism, cyanide hydration, appears to be an incredibly conserved detoxification mechanism used across fungal pathogens of these plants (Table 3) (Fry and Evans, 1977). Cyanide hydratases (CHT) responsible for this activity have been characterized in two pathogens, L. maculans and Gloeocercospora sorghi, both of which are putatively cytoplasmic proteins (Table 2). These CHTs efficiently convert HCN to formamide, and CHT knockouts in G. sorghi were far more sensitive to potassium cyanide, an inducer of CHT activity (Wang et al., 1999).



Saponins

Saponins are compounds containing a triterpenoid steroid, or steroidal glycoalkaloid bound to one or more sugar chains and have been utilized for hundreds of years as a surfactant, but have gained notoriety in recent decades for their antimicrobial properties (Osbourn, 1996). Prior to pathogen attack saponins are kept in an inactive form with multiple sugar chains bound to the alkaloid and are spatially separated from the hydrolytic enzymes needed to activate them. In response to tissue damage, this compartmentalization which maintains saponin precursors in vacuoles and hydrolytic enzymes in plastids breaks down, allowing the enzymes to cleave one or more sugars to generate bioactive saponins. Unlike most other phytoanticipins that are fully deglycosylated during activation, the antifungal activity of saponins are dependent on their sugar moieties (Osbourn, 1996).

Nearly all pathogens of saponin-containing plants depend on some detoxifying activity to tolerate these compounds during infection, and all characterized saponin detoxification enzymes operate through the cleavage of one or more sugar molecules from the compounds sugar chain (Osbourn, 1996) (Tables 2, 3). The first discovered of these enzymes, an avenacinase termed Avn, is used by the Take-All fungus Gaeumannomyces graminis to detoxify oat saponins and is seemingly a singular determinant in the pathogens capacity to infect oats (discussed further in section “The Role of PDC Tolerance in Fungal Host Range”) (Bowyer et al., 1995). Additional oat pathogens, Stagonospora avenae and Septoria avenae, encode multiple saponin hydrolases (SHs) which cleave distinct bonds in the sugar chains of these oat saponins, referred to as avenacosides, and are primarily present in oat-infecting isolates, but absent in those isolated from saponin-deficient wheat (Wubben et al., 1996; Morrissey et al., 2000) (Table 3).

While SHs were originally thought to be somewhat specific to oat pathogens, studies into the saponin detoxifying activity of the tomato pathogen Septoria lycopersici found that it utilized a secreted tomatinase enzyme (Tom) with homology to Avn from G. graminis (Osbourn et al., 1995). Tomatinases, named for their ability to degrade the important tomato saponin α-tomatine, are found in a wide range of tomato-infecting fungal pathogens (Tables 2, 3). The presence of avenacinases, tomatinases, and other SHs is highly correlated with the ability to infect saponin-containing plants, but as many pathogens contain multiple distinct SHs that are active during pathogenesis, the importance of individual enzymes in virulence is difficult to discern through simple gene disruption experiments (Quidde and Peter, 1999; Dufresne et al., 2000). Ectopic expression of the tomatinase-deficient pathogen N. haematococca MPVI with a β2-tomatinase gene from S. lycopersici allowed it to infect green tomato fruit, confirming that saponin detoxifying enzymes can act as singular determinant of pathogenicity on certain hosts (Sandrock and Van Etten, 2001). Although SHs appear to be primarily responsible for tolerance to plant saponins, evidence has also been presented to suggest that saponin degradation products may modulate plant immunity as well (discussed in section “Detoxification and Plant Defense Signaling”).



Benzoxazinoids

Benzoxazinoid-type phytoanticipins are indole-derived compounds common across cereal crops and are broadly toxic to pathogens and pests (Tiku, 2020). Similar to other phytoanticipins, benzoxazinoids are stores in a glycosylated form in plant vacuoles and are converted to their active form by plant glucosidases in response to tissue damage (Glenn and Bacon, 2009). Detoxification of these compounds has been primarily studied in cereal-infecting Fusarium spp. and relies on a two-step process to fully metabolize benzoxazolin-2(3H)-one (BOA) and 6-methoxybenzoxazolin-2(3H)-one (MBOA), the major antifungal benzoxazinoids found in maize and wheat (Table 3). The genes involved in this transformation are a metallo-β-lactamase referred to as MBL1, or Fdb1, and an arylamine N-acetyltransferase referred to at Nat1, or Fdb2 (Table 2). MBL1 catalyzes an initial conversion of BOA to 2-amino-phenoxazin-3-one (2-APO), which is subsequently converted to the negligibly mycotoxic N-(2-hydroxyphenyl) malonamic acid (HPMA) by Nat1. The specific requirement of benzoxazinoid detoxification in virulence is unclear, as genetic knockouts of these genes in multiple Fusarium spp. have resulted in conflicting results, with clear virulence defects observed in Fusarium pseudograminearum, but none in Fusarium graminearum or Fusarium verticillioides (Glenn et al., 2002; Kettle et al., 2015; Baldwin et al., 2019).



Isothiocyanates

Glucosinolates are amino acid derived plant compounds that are converted into toxic isothiocyanates (ITCs) in response to tissue damage. These compounds are found primarily in cruciferous plants, and ITCs are potent in suppressing both invasion by fungal/bacterial pathogens and herbivory by pests (Bednarek et al., 2009). The detoxification of ITCs has been well characterized in animals and is typically catalyzed by glutathione S-transferases (GSTs), a class of enzyme that can conjugate glutathione (GSH) to various xenobiotic substrates. The crucifer pathogen A. brassicicola detoxifies these compounds using a similar mechanism by producing a specific GST, AbGST1, in response to ITC exposure (Sellam et al., 2006). Other GSTs in A. brassicicola have also been characterized and appear to be important in pathogenesis, but their specific role in ITC detoxification is unclear (Calmes et al., 2015).

Evidence suggests that the broad-host range pathogen S. sclerotiorum also uses GST activity in the detoxification of ITCs to a minor extent, but the major detoxification mechanism (100-fold greater) appears to be through hydrolytic degradation. An ITC hydrolase, SsSaxA, is credited with this activity and is capable of efficiently degrading the aliphatic and aromatic ITCs of the host Arabidopsis thaliana (Chen et al., 2020).



Phenylpropanoid Derivatives

Derivatives of the phenylpropanoid pathway, including ferulic and cinnamic acid, are aromatic compounds necessary for the generation of structural lignin as well as other physiological processes (Mäkelä et al., 2015). While not typically classified as phytoanticipins due to their pivotal role in plant physiology, they share many characteristics including a constitutive presence in plant tissue and antifungal activity (Pacheco et al., 2018). It has been demonstrated that the accumulation of these compounds in plant tissue is important for soybean resistance to the broad host-range necrotroph S. sclerotiorum and the capacity to metabolize these compounds to some extent is a rather ubiquitous feature of filamentous fungi (Mäkelä et al., 2015; Ranjan et al., 2019). To our knowledge the mechanism for this metabolization of phenylpropanoid derivatives has not been characterized in any fungal species despite the necessity of such a process in colonizing plant tissue.



TOXIN EFFLUX

While degradative detoxification of PDCs has received a large amount of attention in recent years, it has long been known that some non-degradative mechanism of fungal tolerance to PDCs exists as well (Denny and Van Etten, 1983a, b). Despite that, it was not until the discovery of the first multidrug resistance (MDR) transporters in Saccharomyces cerevisiae, SNQ2 and PDR5 (Servos et al., 1993; Balzi et al., 1994), and the subsequent description of the first ATP-binding cassette (ABC) transporter in the rice pathogen M. oryzae that a true mechanism for this activity was described (Urban et al., 1999).

Contrary to the enzymatic detoxification of PDCs, toxin efflux operates through the activity of membrane bound substrate transport proteins that work to either export or sequester toxic compounds. Broadly, these proteins can be separated into ABC transporters that operate using energy from ATP hydrolysis and major facilitator superfamily (MFS) transporters which utilize a chemiosmotic gradient generated across the membrane to move substrate (Pao et al., 1998). As plant hosts typically possess a repertoire of chemically related PDCs, efflux proteins often have a broad substrate binding affinity and are thus referred to as pleiotropic and/or multidrug resistance proteins (PDR and/or MDR). These proteins are most often transcriptionally regulated and thus some insight into their substrate range can be gained through the accumulation of their RNA transcripts upon exposure to various compounds (Schoonbeek et al., 2001; Semighini et al., 2002; Lee et al., 2005; Gupta and Chattoo, 2008).

True to their name as pleiotropic drug resistance proteins, individual efflux transporters are often shown to be active against a range of chemically distinct compounds (Roohparvar et al., 2007). This broad range of activity has been functionally validated in multiple transporters within the wheat pathogen Zymoseptoria tritici, where ectopic expression of these transporters in yeast conferred increased tolerance to a variety of antifungal compounds. Surprisingly, though, genetic knockouts of these transporters often show no reduction in virulence (Table 4). Multiple theories have been discussed to address this, the most common being a functional redundancy between transporters with similar substrate ranges. Substrate redundancy across a range of toxic compounds has been observed in the broad host-range pathogen B. cinerea, the wheat pathogen Z. tritici, and the saprotroph Aspergillus nidulans (Semighini et al., 2002; Schoonbeek et al., 2003; Zwiers et al., 2003). This redundancy has been characterized in both plant and animal pathogens and often requires multiple transporters to be knocked out in a single mutant to see the expected increase in sensitivity to a suspected substrate (Sanglard et al., 1997; Hayashi et al., 2002).


TABLE 4. Putative efflux transporters involved in fungal tolerance to plant defense compounds.

[image: Table 4]The importance of a distinct transporter in infection is dependent on the hosts antimicrobial repertoire, so an additional explanation is that it may be necessary to screen multiple hosts before finding one in which a given transporter is pivotal to pathogenicity. In the case of the B. cinerea ABC transporter BcAtrB, knockout mutants showed no reduction in virulence on basil, but were compromised during infection of A. thaliana and grapevine (Schoonbeek et al., 2001, 2003; Stefanato et al., 2009).

Although there are certainly incidences in which the role of a putative efflux transporter is vague, many of those characterized in necrotrophic and hemibiotrophic pathogens have a clear role in virulence (Table 4). This role is often elucidated through a mixture of in vitro sensitivity and disease assays to establish a likely PDC substrate and quantify the importance during host colonization, but it’s typically difficult to prove causation between the loss of specific efflux activity and a reduction in virulence. This concern has been raised given that some transporters which contribute to MDR may do so as a side-effect of primary roles in lipid transport, plasma membrane integrity, and/or fungal development (Stergiopoulos et al., 2003; Gupta and Chattoo, 2008; Shahi and Moye-Rowley, 2009). An optimal method to establish this causation is by showing that efflux transporter mutants with a virulence defect on wild-type host plants are fully capable of infecting hosts deficient in the PDC substrate of interest. This has only been demonstrated in BcAtrB and mfsG from B. cinerea, which export the phytoalexin camalexin and ITC-type phytoanticipins, respectively. In both of these cases camalexin and ITC-deficient plants were generated in A. thaliana, an organism that benefits from genetic tractability, and thus, similar evidence remains elusive in other pathosystems (Stefanato et al., 2009; Vela-corcía et al., 2019).

While the importance of efflux in fungal tolerance to a number of PDCs is apparent, an inherent limitation to this mechanism is that it can only act on PDCs that target components within the fungal cell. Accordingly, there are a number of transporters with apparent activity against resveratrol, a plant stilbenoid thought to target cellular respiration, but none that act against plant saponins, which target the plasma membrane (Osbourn, 1996; Schoonbeek et al., 2001, 2003; Caruso et al., 2011; Adrian and Jeandet, 2012). Thus, in order to cope with a broader range of PDCs, efflux transporters often work in tandem with other detoxification mechanisms.



WORKING IN CONCERT: MULTIPLE MECHANISMS OF TOXIN TOLERANCE

Cooperative relationships between efflux transporters and other detoxification mechanisms is expected, and have been described in multiple pathosystems, including G. clavigera (Wang et al., 2012, 2014), B. cinerea (Schouten et al., 2008), and N. haematococca (Han et al., 2001; Coleman et al., 2011b). In these relationships the efflux activities of the transporters activate very early during host colonization to avoid the accumulation of host PDCs in fungal hyphae, this is coupled with a subsequent activation of enzymes to detoxify compounds through chemical modification. Such a system has been observed on a broader scale by the fungal pathogen S. sclerotiorum during infection of soybean. A time-course transcriptomic analysis of this infection showed an enrichment of ABC and MFS transporters putatively involved in drug transport during early infection and a subsequent increase in genes putatively involved in degradative detoxification of xenobiotics during later timepoints (Westrick et al., 2019).

In addition to the broad use of detoxification enzymes, some fungi may also modify the infection court in a coordinated approach. B. cinerea has a repertoire of enzymes that are known to be involved in the degradation of saponins (Quidde and Peter, 1999). Interestingly, B. cinerea also acidifies host tissue during infection to facilitate disease, this increasingly acidic environment causes saponins to lose their antifungal activity (Kunz et al., 2006). Thus, the acidification of host tissue in B. cinerea may decrease the efficacy of plant saponins and allow for other degradative mechanisms to finish the job, through a similar coordinated relationship as that described above. This ability to reduce saponin efficacy through acidification may explain why the closely related S. sclerotiorum, a particularly prolific producer of oxalic acid, has no clear homolog of genes coding for some common saponin detoxifying enzymes tomatinase or avenacinase in its genome (Figure 1). Thus, S. sclerotiorum’s incredibly broad range may be owed to its ability to create an environment that renders plant chemical defenses powerless.

Another tool at the disposal of fungal pathogens noted in this review, is to simply deploy multiple enzymes that act in concert to deal with specific plant metabolites. It has been noted on multiple occasions that genes putatively involved in fungal detoxification are often conserved in gene clusters, similar to the secondary metabolite gene clusters found in most fungal genomes (Gluck-thaler and Slot, 2018). This has led to the assertion that these genes may be operating in tandem to efficiently metabolize host PDCs, but to date, only individual genes in these clusters have been credited with a role in detoxification, leaving the purpose of this gene clustering elusive (Glenn et al., 2016; Gluck-thaler and Slot, 2018).



METABOLISM OR DETOXIFICATION: MAYBE BOTH?

Mechanisms for detoxifying PDC’s in phytopathogenic fungi are, at their core, responsible for overcoming plant immunity and facilitating the metabolism of host tissue. Given this fact it is tempting to draw a line between detoxification and metabolism, when in fact data suggests that they are far more interconnected than originally thought. An interesting example of this can be seen in the D-galacturonic acid (GalA) metabolic pathway, which is highly conserved in among pectin-degrading filamentous fungi (a category encompassing nearly all fungal necrotrophs and hemibiotrophs) (Martens-uzunova and Schaap, 2008). GalA is the primary constituent of pectin in plants and is degraded by fungal pathogens through a four step metabolic pathway into glycerol and pyruvate (Martens-uzunova and Schaap, 2008). While GalA is often considered a simple nutrient source for fungi, it is also capable of actively inhibiting the growth of the non-pathogenic yeast S. cerevisiae, indicating that the compound may have some antimicrobial properties (Huisjes et al., 2012). The components of the GalA metabolic pathway have been studied in multiple necrotrophic pathogens and individual gene knockouts of each component of this pathway have been shown to display reduced virulence on hosts rich in GalA (Martens-uzunova and Schaap, 2008; Zhang et al., 2011; Wei et al., 2020). Rather than a metabolic defect, this loss in virulence is due to the accumulation of suppressive amounts of GalA and its derivatives, compounds which could act as either carbon sources or toxins depending on the pathogen’s capacity to metabolize them (Zhang and van Kan, 2013).

Similar overlaps between metabolism and detoxification have been seen in the spruce pathogen E. polonica and the pine pathogen G. clavigera. Both pathogens must detoxify antimicrobials, primarily stilbenoids and terpenoids, induced by their beetle vectors at the site of infection (Franceschi et al., 2005; Keeling and Bohlmann, 2006). Rather than simply degrading these compounds, both E. polonica and G. clavigera have evolved multiple enzymes that facilitate the degradation and metabolic utilization of their respective PDCs (Wang et al., 2014; Wadke et al., 2016). G. clavigera is among the most aggressive fungal pathogens to pine trees in North America due its perceived tolerance and utilization of host monoterpenes to a greater degree than other pine ophiostomatoid fungi (Alamouti et al., 2011; Wang et al., 2014). The pathogen Armillaria mellea is capable of metabolizing the antifungal PDC genistein into multiple less toxic derivatives which can be utilized as carbon sources (Curir et al., 2006). Additionally, L. maculans can use formamide, the result of cyanide hydratase detoxification of HCN, as a sole carbon source (Sexton and Howlett, 2000).

The function of saponin hydrolase enzymes is another potential example of this crossover, they are used by many phytopathogenic fungi to detoxify plant saponins, a class of molecules typically consisting of a hydrophobic aglycone with appended sugar molecules. These enzymes reduce the antifungal activity of saponins through the removal of sugar molecules from their glycosyl chains, releasing glucose and/or other sugars in the process (Osbourn, 1996). While the metabolic utilization of these released sugars has not been specifically addressed to our knowledge, it would be expected if these sugars were used by the pathogen as a carbon source. Many of these enzymes belong to the glycoside hydrolase family 3 (GH3) family of proteins and are related to cellobiose degrading enzymes used to release sugars from plant cell walls during fungal necrotrophy (Osbourn et al., 1995).



THE ROLE OF PDC TOLERANCE IN FUNGAL HOST RANGE

Tolerance to specific plant defense compounds, be it through detoxification, efflux, or target modification, is an absolute necessity in a pathogen’s capacity to infect a host and is therefore a major determinant in its host range. The simplest example of this phenomenon is seen in the take-all pathogen G. graminis, which can infect a range of cereal crops. Varieties of G. graminis differ in their ability to infect oat and these differences appear to be largely defined by their capacity to detoxify saponins, which are found in most oats but are absent in many other cereal species (Bowyer et al., 1995). This detoxification activity was attributed to a specific enzyme (Avn) in the oat-infecting variety, G. graminis var. avenae, that effectively detoxifies the oat saponin Avenacin A-1. Avn acts as a singular determinant of pathogenicity on oats, with Avn-minus mutants losing the ability to infect oats but retaining virulence on saponin-deficient species including wheat (Bowyer et al., 1995). The potential for a similar host-range expansion can be seen from the S. lycopersici tomatinase, B2Tom, which efficiently hydrolyzes saponins found in green tomatoes (Table 2). When N. haematococca was transformed to express this protein, it gained the ability to infect green tomatoes, a feature that WT-strains lack (Sandrock and Van Etten, 2001). Therefore, the host range of some closely related fungi, or even strains of the same species, can differ due to minor changes to their detoxification repertoires.

Pisatin detoxification also appears to be important in the ability for Fusarium species to infect pea, as pisatin is one of its primary defense compounds induced during fungal infection and tolerance to pisatin appears critical for host tissue colonization (Cruickshank and Perrin, 1962; Delserone et al., 1999). The primary enzyme for pisatin degradation in F. solani is a pisatin demethylase (PDA), but unlike Avn in G. graminis, PDA-minus mutants do not fully lose pathogenicity, likely due to multiple mechanisms of tolerance to pisatin (Table 2) (Coleman et al., 2011b). Despite this, non-pathogenic strains of F. solani and the maize pathogen Cochliobolus heterostrophus which are not pea pathogens, gained pathogenicity through ectopic expression of PDA. This suggests that pisatin may be a critical driver of non-host resistance in pea and PDA expression is alarmingly enough to overcome this barrier (Schafer et al., 1989; Ciuffetti and Van Etten, 1996).

In the case of broad-host range pathogens detoxification is critically important as the fungus must maintain a repertoire of detoxification genes to tolerate the wide array of defense compounds being brought to bear in different hosts. These genes hold differential importance on distinct hosts as can be seen in the broad-host range pathogens S. sclerotiorum and B. cinerea (Figure 1). Both pathogens contain genes encoding putative cyanide hydratases for the detoxification of HCN and induction of this gene is likely regulated by the HCN content of the host, as cyanide hydratase expression has a dose-dependent relationship to cyanide content in other fungal systems (Barclay et al., 2002). Such a pattern is seen in the ITC detoxifying gene SsSaxA, which is only induced in the ITC containing crucifers A. thaliana and Brassica napus. The major toxin efflux transporters in B. cinerea are seemingly utilized to a much greater degree during infection of tomato than grapevine and inversely the laccase Bclcc2 which metabolizes the grapevine phytoalexin resveratrol is only induced during infection of grapevine (Figure 1). This transcriptional plasticity is a hallmark of broad-host range pathogens and the large number of detoxification mechanisms retained in their genome is likely a necessity for their lifestyle. This is similarly seen when comparing isolates of Alternaria alternata, a broad-host range necrotroph that retains tomatinase activity across a wide range of isolates regardless of their primary host, and Corynespora cassiicola, a comparatively narrow host range pathogen which has only retained tomatinase activity in specific tomato-infecting strains (Oka et al., 2006). Though it is convenient to utilize model plants to analyze virulence factors and pathogenic attributes of broad-host necrotrophs, considering the genomic plasticity seen in some of these pathogens, it is prudent to study their pathogenic development across multiple hosts.

An expansion of host range has been demonstrated through the horizontal gene transfer (HGT) of host-specific toxins in wheat pathogens, and a similar transfer of detoxification genes may have also allowed for the expansion of other pathogens to novel hosts (Mcdonald et al., 2019). Evidence suggests that phytopathogenic oomycetes gained cyanide hydratase genes through HGT from true fungi and benzoxazinoid detoxifying gene clusters appear to have spread through a similar mechanism from Fusarium spp. to species of Colletotrichum and Aspergillus (Richards et al., 2011; Glenn et al., 2016).



DETOXIFICATION AND PLANT DEFENSE SIGNALING

In most plant–pathogen interactions the primary purpose of PDC detoxification appears to be the protection of the pathogen, but in some cases the metabolism of PDCs may play a larger role in subverting host defenses. This is highlighted by the tomatinase enzyme from S. lycopersici (Tom), which is known to hydrolyze the tomato phytoanticipin α-tomatine (Table 2) (Martin-Hernandez et al., 2000). An examination of tomatinase activity in Nicotiana benthamiana found evidence that the enzyme appears to suppress the host’s broader immune response in addition to its role in saponin detoxification (Bouarab et al., 2002). Indeed β2-tomatine, the hydrolysis product of α-tomatine, is capable of directly suppressing the induction of multiple plant defense genes (PR1, PR5, and AOS) during infection (Bouarab et al., 2002). β2-Tomatine also facilitated the growth of the bacterial pathogen Pseudomonas syringae pv. tabaci in planta (Bouarab et al., 2002). Although less well characterized, the Verticillium dahliae quercetinase enzyme, VDQase, is also suggested to manipulate the host phytohormone response to facilitate infection (Table 2) (El Hadrami et al., 2015).

These studies present an attractive avenue for future research, as the putative role of detoxification metabolites in actively facilitating infection has been largely overlooked. A potential example of this can be seen in the conversion of the flavanone sakuranetin into naringenin by the rice pathogen M. oryzae during infection (Katsumata et al., 2017). This process is assumed to be aimed at depleting the host of the antifungal sakuranetin, but naringenin is also a known inhibitor of lignin biosynthesis, revealing the possibility that its accumulation at the site of infection may suppress defensive lignification by the host (Deng et al., 2004). Moving into the future the effect of these detoxification metabolites on host physiology and defense must be evaluated as their role in pathogenesis may be as or more critical than the depletion of the initial PDC.



MANIPULATING FUNGAL DETOXIFICATION IN DISEASE CONTROL

Disruption of fungal detoxification activity can have a substantial effect on pathogenicity and subversion of this activity is potentially valuable in disease control across a wide range of crops. A novel approach to disease control through the subversion of fungal detoxification has been demonstrated with the usage synthetic compounds, termed paldoxins. Paldoxins, coined from “phytoalexin detoxification inhibitors,” are rationally designed compounds which inhibit the enzymatic detoxification mechanisms used by plant pathogens without the antifungal bioactivity seen in phytoalexins. This concept was originally demonstrated with the indoles cyclobrassinin and camalexin, which competitively bind to and inhibit brassinin degrading enzymes (BH and BO discussed in section “Enzymatic Detoxification of Inducible PDCs – Indoles”), but as phytoalexins themselves these compounds do not qualify as paldoxins. As opposed to other fungicides which are directly toxic to the pathogen itself, paldoxins would potentially allow for the plant to defend itself from invasion without the off target ecological effects of a broad-range fungicide (Pedras and Abdoli, 2017).

Inhibitors of ABC transporter-mediated efflux have also been proposed as a method to control fungal diseases, albeit in combination with chemical fungicides. Efflux is a major mechanism of derived fungal resistance to fungicides and by applying synthetic efflux inhibitors in combination with certain fungicides, it was shown that resistant isolates can be reverted to baseline levels of susceptibility, thus improving chemical control through fungicides (Reimann and Deising, 2005).

Reduced virulence is also achieved in a number of fungal pathogens through the silencing of pathogenicity and developmental factors (McLoughlin et al., 2018; Rosa et al., 2018). The usage of host-induced or spray-induced gene silencing (HIGS or SIGS) has never directly been used on genes involved in fungal detoxification, but as many studies demonstrated the critical importance many of these genes in host colonization, they may prove to be valuable targets for RNAi approaches (Bowyer et al., 1995; Vela-corcía et al., 2019).



CONCLUSION

In order to overcome both a plant’s induced and preformed PDCs during necrotrophic colonization, fungal pathogens utilize a number of distinct mechanisms (Figure 2). The earliest response to these compounds is the production of efflux transporters that work to export, or potentially sequester, toxic compounds below a lethal and/or inhibitory threshold. Secreted enzymes are then produced and metabolize PDCs in extracellular spaces, both to protect the pathogen from these compounds and, in some cases, prevent the production of other downstream antimicrobials. Many detoxification enzymes are intracellular as well, and the localization of these proteins either inside the fungal cell or in extracellular spaces can be a factor of the protein’s mechanism of action, the chemistry of its target substrate, and/or the PDC’s target in the fungus (i.e., plasma membrane vs. mitochondria) (Figure 2 and Table 2).


[image: image]

FIGURE 2. Diagram outlining generalized mechanisms of fungal tolerance for preformed and inducible plant defense compounds (PDCs). Examples of each class of PDC, detoxification enzyme, and transporter are included. Question marks denote a mechanism which is suspected but has yet to be confirmed through experimental evidence.


These detoxification mechanisms provide several benefits to the pathogen as they can quantitatively increase virulence and in some cases expand its host range to previously resistant plants. Additionally, when efficiently metabolized the formally toxic PDCs can serve as a valuable nutrient source during colonization. Overall, the range and redundancy of these mechanisms are evidence for the importance they play in most if not all necrotrophic/hemibiotrophic infections of plants, and a better understanding of these mechanisms will undoubtedly improve disease control strategies.
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Botrytis cinerea is a world-wide occurring plant pathogen, causing pre- and post-harvest gray mold rot on a large number of fruit, vegetable, and flower crops. B. cinerea is closely related to Botrytis pseudocinerea, another broad host range species which often occurs in sympatry with B. cinerea, and to several host-specific species including Botrytis fabae and Botrytis calthae. B. cinerea populations have been shown to be genetically heterogeneous, and attempts have been made to correlate genetic markers to virulence and host adaptation. Here, we present the development of a multilocus sequence typing (MLST) scheme, with 10 genes selected for high variability and phylogenetic congruence, to evaluate the genetic diversity of B. cinerea, B. fabae, and B. pseudocinerea. Using PacBio-assisted simultaneous mass sequencing of PCR products, MLST analysis of about 100 strains from diverse geographical origins and years of isolation was performed, which resulted in high-resolution strain differentiation and robust species separation. Several B. cinerea strains formed an as yet unknown population, referred to as group B, which was well separated from all other B. cinerea strains. Furthermore, the gene cluster for biosynthesis of the phytotoxin botcinic acid was missing in B. cinerea B strains. B. cinerea strains from the monocot Iris pseudacorus were found to form a genetically distinct population, and contained an intact gene cluster for production of the red pigment bikaverin, which is usually degenerated in B. cinerea. Remarkably, these strains were much more aggressive on Iris than other B. cinerea strains, which is the first unequivocal example for host specialization in B. cinerea. Our data reveal new insights into the genetic diversity of B. cinerea and provide evidence for intraspecific differentiation and different degrees of host adaptation of this polyphagous necrotrophic pathogen.

Keywords: multilocus sequence typing (MLST), indel, taxonomy, host adaptation, PacBio sequencing, bikaverin, botcinic acid


INTRODUCTION

The genus name Botrytis, coined by Micheli in 1729, is one of the first described genera of fungi. The major species of this genus is Botrytis cinerea Pers.:Fr., a ubiquitous plant pathogen causing gray mold on more than 1000 plant species, including many economically important fruit, vegetable, and ornamental flower crops (Dean et al., 2012; Elad et al., 2016). Up to now, more than 30 species of Botrytis have been described, which are all necrotrophic pathogens except for Botrytis pyriformis which appears to be a saprophytic species (Hyde et al., 2014; Zhou et al., 2014; Zhang et al., 2016; Richards et al., 2020). A first comprehensive molecular classification of Botrytis spp. was performed by Staats et al. (2005), using sequence comparisons of three conserved genes (RPB2, G3PDH, and HSP60). In later studies, nep1 and nep2 encoding necrosis and ethylene inducing proteins 1 and 2 have been added to provide higher resolution (Staats et al., 2007; Hyde et al., 2014). Based on the molecular classification, Botrytis species can be divided into two phylogenetic clades. Botrytis clade 1 includes species that infect mainly or exclusively dicotyledonous plants, namely, the broad host range species B. cinerea and Botrytis pseudocinerea, and the host-specific species Botrytis fabae, Botrytis calthae, Botrytis sinoviticola, and Botrytis eucalyptii (Staats et al., 2005, 2007; Hyde et al., 2014; Liu et al., 2016). The previously described species Botrytis pelargonii has been found to be genetically very close or indistinguishable from B. cinerea (Staats et al., 2005) and is therefore not included as separate species in this study. Botrytis clade 2 is phylogenetically more diverse and contains predominantly monocot-specific, but also several dicot-specific Botrytis species, usually with restricted host range (Staats et al., 2007; Hyde et al., 2014).

Botrytis cinerea strains show considerable morphological variability, including differences in mycelial growth, conidiation, and sclerotium formation (Kerssies, 1990; Martinez et al., 2003). Numerous studies have also documented a high degree of genetic variability in B. cinerea populations (Giraud et al., 1999; Fournier et al., 2003, 2005; Rowe and Kliebenstein, 2007). Early studies performed with B. cinerea strains from French vineyards and other host plants based on the analysis of PCR-RFLP patterns, fungicide resistance, and the detection of transposable elements indicated the existence of genetically distinct groups within B. cinerea (Giraud et al., 1997, 1999). In particular, the presence or absence of the long terminal repeat retrotransposon Boty (Diolez et al., 1995) and the DNA transposon Flipper (Levis et al., 1997) was used to divide strains into four transposon types called transposa (strains having both elements), vacuma (strains having neither element), boty, and flipper. Evidence was obtained that the presence of transposable elements was correlated with higher virulence (Martinez et al., 2005). This was further supported by a seminal study which revealed that B. cinerea releases small RNAs derived from retrotransposons that are translocated into host cells and suppress expression of plant defense genes (Weiberg et al., 2013). However, while B. cinerea strains differ in their content of transposon types, later studies revealed that this feature was not very useful for genetic classification. Nevertheless, a subgroup of vacuma strains, originally called group I, was found to be clearly distinct from all other B. cinerea strains (group II) on the basis of genetic markers and DNA sequence data, and later defined as a new species called B. pseudocinerea (Fournier et al., 2003, 2005; Walker et al., 2011). B. pseudocinerea is often found as a minor species in vineyards and strawberry fields in sympatry with B. cinerea, but infects also a variety of other plant species, and has been found occasionally as the dominating gray mold pathogen on oilseed rape, apple, cherry, broad bean, and Caltha palustris (Plesken et al., 2015a, b).

The enormous host range of B. cinerea and its phenotypic variability would be consistent with a corresponding genetic variability, and at least some degree of host adaptation of the species. Population genetic studies have provided evidence for the existence of clusters within B. cinerea populations from different host plants with reduced but still existing gene exchange. Investigations of B. cinerea populations in France revealed that they were structured by their host plants tomato and grapevine (Walker et al., 2015). Further studies including pathogenicity tests indicated different degrees of host specialization of the populations, depending on their host origin (Mercier et al., 2019). In German strawberry fields, which are frequently treated with fungicides, B. cinerea strains resistant to multiple fungicides have been identified. Several of these strains carried mutations in a transcription factor gene (mrr1) leading to increased expression of a drug efflux transporter gene (atrB) and partial resistance to two commonly used Botrytis fungicides, fludioxonil and cyprodinil (Kretschmer et al., 2009; Leroch et al., 2013). Sequencing of mrr1 and several other genes indicated that these strains belonged to a new subgroup of B. cinerea called Botrytis group S (subsequently referred to as B. cinerea S), which was separated from the sequenced strains B05.10 and T4 (Leroch et al., 2013). In Germany, B. cinerea S strains were found to be predominating in strawberry fields, but almost absent in vineyards. Analysis of B. cinerea populations in vineyards of New Zealand revealed the occurrence of strains similar to B. cinerea S; however, these studies did not support a clear separation from other B. cinerea strains (Johnston et al., 2014).

Multilocus sequence typing (MLST) and multilocus sequence analysis, in the following referred to as MLST, has been established in pathogenic bacteria for studying the epidemiology and phylogenetic relationships of populations (Maiden, 2006). MLST is performed by partial sequencing of coding regions of several genes encoding conserved proteins, for genotyping or deducing phylogenetic relationships. MLST has also been applied for human pathogenic fungi, such as Candida albicans and Cryptococcus spp. (Odds and Jacobsen, 2008; Alanio et al., 2017). The use of next generation sequencing has been shown to improve the performance and speed of MLST of Cryptococcus neoformans (Chen et al., 2015).

The conserved genes hsp60, g3pdh, and rpb2 have been used for differentiation between Botrytis species (Staats et al., 2005; Hyde et al., 2014). However, they provide poor resolution between B. cinerea strains. Higher inter-species variability was observed for nep1 and nep2, but these genes encode host necrosis-inducing proteins and encode some amino acids that appear to be under positive selection (Staats et al., 2007). In this study, we have tested and confirmed the suitability of genes to provide high resolution, phylogenetically reliable differentiation between strains of B. cinerea and closely related Botrytis species. For this, an MLST scheme with 10 genes was developed and applied for analysis of a large number of Botrytis field strains from diverse geographic and host plant origins. The resulting data confirm the genetic diversity of B. cinerea and revealed the existence of separated group, called B. cinerea B, which has significantly diverged from the majority of B. cinerea strains. We also demonstrate that a genetically distinct B. cinerea population isolated from the monocot plant Iris pseudacorus shows a high degree of host adaptation.



MATERIALS AND METHODS


Cultivation and DNA Isolation of Botrytis Strains

Botrytis strains were collected in different years from a variety of infected host tissues in different locations and countries. For purification, cultures were transferred several times via hyphal tips or single spores to new malt extract (ME) agar plates. As confirmed by sequencing, all isolates in this study were genetically pure, and can therefore be referred to as strains, consistent with previous reports (Giraud et al., 1999). The strains are listed in Table 1. They were cultivated on ME agar plates under black light bulb illumination to induce rapid sporulation. To induce production of the red pigment bikaverin, B. cinerea strains were cultivated in the dark on CD-B agar medium (Schumacher et al., 2013). Growth tests were performed on Gamborg’s B5 agar medium supplemented with 10 mM (NH4)H2PO4 and one of the following carbon sources: 50 mM glucose, 0.5% polygalacturonate, 0.5% pectin, 0.5% xylan, and 0.1% total leaf extract from I. pseudacorus.


TABLE 1. Botrytis strains analyzed by MLST and infection tests.
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Extraction of genomic DNA was performed using conidia from sporulating agar plates. Conidia were washed from a sporulating malt agar extract plate with sterile water, filtered through glass wool, centrifuged, and suspended in water at a concentration of 1–5 × 107 conidia ml–1; 400 μl of the spore suspension was mixed with 200 μl CTAB solution (per 100 ml: 2.5 g sorbitol; 1 g N-laurylsarcosine; 0.8 g N-cetyl-trimethylammonium bromide; 4.7 g NaCl; 1 g Na-EDTA; and 1 g polyvinylpyrrolidone) in a 2 ml screw-capped microfuge tube and homogenized with glass beads (1 mm diameter) with FastPrep (MP Biomedicals Germany GmbH, Eschwege, Germany; 45 and 30 s at level 6, interrupted by cooling on ice). After centrifugation (14,000 rpm, 2 min), the clear supernatant was transferred into a fresh tube, and 100 μl chloroform was added. After vortexing for 5 s and centrifugation (14,000 rpm, 3 min), the upper phase was transferred into a new tube, and the DNA precipitated by the addition of an equal volume of 2-propanol. After centrifugation (14,000 rpm, 5 min), the DNA pellet was washed with 70% ethanol, air-dried, and dissolved in 15–30 μl TE buffer. Concentration and integrity of the DNA were estimated by agarose gel electrophoresis.



PCR Assays

For genetic analysis of Botrytis strains, ca. 10 ng of total Botrytis DNA was used for PCR assays with diagnostic primers, using 20 μl reactions containing 0.2 mM dNTPs, 0.25 μM primers, 40 mM Tris–HCl, 0.02% Tween 20, 2 mM MgCl2, pH 8.3, and 0.5 units Taq polymerase. Amplification was performed in different thermocyclers set at 5 min 94°C, followed by 30–35 cycles with 30 s 94°C, 30 s 52–60°C, and 1 min per kb 72°C. Electrophoresis was performed with 1 × TAE buffer in 1–3% agarose gels. Annealing temperatures were adjusted to ca. 5°C below the melting temperatures of the primers. Primers used in this study are listed in Supplementary Table 1.



Selection of Genes for Multilocus Sequence Typing

To identify genes suitable for MLST of B. cinerea and related Botrytis species, we first searched for genes in FUNYBASE, a database containing 246 families of single-copy orthologs obtained from 21 fungal genomes (Marthey, 20081). Two of the most variable FUNYBASE genes, ms547 (Bcin12g03020) and fg1020 (Bcin04g02090), were selected. These have been used previously for differentiation of B. pseudocinerea and B. cinerea (Walker et al., 2011), and between B. cinerea strains (Leroch et al., 2013). No other FUNYBASE gene was found to be suitable for MLST, because of low diversity between the four tested Botrytis spp. and/or between B. cinerea strains. For identification of further genes useful for differentiation, genome sequences from six B. cinerea strains and one strain each of B. fabae, B. pseudocinerea, and B. calthae (unpublished data) were reference aligned to the sequenced genome of B. cinerea strain B05.102, and searched for complete homologous gene models. Genes yielding the highest diversity scores between the four Botrytis species were tested for high resolution among the sequenced B. cinerea strains, conservation in other ascomycetes (preferred), predicted function (preferred), and location on different chromosomes in the B. cinerea B05.10 reference genome. Based on these criteria, a final list of 10 genes, including the previously used nep2, ms547, and fg1020, was selected for MLST (Table 2). Primers for these genes were designed to match the sequences of B. cinerea, B. fabae, B. pseudocinerea, and B. calthae; therefore they were partly degenerated, containing mixtures of variable nucleotides. For B. calthae, sequence comparisons of several strains (Plesken et al., 2015b) confirmed species-specific similarities for nep2 and ms547, and the suitability of the primers. Primer positions were chosen to obtain genomic PCR fragments with heterogeneous size, to facilitate their differentiation on the gels.


TABLE 2. Genes used for MLST of Botrytis isolates.
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Preparation of DNA for Mass Sequencing

A two-step PCR was performed, following the protocol “Procedure & Checklist -Preparing SMRTbellTM Libraries using PacBio® Barcoded Universal Primers for Multiplex SMRT® Sequencing,” with modifications. Instead of Phusion HF polymerase, a self-prepared Taq polymerase was used. PCR conditions were as follows: The first-round PCR with gene-specific primers attached to universal forward and reverse primer sequences (30 bp each) was performed in 20 μl reactions, using ca. 1 ng of Botrytis DNA, 0.2 mM dNTPs, 0.25 μM primers, 1 μl Taq polymerase, and 1 × Taq buffer (20 mM Tris–HCl, pH 8.5, 16 mM ammonium sulfate, 0.01% Tween 20, and 2 mM MgCl2). PCR was performed with 5 min initial denaturation at 94°C, 22 cycles of 30 s at 94°C, 30 s at 55°C, and 80 s at 72°C, and a final 5 min at 72°C. Products from the first-round PCR were checked for their sizes and amounts on an agarose gel, diluted 1:200, and used as templates for the second-round PCR using barcoding primers (for each strain, a unique pair of 16 bp barcodes 5’-attached to universal forward and reverse primers) in 25 μl with 0.25 mM dNTPs, 0.3 μM primers, 1 μl Taq polymerase, 1 × Taq buffer, and 1 μl first-round PCR product, with the same thermocycling conditions.

Concentrations of the final PCR products were estimated by their gel staining intensities, and from 100 strains, 10 PCR fragments per strain (representing MLST1-10 amplicons) mixed to yield a final concentration of 1 μg ml–1 for each fragment. A total of 1000 fragments were sequenced in one PacBio RSII SMRT cell according to the supplier’s protocol, yielding an average sequence depth of 32x. Reads of inserts were extracted and aligned to obtain the consensus sequences.

Sequence data are found in Supplementary File 1 (Botrytis mrr1 sequence data) and Supplementary File 2 (Botrytis MLST1-10 sequence data).



Infection Tests

Infection tests were performed with detached leaves of tomato (Lycopersicon esculentum), faba bean (Vicia faba), Phaseolus bean (Phaseolus vulgaris), salad (Lactuca sativa), barley (Hordeum vulgaris), yellow iris (I. pseudacorus), placed on wet filter paper, and with apple fruit (cv. Golden Delicious). Inoculations were performed with 20 μl conidial suspensions containing 2 × 105 conidia ml–1 in Gamborg GB5 medium supplemented with 25 mM glucose. Inoculation of Iris leaves was performed either with agar plugs of 1 mm thickness and 2 mm diameter inoculated 1 day before with 2000 conidia, or with conidial suspensions as described above, after wiping away cuticular waxes of the Iris leaves with wet gloved fingers to allow more consistent infection. Nevertheless, infection by the B. cinerea strains varied to some extent with the age and size of the Iris leaves used. Apple fruits were inoculated by pipetting 20 μl conidial suspensions into wounds created by a cork borer with 2 mm diameter. After incubation of inoculated leaves and fruits in humid chambers at ambient light and temperature conditions for the indicated times, lesion diameters were measured with a digital caliper. Mean values of at least replicates are shown in the figures, with standard deviations.



Tree Building and Statistical Data Evaluation

Sequence alignments and tree building were performed by PhyML for maximum-likelihood phylogenetic tree reconstruction, using SeaView version 4 software (Gouy et al., 2010). Distance-based tree reconstruction was performed by BioNJ or by maximum-parsimony, which gave similar results for all trees generated. Statistical analyses were performed using the GraphPad Prism software. The detailed analysis method is depicted in the individual figure legends. Infection and growth experiments were carried out at least three times, with two or three technical replicates per sample.



RESULTS


Use of Indels in mrr1 for Preliminary Classification of B. cinerea Strains

Previously, genetic analysis of B. cinerea strains from fungicide-treated strawberry fields has revealed a high polymorphism of the mrr1 gene, which showed up to 5% sequence divergence between the sequenced B. cinerea reference strains and several strains resistant to multiple fungicides from German strawberry fields. Further sequencing of the genes fg1020, ms547, and nep2 supported a genetic separation between this strawberry population originally referred to as “group S” and isolates similar to reference strains B05.10 and T4 (Leroch et al., 2013). Because of the high variability of mrr1, a comparative sequence analysis was performed. An alignment of ca. 2030 bp mrr1 segment covering the coding region was done with 26 B. cinerea strains, two B. fabae strains, four B. pseudocinerea strains, and one B. calthae strain. Several insertions-deletions (indels) are present in mrr1, including an 18 bp indel and a 21 bp indel in the coding region, which are useful for preliminary characterization of Botrytis isolates (Leroch et al., 2013). The dendrogram for mrr1 revealed a division of strains of B. cinerea and other Botrytis species into several distinct groups, but did not show their correct phylogenetic relationships, as several B. cinerea strains grouped closer to other Botrytis species than to other B. cinerea strains (Supplementary Figure 1). It was therefore evident that the high diversity of mrr1 is useful for preliminary assessment of genetic variability in Botrytis, but not for estimation of phylogenetic relationships.



Identification of Genes Suitable for MLST-Based Identification and Phylogenetic Placement of Botrytis Strains

To establish a reliable scheme for multilocus sequencing (MLST) of B. cinerea and closely related (clade 1) Botrytis species, 10 genes were selected which provided high-resolution differentiation and phylogenetic information of the strains analyzed (see section “Materials and Methods”; Table 2). Inter-strain variability of the MLST genes was three- to fourfold higher compared to hsp60, and a total of 10.5% of their sequences contained variable sites (Supplementary Table 2).

The 10 concatenated MLST sequences were aligned and used for tree building. This procedure was used for differentiation of 95 Botrytis strains (74 B. cinerea, eight B. fabae, 10 B. pseudocinerea, and one each of B. calthae, B. sinoviticola, and Botrytis paeoniae). The B. cinerea strains were obtained from 12 plant species, 10 countries, and 11 different years of sampling (Table 1). Eight B. cinerea strains from German strawberry fields showing multiple resistance to seven major anti-Botrytis fungicide classes (Rupp et al., 2017) were included into the analysis. For comparison, sequences were included from eight strains of B. cinerea and one strain each of B. fabae, B. pseudocinerea, and B. calthae for which genome sequences were available.

PhyML trees generated with all strains clearly supported the expected separation of the clade 1 species B. sinoviticola, B. calthae, B. pseudocinerea, B. fabae, and B. cinerea, and the larger phylogenetic distance of the clade 2 species B. paeoniae (Figures 1A,B). B. cinerea strains were found to form more or less distinct clusters. Most interestingly, strains in one cluster, in the following referred to as B. cinerea (group) B, were clearly separated from all other B. cinerea strains. The separation of B. cinerea B strains from the remaining B. cinerea strains was also observed with the trees generated with most of the individual MLST sequences (Supplementary Figure 2). Strains previously identified as B. cinerea group S, which have been found to be dominating in German strawberry fields (Leroch et al., 2013), were found to be partly clustered within the B. cinerea branches (Figure 1). They were found to include five or six of the seven strawberry strains with resistance to multiple fungicides, but also strains isolated in Greece, South Africa, United States, China, and Japan, several of them being collected from other host species. The two sequenced strains B05.10 and T4, which have been widely used for phenotypic and genetic studies, clustered relatively close to each other, despite their known sequence diversity and different contents of transposable elements (Amselem et al., 2011).
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FIGURE 1. (A) PhyML-generated tree of 93 Botrytis strains, based on concatenated sequences of genes MLST1–MLST10, with 9524 nucleotides compared. Bootstrap values > 70 based on 1000 replicates are shown. Bcal (purple): B. calthae; Bps (blue): B. pseudocinerea; Bfab (red): B. fabae. B. cinerea group B (brown); B. cinerea Iris isolates (pink). B. cinerea strawberry isolates previously described as “group S” (Leroch et al., 2013) are shown in green, and B. cinerea strawberry isolates with multiple fungicide resistances are shown in light blue. (B) Circular PhyML tree including B. paeoniae and B. sinoviticola, illustrating genetic separation of all species, and of B. cinerea group B from other B. cinerea strains.




B. cinerea B Strains Lack Biosynthesis Gene Cluster for the Phytotoxin Botcinic Acid

Botrytis cinerea produces two phytotoxins, the sesquiterpenoid botrydial (BOT) and the polyketide botcinic acid (BOA), which have been shown to be required together for full virulence (Dalmais et al., 2011). We tested the strains for the presence of bot and boa genes by PCR. Whereas the bot2 gene was detected in all strains, both boa6 (encoding a polyketide synthase) and boa17 (the last gene of the boa cluster) were missing in all 16 tested B. cinerea B strains (Figure 2). In contrast, all other tested B. cinerea strains contained boa6, and most strains also contained boa17, which might not to be required for botcinic acid biosynthesis (Porquier et al., 2019). These data were consistent with genome sequence data from strain D10_S3_16, which revealed the complete absence of the boa cluster (not shown). Therefore, B. cinerea B strains apparently have lost the ability to produce botcinic acid.
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FIGURE 2. Detection of genes involved in the synthesis of botrydial and botcinic acid in B. cinerea strains. Agarose gel-separated PCR products for boa17 (lanes a), boa6 (lanes b), and bot2 (lanes c) are shown. B. cinerea B strains are marked in brown and the Iris isolate in pink.




Infection Tests Reveal Different Degrees of Host Specificity of Botrytis Clade I Species

To compare virulence and host specificity of B. cinerea, B. cinerea B, B. fabae, and B. pseudocinerea, infection tests were performed with strains of each of these taxa on tissues of five plant species. All strains were able to form primary lesions under the inoculation droplets, but differences were observed in the size of expanding lesions (Figure 3 and Supplementary Figure 3). Overall, B. cinerea and B. pseudocinerea strains showed similar infection behavior, except for smaller lesions caused by B. pseudocinerea on faba bean. As expected, B. fabae was most aggressive on its host faba bean, but induced only small expanding lesions on leaves of tomato, Phaseolus bean, and salad. B. cinerea B strains formed significantly smaller lesions on tomato leaves compared to common B. cinerea strains. No significant differences were observed between B. cinerea and B. cinerea B in lesion formation on apple fruit.
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FIGURE 3. Lesion formation by strains of B. cinerea, B. cinerea B, B. fabae, and B. pseudocinerea on tissues of different plants. (A) Lesions caused by individual isolates on tomato and faba bean leaves. (B) Mean lesion sizes of strains (shown in A and Supplementary Figure 3) from different Botrytis taxa on five different plant tissues, indicated in percent lesion size produced by B. cinerea (for faba bean: B. fabae). The dotted lines indicate the average sizes of the inoculation droplets. The p-values by one-way ANOVA followed by Dunnett’s multiple comparisons post hoc test (control: B. cinerea) are indicated. *p < 0.001.




Discovery of Pink B. cinerea Strains From the Monocot Iris pseudacorus

In 2012 and 2013, five and 19 Botrytis strains, respectively, were recovered from flowers and leaves of yellow iris (I. pseudacorus) plants grown at two adjacent sites along a creek in the Palatine Forest in Germany. The strains showed growth characteristics and sporulation typical for B. cinerea. B. convoluta, a pathogen specific to Iris spp. (Whetzel and Drayton, 1932), has been reported to cause mainly rhizome infections. We did not observe infections on the rhizomes of the Iris plants, and were unable to obtain Botrytis isolates from them. DNA analysis confirmed the identity of the strains as B. cinerea or B. pseudocinerea. All isolates from 2012, and 17 isolates from 2013 were found to contain a 21 bp insertion, consistent with their initial classification as “group S” according to Leroch et al. (2013). Two isolates, obtained from flowers, were identified as B. pseudocinerea, based on a 24 bp deletion in Bcin09p02270 (Plesken et al., 2015a), which was confirmed for strain Bps_D12_E_IF4 by sequencing (Figure 1). With mrr1 and concatenated MLST1-10 genes, four B. cinerea Iris strains were found to form a cluster within B. cinerea (Supplementary Figure 1). Based on the mrr1 sequence of these strains, a primer-induced restriction analysis (PIRA-PCR) was designed (Haliassos et al., 1989), which resulted in a 72 bp PCR fragment which could be cleaved with the restriction enzyme AccI with DNA of all of the B. cinerea Iris strains, but not with DNA from any other B. cinerea strains tested. Furthermore, a 6 bp indel in Bcin01g05500 was identified (see below), which was in the deleted state only in the B. cinerea Iris population (Table 3).


TABLE 3. Genetic and phenotypic differentiation of B. cinerea Iris strains.

[image: Table 3]
Remarkably, all but one of the 22 B. cinerea Iris strains revealed a pink color when cultured on ME agar (Figure 4D). The pink color has been observed previously in rare B. cinerea strains, and is caused by the production of the red pigment bikaverin. Bikaverin is produced by several Fusarium spp. and encoded by a cluster containing six genes including a polyketide synthase. Bikaverin producing B. cinerea strains have gained a complete, functional ortholog of this cluster by horizontal gene transfer (Campbell et al., 2013; Schumacher et al., 2013). Gray B. cinerea strains contain a degenerated gene cluster lacking Bcbik1, the gene for the polyketide synthase. The presence of bcbik1 in the B. cinerea Iris population was confirmed by PCR with all 20 pink strains, but not for the two gray Iris strains. For three pink Iris strains and the pink control strain, V1750 (Schumacher et al., 2013), the presence of bcbik2, bcbik3, and bcbik5 was confirmed by PCR. Consistent with the genome sequence, B05.10 DNA also revealed the presence of bcbik2, bcbik3, and bcbik5, whereas in the gray Iris strain D13_E_IL04, the four bcbik genes appeared to be missing (Table 3). Analysis of the mating type genes revealed the presence of both MAT1-1 and MAT1-2 genotypes, indicating that even in this small population, sexual reproduction might still occur (Table 3).
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FIGURE 4. B. cinerea Iris strains are highly aggressive on Iris pseudacorus leaves and produce the red pigment bikaverin. (A) Lesion development on detached leaves, 5 days after inoculation with 12 B. cinerea and 13 B. cinerea Iris strains. (B) Mean lesion sizes induced by B. cinerea (green) and B. cinerea Iris (pink; shown in A and Supplementary Figure 4) on leaves of different plant species. The dotted lines indicate the average sizes of the inoculation droplets. Values for B. cinerea and B. cinerea Iris were compared by unpaired t-test. *p < 0.001. n.s.: not significant. (C) Symptoms on I. pseudacorus leaves induced by different B. cinerea strains. (D) Pictures of colonies of gray B. cinerea (left) and pink B. cinerea Iris (right) strains.


Taken together, these data demonstrate that the pink Iris strains, and the gray strain D13_E_IL4, represent a genetically distinct B. cinerea population, in the following referred to as B. cinerea Iris. Based on the ability to produce bikaverin, mating type, and MLST sequences, five haplotypes were distinguished among the Iris strains.



B. cinerea Iris Strains Are Highly Aggressive on I. pseudacorus Leaves

Infection tests on detached leaves of different plants were performed. All of the Iris strains were highly aggressive on I. pseudacorus leaves, causing expanding lesions 5 days after inoculation. In contrast, strain B05.10 and several other B. cinerea strains usually developed only primary lesions, which sometimes expanded to a small extent (Figures 4A–C). Compared to common B. cinerea strains, the Iris strains showed significantly reduced lesion formation on tomato leaves. In contrast, virulence on wheat leaves was higher for the Iris strains than for the other B. cinerea strains, while no significant differences in lesion formation were observed on barley (Figure 4B and Supplementary Figure 4). Because monocot and dicot plants differ in the pectin content of their cell walls, we reasoned that the difference in virulence could be related to their cell wall degrading ability. When the growth of the isolates was tested on media containing different carbon sources, however, no significant differences were observed between two B. cinerea reference strains and four Iris strains (Supplementary Figure 5).



Identification of New Indels for PCR-Based Identification of B. cinerea Iris and Group B Strains

Indel-PCR has been used for preliminary identification of Botrytis species, e.g., B. fabae and B. pseudocinerea (Rigotti et al., 2002; Plesken et al., 2015a). By performing blastn searches with codon sequences of predicted genes in published and self-generated genome assemblies of B. cinerea, B. fabae, B. pseudocinerea, and B. calthae, two more useful indels were identified, and flanking primers were designed which amplified the DNA from all tested clade 1 Botrytis species. A 6 bp indel in Bcin01g05500 was suitable for identification of B. cinerea Iris strains, and a 15 bp indel in Bcin11g00620 allowed identification of B. cinerea group B strains. The location of the indels, their specificity, and the primers used are summarized in Table 4.


TABLE 4. List of primers used for PCR-based differentiation of Botrytis species and genotypes of B. cinerea, depending on the insertion (ins) or deletion (del) state of diagnostic indels.
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DISCUSSION

In this study, the genetic diversity of a large number of B. cinerea strains and smaller collections of B. pseudocinerea and B. fabae was investigated. Single PCR-based genotyping of Botrytis strains is useful for a preliminary classification, using polymorphic sequences and indels of selected genes, as demonstrated in this and previous studies (Plesken et al., 2015a). Indels of various sizes are frequently found in fungal genomes, but most of them are located outside of the coding sequences. Because of their rare occurrence and likely stability, indels in protein coding sequences have been used as high potential phylogenetic markers (Ajawatanawong and Baldauf, 2013). In our study, all preliminary assignments of species based on indel markers that were further analyzed by sequencing could be confirmed. For robust identification of isolates with a high sensitivity for differentiation, an MLST scheme has been established, using 10 genes which were selected for high variability and phylogenetic reliability. Using PacBio sequencing, 10 PCR products each of ca. 100 isolates can be sequenced in a single run, using appropriate barcodes. The genes selected for MLST provide more sequence information and show a considerably higher diversity than hsp60, g3pdh, and rbp2, which have been used for species differentiation of Botrytis species (Staats et al., 2005). Previous studies of B. cinerea populations, using PCR-based markers such as RAPD, ALFP, and microsatellite or simple sequence repeats (SSR; Walker, 2016), are efficient and provide valuable informations about population structures, but no sequence data for further strain comparisons. The MLST scheme developed in this study allows differentiation of B. cinerea and other Botrytis strains with high resolution. The design of the MLST primers also allowed amplification and sequencing of genes of two clade 2 species, B. paeoniae and Botrytis mali (not shown). They are therefore likely to be useful for genotyping of strains from all Botrytis species, but might require sequence adjustments for optimal performance.

The MLST analysis revealed a clear separation and phylogenetic placement of all Botrytis species. Intraspecific diversity of B. pseudocinerea and B. fabae strains appeared to be lower than that of B. cinerea. This might be partially explained by their smaller sample sizes, and remains to be confirmed with more strains from similarly diverse locations as those from B. cinerea. The phylogenetic tree reconstructed from the MLST sequences revealed several clusters with different bootstrap support. A previously identified B. cinerea population, B. cinerea “group S” (Leroch et al., 2013), was found to be much less evident on the basis of the MLST data (Figure 2), which does not justify to maintain group S as a separate taxonomic unit. Studies on B. cinerea group S strains in New Zealand and France (Johnston et al., 2014; Walker, 2016) and sequencing of additional genes, as shown below, did not support such a clear separation of group S strains.

A major discovery was the identification of a population, referred to as B. cinerea B, which was clearly separated from all other B. cinerea strains. Confirmation for genetic separation of the B. cinerea B population came from the observation that all of them lacked probably the whole botcinic acid gene (boa) cluster, which is present in all other B. cinerea strains and the majority of sequenced Botrytis species (Valero-Jiménez et al., 2020). Interestingly, the boa cluster is located in B. cinerea at the left terminus of chromosome 1, directly adjacent to the telomere (van Kan et al., 2017). It seems therefore likely that parts of the left arm of chromosome 1 have been deleted in the B. cinerea B population. Single mutants defective in botcinic acid synthesis have been shown to be unaffected in their virulence toward bean leaves, whereas double mutants defective in both botcinic acid and botrydial formation showed reduced infection (Dalmais et al., 2011). In a recent study, however, bot2 boa6 double mutants were not found to be significantly affected in their virulence (Leisen et al., 2020). The existence of a B. cinerea group which lacks botcinic acid synthesis capacity also indicates that botcinic acid has no major role for plant infection. B. cinerea B strains were found on a variety of host plants (strawberry, grapevine, broad bean, cherry, and blueberry) in Germany and Norway, which indicates that they are widely distributed in Europe and maybe worldwide. Similar to B. pseudocinerea, which exists as a minor sister species in sympatry with B. cinerea, B. cinerea B was always found as minor populations together with common B. cinerea isolates. The occurrence of B. cinerea B remains to be analyzed systematically. For this, the PCR primers that detect the 15 bp deletion in Bcin11g00620, and the loss of boa6 will facilitate a rapid screening for B. cinerea B genotypes.

The genetic separation between B. cinerea and B. cinerea group B indicates that genetic exchange between these groups has been strongly reduced or even stopped. Lack of genetic exchange by sexual recombination is an essential requirement for the definition of species and subspecies (Taylor et al., 2000). However, other concepts for species definition based on differences in morphology and ecology are much less clear. Similar to B. pseudocinerea, B. cinerea B isolates are morphologically indistinghuishable from B. cinerea regarding mycelium growth, sporulation, and sclerotium formation. Furthermore, they have been isolated from the same hosts as B. cinerea, indicating that they occupy a similar ecological niche (Walker et al., 2011). Nevertheless, B. pseudocinerea has been found to be more abundant in the spring, and is preferentially found on dead tissue parts from grapevine rather than on living berries (Walker et al., 2011). In commercial fields and orchards, B. pseudocinerea disappeared rapidly after fungicide treatments, and were almost never found to acquire fungicide resistance (Plesken et al., 2015a). B. cinerea B strains were found to be less virulent on tomato leaves than B. cinerea strains, which also indicates diverse ecological adaptions. Further studies are necessary to clarify these differences between B. cinerea B and B. cinerea. While our data indicate that a sexual barrier has already been formed between them, the loss sexual compatibility should be confirmed experimentally, as reported for B. pseudocinerea and B. cinerea (Walker et al., 2011). Further studies with B. cinerea group B populations are required to confirm whether or not they might represent a minor subspecies of B. cinerea.

The isolation of a genetically homogeneous B. cinerea population from the wild monocot plant I. pseudacorus was unexpected. B. cinerea and other clade 1 Botrytis species are known to infect almost only dicotyledonous hosts (Staats et al., 2005; van Kan, 2006), although B. cinerea can also attack some monocot plants. Iris isolates were considerably more aggressive on Iris than common B. cinerea strains. In contrast, they showed lower virulence on tomato leaves. Infection assays were performed with detached leaves, which might not yield the same results as leaves attached to intact plants. Nevertheless, differences in the infection behavior of Iris and other B. cinerea strains were obvious, in particular on Iris leaves. Several lines of evidence confirmed that the Iris strains are genetically distinct. While pink variants of B. cinerea are very rare, all but one of the Iris strains were pink and contained bcbik1 encoding the polyketide synthase for bikaverin biosynthesis. Further genetic evidences, including MLST analysis of three Iris strains, a single nucleotide polymorphism in mrr1 detected by PIRA-PCR, and a 6 bp deletion in Bcin01g05500 detected by PCR, confirmed that B. cinerea Iris represents a distinct, possibly local population. Even this small population was found to contain different haplotypes. Both mating type loci MAT1-1 and MAT1-2 were detected in similar numbers among the Iris strains, indicating that sexual exchange might still occur. Surprisingly, isolate D13_E_IL4, which clustered with the other Iris strains and was aggressive on Iris, did not show a pink color. PCR analysis revealed that this isolate not only lacked bcbik1 but also bcbik2, bcbik3, and bcbik5, which are retained in B05.10 and all other B. cinerea isolates tested. Therefore, the loss of the whole bik gene cluster from D13_E_IL4 must have occurred in recent history. Bikaverin has antibiotic, anticancer, and antioomycete activity (Son et al., 2008) and has been shown to play a role in antagonistic interactions with other microbes (Spraker et al., 2016). Whether the pigment provides a selective advantage for B. cinerea remains to be investigated.

In summary, we have shown that MLST based on 10 suitable genes is a powerful tool for differentiation and classification of Botrytis clade 1 and possibly also for clade 2 strains, which makes it possible to recognize populations with different degrees of genetic separation. This work might stimulate further research into the intraspecific diversity of B. cinerea and other Botrytis species. It confirms previous evidences that genetic adaptation of B. cinerea toward certain hosts can occur (Mercier et al., 2019). Modern genome sequencing technologies and advanced editing tools such as CRISPR/Cas (Leisen et al., 2020) will enable a comparative molecular and phenotypic analysis of B. cinerea isolates with different host specificity, to uncover the mechanisms determining host range and host adaptation of the gray mold fungus.
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Plant diseases caused by necrotrophic fungal pathogens result in large economic losses in field crop production worldwide. Effectors are important players of plant-pathogen interaction and deployed by pathogens to facilitate plant colonization and nutrient acquisition. Compared to biotrophic and hemibiotrophic fungal pathogens, effector biology is poorly understood for necrotrophic fungal pathogens. Recent bioinformatics advances have accelerated the prediction and discovery of effectors from necrotrophic fungi, and their functional context is currently being clarified. In this review we examine effectors utilized by necrotrophic fungi and hemibiotrophic fungi in the latter stages of disease development, including plant cell death manipulation. We define “effectors” as secreted proteins and other molecules that affect plant physiology in ways that contribute to disease establishment and progression. Studying and understanding the mechanisms of necrotrophic effectors is critical for identifying avenues of genetic intervention that could lead to improved resistance to these pathogens in plants.
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INTRODUCTION

Plant pathogens are often categorized based on their relationship with host plants. These categories include biotrophs, which infect living plants with the objective of suppressing the plant immune system and acquiring nutrients from living cells; necrotrophs, which infect living plants with the objective of killing the plant upon or shortly after infection and acquiring nutrients from dead or dying tissues; and hemibiotrophs, which infect living plant tissues akin to biotrophs to first establish infection before “switching” to necrotrophy and killing the plant (Giraldo and Valent, 2013). Despite these seemingly distinct definitions, arguments can be made that trophic designations of some of these pathogens are convoluted as we learn more about the complexities of their interactions with a given host plant (Kabbage et al., 2013, 2015; Toruño et al., 2016). A common theme that unifies plant-associated fungal pathogens despite their different colonization and nutrient acquisition strategies, is the use of effectors during plant colonization (Giraldo and Valent, 2013). While more frequently studied in biotrophic and hemibiotrophic fungi, effectors in necrotrophic fungi have only recently begun to receive significant attention. This review discusses the roles of effectors from necrotrophic and late-stage hemibiotrophic fungi in disease development, including induction of plant cell death, suppression of plant immunity, and the activation of susceptibility genes (inverse gene-for-gene relationship).

As efficient plant killers, necrotrophic fungi are infamous for causing significant losses in the field and in storage worldwide, and diseases that cause annual threats to food security (Fones et al., 2020). Managing diseases caused by necrotrophic fungi requires multiple approaches, though fungicide applications are the most common approach currently used. The heavy reliance on spray regimes is costly, poses environmental challenges, and can lead to the emergence of resistant populations (Brent and Hollomon, 2007). Therefore, control strategies through improving genetic resistance are desirable, yet our understanding of the molecular intricacies between the plant and necrotrophs lags behind their biotrophic counterparts. Notably, a broad understanding of the role of effectors in the pathogenic development of these fungi is lacking. As their roles in this pathogenic system are clarified, necrotrophic effectors and their plant targets will become targets for manipulation to confer resistance to these pathogens.

Effector proteins are narrowly defined as small, cysteine rich, secreted proteins used by pathogens to manipulate plant cellular responses to the benefit of the pathogen. Effectors from plant biotrophic/hemibiotrophic fungi have been studied by generations of plant pathologists since the gene-for-gene theory was put forward by Flor (1971), and their ability to suppress plant immunity, manipulate plant physiology, and be recognized by host defense mechanisms is well documented (Koeck et al., 2011). In contrast, necrotrophs were previously thought to use a brute-force approach, including the deployment of large repertoires of cell wall degrading enzymes (CWDE) and broad-spectrum toxins to kill plant cells in advance of fungal growth, obtaining nutrients from dead tissue. However, recent advances in genome and transcriptome sequencing, and computational prediction tools suggest there are hundreds of putative effectors present in necrotrophic genomes (Sperschneider et al., 2016; Derbyshire et al., 2017; Lopez et al., 2018; Le Marquer et al., 2019). The surprisingly large number of effectors identified in necrotrophs indicates that the mechanisms deployed by necrotrophic fungi are more intricate than initially hypothesized. Indeed, functional studies of effectors referenced in this review support this notion, and suggest a clear contribution of these molecules to the pathogenic success of fungal necrotrophs.

Herein, we broadly discuss the participation of effectors from necrotrophic and late stage hemibiotrophic fungi in disease development, plant cell death modulation, and both the suppression and the hijacking of plant immune responses. In addition to proteinaceous effectors, we also discuss the recent discovery of small RNAs produced by necrotrophic fungi and their role in disease establishment.



PLANT CELL DEATH-INDUCING EFFECTORS

By definition, necrotrophs kill host cells and acquire nutrients from dead cells. It is thus reasonable to speculate that necrotrophic fungi may utilize effectors to coopt host programmed cell death (PCD). Indeed, many examples of effectors from necrotrophic fungi have been reported for their cell death-inducing activities. Inducing cell death in plants can release many plant-derived compounds that are toxic to fungi, so it is also important to consider fungal proteins involved in tolerating this environment. These detoxification mechanisms were the subject of another recent review on necrotrophic fungi (Westrick et al., 2021), and will not be covered here.


Necrotrophic Effectors That Hijack R-Mediated Resistance

The hypersensitive response (HR) is a localized cell death program triggered by the recognition of effectors by plant resistance (R) proteins to confer resistance against biotrophs and hemibiotrophs, and is commonly referred to as Effector-Triggered Immunity (ETI) (Jones and Dangl, 2006). Remarkably, this genetic program can be hijacked by necrotrophs to their own benefit, considering their trophic lifestyle. This phenomenon is termed effector-triggered susceptibility (ETS) due to the activation of plant defense responses often including cell death, leading to susceptibility to necrotrophs (Table 1; Williams and Dickman, 2008). These necrotrophic effectors were initially termed “host selective toxins” (HST), and are typically effective in a narrow range of plant hosts (Tan et al., 2010).


TABLE 1. Effectors that induce plant cell death in an inverse gene-for-gene manner.
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An excellent example of this is found in the tan spot pathogen of wheat, Pyrenophora tritici-repentis. P. tritici-repentis secretes two effectors, PtrToxA (Tuori et al., 1995) and PtrToxB (Friesen and Faris, 2004), that are critical for disease development. Susceptibility in wheat is conferred by the Tsn1 gene, a classical plant R gene with conserved features such as a serine/threonine protein kinase (S/TPK) domain, nucleotide binding site (NBS), and leucine rich repeat (LRR) domain. Tsn1 is required for plant susceptibility to PtrToxA, although Tsn1 does not directly interact with PtrToxA (Faris et al., 2010). PtrToxA translocates into plant cells possibly through the recognition of arginine-glycine-aspartic acid (RGD) motif in the protein by a plant surface receptor (Manning and Ciuffetti, 2005) and eventually localizes to chloroplasts leading to light-dependent reactive oxygen species (ROS) accumulation and cell death (Ciuffetti et al., 2010). To date, the precise role of Tsn1 in ToxA sensitivity is unknown, though the evidence is clear that Tsn1 plays a strong role in sensitivity to PtrToxA. PtrToxA sensitivity in plants lacking Tsn1 have also been reported (Manning and Ciuffetti, 2015), suggesting the presence of other susceptibility factors linked to PtrToxA. Similarly, PtrToxB also requires wheat genotypes which possess the single dominant susceptibility locus Tsc2 (Friesen and Faris, 2004), though the specific PtrToxB sensitivity gene in this locus remains elusive (Corsi et al., 2020). In contrast to PtrToxA, PtrToxB appears to function extracellularly in the plant apoplast (Figueroa et al., 2015). However, the extracellular interactors and specific mode of action of PtrToxB are yet to be identified.

Parastagonospora nodorum is another necrotroph with host-selective effectors that target specific host genotypes of wheat and other cereals, causing P. nodorum leaf blotch (Solomon et al., 2006). Nine host-specific effectors from P. nodorum and their corresponding host susceptibility loci have been identified and characterized (reviewed by Cowger et al., 2020). SnTox1 was the first HST identified in P. nodorum that requires a single host susceptibility locus Snn1 to confer susceptibility (Liu et al., 2004). Snn1 genes allow recognition of SnTox1 in a light-dependent manner, triggering hallmarks of PCD including an oxidative burst, strong up-regulation of pathogenesis-related (PR) genes, and DNA laddering (Liu et al., 2012). Notably, SnTox1 was also shown to have a chitin binding domain, which is thought to play a role in protecting fungal cell walls from degradation by plant chitinases (Liu et al., 2016). This feature may also be important to prevent the release of chitin monomers, which are recognized by pattern recognition receptors (PRRs) and subsequent activation of immune responses (discussed in section 2: Plant Immunity-suppressing Effectors). Another P. nodorum effector, SnToxA, was shown to be almost identical to PtrToxA from P. tritici-repentis and shares the same host susceptibility gene, Tsn1 (Friesen et al., 2006), suggesting that P. tritici-repentis acquired ToxA from P. nodorum by horizontal gene transfer (Friesen et al., 2006). Seven additional P. nodorum HSTs, SnTox2, SnTox3, SnTox4, SnTox5, SnTox6, SnTox7, and SnTox8, have been identified along with their corresponding susceptibility loci, Snn2 (Friesen et al., 2007), Snn3 (Liu et al., 2009), Snn4 (Abeysekara et al., 2009), Snn5 (Friesen et al., 2012), Snn6 (Gao et al., 2015), Snn7 (Shi et al., 2015), and Snn8 (Faris et al., 2007), respectively. Due to the complex nature of the wheat genome, specific genes within susceptibility loci that are responsible for the susceptibility to P. nodorum effectors remain unknown. However, these studies report that the SnTox2-Snn2, SnTox4-Snn4, SnTox5-Snn5, and SnTox6-Snn6 interactions are all dependent on light and very likely share the similar downstream pathways leading to the induction of PCD, thus subverting this plant resistance mechanism for the benefit of the necrotrophic pathogen.

In the maize pathogen Cochliobolus heterostrophus, a ToxA-like gene (ChTOXA) was found to share both sequence and structure similarities with PtrToxA, with the exception of the putative translocation RGD motif (Lu et al., 2015). It induces light-dependent cell death in sensitive maize lines, however, the maize gene responsible for susceptibility to ChToxA is yet to be identified (Lu et al., 2015). Recent genome analyses of three C. sativus isolates (anamorph Bipolaris sorokiniana), the causal agent for multiple diseases in wheat and barley, have also revealed the presence of a ToxA-like gene that shares homology with PtrToxA and SnToxA (McDonald et al., 2018). Pathogenicity assays show that isolates harboring ToxA genes are more virulent on Tsn1 wheat genotypes (McDonald et al., 2018), suggesting ToxA from C. sativus functions similarly to other ToxA effectors.

Corynespora cassiicola is a necrotroph that produces a proteinaceous HST known as cassiicolin, a small, secreted, cysteine-rich phytotoxic protein (de Lamotte et al., 2007). C. cassiicola is the causal agent of leaf spot or leaf fall disease on many economically important crops, including rubber tree, cocoa, and soybean (Silva et al., 2000). At least seven Cas genes encoding isoforms of cassiicolin have been identified in various C. cassiicola isolates (Cas1 to Cas7) (Déon et al., 2014; Lopez et al., 2018). In a recent study, a cas1 mutant generated from a highly aggressive isolate lost all virulence in susceptible rubber tree clones (Ribeiro et al., 2019). Quantitative trait loci (QTL) analysis has identified potential loci associated with the rubber tree susceptibility to cassiicolin and other C. cassiicola effectors (Ribeiro et al., 2019), however, specific sensitivity genes within these QTL are yet to be explored.

One example of a non-traditional effector is victorin, produced by Cochliobolus victoriae, the causal agent of Victoria blight in oats. Victorin functions within a narrow range of plant hosts, so it is considered a HST. Victorin is non-traditional because it is a mixture of hexapeptides that were previously thought to be synthesized independent of ribosomes. Surprisingly, recent evidence revealed that victorin is in fact ribosomally synthesized (Kessler et al., 2020). The Vb gene in oat (Wolpert et al., 1985) and LOV1 gene in Arabidopsis thaliana determines the sensitivity to victorin (Lorang et al., 2007). Similar to susceptibility genes against S. nodorum and P. tritici-repentis, LOV1 in Arabidopsis also encodes a characteristic R gene with NBS-LRR domains (Lorang et al., 2007) and the recognition of victorin elicits apoptotic-like cell death which facilitates the infection of C. victoriae as a necrotroph. The Pc-2 gene in oat confers disease resistance against rust pathogen Puccinia coronata, and is tightly linked to the Vb gene, complicating breeding efforts against both rust and blight diseases (Meehan and Murphy, 1946; Litzenberger, 1949). Pc-2 and Vb genes are now considered to be the same gene that confers resistance to Puccinia coronata, but susceptibility to C. victoriae (Wolpert et al., 2002; Lorang et al., 2012). This constitutes a remarkable example of how necrotrophs can evolve mechanisms to highjack R genes against biotrophs to their own benefit. Additional non-traditional HSTs are discussed in section 1.6.



Effectors That Hijack PCD Pathways

Besides inducing PCD via an inverse gene-for-gene manner, necrotrophic effectors can also target or hijack specific components of the PCD pathway. Upon pathogen attack, plants often increase the level of cytosolic calcium, which stimulates calcium-dependent signaling mechanisms that mediate plant defense responses, often culminating in HR or PCD (Lam et al., 2001). Thus, mimicking such responses can be beneficial to necrotrophs.

Endopolygalacturonases are commonly secreted by fungi as CWDE, releasing oligogalacturonides as by-products. However, one endopolygalacturonase purified from Sclerotinia sclerotiorum also increases intracellular calcium and triggers hallmarks of apoptosis-type cell death, including cytochrome c release from mitochondria and activation of caspase 9-like and caspase 3-like enzymes in soybean cells (Zuppini et al., 2005). In contrast, the oligogalacturonides byproducts were unable to initiate PCD (Binet et al., 2001), revealing that the S. scleortiorum endopolygalacturonase alone is the trigger of PCD, independent of its presumed enzymatic activity (Zuppini et al., 2005).

Sspg1d is another endopolygalacturonase from S. sclerotiorum that contributes to PCD induction in plants (Wang et al., 2009). Instead of functioning as a CWDE, Sspg1d specifically interacts with the C2 domain of the canola IPG-1 protein. C2 domain proteins have calcium-binding affinity and are likely involved in calcium-dependent signal transduction (Evans et al., 2004) and defense responses (Laxalt et al., 2001). IPG-1 subcellular localization is determined by calcium concentrations, indicating a role in calcium dependent signaling. IPG-1 is also highly upregulated during a compatible interaction with S. sclerotiorum, leading to susceptibility. As several C2 domain proteins were reported to be PCD regulators (Yang et al., 2007) and another known endopolygalacturonase of S. sclerotiorum induced PCD in host plant (Zuppini et al., 2005), Sspg1d is proposed to promote PCD by interfering with the activity of IPG-1 as a negative regulator of PCD (Wang et al., 2009). However, not all endopolygalacturonases have the capacity to coopt plant cell death components, and likely function as classical CWDEs. For instance, endopolygalacturonases from Botrytis cinerea (BcPG1 and BcPG2) induce necrotic cell death by provoking a loss of cell wall integrity, as is the case of many CWDEs produced by fungal pathogens (Kars et al., 2005).



Cell Death Inducing Effectors Containing Conserved Domains

The term “necrosis-inducing” can be misleading, as necrosis typically refers to cell death involving non-physiological or non-programmed events due to overwhelming injury. Effectors that contain the necrosis and ethylene-inducing peptide (NEP) domain have been shown to induce cell death in plants, and despite necrosis in the name, this mechanism appears to be physiological for some NEPs (Table 2).


TABLE 2. Effectors with necrosis-inducing or other known domains.
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The first NEP (Nep1) was isolated from Fusarium oxysporum infecting a coca plant (Erythroxylum coca) (Bailey, 1995), and Nep1 also triggers cell death in Arabidopsis (Bae et al., 2006). Two F. oxysporum Nep1 homologs were identified in S. sclerotiorum and referred to as SsNep1 and SsNep2 (Dallal-Bashi et al., 2010). SsNep2 was highly expressed during infection on Brassica napus leaves and caused PCD that is dependent on calcium signaling (Dallal-Bashi et al., 2010). Nep-like proteins (NLPs) appear to be conserved in many filamentous fungi, some of which have cell death-inducing qualities and others do not (Oome and Van den Ackerveken, 2014). Many NLPs have a calcium binding pocket and may also be influenced by intracellular calcium concentrations (Oome and Van den Ackerveken, 2014), suggesting that these molecules may influence plant cells into committing suicide. In the lily pathogen Botrytis elliptica, two NLPs (BeNEP1 and BeNEP2) were identified and display cell death-inducing activity in a range of dicots, but not monocots, including its host lily (Staats et al., 2007). Therefore, NLPs are not essential virulence factors or HSTs for B. elliptica on lily, but may be a horizontally acquired feature that led to a competitive advantage allowing colonization of additional hosts (Staats et al., 2007). In hemibiotrophic fungus Colletotrichum higginsianum, six NLPs were identified (ChNLPs) based on the presence of NEP domains. Among them, only ChNLP1 and ChNLP2 were expressed exclusively during the transition to necrotrophy and induced potent cell death when overexpressed in Nicotiana benthamiana (Kleemann et al., 2012). Additional NLPs from Colletotrichum orbiculare and Fusarium virguliforme are also reported to induce cell death in tobacco and soybean, respectively (Yoshino et al., 2012; Chang et al., 2016). The postharvest pathogen Penicillium expansum contains two NLP effectors, PeNLP1 and PeNLP2 that cause cell death when transiently expressed in N. benthamiana (Levin et al., 2019). PeNLP1 is highly induced compared to PeNLP2 during infection of apple fruit, and deletion of PeNLP1, but not PeNLP2, led to a significant reduction in lesion size (Levin et al., 2019).

Cerato-platanin family proteins (CPPs) are another secreted protein family found only in filamentous fungi and reported to cause phytotoxicity, including in B. cinerea (Frías et al., 2011), S. sclerotiorum (Yang G. et al., 2018), Heterobasidion annosum (Chen et al., 2015), and Magnaporthe oryzae (Yang et al., 2009). BcSpl1, a CPP from B. cinerea, is the sixth most abundant protein in the secretome of this fungus (Frías et al., 2011), and mutants lacking BcSpl1 show reduced virulence compared to wild-type strains. The infiltration of purified BcSpl1 protein causes rapid cell death in tomato, tobacco, and Arabidopsis leaves in a dose-dependent manner, and this cell death response was accompanied by hallmarks of the HR response; autofluorescence, ROS burst, electrolyte leakage, and cytoplasm shrinkage (Frías et al., 2011). Furthermore, the BcSpl1 activity requires the membrane-bound co-receptor BAK1 for full activity, which is known to enhance immune signaling responses in plants (Schwessinger and Ronald, 2012). The detection of cell surface receptors associated with PCD suggest a physiological and subtle cell death induction by necrotrophs and their effectors. This supports a growing number of hypotheses that some necrotrophic fungi have evolved mechanisms to hijack and induce plant PCD for their own benefit of colonizing and feeding off the dead plant tissues (Kabbage et al., 2013).

Another CPP was recently identified in S. sclerotiorum (SsCP1), a close relative of B. cinerea, as an important contributor to virulence (Yang G. et al., 2018). Similar to BcSpl1, SsCP1 induces cell death when transiently overexpressed in N. benthamiana in a dose-dependent manner (Yang G. et al., 2018). Interestingly, SsCP1 also interacts with PR1 in the apoplast, presumably inhibiting the antifungal activity of PR1 and promoting infection (Yang G. et al., 2018). A CPP-like protein HaCPL2 was also found in the basidiomycete Heterobasidion annosum sensu stricto, which is a necrotrophic fungal pathogen of Scot pine (Pinus sylvestris) (Chen et al., 2015). HaCPL2 is highly induced during infection of P. sylvestris, and induces cell death, phytoalexin production, and upregulation of multiple defense genes in the non-host plant Nicotiana tabacum (Chen et al., 2015). Recombinant HaCPL2 also induces cell death and inhibits root growth in P. sylvestris, accompanied by an upregulation of genes related to jasmonic acid (JA)/ethylene (ET) signaling pathways in P. sylvestris (Chen et al., 2015). However, whether HaCPL2 triggers programmed or necrotic-like cell death in its host requires further investigation.

Lipase domain containing proteins constitute another protein family with a role in cell death induction. In AG1IA anastomosis group of Rhizoctonia solani, the causal agent of rice sheath blight, the effector AGLIP1 contains this lipase domain and elicits cell death, with or without a functional lipase domain in non-host N. benthamiana, but not Arabidopsis (Li et al., 2019). Ectopic expression of AGLIP1 in transgenic Arabidopsis led to a suppression of defense-response genes, suggesting AGLIP1 also suppresses immune signaling (Li et al., 2019). Whether cell death elicited by AGLIP1 in plants is due to recognition of AGLIP1 by certain plant receptors, direct phytotoxicity, or lipase activity remains to be investigated.

There is a special group of “necrosis-inducing” proteins (NIP) referred to as catalytic NIPs due to their glycosyl hydrolase activities. Another group of NIPs which lack a catalytic domain will be discussed in the next section. Catalytic NIPs not only degrade plant cell walls like CWDEs, but also induce plant defense responses that are often unrelated to their catalytic activity (Kars et al., 2005). The latter property contrasts with endopolygalacturonases, like BcPG1 and BcPG2 discussed above, whose necrotizing activity is dependent on enzymatic activity. Several catalytic NIPs have been reported in B. cinerea (Noda et al., 2010; Zhang et al., 2015; Frías et al., 2016; González et al., 2017; Zhu et al., 2017; Yang Y. et al., 2018; Bi et al., 2020). One of these catalytic NIPs, BcGs1, is a glucan 1,4-alpha-glucosidase, and infiltration of BcGs1 in tobacco and tomato leaves induces strong cell death, accumulation of ROS, and upregulation of PR genes, suggesting an HR-like PCD (Zhang et al., 2015). Interestingly, BcGs1-treated plants induce disease resistance against tobacco mosaic virus, Pseudomonas syringae pv. tomato DC3000, and against B. cinerea itself (Zhang et al., 2015). This study demonstrates that BcGs1 acts as an elicitor that induces a strong, localized immune response that likely primes plant defenses for subsequent infections. However, B. cinerea actively secretes BcGs1, which may trigger HR-like PCD at the point of infection, allowing B. cinerea to take advantage of the subsequent cell death leading to susceptibility.

Botrytis cinerea xylanase BcXyn11A (Noda et al., 2010; Frías et al., 2019) and BcXyl1 (Yang Y. et al., 2018) are catalytic NIPs with xylan degrading activity, but also induce HR-like cell death including ROS production and electrolyte leakage, which is independent of their xylan degrading activity. In addition, a 26-amino acid peptide derived from BcXy1, and a 25-amino acid peptide derived from BcXyn11a are sufficient for eliciting HR-like cell death (Yang Y. et al., 2018; Frías et al., 2019). Recognition of BcXy1 is mediated by plant apoplastic LRR receptor-like kinases BAK1 and SOBIR1 (Yang Y. et al., 2018). Similarly, a xyloglucanase BcXYG1 was reported to have cell death- and immune response-eliciting activities which were also independent of xyloglucanase activity (Zhu et al., 2017).

BcIEB1 from B. cinerea is another elicitor that induces HR-related symptoms of cell death, ROS burst, autofluorescence, and electrolyte leakage (Frías et al., 2016). Additional work on BcIEB1 found that this protein, specifically a 35-amino acid conserved region called ieb35, interacts with a plant osmotin, which belongs to family 5 of PR proteins in plant cells and the interaction protected B. cinerea from the antifungal osmotin (González et al., 2017). Moreover, osmotin was shown to interfere with the cell death induced by BcIEB1, but was not directly involved in the elicitation of defense responses (González et al., 2017).



Effectors With Unknown Protein Domains

Recent bioinformatic studies have revealed repertoires of small secreted proteins (SSPs) in several phytopathogens that might contribute to virulence, and many of them are cysteine-rich, small-sized proteins without known protein domains (Wen et al., 2019; Denton-Giles et al., 2020). Predicted effectors with no known domains from a transcriptome study of S. sclerotiorum were recently screened for cell death-inducing activity (Seifbarghi et al., 2020). One such effectors, SsNE2, induces cell death in N. benthamiana (Seifbarghi et al., 2020). Interestingly, this cell death activity requires plant receptor-like kinases, suggesting a hijacking of immune signaling (Seifbarghi et al., 2020). Similarly, two NIPs without catalytic domains, ZtNIP1 and ZtNIP2, were also identified as putative effectors from Zymoseptoria tritici (Ben M’Barek et al., 2015). Further characterization of ZtNIP1 and ZtNIP2 indicated that infiltration of both proteins induces cell death, but only in select wheat cultivars. The genetic basis for susceptibility to these effectors is yet to be determined (Ben M’Barek et al., 2015).

In the conifer pathogen Heterobasidion parviporum, a SSP without any known protein domains, HpSSP35.8, was identified as a necrotrophic effector protein secreted during infection (Wen et al., 2019). Overexpression of HpSSP35.8 induces a strong cell death phenotype and activates PR genes, the “WRKY” transcription factors, genes involved in JA/ET-signaling, and chitinase genes, all of which are known defense responses (Wen et al., 2019). This response suggests that the cell death observed is an HR-like response, though HpSSP35.8 also had significant effects on chlorophyll and photosynthesis, which could indicate that the cell death observed is truly necrosis. It is interesting to note that one of the HpSSP3.5-triggered plant responses, the induction of chitinase genes, was also observed in P. nodorum SnTox1 - wheat Snn1 interaction, where SnTox1 has chitin binding activity for protecting P. nodorum from degradation of induced plant chitinases (Liu et al., 2016). Whether HpSSP35.8 has the same chitin-binding activity is yet to be investigated, though it has no predicted chitin-binding domain.

A comparative analysis of secretomes of three closely related members of Sclerotiniaceae, B. cinerea, S. sclerotiorum, and Ciborinia camelliae, revealed an expansion of a class of cysteine-rich SSPs in the genome of C. camelliae (73 CcSSPs) compared to only one homolog in both B. cinerea (BcSSP2) and S. sclerotiorum (SsSSP3). These are called C. camelia-like SSPs (CCL-SSPs) due to their abundance in C. camelliae (Denton-Giles et al., 2020). This SSP family is conserved in many other plant pathogens, but for the most part, have not been characterized. Interestingly, recombinant BcSSP2 and SsSSP3 induce significantly stronger and faster cell death than any CcSSP tested (Denton-Giles et al., 2020). Furthermore, both BcSSP2 and SsSSP3 are capable of inducing cell death in plant hosts (camelliae) and non-hosts (N. benthamiana) (Denton-Giles et al., 2020), suggesting that CCL-SSPs might act as non-host-specific, broad cell death inducers in a wide range of plants.



Effectors That Play Roles in Biotrophy-Necrotrophy Switch (BNS)

Because hemibiotrophic fungal pathogens display both biotrophic and necrotrophic qualities, stage specific effectors play a key role in the establishment of infection. Some effectors secreted from hemibiotrophs induce cell death at the later stages of infection, but others facilitate the biotrophy-necrotrophy switch (BNS). During infection of lentil (Lens culinaris) by the hemibiotroph Colletotrichum truncatum, effector CtNUDIX (NUcleoside DIphosphate linked to some other moiety X) regulates the BNS (Bhadauria et al., 2013). In bacteria and mammals, proteins containing Nudix hydrolase domains catalyze hydrolysis of mutagenic nucleotides and toxic components and function as cellular surveillance enzymes to maintain physical homeostasis (Safrany et al., 1999; Xu et al., 2001; McLennan, 2006). During infection, CtNUDIX is exclusively expressed during the late biotrophic stage precisely at the BNS. CtNUDIX localizes to the plant plasma membrane and induces severe HR-like cell death when overexpressed in N. benthamiana (Bhadauria et al., 2013). CtNUDIX-overexpressing strains of C. truncatum and M. oryzae fail to induce disease symptoms on lentil and barley, respectively, but light-brown discoloration is observed, which is suspected to be HR-like cell death on infected plants (Bhadauria et al., 2013). These results suggest that the timely secretion of CtNUDIX is key to normal disease progression, and its premature secretion likely triggered cell death in the biotrophic phase, preventing these two hemibiotrophs from establishing infection.

Another example of an effector involved in BNS is found in Colletotrichum graminicola, the causal agent of anthracnose of maize (Vargas et al., 2012). The C. graminicola effector, Cgfl, is a metalloprotease fungalysin that is highly induced during the switch to the necrotrophic stage (Vargas et al., 2012). Sanz-Martín et al. (2016) further characterized this metalloprotease as a predicted chitinase degrading enzyme, and deletion mutants of Cgfl displayed severely reduced virulence on plants. This suggests that Cgfl may be involved in suppressing chitin-triggered immunity as a virulence mechanism, particularly during the BNS when it is most highly expressed.

In Collectotrichum lentis, the effector ClToxB is also induced during the BNS in virulent races of C. lentis (Bhadauria et al., 2015). Intriguingly, ClToxB shares extensive sequence similarity with PtrToxB from P. tritici-repentis, suggesting ClToxB is a potential HST on lentils. Indeed, RNAi strains of C. lentis with reduced expression of ClToxB show impaired virulence compared to the wild-type strain, and its transient overexpression failed to induce cell death in the non-host tobacco N. tobacum (Bhadauria et al., 2015). Interestingly, if susceptibility to ClToxB is conditioned by an R-like protein, as is the case in the P. tritici-repentis pathosystem, this would constitute a remarkable example where R-mediated processes can participate in both resistant and susceptible outcomes in this hemibiotroph depending on the phase of infection. However, further work is required to identify the plant target(s) of ClToxB, and to better understand the biochemical context in which it functions.



Non-traditional Effectors and Host-Selective Toxins (HSTs)

Fungal secondary metabolism has seen a resurgence of research attention in recent years (Keller, 2019). Many well-studied HSTs are fungal secondary metabolites (SM), and have strong disease-inducing effects in plants (Stergiopoulos et al., 2013; Tsuge et al., 2013). These fungal SM range from small modified peptides to molecules with complex chemical structures, and have various modes of action specific to susceptible host genotypes.

For example, HC-toxin is a cyclic tetrapeptide from Cochliobolus carborum, the causal agent of Northern corn leaf spot, that suppresses expression of host defense genes by targeting histone-deacetylases in susceptible plants (Brosch et al., 1995; Walton, 2006). The chlorinated peptides Peritoxin A and B produced by the sorghum pathogen Periconia circinata induce apoptotic cell death (Dunkle and Macko, 1995) in sorghum plants harboring NBS-LRR type of R gene Pc-B (Nagy and Bennetzen, 2008). This suggests that P. circinata deploys peritoxins to exploit PCD mechanisms in sorghum similar to that of victorin in oats (Lorang et al., 2012), though a direct interaction between peritoxins and R-genes has yet to be determined.

Mycotoxins like aflatoxins, trichothecenes, and structurally related toxins are major concerns in food contamination because of their high toxicity to mammals (Arunachalam and Doohan, 2013; Fasoyin et al., 2019; Luciano-Rosario et al., 2020). However, many of these fungal SM also contribute to plant colonization and pathogenicity. For instance, Aspergillus flavus and P. expansum are common post-harvest pathogens of a broad range of storage crops, and also strong producers of toxic SM (Kelley et al., 2012; Luciano-Rosario et al., 2020). Patulin and citrinin produced by P. expansum contribute to aggressiveness and establishment in some plant cultivars, although neither is required for infection (Snini et al., 2016; Touhami et al., 2018; Luciano-Rosario et al., 2020). These post-harvest pathogens rely heavily on secreted CWDE (Fountain et al., 2014), though other proteinaceous effectors and virulence factors have also been identified and are covered in section “Cell Death Inducing Effectors Containing Conserved Domains” (Levin et al., 2019; Luciano-Rosario et al., 2020).

Additional examples of SM that contribute to virulence are found in Alternaria and Fusarium species. Alternaria alternata f. sp. lycopersici deploys AAL toxins that induce apoptotic-like phenotypes in sensitive tomato plants (Wang et al., 1996), but not in plants harboring the Asc1 (Alternaria stem canker resistance gene 1) gene (Brandwagt et al., 2000). Additional A. alternata pathotypes produce similar toxins that have a wide range of negative effects on plant cells, and have been summarized elsewhere (Meena and Samal, 2019). Deoxynivalenol, a mycotoxin produced by Fusarium graminearum, accumulates to high concentrations in the necrotic phase of infection and elicits strong ROS burst (Mudge et al., 2006; Desmond et al., 2008), but can actually inhibit PCD at low concentrations (Diamond et al., 2013).



PLANT IMMUNITY-SUPPRESSING EFFECTORS

Accumulating evidence suggests that necrotrophs interact with their hosts in a more subtle and complex way, beyond cell death induction. Recent studies show that some necrotrophic effectors do in fact suppress plant immunity (Table 3), a commonly accepted feature of effectors from biotrophic and early-stage hemibiotrophic pathogens.


TABLE 3. Plant immunity-suppressing effectors in necrotrophic fungi.
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Effectors Preventing Pathogen Recognition and Immunity

The lysin motif (LysM) domain is a widespread protein motif found in many organisms, including fungi and plants, and is known for binding peptidoglycans and chitin (Kaku et al., 2006; Miya et al., 2007; Buist et al., 2008; Shimizu et al., 2010). During infection, secreted plant chitinases lead to degradation of fungal cell walls, releasing fungal cell wall fragments like chitin or chitosan oligomers. These oligomers are detected by plant extracellular receptors with LysM domains, thus triggering an immune response (Thomma et al., 2011). Many biotrophic and hemibiotrophic fungal effectors also contain the LysM motif and competitively bind to chitin or its oligomers, interfering with plant recognition of these oligomers (de Jonge et al., 2010; Marshall et al., 2011; Kombrink et al., 2017). A recent study in the necrotrophic fungus R. solani found that RsLysM, the only putative LysM effector present in the genome of R. solani AG2-2IIIB (Wibberg et al., 2016), suppresses chitin-triggered immunity by binding to chitin (Dölfors et al., 2019). Notably, RsLysM does not protect hyphae from chitinolytic activity of plant chitinases (Dölfors et al., 2019), as some other chitin-binding effectors like Cladosporium fulvum Avr4 does, but likely prevents recognition by plant chitin receptors (van den Burg et al., 2006). A new family of chitin-related effectors were recently identified in the biotrophic fungus Podosphaera xanthii which causes powdery mildew in cucurbits, and termed effectors with chitinase activity (EWCA) (Martínez-Cruz et al., 2021). These EWCA degrade chitin oligomers, therefore suppressing chitin-triggered immunity. Phylogenetic analyses revealed that EWCA orthologs are present in many necrotrophic fungi too, including B. cinerea, S. sclerotiorum, and R. solani (Martínez-Cruz et al., 2021). Whether these EWCA orthologs also act as inhibitors of chitin-triggered immunity in necrotrophs is yet to be determined. Similarly, a polysaccharide deacetylase (PDA1) effector was recently identified in the hemi-biotrophs Verticillium dahliae and F. oxysporum, which converts chitin to chitosan thus preventing chitin-triggered immune signaling in cotton (Gao et al., 2019). VdPDA1 is highly expressed early in infection and likely contributes to a successful biotrophic phase of V. dahlia infection, as PDA1 knockout mutants had severely reduced virulence (Gao et al., 2019).

Another R. solani AG2-2IIIB effector protein, RsRlpA, encodes a rare lipoprotein A-like that has immunity suppressing activity (Charova et al., 2020). RsRlpA is highly induced during early infection of sugar beets, and its overexpression in N. benthamiana suppresses HR imposed by C. fulvum Avr4 (Charova et al., 2020). RsRlpA shares sequence homology to papain-like inhibitors which are known for blocking activity of papain-like cysteine proteases (PL) that help induce PCD and other immune responses in plants (reviewed by Misas-Villamil et al., 2016). Indeed, the HR inhibition by RsRlpA is associated with protease inhibitor activity, inhibiting a plant cathepsin that is a known PLCP (Bárány et al., 2018). Various other plant protease activities, including caspase-like activities, have been shown to function in the execution of plant PCD (Kabbage et al., 2017), so suppression of HR-like cell death through other protease inhibition mechanisms may also be present in plant-pathogen interactions. AGLIP1 from R. solani strain AG1IA, which was mentioned in the previous section, also inhibits plant immunity, but by currently unknown mechanisms (Li et al., 2019).

In the apple Valsa canker fungus, Valsa mali, seven out of 70 randomly selected candidate effectors (referred to as VmEPs) were shown to suppress BAX-induced PCD in N. benthamiana (Li et al., 2015). The Bax protein belongs to the cell death antagonist Bcl-2 family of proteins and was demonstrated to induce cell death resembling defense-related HR in plants (Lacomme and Santa Cruz, 1999; Kabbage et al., 2017). Suppression of Bax-associated PCD by VmEPs indicates that these effectors inhibit plant HR-related resistance during infection.

Overall, the suppression of cell death in these examples are counterintuitive considering the trophic lifestyle of these pathogens. However, we speculate that early stages of infection by necrotrophs may require a suppression of cell death to establish infection before triggering the opposite, in a manner that is analogous to hemibiotrophic infections. Indeed, the prototypical necrotroph S. sclerotiorum is proposed to have a brief biotrophic phase before quickly switching to necrotrophy (Kabbage et al., 2015). Alternatively, it may be possible that not all cell deaths are created equal, and the type of cell death triggered by the plant may differ from the one imposed by the pathogen, and therefore needs to be suppressed. In accordance, an interplay between autophagic and apoptotic cell deaths with opposing outcomes was reported in necrotrophic fungal infections (Kabbage et al., 2013), and a deeper understanding of the native plant PCD mechanisms is needed (Kabbage et al., 2017).



Effectors Altering Hormone, Calcium Signaling, and Oxidative Burst for Improper Immune Responses

Phytohormones play critical roles in disease resistance and in general, salicylic acid (SA) signaling pathways are induced for successful resistance against biotrophs (Glazebrook, 2005), while induction of JA signaling pathways typically lead to successful defense against necrotrophs (Gfeller et al., 2010). As extensive crosstalk between the SA and JA signaling pathways have been demonstrated (Kunkel and Brooks, 2002), it’s reasonable to expect pathogen effectors to manipulate hormone signaling pathways to suppress hormone mediated resistance (El Oirdi et al., 2011). For example, fungal integrin-like (ITL) proteins are important for fungal development (Corrêa et al., 1996; Zhu et al., 2013), but SsITL from S. sclerotiorum is secreted during plant infection and interacts with chloroplast-localized calcium sensing receptor, promoting SA biosynthesis (Nomura et al., 2008, 2012; Tang et al., 2020). This influx of SA leads to a suppression of JA signaling, culminating in enhanced susceptibility to S. sclerotiorum. In a hypovirulent strain of S. sclerotiorum, SsITL is significantly downregulated, supporting its role in virulence (Li et al., 2008).

A non-traditional effector produced by S. sclerotiorum that leads to improper immune responses is oxalic acid (OA). The effects of OA are broad, initially creating a strong reducing environment that dampens immune responses like ROS burst, callose deposition, and autophagy (Williams et al., 2011; Kabbage et al., 2013). Later in infection, accumulation of OA can induce ROS and trigger apoptotic-like PCD, contributing to necrotrophic success (Kabbage et al., 2013).



sRNA EFFECTOR-LIKE MOLECULES

Recent studies have revealed that non-coding small RNAs (sRNAs) derived from necrotrophic fungi can also be delivered into host cells, hijack plant RNAi machinery, and silence plant genes that are involved in immunity (Weiberg et al., 2013; Wang et al., 2016, 2017). As small, secreted molecules that affect plant physiology, sRNAs are now often considered effector-like molecules, despite being non-proteinaceous (Weiberg and Jin, 2015). Pathogen sRNAs are mainly derived from gene-poor, repeat-rich regions in genomes (Weiberg et al., 2013) and plant targets of sRNAs are typically associated with immune responses (Dong et al., 2015).

To date, sRNA effectors from necrotrophic fungi have largely been reported from B. cinerea. The sRNAs Bc-siR3.1, Bc-siR3.2, and Bc-siR5 are the most abundant sRNAs during infection of tomato and Arabidopsis (Weiberg et al., 2013). These sRNAs specifically target a peroxiredoxin (oxidative stress-related gene), mitogen activated protein kinases (MPK1, MPK2, MPKKK4), and a cell wall-associated kinase (WAK) (Weiberg et al., 2013). These plant targets of fungal sRNAs are known components of immune responses; oxidative burst and signal transduction pathways. Thus, their silencing results in enhanced susceptibility to the fungus (Weiberg et al., 2013). Another sRNA, Bc-siR37, can lead to silencing of Arabidopsis WRKY transcription factors, receptor-like kinases, and cell wall modifying enzymes, all leading to suppression of plant immunity against the fungus (Wang et al., 2017).

In S. sclerotiorum, sRNA sequencing of the fungus in vitro and during infection of Arabidopsis and common bean (Phaseolus vulgaris) revealed a group of fungal sRNAs that were secreted specifically in planta (Derbyshire et al., 2019). These sRNAs are predicted to target and suppress plant genes that are associated with quantitative disease resistance during infection (Derbyshire et al., 2019). In particular, mutations of two sRNA targets, encoding kinase genes SERK2 and SNAK2, increased susceptibility to S. sclerotiorum, suggesting that these sRNA targets contribute to disease resistance (Derbyshire et al., 2019). The role of sRNA in plant-pathogen interactions is an emerging field of plant pathology, and continued advances in sequencing technologies followed by functional characterization will likely reveal a broad utilization of these effector-like molecules across fungal taxa.



CONCLUSION AND FUTURE PERSPECTIVES

Necrotrophic fungal pathogens of plants were previously considered to cause cell death with simplistic mechanisms by secreting phytotoxic molecules and degrading plant cell walls. Recent bioinformatic advances and functional studies have accelerated the discovery of virulence factors in necrotrophs, including proteinaceous effectors, HSTs, and sRNA effectors, revealing that necrotrophs utilize a broad range of sophisticated virulence mechanisms during infection of plants (Figure 1). Our understanding of necrotrophic effectors is improving and studies have revealed that these molecules are capable of both subverting and hijacking plant physiological processes to their advantage, including PCD. While PCD mechanisms are successfully deployed by plants that recognize biotrophic and hemibiotrophic effectors, necrotrophic effectors evolved to manipulate plant PCD and other immune responses to promote susceptibility. As necrotrophic fungi continue to cause significant crop losses worldwide, it is essential to improve our understanding of these molecules and their plant targets to identify novel modes of resistance against these pathogens.
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FIGURE 1. Schematic representation of effector functions during plant-fungal necrotroph interactions. Effectors can be secreted into the apoplast or into plant cells from invasive hyphae, and can disrupt cell wall/membrane integrity, initiate programmed cell death (PCD), suppress PCD, alter hormone signaling, affect signaling cascades that use calcium ion fluxes, or suppress plant gene expression through small non-coding RNAs (sRNAs). Some of these processes have been shown to be light-dependent. Created with BioRender.com.


To date, qualitative and robust genetic resistance to necrotrophic fungi is lacking in plants, aside from a few plant genotypes that are insensitive to fungal HSTs. Similarly, quantitative resistance against necrotrophs has shown limited efficiency and complicate breeding efforts. However, the recent discovery of sRNA cross-talk between plants and fungi has opened new avenues for disease control. Multiple fungal pathogens have now been shown to uptake environmental RNAs, leading to the silencing of specific fungal genes. Thus, plants can be weaponized to target virulence factors of necrotrophic fungi, including necrotrophic effectors. Spray-induced gene silencing is also showing promise as an RNAi tool.

Lastly, while many necrotrophic effectors manipulate plant PCD, the biochemical context of PCD in plants is poorly understood (Kabbage et al., 2017). We propose that necrotrophic effectors can be used as a valuable tool to uncover plant PCD components. A mechanistic understanding of how effectors trigger PCD, and how PCD can be prevented, is likely to have implications beyond plant-fungal interactions. In conclusion, there is a wealth of potential applications of plant-fungal necrotrophic effector research in disease control, basic plant physiology, and fungal biology, so expanding our understanding of these molecules will greatly expedite these applications.
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Fungi are the most prevalent plant pathogens, causing annually important damages. To infect and colonize their hosts, they secrete effectors including hydrolytic enzymes able to kill and macerate plant tissues. These secreted proteins are transported from the Endoplasmic Reticulum and the Golgi apparatus to the extracellular space through intracellular vesicles. In pathogenic fungi, intracellular vesicles were described but their biogenesis and their role in virulence remain unclear. In this study, we report the essential role of clathrin heavy chain (CHC) in the pathogenicity of Botrytis cinerea, the agent of gray mold disease. To investigate the importance of this protein involved in coat vesicles formation in eukaryotic cells, a T-DNA insertional mutant reduced in the expression of the CHC-encoding gene, and a mutant expressing a dominant-negative form of CHC were studied. Both mutants were strongly affected in pathogenicity. Characterization of the mutants revealed altered infection cushions and an important defect in protein secretion. This study demonstrates the essential role of clathrin in the infectious process of a plant pathogenic fungus and more particularly its role in virulence factors delivery.
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INTRODUCTION

Filamentous fungi constitute the major group of crop pathogenic microbes that reduce the yield and quality of agricultural production. Currently, the fight against fungal infections is mainly based on the use of resistant cultivars and phytosanitary treatments (Fisher et al., 2018). However, new environmentally friendly crop protection methods are needed to limit the presence of residues in soil and the continual emergence of new races of fungi able to overcome chemical treatments (Shang et al., 2019). Within this context, a better understanding of the infectious process developed by plant pathogenic fungi becomes a prerequisite to develop new and alternative solutions.

Several approaches have been explored to identify the molecular actors and mechanisms involved in the infectious process of fungi. Among these, random mutagenesis leading to the production and selection of non-pathogenic mutants has been used in numerous fungal models (Betts et al., 2007; Blaise et al., 2007; Münch et al., 2011), including the gray mold fungus Botrytis cinerea, a major and typical necrotroph causing serious pre- and post-harvest losses in many crops (Dean et al., 2012). Using Agrobacterium tumefaciens mediated mutagenesis, collections of mutants have been generated, leading to the identification of genes important for the pathogenicity of B. cinerea. The first collection allowed the identification of new virulence-related proteins (Giesbert et al., 2012, 2014; Schumacher et al., 2019) and the second revealed the importance of the kinesin KPL7 (Tayal et al., 2017), the phosphoenolpyruvate carboxykinase PCK1 (Liu et al., 2018) and a virulence-associated protein HBF1 (Liu et al., 2019) in the infection process of the fungus. More recently, our group presented a collection of 2,144 Agrobacterium tumefaciens-mediated transformation (ATMT) mutants (de Vallée et al., 2019). The characterization of twelve non-pathogenic mutants in this collection revealed common traits such as a disturbance of the secretome and an altered differentiation of infection cushions (penetration structures of the pathogen). Another mutant in this collection held our attention. This strain was altered in pathogenicity and mutated in the promoter of the clathrin heavy chain-encoding gene, a gene whose role in the infection process of phytopathogenic fungi has never been described.

Discovered in mammalian cells (Pearse, 1976), clathrin is a protein complex conserved across all eukaryotic organisms and is mainly involved in the formation of coated vesicles at both the plasma membrane (PM) and the trans-Golgi network (TGN). Several reports describe the isolation and role of clathrin coat vesicles (CCV) in mammalian, plant, protozoan parasites and yeast cells (see for review, Coleman et al., 1988; Karsten et al., 1998; Bannister et al., 2000; Pieperhoff et al., 2013; Robinson, 2015). Clathrin has been the subject of numerous studies and its roles in cellular processes are still under investigations (for review Robinson, 2015; Ekanayake et al., 2019; Briant et al., 2020). It requires the assembly of three clathrin heavy chains (CHC) associated with three clathrin light chains (CLC) to form triskelions that are recruited to appropriate membranes through adaptor complexes linked to cargoes. The assembled clathrin lattice results in CCV that detach from the membrane and carry the cargoes to their destinations. Accessory proteins participate in vesicle scission and their subsequent uncoating in the cytoplasm (Robinson, 2015). In many unicellular and multicellular eukaryotes, the role of CCV in clathrin-mediated endocytosis (CME) is well established (McMahon and Boucrot, 2011); they are involved in the intake of extracellular and membrane compounds. In connection with this, they are also exploited by bacterial pathogens and viruses to gain access into cells (Robinson et al., 2018; Latomanski and Newton, 2019; Yang and Shen, 2020). At the TGN, CCV are implicated in the secretion of newly synthesized proteins [Gurunathan et al., 2002 (yeast); Borgonovo et al., 2006 (human); Burgess et al., 2011 (drosophila)] and in protein trafficking to the vacuole, via the endosome (Stahlschmidt et al., 2014).

Clathrin mutants have been generated in several pathogenic microorganisms to investigate the importance of this protein in virulence. In Trypanosoma brucei, depletion of clathrin by antisense RNA resulted in rapid lethality at the bloodstream stage of the parasite. The flagellar pocket, the site of both endocytosis and exocytosis in this protist, became massively enlarged, suggesting a defect in endocytosis (Allen et al., 2003). In the case of the parasite Toxoplasma gondii, Pieperhoff et al. (2013) showed that dominant negative mutants, termed HUB mutants, were not affected in host cell invasion but exhibited an aberrant development inside the host cell. More recently, the encapsulated yeast Cryptococcus neoformans lacking the CHC-encoding gene was shown defective in the uptake and trafficking of hemoglobin, the major source of iron for this fungal pathogen, and defective in the production of two key virulence factors, namely capsule and melanin (Bairwa et al., 2019).

To date, little information is available about clathrin in filamentous fungi. A single report describes the purification and visualization of CCV in the saprophytic fungus Neurospora crassa (Rosa and Maccioni, 1987). As to the role of clathrin, it was only studied in Aspergillus nidulans (Schultzhaus et al., 2017) and more recently in Sclerotinia sclerotiorum (Wytinck et al., 2020). In the saprophytic fungus A. nidulans, CHC was localized to the PM, the TNG and to small puncta trafficking long distance in hyphae. The CHC-encoding gene was identified as essential and the deletion of the CLC-encoding gene led to a strongly altered fungal growth and development (Schultzhaus et al., 2017). In the phytopathogenic fungus S. sclerotiorum, chemicals inhibitors and RNAi-mediated knockdown mutants allowed the demonstration of clathrin mediating endocytosis of exogenous double-stranded RNA (Wytinck et al., 2020), but did not inform on the role clathrin might play in fungal pathogenicity. To date, the role of clathrin remains evasive in filamentous fungi.

Since CHC is essential in many organisms (Royle, 2006), over-production of the C-terminal third domain of CHC, termed the HUB domain, was developed in mammalian cells (Liu et al., 1998), plant cells (Adam et al., 2012) and protists (Pieperhoff et al., 2013) to alter clathrin function. Through its competition with the endogenous CHC for the binding of CLC, the over-produced HUB fragment disturbs the formation of triskelions, therefore that of clathrin coats, and hence the associated cellular functions. In this study, we used both a mutant exhibiting an insertion of the T-DNA in the promoter of the CHC gene, leading to reduced gene expression, and a HUB dominant negative genetic strategy to explore the role of CHC in the filamentous fungus B. cinerea. The characterization of the mutants revealed an important defect in the secretion of effectors involved in the infectious process of the pathogen.



MATERIALS AND METHODS


Strains and Culture Conditions

Botrytis cinerea strain B05.10 was used as the reference strain and was used for genetic modifications. Strain T2.16 was isolated from a mutant library generated by random insertional mutagenesis using Agrobacterium tumefaciens-mediated transformation (de Vallée et al., 2019). The dominant negative HUB mutants were constructed using the C-terminal domain of CHC. The corresponding DNA fragment (2,198 pb) was amplified from genomic DNA of B05-10 using primers P6 and P8 (Supplementary Table 1) and fused with the oliC promoter of A. nidulans (poliC) by double joint PCR (Yu et al., 2004). The poliC:HUB fragment was cloned into the Agrobacterium tumefaciens transformation vector pBHT2 (Mullins et al., 2001) to form the pBHT2:HUB plasmid. The construction was verified by DNA sequencing and cloned into Agrobacterium tumefaciens to transform B05-10 using the protocol described by Rolland et al. (2003). All the strains were maintained on solid sporulation medium as previously described (Antal et al., 2012), supplemented when necessary with hygromycin B (70 μg/ml). Mycelial plugs (4-mm diameter) or conidia served as inocula and the cultures were incubated in the dark at 21°C. Transformants were purified through several rounds of single spore isolation. The absence of parental nuclei was verified by PCR using primers pair P1/P2 (Supplementary Table 1).



Southern Blot, Rescue-PCR, Gene Expression Analysis

For DNA preparations, mycelia were grown for 3 days on solid sporulation medium overlaid with cellophane membranes. Genomic DNA was isolated using the DNeasy plant mini kit (Qiagen). DNA flanking regions were identified using rescue-PCR (de Vallée et al., 2019). Southern blot analysis was performed to precise the number of T-DNA insertion sites, as described by Rascle et al. (2018). The restriction enzyme NcoI was used to digest the DNA. The PCR DIG Probe Synthesis Kit (Roche) was used to label the hph gene [amplified with primers hph15/hph21 (Supplementary Table 1)].

For gene expression analysis by qPCR, 50 μl-droplets of conidia suspensions (105spores/ml) were deposited on Teflon membranes. After incubation in a humid chamber at 21°C for 6, 16, and 24 h, RNA was extracted from 4 mg of lyophilized grounded material using the RNeasy Midi Kit (Qiagen). RT-qPCR experiments were performed as described by Rascle et al. (2018) using ABI-7900 Applied Biosystems (Applied Biosystems). Amplification reactions were carried out using SYBR Green PCR Master Mix (Applied Biosystems). Three independent biological replicates were performed. Relative quantification was based on the 2–ΔΔC(T) method (Livak and Schmittgen, 2001) using pyruvate dehydrogenase (Bcpda1, Bcin07g01890), actin (BcactA, Bcin16g02020) and elongation factor (Bcef1a, Bcin09g05760) encoding genes as normalization internal controls. At least three independent biological replicates were analyzed. Primers P3 and P4 used for qPCR are listed in Supplementary Table 1.

For Northern analysis, conidia suspensions (105 spores/ml) were spread over cellophane sheets overlaying solid sporulation medium and cells were grown for 3 days. RNA were extracted using the RNeasy Midi Kit (Qiagen) and 15 μg were fractionated by agarose-formaldehyde gel electrophoresis (under denaturing conditions) and then transferred onto a Nytran membrane using TurboBlotter device (GE Healthcare). Biotin-dsRNA probes were synthetized and labeled as follows: briefly, T7 promoter sequences were added to both ends of DNA fragments by PCR using primers pairs HUB-F/HUB-R and 28S-F/28S-R (Supplementary Table 1) to generate HUB and 28S DNA templates, respectively. The transcription reaction was then achieved using the Megascript RNAi Kit (Ambion), according to manufacturer’s instructions with some modifications: 2 μl Biotin RNA labeling mix 10× (Roche) were added to the reaction mixture instead of the dNTP solutions. After overnight incubation at 37°C, the labeled dsRNAs were digested with DNaseI and RNase and purified following manufacturer’s instructions. Hybridization was carried out in Perfect HybPlus Hybridization Buffer (Sigma) at 65°C overnight using 100 ng of biotin-labeled probe previously denatured 5 min at 95°C in presence of 10 mM EDTA. The Chemiluminescent Nucleic Acid Detection Module (Thermo Scientific) was used to detect the biotin-labeled fragments following manufacturer’s instructions and using Chemidoc XRS + camera (Bio-Rad).



Pathogenicity Assays and Phenotypic Analyses

Infection assays were performed using primary French bean leaves (Phaseolus vulgaris var Saxa), wounded apple fruit (var “Goldrush”) and 1-week-old cucumber cotyledons (Cucumis sativus). The plants were inoculated with 4-mm agar plugs collected from 3-day-old cultures (solid sporulation medium) or conidia suspensions (1,500 spores in 7.5 μl of Gamborg B5 medium (Duchefa) supplemented with 2% glucose). Infected plants were incubated at 21°C under 80% relative humidity and dark-light (16 h/8 h) conditions. Symptoms were scored up to 7 days post inoculation (dpi) and at least three independent biological replicates were assessed.

Radial growth was measured daily following inoculation of solid sporulation medium with 4-mm mycelial plugs and incubation at 21°C in the dark. Medium acidification was tested by growing the strains on solid complete medium (Schumacher et al., 2014) adjusted to pH 8.0 and supplemented with bromothymol blue 0.01%. For each test, three independent biological experiments and statistical analyses (Student’s t-test) were performed. Infection cushions were observed by inverted microscopy 3 days after inoculation of agar plugs (2-mm) in 50 μl PDB 1/4 (Potato Dextrose Broth diluted to the fourth) in 24-well plates (Thermo Scientific).



Activities of Secreted Enzymes

100 ml of CCPX medium (400 mg/L Gamborg B5 medium (Duchefa), 0.1% carboxy-methyl-cellulose (Sigma), 0.1% casein (Sigma), 0.1% polygalacturonic acid (Sigma), 0.1% xylan (Roth), pH 5.5) were inoculated with 107 conidia from 11-day-old cultures (solid sporulation medium) and shaken (110 rpm) at 21°C in the dark for 72 h. Mycelia were recovered by centrifugation (1 h, 20,000 g, 4°C), lyophilized and weighed. Culture supernatants were frozen in liquid nitrogen and kept at −20°C before being used as samples in the following enzymatic reactions and proteomic analysis. Enzymatic activities were performed as described by de Vallée et al. (2019). Briefly, xylanase and cellulase activities were recorded on a plate reader TECAN infinite M1000 using the EnzChek-Ultra-xylanase assay kit (Thermofisher) and the cellulase assay kit (Abcam), respectively, according to the manufacturer’s instructions. Polygalacturonase activity was determined by incubating samples and polygalacturonic acid (100 μl, 5 mg/ml) in acetate buffer 60 mM, pH 4.0. Reactions were stopped by addition of 1 ml TBC (0.1 M Na-tetraborate, 0.1 M boric acid, 0.1% cyanoacetamide) and heating (100°C) for 10 min. Free galacturonic acid was detected by spectrophotometry at 270 nm (Molecular Devices Spectramax-485) and quantitated from a galacturonic acid standard curve. Protease activity was measured by incubating samples with 1% hemoglobin (Sigma), pH 3.5, and reactions were stopped with 25% trichloroacetic acid. After centrifugation, supernatants were mixed with NaOH 0.5 M and absorbance at 280 nm was recorded. Laccase activity was measured by incubating the samples and the ABTS substrate (Sigma) in 230 μl of 50 mM Na-acetate buffer, pH 4.0. Oxidation of ABTS was recorded at 405 nm (Molecular Devices Spectramax-485) during 30 min at 30°C. One unit was defined as the amount of enzyme producing an increase of 0.01 OD unit per min. All activities were measured on three independent biological replicates.



Proteomic Analysis

Three independent biological replicates of exo-proteomes from the studied strains were prepared as described for enzymatic analysis. Culture supernatants were concentrated using lyophilization, mixed with trichloroacetic acid (10% final) and incubated overnight at 4°C. The precipitated proteins were collected by centrifugation (14,000 g, 4°C, 20 min), washed three times with glacial acetone, suspended in Tris–HCl buffer and quantified using Qubit analysis (Thermofisher). Laemmli buffer was added to 10 μg of sample proteins before separation by SDS-PAGE 10%. After a short migration, proteins were visualized by staining with InstantBlue (Expedeon) and scanning with a ChemiDoc XRS camera (Bio-Rad). The proteins were quantified with Image Lab Software v5.0 (Bio-Rad) before shotgun analysis. Each SDS-PAGE band was cut into 1 mm × 1 mm gel pieces and proteins were reduced, alkylated and digested by trypsin as previously described (Rascle et al., 2018). Online nanoLC-MS/MS analyses were performed using an Ultimate 3,000 RSLC Nano-UPHLC system (Thermo Scientific) coupled to a nanospray Q Exactive hybrid quadrupole-Orbitrap mass spectrometer (Thermo Scientific). 500 ng of each peptide extract was loaded on a 300 μm ID × 5 mm PepMap C18 precolumn (Thermo Scientific) at a flow rate of 10 μl/min. After a 3 min desalting step, peptides were separated on a 75 μm ID × 25 cm C18 Acclaim PepMap RSLC column (Thermo Scientific) with a 4–40% linear gradient of solvent B (0.1% formic acid in 80% ACN) in 108 min. The separation flow rate was set at 300 nl/min. The mass spectrometer operated in positive ion mode at a 1.8 kV needle voltage. Data was acquired using Xcalibur 3.1 software in a data-dependent mode. MS scans (m/z 300–1,600) were recorded at a resolution of R = 70,000 (@ m/z 200) and an AGC target of 3 × 106 ions collected within 100 ms. Dynamic exclusion was set to 30 s and top 12 ions were selected from fragmentation in HCD mode. MS/MS scans with a target value of 1 × 105 ions were collected with a maximum fill time of 100 ms and a resolution of R = 17,500. Additionally, only + 2 and + 3 charged ions were selected for fragmentation. Other settings were as follows: no sheath and no auxiliary gas flow, heated capillary temperature, 200°C; normalized HCD collision energy of 27 eV and an isolation width of 2 m/z. Protein identification and Label-Free Quantification (LFQ) were done in Proteome Discoverer 2.4. MS Amanda 2.0, Sequest HT and Mascot 2.4 algorithms were used for protein identification in batch mode by searching against Ensembl B. cinerea database (12 060 entries, release 31). Two missed enzyme cleavages were allowed for the trypsin. Mass tolerances in MS and MS/MS were set to 10 ppm and 0.6 Da. Oxidation (M), acetylation (K) and deamidation (N, Q) were searched as dynamic modifications and carbamidomethylation (C) as static modification. Peptide validation was performed using Percolator algorithm (Käll et al., 2007) and only “high confidence” peptides were retained corresponding to a 1% false discovery rate at peptide level. Minora feature detector node (LFQ) was used along with the feature mapper and precursor ions quantifier. The normalization parameters were selected as follows: (1) Unique peptides, (2) Precursor abundance based on intensity, (3) Normalization mode: total peptide amount, (4) Protein abundance calculation: summed abundances, (5) Protein ratio calculation: pairwise ratio based. Quantitative data were considered for master proteins, quantified by a minimum of two unique peptides in the three biological replicates, with a fold changes above two in all three replicates. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Deutsch et al., 2019) partner repository with the dataset identifier PXD023460.



Detection of Reactive Oxygen Species

Oxidative stress was visualized during plant infection using 3,3′-diaminobenzidine (DAB) staining as described previously (Schumacher et al., 2014). Briefly, French bean leaves were infected with a drop of spore suspension (1,500 spores in 7.5 μl of Gamborg B5 medium (Duchefa) supplemented with 2% glucose), collected at 72 h post inoculation, incubated in DAB solution (0.5 mg/ml DAB in 100 mM of citric acid buffer, pH 3.7) for 2 h in darkness at room temperature and destained using boiling ethanol during 5 min. Reactive oxygen species induced a DAB oxidation and led to apparition of a brown coloration. Hyphae were then stained 4 min with a drop of 0.5% cotton blue in lactic acid, washed in distilled water and observed under a stereomicroscope (Zeiss Discovery V20).

To detect exogenous ROS accumulation secreted by fungi, mycelia were grown on cellophane overlaying solid complete medium (CM) buffered to pH 5 for 3 days. The DAB test was performed on equal quantities (25 mg) of freshly collected mycelia of the different strains according to Schumacher et al. (2014).



Endocytosis Assay

Conidia of the T2.16, HUB.1 and parental strains were used to inoculate 2 ml of PDB 1/4 medium in microtubes (3.105 spores/ml). Following 16 h of incubation at 21°C, the young mycelia were collected by centrifugation (3,500 g, 5 min), suspended in 500 μl of PDB 1/4 and kept on ice. The samples (20 μl) were deposited onto glass slides and immediately mixed with 20 μl of 10 μM FM4-64 FX (Sigma) in PDB 1/4. Time-course observations were performed using a confocal microscope (Zeiss LSM510: Exc 488 nm/Em 700 nm). Quantification of the endocytic process was performed using the Fiji-ImageJ software. For all studied strains, the 20 μm apical regions of 10 different hyphae were analyzed. Images were zoomed to 300%. The polygon selection tool was used to outline the plasma membranes and to measure their mean fluorescence. In parallel, the mean fluorescence of the intracellular regions was similarly measured. This operation was repeated for each time point and the intracellular fluorescence data were normalized to the plasma membrane fluorescence data (percentage).




RESULTS


A Pathogenicity Defect Linked to a Lower Expression of the CHC-Encoding Gene in Botrytis cinerea

Random mutagenesis of B. cinerea through A. tumefaciens-mediated transformation has produced a collection of avirulent strains (de Vallée et al., 2019), among which the T2.16 mutant. Southern-blot analysis of this mutant showed a single insertion of the bacterium T-DNA in the fungal genome (Supplementary Figures 1A,C) and a T-DNA rescue approach localized this insertion within the promoter region of the CHC-encoding gene (Bcchc–Bcin01g09940), 297 pb upstream of the ATG (Figure 1A). Single-spore isolation coupled to a PCR approach was then used to generate and identify a homokaryotic line (Supplementary Figure 1B). Plant infection assays on different hosts (bean leaves, cucumber cotyledons and apple fruits) confirmed a loss of pathogenicity for the T2.16 mutant while no significant difference in vegetative growth could be observed under in vitro conditions (Figure 1B and Supplementary Figure 2A). Besides, microscopic observations showed that the production of infection cushions was altered (smaller and partially developed) in the mutant strain (Figure 1C). Finally, expression of the Bcchc gene was investigated by quantitative RT-PCR during a kinetic of spore germination and mycelial growth in vitro. This revealed that Bcchc was less expressed in the mutant than in the parental strain, up to 10-fold at 16 h post-inoculation (Figure 1D). Altogether, these data indicate that a lower expression of the Bcchc gene in B. cinerea could impair pathogenicity.
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FIGURE 1. Characterization of the T2.16 and HUB mutants of B. cinerea. (A) Schematic representation of the mutated locus in the T2.16 strain generated by A. tumefaciens-mediated transformation. Insertion of the bacterium T-DNA (hph hygromycin B resistance gene flanked by the bacterial left (LB) and right (RB) border regions) occurred 297 bp upstream of open reading frame of the clathrin heavy chain-encoding gene Bcchc and was localized by rescue-PCR analysis. (B,F) The virulence of the T2.16 and HUB mutants was compared to that of the parental strain B05.10 on primary leaves of French bean, cucumber cotyledons and wounded apple fruits. Pictures were taken 4 days post-inoculation. (C,G) Infection cushions were observed by inverted microscopy after 72 h of incubation in liquid PDB 1/4 medium on plastic surfaces (scale bar 50 μm). Photos and data are representative of three independent experiments. (D) Bcchc expression in the parental (B05.10) and the T2.16 mutant strains during a kinetic of fungal growth on Teflon membranes. Mycelia were harvested at 6 h, 16 h and 24 h after inoculation. Bcchc expression is plotted relatively to that of the Bcpda1 housekeeping gene [the same results were obtained with two other reference genes (see Methods)]. Three independent biological replicates were assessed for each experiment. Standard deviations are indicated. Asterisks indicate a significant difference (Student’s t-test, ∗p-value < 0.05). (E) Schematic representation of the DNA construct used to produce the-C-terminal domain of CHC (HUB fragment) in B. cinerea. The A. tumefaciens-compatible plasmid pBHT2 was used to place the HUB DNA sequence (dashed) under the control of the A. nidulans constitutive promoter pOliC. The hygromycin B resistance gene (hph) is shown as well as the left (LB) and right (RB) borders of the T-DNA. (H) Northern blot analysis. RNA extracted from the parental (B05.10) and HUB.1 strains were separated by gel electrophoresis and hybridized with labeled RNA probes corresponding to the HUB DNA sequence (top) or to the 28S RNA (loading control, bottom). Arrows indicate the hybridizing bands corresponding to the HUB fragment RNA (1.8 kb) and to the chc RNA (5.6 kb).




A Dominant Negative Form of CHC Impairs Virulence in Botrytis cinerea

To confirm the link between the pathogenicity of B. cinerea and the Bcchc gene, the deletion of that gene in the B05.10 strain was attempted. A gene-replacement DNA cassette carrying a hygromycin B resistance gene was introduced into fungal protoplasts and hygromycin-resistant transformants were isolated. Transformants carrying the expected deletion were identified by PCR, but none reached a homokaryotic stage despite several rounds of single-spore isolation (Supplementary Figure 3). As previously observed in many eukaryotic species (Royle, 2006), this result suggests an essential role of Bcchc in B. cinerea.

Considering the results obtained in mammalian and plant cells (Liu et al., 1995; Adam et al., 2012), an alternative genetic approach was attempted. This approach aimed at altering the cage-forming function of CHC without causing lethal effects on the fungus cells. It is based on the introduction of a DNA sequence coding for a dominant-negative form of the CHC, termed the HUB fragment. This HUB fragment is a truncated version of the CHC that still supports trimerization and the binding of CLC, leading to an open-ended lattice. The potential ability of this fragment to interact with CLC, and the fact that they assemble into non-functional structures, made the HUB fragment a good candidate for a dominant-negative mutant (Liu et al., 1995). Hence, the HUB-encoding DNA sequence was cloned and introduced into the genome of B05.10 under the control of a strong and constitutive promoter (Figure 1E). Independent transformants were isolated and pathogenicity assays revealed a loss of virulence for several of them, and a partial loss of virulence for the others (Figure 1F and Supplementary Figure 2B). Moreover, most of the mutants produced slightly less conidia than the parental strain and microscopic observations revealed that IC development was also altered in the non-pathogenic HUB transformants (Figure 1G). The common avirulent phenotype of the T2.16 mutant and some HUB transformants, produced through different genetic approaches, strongly argued for a link between the fungus pathogenicity and the Bcchc gene. One avirulent HUB transformant, hereafter named HUB.1, was selected to verify the expression of the HUB fragment-encoding DNA. In the absence of oligonucleotides that could discriminate the native Bcchc locus from the HUB DNA cassette in a qRT-PCR reaction, a northern blot analysis was performed (Figure 1H). Besides the expected similar detection of the Bcchc RNA in both the parental and HUB.1 strains, this revealed a strong expression of the HUB fragment-encoding DNA in the HUB.1 strain only. Altogether, these results indicate that the pathogenicity of B. cinerea can be altered by a lower expression of the Bcchc gene or by the production of a truncated HUB fragment. They also suggest that the correct assembly of clathrin molecules is required to support the fungus virulence.



Endocytosis Is Not Impaired in the T2.16 and HUB Mutants

Clathrin triskelions are known to play a role in endocytosis by facilitating the invagination of the plasma membrane into CCV (McMahon and Boucrot, 2011). To test whether the reduced expression of Bcchc could alter the endocytic process, young mycelia derived from conidia of the parental, T2.16 and HUB.1 strains were incubated with the membrane-selective marker FM4-64 and internalization of the latter was followed by confocal microscopy. After 5 min of incubation, fluorescent dots were detected underneath the labeled plasma-membrane and inside the fungal cells in the three strains (Figure 2A). The size of these intracellular structures (< 1 μm) was compatible with that of putative endosomes, as described in Neurospora crassa (Fischer-Parton et al., 2000). At 15 min of incubation, fluorescent circles could be detected inside the hyphae of all strains and their size and/or numbers increased at 20 min (Figure 2A). The shape and size of these intracellular structures were compatible with that of vacuoles. Quantification of the intracellular fluorescence showed an increase of FM4.64 internalization over time that was not significantly different between the parental and mutant strains (Figure 2B). These results indicate that the T2.16 and HUB.1 mutations do not prevent (or reduce) the internalization of FM4-64, a lipophilic dye considered to be internalized by endocytosis in fungi (Read and Kalkman, 2003). Therefore, they suggest that endocytosis is not diminished in the T2.16 and the HUB.1 mutants.
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FIGURE 2. Endocytosis in the clathrin mutants. (A) Observation of endocytosis by confocal microscopy. Labeling of the plasma membrane by the fluorescent lipophilic marker FM4-64 and its subsequent cellular internalization were monitored over time in young hyphae (16 h culture) of the parental (B05-10) and mutant (T2.16, HUB.1) strains (scale bar: 5 μm). (B) Endocytosis quantification. For 10 different hyphae of each strain, image analysis of the 20 μm apical region led to separate quantifications of the mean total cytoplasmic and mean plasma membrane fluorescence. The plot shows the normalized increase in mean cytoplasmic fluorescence over time (% of plasma membrane fluorescence) in each strain. Standard deviations (10 replicates) are indicated.




Clathrin Is Involved in Acidification of Ambient Environment and in Secretion of Hydrolytic Enzymes

Botrytis cinerea is known to modulate the ambient pH during the infectious process by secreting organic acids (Billon-Grand et al., 2012). This modulation contributes to the intoxication of plant cells and to the efficient action of the fungal lytic enzymes. The capacity to acidify the environment can be visualized in vitro on rich medium agar plates containing bromothymol blue as a pH indicator (Schumacher et al., 2014). As shown in Figure 3A, growth of the T2.16 mutant led to a reduced green-to-yellow change in the corresponding agar plates compared to the control plates. An even stronger phenotype was observed in the case of the HUB.1 mutant (Figure 3A) and these results suggest that the two mutations affecting clathrin in the T2.16 and HUB.1 mutants alter the secretion of organic acids.
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FIGURE 3. Enzymatic activities and medium acidification in the clathrin mutants. (A) Medium acidification. Agar plugs of parental (B05.10) and mutant (T2.16 and HUB.1) mycelia were used to inoculate solid complete medium adjusted to pH 8.0 and supplemented with 0.01% bromothymol blue (yellow at pH < 6.0). Acidification of the medium was monitored at 4, 6, and 8 days post-inoculation. Photos are representative of three independent experiments. (B) Enzymatic activities measured in the supernatants of liquid cultures in CCPX medium at 72 h post-inoculation for the parental (B05.10) and mutant (T2.16 and HUB.1) strains. Activities are expressed in nmole or ΔDO per hour per mg of mycelium. Three independent biological replicates were performed. Means with standard deviations are indicated, and asterisks indicate significant difference compared to the B05.10 strain (Student’s t-test p-value ∗ < 0.05; ∗∗ < 0.01; ∗∗∗ < 0.001).


The necrotrophic strategy of B. cinerea is partly based on the secretion of a large set of hydrolytic enzymes that contribute to the killing and degradation of plant cells. Since clathrin can be involved in the formation of secretory vesicles from the Golgi apparatus (Robinson, 2015), the secretory capacity of the T2.16 mutant was therefore investigated. The mutant being non-pathogenic, secreted fungal molecules could not be retrieved from infected plant tissues and in vitro cultures were therefore used. First, the mutant and parental strains were grown in liquid medium for 3 days and the culture media were used in enzymatic assays to test for the presence of cellulases, xylanases (hemicellulases), proteases and polygalacturonases. To promote enzyme secretion, a synthetic liquid medium containing polysaccharides and casein as nutrients was used (CCPX medium; de Vallée et al., 2019). Under these conditions, less enzymatic activities were measured in the culture media of the T2.16 mutant compared to that of the parental strain: 8.5, 12.5, and 6.4-fold reduction of cellulase, xylanase and protease activity, respectively (Figure 3B). In contrast, the culture media of the T2.16 mutant showed no significant different polygalacturonase activity (1.4×) in comparison to that of the parental strain. These results were indicative of a deficiency in the secretion of some hydrolytic enzymes in the T2.16 mutant and similar observations in the HUB.1 mutant (Figure 3B) strengthened this hypothesis.



Secretion of ROS Is Impaired in the Clathrin Mutants

During the first steps of the infectious process of B. cinerea, reactive oxygen species (ROS) play a dual role. They are generated by the pathogen to intoxicate the host-plant tissues, but they are also produced by the plant as part of its defense reaction (Siegmund and Viefhues, 2016). On the fungal side, ROS are produced and accumulate in the extracellular medium, partly through the action of several secreted oxidases including laccases (Siegmund and Viefhues, 2016). To evaluate the impact of the Bcchc reduced expression on fungal ROS production, the parental, T2.16 and HUB.1 strains were grown on solid complete medium and the oxidative activity produced by the mycelia was measured. As shown in Figure 4A, oxidation of diaminobenzidine (DAB) was affected in the T2.16 and HUB.1 mutants, indicating reduced H2O2 production compared to the parental strain. As a complement to these data, laccase activities were quantified in the same culture media used to measure the secreted enzymatic activities presented in Figure 4, and this revealed that the T2.16 and HUB.1 mutants secreted less laccases than the parental strain (a three and six times fold reduction, respectively) (Figure 4B).
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FIGURE 4. Secretion of ROS in the clathrin mutants. (A) Production of ROS in vitro. Equal quantities of mycelia from the parental (B05.10) and mutant (T2.16 and HUB.1) strains were incubated 2 h in the presence of soluble colorless DAB. DAB oxidation into a brown precipitate was monitored and compared to controls using defined quantities of H2O2. (B) Laccase activities measured in the supernatant of liquid cultures in CCPX medium at 72 h for the parental (B05.10) and the mutant (T2.16 and HUB.1) strains. Activities are expressed in arbitrary units (U) per mg of mycelium, three independent biological replicates were performed. Standard deviations are indicated, and asterisks indicate significant difference compared to the B05.10 strain (Student’s t-test p-value ∗∗ < 0.01; ∗∗∗ < 0.001). (C) ROS detection in planta. Primary bean leaves were inoculated with conidia of the parental (B05.10) and mutant (T2.16 & HUB.1) strains and stained with DAB and cotton blue in lactic acid (beta-glucan targeting dye) at 72 h post-infection. DAB oxidation into brown precipitates and hyphal coloration were monitored using a macroscope at different magnifications (black scale bar 5 mm; white scale bar 200 μm). Blue dots in the parental sample could represent callose depositions by the plant (also made of beta-glucans).


ROS detection was then performed in planta to evaluate the plant reaction to the mutant strains. Primary bean leaves inoculated with conidia of the parental or mutant strains were collected at 72 h of infection and stained with DAB (Figure 4C, top). In leaves inoculated with conidia of the parental strain, the DAB oxidation by the ROS present in the infected tissues yielded a distinct and large brown zone. In comparison, the leaves inoculated with conidia of the T2.16 mutant developed a barely visible brown coloration. Subsequent staining of the fungal cells with Cotton blue and observations at higher magnification revealed the presence of ROS throughout the plant tissues colonized by the parental strain (Figure 4C, bottom), up to the edge of the infected area. As for the T2.16 mutant, these observations showed that the conidia had germinated onto the leaves surface and had produced hyphae, underneath which only few brown spots of small size were visible. These results demonstrate that the lack of virulence of the T2.16 mutant is not due to a conidial germination default or to an impaired hyphal growth at the plant surface. The very small amounts of ROS produced at the interface between the plant and the T2.16 mutant were consistent with the weak ROS production measured in vitro (see above) and moreover indicates that the plant does not produce much ROS in response to the presence of mutant hyphae. Finally, the HUB.1 mutant behaved similarly to the T2.16 mutant with respect to laccase activity and ROS production in vitro and in planta (Figure 4). Altogether with the results presented in Figure 3, these data led to the hypothesis of clathrin playing an important role in the secretion of numerous factors required for virulence in B. cinerea.



The Exo-Proteome of Botrytis cinerea Is Modified in the T2.16 Mutant

A deeper exploration of the impact of the Bcchc reduced expression on the fungal secretion was achieved through a comparative shotgun proteomic analysis. The parental and T2.16 mutant strains were grown in liquid CCPX medium and the proteins extracted from the culture supernatants were analyzed by mass spectrometry. In total, 745 proteins were identified, but the analysis was restricted to 203 proteins detected in the three biological replicates of each strain, with a minimum of two unique peptides (Supplementary Table 2). Based on signal peptide (SP) prediction (Almagro Armenteros et al., 2019), these 203 proteins were divided into 178 SP-containing proteins (87.6%) and 25 proteins predicted not to contain a SP (Supplementary Table 2). Of the 178 SP-containing, 59 (33.1%) showed a similar accumulation in the mutant and parental exo-proteomes while 68 (38.2%) and 51 (28.6%) were, respectively, down- and up-accumulated in the mutant exo-proteome (Supplementary Table 2). At first, this indicates that the lower expression of the Bcchc gene has a significant impact on the secretion of SP-containing proteins in B. cinerea. Considering the 25 proteins without SP, 11 showed a similar accumulation in the mutant and parental exo-proteomes, 11 were down-accumulated in the mutant exo-proteome and three were up-accumulated (Supplementary Table 2).

Following functional classification (Supplementary Table 2), comparison of the datasets revealed less proteases, less CAZy targeting plant cell wall components and less oxidoreductases in the mutant exo-proteome than in the parental counterpart (Figure 5). These down-accumulations were consistent with the previously measured enzymatic activities and ROS productions (Figures 3, 4). Protein degradation represented the function the most affected by the mutation as 18 proteases were down-accumulated in the exo-proteome of the T2.16 mutant. These proteases include aminopeptidases, subtilisins, carboxypeptidases and the deuterolysin Bcin12p06300 which accumulated 250-fold less in the mutant than in the parental exo-proteome. Hemicellulose-degradation also emerged as a function strongly affected by the mutation as eight xylanases were down-accumulated in the exo-proteome of the T2.16 mutant. These xylanases include BcXyn10A, BcXyn11A, and BcXyn10B that, respectively, accumulated 24, 6, and threefold less in the mutant than in the parental exo-proteome. Furthermore, three plant cell wall degrading enzymes that could also target hemicellulose (PCWDE-HP) and 11 “other CAZy” were less abundant in the mutant exo-proteome. Oxidoreduction was the third function that emerged to be negatively affected by the mutation as nine predicted oxidoreductases were less accumulated in the mutant than in the parental exo-proteome. These proteins include the two glyoxal oxidases BcGO1 and BcGO2, the dioxygenase BcIDL1 and the laccase BCLCC9. At the other end of the spectrum, nine fungal cell wall enzymes (FCWE), nine pectinases and four PCWDE-HP appeared more abundant in the mutant exo-proteome than in the parental counterpart. The pectinases include the endopolygalacturonases BcPG2, BcPG4 and BcPG6, the exopolygalacturonase BcPGX1 and the pectin methyl esterases BcPME2. Noticeably, this up-accumulation contrasts with the moderate increase in polygalacturonase activity that was measured in the mutant culture supernatants (Figure 3). Altogether, and in addition to the down-accumulation of two cutinases in the mutant exo-proteome, these data reveal that a lower expression of the Bcchc gene impacts on the fungus capacity at secreting multiple enzymes known to play a role in the infectious process. Furthermore, the T2.16 mutation led to down-accumulation of four known virulence factors, three of them being cell death inducing proteins (CDIPs): the glycoprotein BcEb1 (Frías et al., 2016), the glucoamylase BcGs1 (Zhang et al., 2015) and the xylanase BcXyn11A (Brito et al., 2006) (Supplementary Table 2). Finally, we noticed that seven proteins were totally missing from the mutant exo-proteome while present in the parental counterpart (Supplementary Table 2). In particular, the mutant exo-proteome lacked 1 oxido-reductase, 1 putative lipase, 1 CAZy (GH92) and 1 chitinase (GH18). Conversely, five proteins over-accumulated in the mutant exo-proteome while being absent in the exo-proteome of the parental strain: 1 fungal cell wall protein, 1 CAZy (GH135) and three proteins of unknown function. This indicates that the reduced expression of Bcchc can dramatically alter the secretion of some proteins.
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FIGURE 5. Impact of the T2.16 mutation on the exo-proteome of B. cinerea. Functional categories classification of the secreted proteins that were down- or up-accumulated in comparison to the parental control (B05.10) (fold change > 2), (see Supplementary Table 2 for details). The parental and the T2.16 mutant strains were grown for 3 days in liquid CCPX medium (three independent biological experiments) and a comparative shotgun proteomic analysis was performed on the proteins collected from the cultures supernatants. CAZy, carbohydrate active enzymes; PCWDE, plant cell wall degrading enzymes; HP, Hemicellulose-Pectin; FCWE, fungal cell wall enzymes.





DISCUSSION


Clathrin and Pathogenicity

To date, little is known about the role of clathrin in filamentous fungi despite the importance of vesicular trafficking in fungal growth (Shoji et al., 2014). In addition, there is no report describing the importance of clathrin in the infectious process of plant pathogenic fungal species. The isolation of a non-pathogenic mutant of B. cinerea altered in the expression of the CHC-encoding gene led us to investigate the role of clathrin in the virulence of this necrotrophic fungus.

In eukaryotes, the heavy (CHC) and light (CLC) chains of clathrin can assemble into triskelions that, in turn, can form cages at sites of exocytic and/or endocytic vesicle production. Clathrin is also involved in cellular processes important for cell division, such as mitotic and meiotic spindle organization and stabilization (Liu and Zheng, 2009; Hölzenspies et al., 2010), Golgi integrity and segregation (Radulescu and Shields, 2012), segregation of mitochondria (Pieperhoff et al., 2013) or cytokinesis (Niswonger and O’Halloran, 1997; Van Damme et al., 2011). This could explain why clathrin has been found essential in numerous eukaryotes, including some in which endocytosis could be clathrin-independent (Royle, 2006). Here we report on our attempt to create a strain of B. cinerea deleted of the CHC-encoding gene Bcchc. Despite correct replacement of that gene by a hygromycin B resistance cassette, no homokaryotic line could be obtained, and this suggests that clathrin is also essential to cell division and/or growth in B. cinerea.

We identified a T-DNA insertion in the promoter region of the Bcchc gene (T2.16 mutation) that led to a reduced expression of that gene (up to 10-fold). Interestingly, the mutation appeared compatible with fungal growth in vitro while abolishing virulence on different host plants. This indicates that clathrin carries a function essential for virulence in B. cinerea besides its essential function in cell division/growth. It further indicates that the amount of CHC present in the mutant cells, likely reduced because of the mutation, is sufficient to support growth and division in vitro. Incidentally, we did not observe a negative impact of the T2.16 mutation on endocytosis, a process that contributes to fungal growth (Riquelme et al., 2018) and that was shown to involve clathrin in the closely related fungus S. sclerotiorum (Wytinck et al., 2020). The amount of CHC present in the mutant cells may therefore be sufficient to support endocytosis. Alternatively, a clathrin-independent endocytic pathway might exist in B. cinerea, as proposed in A. nidulans (Schultzhaus et al., 2017).

To consolidate the results obtained with the mutant exhibiting a reduced expression of the Bcchc gene, we created new strains of B. cinerea that expressed a HUB fragment-encoding DNA. This fragment (C-terminal third of CHC) competes with intact CHC to bind to CLC, and it therefore acts as a dominant negative inhibitor of clathrin cage formation (Liu et al., 1995). This approach has been validated in mammalian, plant and protist cells and is acknowledged as a standard approach to study clathrin function (Liu et al., 1998; Bennett et al., 2001; Kitakura et al., 2011; Pieperhoff et al., 2013). B. cinerea HUB mutants were obtained, and they were impaired in virulence. Together with the T2.16 phenotype, this constitutes a strong evidence that clathrin plays a critical role in the pathogenicity of this fungus. Virulence was either severely reduced or abolished in the HUB mutants and the difference could be due to various expression levels of the trans-gene following ectopic integrations of the HUB DNA cassette in the fungal genome. We also observed that the radial growth of the HUB mutants was slightly reduced in vitro. We suppose that the level of HUB fragments production that is required to abolish virulence disturbs cellular processes related to fungal growth. This would be consistent with the essential role of clathrin in cell growth and the reported lethal effect of a strong expression of the HUB fragment-encoding DNA (Pieperhoff et al., 2013). Under the conditions we used to screen the HUB mutants, such lethal expression level was counter-selected and could therefore not be observed.

Finally, microscopic studies revealed that both the T2.16 and HUB.1 mutants were altered in the production of infection cushions (IC), multicellular appressoria dedicated to the massive secretion of effectors during plant infection (Mentges et al., 2020; Choquer et al., 2021). Based on the important role IC play in the virulence of B. cinerea (de Vallée et al., 2019), this default could explain the loss of pathogenicity in these mutants. Besides, this result suggests that clathrin participates in the differentiation process of IC, possibly through the formation and/or trafficking of vesicles involved in hyphal growth, or in the transport of IC-specific actors. This would compare to the parasite Toxoplasma gondii whose development inside host cells is aberrant in HUB mutants (Pieperhoff et al., 2013). In this pathogen, clathrin is essential to vesicle formation at the trans-Golgi and is involved in the biogenesis of the apical secretory organelle.



Clathrin and the Secretion of Plant Cell Wall Degrading Enzymes

Botrytis cinerea is considered a typical necrotrophic pathogen that feeds on killed plant cells through the secretion of hydrolytic enzymes. In the culture medium of both the T2.16 and HUB.1 mutants, xylanase, protease and cellulase activities were reduced when compared to the parental control, and this was indicative of a decreased secretion of lytic enzymes in these strains. Through quantitative proteomics analysis of the T2.16 mutant exo-proteome, it was possible to show that the secretion of 68 proteins with a signal peptide was negatively affected by the lower expression of the Bcchc gene. In particular, the secretion of 18 proteases and 32 carbohydrate-active enzymes (CAZy) including cutinases, xylanases, cellulases and pectinases was modified. This suggests that clathrin plays a significant role in the secretion of PCWDE.



Clathrin and the Secretion of Necrosis Inducers

The initial stage of plant infection by B. cinerea is characterized by local necrotic lesions. These lesions correspond to patches of dead plant cells and result from the secretion of plant cell death-inducing factors by the pathogen. Secreted organic acids (i.e., oxalic acid) are such factors (Verhoeff et al., 1988; Kim et al., 2008; Rascle et al., 2018) and both the T2.16 and HUB.1 mutants were impaired in their capacity at acidifying their ambient environment. Besides metabolites, B. cinerea also produces proteins that can induce a hypersensitive-like response (Li et al., 2020). Analysis of the fungal exo-proteome revealed that the secretion of three known apoplastic cell death-inducing proteins (CDIPs) was reduced in the T2.16 mutant strain: the small glycoprotein BcIeb1 (Frías et al., 2016), the 1,4 alpha glucosidase BcGs1 (Zhang et al., 2015) and the xylanase BcXyn11A (Brito et al., 2006). Altogether, this indicates that the secretion of some necrosis inducers is clathrin-dependent and its reduction in the T2.16 mutant could contribute to its avirulent phenotype. Interestingly, the production of key virulence factors is also affected in clathrin mutants of the encapsulated yeast Cryptococcus neoformans (Bairwa et al., 2019).



Clathrin and the Plant-Fungus ROS Interface

The plant’s oxidative burst is a primary defense system against aggressors like fungi, but the production of harmful reactive oxygen species (ROS) is also broadly used by necrotrophic fungi in the course of infection. To produce and to cope with ROS, B. cinerea is equipped with multiple oxidoreductases (for review, see Siegmund and Viefhues, 2016). On one hand, several oxidases and laccases have been identified as ROS producers at the plant interface. On the other hand, B. cinerea relies on glutathione reductases, thioredoxin reductases and extra-cellular ROS scavenging enzymes such as catalases, superoxide dismutases, peroxiredoxins and peroxidases to protect itself against ROS. When the T2.16 and HUB.1 mutants were grown in vitro, less ROS and less laccase activity were recorded in their supernatants as compared to the parental counterpart. In addition, when the mutants were confronted to bean leaves, ROS could barely be detected in the plant tissues whereas a strong accumulation of ROS was revealed in leaves infected by the parental strain. In support to this, our comparative proteomics analysis showed that two predicted oxidases were totally missing from the T2.16 exo-proteome and seven predicted secreted oxidases (including 1 laccase and 2 glyoxal oxidases) were down-accumulated when compared to the parental exo-proteome. Altogether, this suggests that clathrin also plays a role in the delivery of ROS producing enzymes. Interestingly, the quasi-absence of ROS production by leaves confronted to the T2.16 and HUB.1 mutants suggests that their avirulent phenotype does not result from an arrest of the fungal growth by the plant oxidative burst. It rather suggests that the clathrin mutants are not detected by the plant, possibly because of the default in IC production and plant penetration and/or the default in oxalic acid, CDIPs, PCWDE and ROS secretion.



Clathrin-Independent Secretion

Our comparative proteomics analysis led to the listing of 70 proteins whose secretion was unaffected by the T2.16 mutation. Furthermore, it revealed 54 proteins that were up-accumulated in the mutant exo-proteome, including notably nine pectinases and nine fungal cell wall enzymes. Whether the secretion of these proteins could rely on clathrin-independent secretory vesicles is an open question and further investigations are needed to better understand the vesicular traffic leading to secretion in B. cinerea.




CONCLUSION

This study shows that clathrin acts as an essential player in the infectious process of the phytopathogenic fungus B. cinerea. It reveals that this protein takes part in the secretion of cell death inducing proteins (CDIPs), proteins associated with ROS production and plant cell wall degrading enzymes. It further shows the importance of clathrin in the development of infection cushions, structures dedicated to the penetration and early destruction of the host tissues by the pathogen.
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Supplementary Figure 1 | Genotypic characterization of the T2.16 mutant: (A) Schematic representation of the T2.16 insertion mutant locus. (B) Validation of the homokaryotic line by PCR amplification using primers P1 and P2 (Supplementary Table 1). (C) Southern blot analysis. Genomic DNA was digested with NcoI and probed with a digoxigenin-labeled DNA fragment corresponding to the hph gene (black box in A). T2.16 strain shows single T-DNA insertion. Black arrows indicate the sizes of the T2.16 hybridized fragments (2.56 and 14.9 Kb). (∗) ATMT-transformants strains not retained in this study. LB, left border; RB, right border.

Supplementary Figure 2 | Characterization of HUB mutants. (A) Radial growth of the parental and mutant (T2.16 and 4 HUB) strains after 4 days on sporulation medium. Means of three independent experiments are shown with standard deviations and statistic significant differences compared to the parental strain (Student t-test; ∗∗∗p-value < 0.001). (B) Pathogenicity assays. The virulence of four HUB mutants was compared to that of the parental (B05.10) and T2.16 mutant strains on primary leaves of French bean and cucumber cotyledons. Agar explants of young mycelia were used as inocula and pictures were taken 4 days post inoculation. Pictures are representative of three independent experiments.

Supplementary Figure 3 | Identification of B. cinerea Bcchc null mutants. (A) Schematic representation of the Bcchc gene replacement by the hygromycin B resistance cassette (hph) flanked by 1,03 kb of 5′ and 0,84 kb of 3′ sequences from the Bcchc locus. Primers (black arrows; Supplementary Table 1) used for PCR analysis are indicated. (B) PCR amplification of the expected 5′ (top) and 3′ (bottom) regions of the deleted Bcchc locus in nine independent transformants (WT, parental control). The primer pairs used and the sizes of the expected bands in the transformants carrying the gene deletion are indicated (C) PCR amplification of the Bcchc gene revealing its presence in all transformants despite several rounds of single-spore isolation. The primers pairs and the expected band size in the control (WT) are indicated.
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Fire blight represents a widespread disease in Lilium spp. and is caused by the necrotrophic Ascomycete Botrytis elliptica. There are >100 Lilium species that fall into distinct phylogenetic groups and these have been used to generate the contemporary commercial genotypes. It is known among lily breeders and growers that different groups of lilies differ in susceptibility to fire blight, but the genetic basis and mechanisms of susceptibility to fire blight are unresolved. The aim of this study was to quantify differences in fire blight susceptibility between plant genotypes and differences in virulence between fungal isolates. To this end we inoculated, in four biological replicates over 2 years, a set of 12 B. elliptica isolates on a panel of 18 lily genotypes representing seven Lilium hybrid groups. A wide spectrum of variation in symptom severity was observed in different isolate-genotype combinations. There was a good correlation between the lesion diameters on leaves and flowers of the Lilium genotypes, although the flowers generally showed faster expanding lesions. It was earlier postulated that B. elliptica pathogenicity on lily is conferred by secreted proteins that induce programmed cell death in lily cells. We selected two aggressive isolates and one mild isolate and collected culture filtrate (CF) samples to compare the cell death inducing activity of their secreted compounds in lily. After leaf infiltration of the CFs, variation was observed in cell death responses between the diverse lilies. The severity of cell death responses upon infiltration of the fungal CF observed among the diverse Lilium hybrid groups correlated well to their fire blight susceptibility. These results support the hypothesis that susceptibility to fire blight in lily is mediated by their sensitivity to B. elliptica effector proteins in a quantitative manner. Cell death-inducing proteins may provide an attractive tool to predict fire blight susceptibility in lily breeding programs.

Keywords: Botrytis fire blight, Lilium, effector proteins, necrotroph, programmed cell death


INTRODUCTION

Since the dawn of time, lily (Lilium spp., Liliaceae, L.) represents one of the most prestigious ornamental flowering plants in the Occidental culture as it was considered the symbol of divine purity. Either as bulb, potted plant or cut flower, lily is one of the main flower bulb crops sold worldwide (Kamenetsky, 2014). The genus Lilium consists of approximately 120 described species (Angiosperm Phylogeny Group (APG), 2020). Based on their geographical distribution and morphological traits (De Jong, 1974), ribosomal DNA sequences (Nishikawa et al., 1999; Nishikawa, 2007) and the chloroplast genome (Du et al., 2017; Kim et al., 2019), the genus Lilium is phylogenetically divided in seven taxonomic sections (Pelkonen and Pirttilä, 2012; Angiosperm Phylogeny Group (APG), 2020). The assortment of commercial lily genotypes includes thousands of hybrids that were generated via intrasectional crosses between different Lilium species and these have been divided into four hybrid groups: Asiatic (A), Longiflorum (L), Trumpet (T), and Oriental (O). To combine ornamental traits and obtain more vigorous plants, a variety of intersectional hybrids were subsequently generated using artificial pollination, embryo rescue and polyploidization techniques (van Tuyl et al., 1991; Lim et al., 2008; van Tuyl and Arens, 2011), resulting in the interspecific hybrid groups LA (Longiflorum-Asiatic), LO (Longiflorum-Oriental), OA (Oriental-Asiatic) and OT (Oriental-Trumpet). Despite its flourishing breeding and cultivation history, the lily industry is threatened by pests and diseases. Breeding efforts have thus far predominantly focused on ornamental traits and to lesser extent on the resistance to pests and pathogens. Given the current challenges more focus on disease resistance is needed.

Among several pests and diseases the most destructive is fire blight, a fungal disease caused by the filamentous Ascomycetes Botrytis cinerea and Botrytis elliptica (Doss et al., 1986; Fang Hsieh et al., 2001; Furukawa et al., 2005; Chastagner et al., 2017). Both fungi initially cause small brownish necrotic lesions on leaves and flowers. Outgrowth of necrotic lesions leads to rapid death of the entire plant. While the generalist B. cinerea was reported only to occur on damaged plant tissue and especially on cut lilies, the specialist B. elliptica inflicts serious economic losses since it is able to cause disease on undamaged, vigorous plants (Hou and Chen, 2003; Staats et al., 2007; Chastagner et al., 2017). The fungus can infect both leaves and flowers. Leaf infection can be devastating (hence the name “lily fire blight”), however this is usually controlled by intensive chemical control. Flower infection is a postharvest problem and is therefore economically more damaging, as it affects the quality at the retailer or leads to dissatisfied consumers. Both B. cinerea and B. elliptica belong to the genus Botrytis (Sclerotinaceae, Micheli ex Pers.) which includes around 35 described species (Valero-Jiménez et al., 2019). According to their necrotrophic lifestyle, Botrytis species kill the host cells to gain nutrients from the dead plant tissue for growth and reproduction (van Kan, 2006). The fungus is able to trigger the host plant cells to commit suicide via Programmed Cell Death (PCD) (van Kan, 2006; Veloso and van Kan, 2018). In the lily–B. elliptica interaction, PCD induction is mediated by secreted proteins, and the generalist B. cinerea and the tulip specialist B. tulipae acquired the ability to cause necrotic lesions when inoculated on lily leaves, previously infiltrated with B. elliptica secreted proteins (van Baarlen et al., 2004).

There are anecdotic reports among lily growers and breeders that certain lilies are less susceptible to B. elliptica than others. Published studies by Doss et al. (1986) reported a large variation in disease incidence (25–98%) and lesion size among 35 cultivars, of which the hybrid type was in most cases undescribed. A more recent study by Jang et al. (2018) also reported large variation in susceptibility among cultivars from four hybrid types and seven Korean genotypes from distinct indigenous species, with Asiatic hybrid genotypes generally falling in the highly resistant group, and the Korean genotypes generally falling in the susceptible group. A study by Gao et al. (2018), however, classified Oriental × Trumpet and Oriental hybrid cultivars as resistant, while Asiatic and Trumpet hybrids were classified as susceptible. Crosses between resistant and susceptible cultivars provided evidence for very complex inheritance of susceptibility to B. elliptica in hybrid progenies, with hybrid offspring displaying a large spectrum of susceptibility (Beers et al., 2005; Hu et al., 2017).

These previous studies, however, show several limitations that hamper obtaining a clear overview of the variation in susceptibility in lily and the variation in virulence in the B. elliptica population. Several studies included a single fungal isolate (Beers et al., 2005; Hu et al., 2017; Gao et al., 2018; Jang et al., 2018) and distinct inoculation methods. Sometimes agar plugs were used as inoculum (Hu et al., 2017; Gao et al., 2018), while in another case, leaf tips were inoculated with fungal conidia (Beers et al., 2005). Some studies were performed with cultivars of undescribed hybrid groups (Doss et al., 1986; Balode, 2009; Daughtrey and Bridgen, 2013) or performed in the field under unknown disease pressure and uncontrolled conditions (Balode, 2009; Daughtrey and Bridgen, 2013). Only a single study (Daughtrey and Bridgen, 2013) comprised repetitions over multiple years, and the method for disease scoring differed between all studies. Furthermore the variation in susceptibility of lily flowers was not addressed in any of the above mentioned studies.

We aimed to analyze and quantify the disease development under controlled conditions in a panel of commercial lily genotypes from seven hybrid groups upon inoculation with a collection of B. elliptica isolates. Disease assays were principally performed on leaves, and a subset of genotypes was also inoculated on flowers. We selected three fungal isolates that differed in virulence and evaluated the capacity of their culture filtrates (CFs) to cause cell death in leaves of different lily genotypes. These experiments enabled us to investigate a correlation between the susceptibility of lily genotypes to fire blight and their sensitivity to cell death induction in response to fungal secreted compounds.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Eighteen Lilium genotypes (Table 1) were used in this study representing the hybrid groups Asiatic (A), Longiflorum (L), Oriental (O) or intersectional hybrid groups Longiflorum × Asiatic (LA), Longiflorum × Oriental (LO), Oriental × Asiatic (OA), Oriental × Trumpet (OT), respectively. Material was provided by breeding companies as fresh bulbs and stored in potting soil at −1°C in darkness until planting. For commercial reasons, the names of cultivars have been anonymized. Lilies used in the disease assays in early spring (April–May 2019 and 2020) were planted as bulbs in the second week of February 2019 and 2020, whereas lily bulbs used in the disease assays in late spring (May–June 2019 and 2020) were planted in the third week of March 2019 and 2020. For repetitions of the assay, each of the 18 lily genotypes was planted in batches of 10 bulbs in plastic crates containing potting soil and grown in a greenhouse under natural day/night light regime at a minimum night temperature between 12 and 15°C and a maximum day temperature between 24 and 26°C. Temporal differences in shoot emergence from soil, vegetative growth and transition into flowering were observed. Disease assays in the early spring were conducted with mature leaves (as defined by Bar and Ori, 2014) of 6–7 weeks old plants in their vegetative stage, whereas disease assays in the late spring were conducted with mature leaves of 4–5 weeks old plants in their vegetative stage.


TABLE 1. Lily genotypes used in this study.
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Disease assays on flowers were conducted in June 2020. Lilies used for disease assays on flowers were planted as bulbs in the second week of May 2020 and grown in a greenhouse under natural day/night light regime. Depending on the genotype, flower buds started to develop after 4–6 weeks. Lilies carrying flower buds at initiation of bud color were harvested as cut flowers and transported to the laboratory to be inoculated. Fungal inoculations on lily flowers were conducted within 2 days after bud opening. From the same lilies used for inoculation on flowers, leaves were detached to be inoculated with fungal conidia.



Fungal Material and Growth Conditions

Botrytis elliptica isolates used in this research (Table 2) were stored as conidia suspensions in 20% glycerol at −80°C. To obtain conidia for inoculation, fungi were grown on Malt Extract Agar (50 g/L, Oxoid) at 20°C and sporulation was induced by illumination with UV-A lamps. After harvesting, the conidia were collected and washed in demineralized water, counted with the Bürker-Türk counting chamber, adjusted to a concentration of 106 conidia/mL and stored until use in darkness at 4°C. Disease assays with B. cinerea were conducted similarly using isolate B05.10 (van Kan et al., 2017).


TABLE 2. Botrytis isolates used in this study.
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Disease Assays on Lily Leaves

Four rounds of disease assays were conducted in 2019 and 2020, both in the early (April–May) and late spring (May–June) season. In each round of assays all 18 lily genotypes were tested with 12 B. elliptica isolates. Nine lily genotypes were tested in two consecutive weeks, each week with six B. elliptica isolates, for a total of 4 weeks per round. Each disease assay was carried out as follows. From each genotype, 30 mature leaves (as defined by Bar and Ori, 2014) were detached from 10 plants and transported in clean plastic bags to the laboratory for inoculation. Per genotype, three random detached leaves were placed in plastic boxes on plastic grids placed on a layer of wet filter paper, with a total of three lily genotypes per box. The leaves were inoculated with each B. elliptica isolate at a concentration of 105 conidia/mL in Potato Dextrose Broth (12 g/L, PDB, Oxoid). Leaves were abaxially inoculated with four 2 μL droplets of conidial suspension on well separated spots avoiding leaf edges and leaf veins. In total, 12 inoculations were performed per genotype and per isolate in each round of disease assay. Mock inoculation was carried out in separate boxes on three detached leaves with 2 μL droplets of PDB. Plastic boxes were closed with a transparent plastic lid and sealed with tape to maintain high humidity. After 4 days of incubation at constant temperature (19–21°C) and under regular day/night light regime, inoculated leaves were photographed and lesion diameters measured with a caliper. Given the ellipsoidal shape of necrotic spots, the lesion diameter was measured as a conjugate diameter1 (accessed January 2021). Specifically, we measured the length of the chord that connects the middle of the top-left quadrant with the middle of the bottom-right quadrant of the ellipse (illustrated with white dotted lines in Supplementary Figure 1A).



Disease Assays on Lily Flowers

To compare the susceptibility to B. elliptica of flowers and leaves and to test the pathogenicity of B. cinerea on lily, combined disease assays on flower and leaf tissues were conducted in June 2020. In these experiments, leaves and flowers of 12 lily genotypes were used, representing all but one of the hybrid groups (Table 1). Conidia of three B. elliptica isolates that showed variation in aggressiveness in leaf assays (Table 2) and of B. cinerea isolate B05.10 were inoculated on flowers and leaves with 2 μL droplets of conidial suspension at a concentration of 5 × 104 conidia/mL PDB (6 g/L). Disease assays on flowers were carried out with two just opened flowers that were harvested from the inflorescence of lilies and fixed into wet oasis foams, which were placed into plastic boxes containing tap water. Of the six tepals of each flower, five were inoculated with one droplet of conidial suspension and one was marked with paper tape and mock inoculated. Simultaneously to the flowers, three leaves per genotype were inoculated with the same fungal isolates. After 3 days of incubation at constant temperature (19–21°C) and under regular day/night light regime, the inoculated plant material was photographed and lesion diameters were measured.



Production of B. elliptica Culture Filtrate and Leaf Infiltration

Botrytis elliptica CF were obtained by growing each isolate (Be9401, Be0006, and Be9732) in a 250 mL flask containing 50 mL of liquid medium with 3g/L Gamborg B5 salts (Duchefa, Haarlem, Netherlands), 10 mM potassium phosphate pH = 6 (LabChem, Tiel, Netherlands), 1% sucrose (Duchefa) and 30% lily leaf extract in demineralized water. The leaf extract was obtained by grinding with a blender 30 g of fresh harvested leaf material of genotypes A 3, L 2 and OT 3 (10 g each) in 250 mL demineralized water. The homogenate was centrifuged (3500 rpm, 20 min) and the supernatant was concentrated by freeze drying. The obtained concentrate was filter-sterilized (0.45 μm pore size, Millipore) and added to the liquid medium. The liquid culture was started at a spore concentration of 104 conidia/mL medium. Flasks were closed with a cotton plug and fungal cultures were grown in a shaking incubator for 7 days (20°C, 150 rpm). When the liquid cultures were harvested, pH of the CF was adjusted to 6.0 with 1M KOH, and the CF was passed through a layer of Miracloth (Calbiochem, San Diego, CA, United States), filter-sterilized (0.45 μm pore size, Millipore, Amsterdam, Netherlands) and ice-chilled. A mock liquid medium was prepared and processed in the same way without fungal conidia added. For leaf infiltration with the CF samples and mock solution, three detached leaves were used of non-flowering plants from 12 different lily genotypes, representing all seven lily hybrid groups (Table 1). The leaves were placed in moist plastic boxes and 0.1 mL CF sample from each fungal culture was abaxially infiltrated in four different spots per leaf with the aid of a 1 mL sterile plastic syringe. After 3 days incubation at 19–21°C under ambient daylength, leaves were photographed and the response evaluated.



Statistical Analysis

The statistical analysis was performed using R (Version 4.0.2). Lesion diameters measured in disease assays on lily leaves and flowers were plotted on a box-plot diagram using ggplot2 (Version 3.2.2). To determine the contributions of plant and pathogen genotype, and the seasonal effect on observed variation, the following linear mixed model was used:
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whereby: ls, lesion diameter measured; be, B. elliptica isolate; group, lily hybrid group; season, late or early spring; year, 2019 or 2020, as random variable.

As the data were not balanced, a REML model was built using lmer() from the lme4 package (Version 1.1-22; Bates et al., 2015). The year was added to the model as a random effect to correct for year effect. To quantify the impact of the year on the variation observed, a variance component analysis was performed with lme4. Estimated marginal means (EMMs) of lesion diameters per fungal isolate, per hybrid group, were obtained using emmeans (Version 1.5.0). Differences in EMMs were calculated using the pairwise comparison function of emmeans, and p-values for differences in EMMS were adjusted by Tukey’s method. Pairwise differences for the average lesion diameters within isolate, for each hybrid group were plotted on a dot plot using ggplot().

Lesion diameters measured in lily flowers and in leaves of cut lilies were analyzed with the following linear model.
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whereby: ls, lesion diameter measured; be, B. elliptica isolate; group, lily hybrid group.

This simpler, linear model was chosen because the flower infection assays were performed only in one season (early summer 2020).

EMMs were obtained using emmeans (). Differences in EMMs were calculated and plotted similarly to the EMMs for lesion diameter on leaves.




RESULTS

To assess the susceptibility of lily genotypes to B. elliptica and the virulence of B. elliptica isolates in a quantitative manner, we inoculated 12 fungal isolates (Table 2) on leaves of 18 lily genotypes (Table 1) representing three hybrid groups (Asiatic, Longiflorum and Oriental) and four intersectional hybrid groups (LA, LO, OA, OT). Lesion development was quantified over the course of 3–4 days post inoculation (dpi) (raw data available in Supplementary Material 1). The experiments were conducted in four replicates over 2 years and each experiment contained 12 inoculation spots per genotype-isolate combination.


Disease Assays in Leaves Distinguish Sections and Interspecific Hybrids

Upon inoculation with conidial suspensions, disease symptoms initially appeared as small necrotic spots of brownish, collapsed abaxial epidermal tissue which were surrounded by a water soaked translucent area (Supplementary Figures 1, 2). In the most susceptible genotypes the lesions became visible from 2 dpi onward (Supplementary Figure 2). In the following days, the necrotic areas expanded, a larger portion of the abaxial leaf epidermis collapsed and the mesophyll tissue started to shrink inwards until the necrotic tissue could be observed also on the adaxial side of the leaf. With disease progression, the typical fire blight ellipsoidal necrotic lesions developed and especially for the most virulent isolates, growth of fungal mycelium was observed on the dead leaf tissue. Moreover, a dark discoloration was observed in the leaf vasculature and leaf yellowing was observed at a distance from the necrotic lesion. Mock inoculated leaves remained symptomless for the entire incubation period (Supplementary Figure 2). At 4 dpi, symptoms were quantified by measuring the lesion diameter. Despite the variation in lesion diameters among the specific genotype-isolate combinations, a general trend was noticed. Upon inoculation with all B. elliptica isolates, lily genotypes belonging to the groups A, LA, and OA developed larger lesions when compared to genotypes belonging to the groups L, O, LO, and OT (Figures 1, 2). As illustrated in Supplementary Figure 3, experiments in late spring (May–June 2019 and 2020) developed slightly larger lesions as compared to the experiments conducted in early spring (April–May 2019 and 2020). The largest variation in lesion diameter was observed among the groups A, LA, OA, and OT where lesion diameters ranged from 0 to 30 mm in the A genotypes and from 0 to 20 mm in the LA, OA and OT groups (Figure 1). By contrast, lily genotypes belonging to the groups L, O, and LO showed lesion diameters that ranged from 0 to 12 mm (Figure 1). This trend was consistently observed in both years and seasons (Supplementary Figure 3).
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FIGURE 1. Lesion diameters at 4 dpi upon inoculation of 12 different B. elliptica isolates on leaves of seven different lily hybrid groups. Each box represents all compiled lesion diameters (in mm) for a given lily hybrid group in all four repetitions of the disease assays.
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FIGURE 2. Necrotic lesions at 4 dpi upon inoculation with four distinct B. elliptica isolates (specified in left margin) on leaves of six lily genotypes (specified at the top). For each repetition of the disease assay, three representative leaves are shown.




Variation Between Genotypes Within Sections and Interspecific Hybrids

Differences in lesion diameters were not only detected between the different lily hybrid groups but also between individual genotypes within the same hybrid group (Figure 3). The most evident differences were observed when comparing lily genotypes of the groups A (Figure 3A), LA (Figure 3B), and OT (Figure 3C). In genotypes A1 and A2 the lesion diameters ranged from 15 to 25 mm, whereas in genotype A3 only the more aggressive fungal isolates caused lesions larger than 10 mm (Figure 3A). In the genotypes LA1 and LA2 lesion diameters ranged from 15 to 20 mm upon inoculation with the more aggressive isolates whereas in genotype LA3 the lesion diameters ranged from 10 to 15 mm (Figure 3B). In genotype OT1 lesion diameters ranged from 12 to 18 mm whereas in genotypes OT2 and OT3 lesion diameters ranged from 4 to 12 mm (Figure 3C).
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FIGURE 3. Necrotic lesions at 4 dpi on leaves of three different lily genotypes belonging to the hybrid group Asiatic inoculated with Be9605 and Be254-2 (A), hybrid group LA inoculated with Be9612 and Be9174 (B), and hybrid group OT inoculated with Be748 and Be9610 (C).




Variation in Virulence Between Fungal Isolates

The variation in lesion diameter and symptom development was also related to differences in virulence of the tested B. elliptica isolates (Figures 2, 4). All 12 B. elliptica isolates were able to cause disease symptoms on leaves of all lily genotypes. Inoculation with Be9401 and Be0006 resulted in lesions ranging from 10 to 30 mm on leaves of susceptible hybrid groups A, LA, and OA, and ranging from 8 to 20 mm on OT genotypes. These two isolates were classified as aggressive. By contrast, inoculation with isolates Be9612, Be9714, and Be9732 resulted in lesions ranging from 3 to 12 mm in the susceptible hybrid groups A and LA, and even smaller lesions on less susceptible lily groups (Figure 4), classifying these three isolates as mild pathogens. The lesions diameters of the other seven isolates classified these as intermediate aggressive. All isolates, including the aggressive ones, developed lesions < 10 mm when inoculated on leaves of the groups O and LO and lesions < 15 mm on leaves of groups L and OT (Figure 4) confirming the relatively resistant nature of these lily hybrid groups.
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FIGURE 4. Lesion diameters at 4 dpi upon inoculation of 12 different B. elliptica isolates on leaves of 18 different lily genotypes. Lesion diameters measured in mm are plotted for each single isolate in 12 separate panels. Each of the colored boxes represents all lesion diameters measured for a given lily hybrid group in all four repetitions of the disease assays.




Statistical Analysis of the Variation in Lesion Diameter in the Disease Assays on Lily Leaves

The linear mixed model of lesion diameter on leaves shows that both the fungal diversity and lily group diversity, as well as the interaction between fungal isolate and lily group were the main contributors to the variation in lesion diameter (Table 3). The model shows that also the season and the interaction terms which included the season had a significant contribution on the variation in lesion diameter, while the year contributed to the variance only to a minimal extent (Table 3). Figure 5 and Supplementary Figure 4 show the differences in EMMs calculated for each lily hybrid group in the early and late spring, respectively (see also Supplementary Material 2). Each colored dot represents the estimated difference of the lesion diameter in one particular B. elliptica isolate – lily hybrid group interaction in comparison to the lesion diameter for the same B. elliptica isolate during the interaction with a different lily hybrid group. Three main patterns can be recognized:


(1)For all isolates in both seasons, dots representing the groups A (red), LA (green), and OA (violet) show a positive value in differences of EMMs. This indicates that in general, all isolates caused bigger lesions when inoculated on genotypes of these groups in comparison to genotypes of the groups L, O, LO, and OT. On the other hand, dots representing the groups O (light blue), LO (blue-green), and OT (pink) show negative values in differences of EMMs indicating that in general all isolates caused smaller lesions when inoculated on genotypes of these lily hybrids in comparison to genotypes of the groups A, LA, and OA. Finally, EMMs calculated for the interaction of each B. elliptica isolate with genotypes of group L (brown dots) cluster around the base line and in most of the cases they remain within the confidence intervals.

(2)For the more aggressive isolates (Be0006 and Be9401), larger differences in EMMs are observed when comparing the interaction of these isolates with the different hybrid groups. This indicates that the plant genotype significantly influenced the outcome of the isolate–plant interaction.

(3)The differences in EMMs for the isolates Be9612, Be9714, and Be9732 showed little variation, both within lily groups and between groups.




TABLE 3. ANOVA results of the interaction in leaves between 18 Lilium genotypes and 12 B. elliptica isolates measured as lesion diameter.
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FIGURE 5. Dot plot showing differences in EMMs of lesion diameters on lily leaves in early spring for a given B. elliptica isolate, calculated using lily hybrid group as predicted factor. Red dotted line indicates the average p-value cut off for estimated differences which are significantly different from 0 (p > 0.05). P-values were adjusted using Tukey’s comparison for a family of 84 estimates.




Disease Assays in Lily Flowers

The most appreciated organ in lily is the flower and fire blight is known to affect also the reproductive organs, especially at the cut flower stage (Munafo and Gianfagna, 2011). We examined the susceptibility of flowers among representatives of the seven lily hybrid groups. A pilot experiment revealed that the conidial density for flower inoculation needed to be reduced to prevent excessively rapid lesion outgrowth. The optimal density for discriminative infection assays on flowers was 5 × 104/mL conidia, while for leaves we used a density of 105/mL. For logistic reasons, the experiment could not be conducted with all 18 lily genotypes and 12 isolates. A panel of 12 lily genotypes (Table 1) was inoculated with three B. elliptica isolates (two aggressive isolates and one mild isolate; Table 2) and also one B. cinerea isolate and disease progression was monitored over time. B. cinerea was included because it was reported to cause necrotic lesions on lily flowers in the postharvest stage.

Because cutting of the inflorescence caused natural perigone abscission upon prolonged incubation, even in mock-treated samples and symptoms on lily flowers developed faster than on leaves and the size of necrotic lesions on tepals was therefore measured at 3 dpi (Table 4). All three B. elliptica isolates and B. cinerea were able to cause disease symptoms on lily flowers. As depicted in Figures 6, 7, flowers of lily genotypes belonging to the groups A and LA showed the most severe symptoms, irrespective of the isolate used. By contrast, lily genotypes of the groups O, LO, and OT showed smaller lesions upon inoculation with all four fungi (Figure 6, fifth and sixth column from the left). Inoculated flowers of L developed lesions with diameters that were in-between those observed on the groups A, O, LA, LO, and OT. Differences in lesion diameters were also observed among the fungal isolates when tested on flowers. B. elliptica isolates Be9401 and Be0006 caused larger lesions on flowers of all lily genotypes tested, as compared to Be9732 and B. cinerea (Figure 7 and Table 4).


TABLE 4. Ratios between average lesion diameters (given in mm) on lily flowers and leaves inoculated with three different B. elliptica isolates and one B. cinerea isolate at 3 dpi.
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FIGURE 6. Necrotic lesions at 3 dpi upon inoculation of B. elliptica isolates Be9401, Be9732 and one B. cinerea isolate on flowers of lily genotype A 3, LA 2, L 1, LO 1, OT 3, and O 3. For each cultivar, one representative flower is shown that was inoculated on five different tepals. Black arrows indicate necrotic lesions observed on the tepals. Mock inoculation was labeled with a piece of paper tape on the tepal and is marked with a black asterisk (*).
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FIGURE 7. Lesion diameters at 3 dpi upon inoculation of B. elliptica isolates Be9401, Be9732, and Be0006 and one B. cinerea isolate on flowers of 12 lily genotypes. Lesion diameters measured in mm of each single fungus are plotted separately in the four panels. Each of the colored boxes represents all lesion diameters measured for a given lily hybrid group.


To compare Botrytis susceptibility of flowers and leaves as consistently as possible, we inoculated at the same spore density (5 × 104/mL) conidia of the same three B. elliptica isolates and B. cinerea on leaves which were detached from the same lilies used to perform the flower assays. Overall, it was observed that at 3 dpi, inoculated leaves of lilies belonging to the groups A, L, LA, and LO developed smaller leaf lesions, as compared to flowers (Table 4). The trends in relative susceptibility between the hybrid groups and trends in differences in virulence among the isolates (Supplementary Figures 5, 6) were consistent with trends observed in the leaf inoculations on the entire set of lily genotypes with all fungal isolates (Figures 1, 2, 4). We calculated the ratios of lesion diameters on flowers and leaves from the same plants at 3 dpi and observed that for genotypes from the groups A, L, and LA, those ratios exceeded 1.5 for all three B. elliptica isolates, indicating that flowers were substantially more susceptible than leaves. For genotypes belonging to the hybrid group OT, the ratios were <0.5, indicating that leaves were more susceptible than flowers. For genotypes belonging to the hybrid groups O and LO, the ratios differed depending on the genotype-isolate combination (Table 4). Inoculation with B. cinerea conidia resulted in development of lesions of highly variable sizes on flowers of all hybrid groups, except OT (no lesions). By contrast, B. cinerea caused only small necrotic lesions on leaves of genotypes belonging to the groups A and LA, but rarely caused any lesions on genotypes of the other groups (Table 4 and Supplementary Figure 6).

The statistical analysis of the data for flower and leaf inoculations of cut lilies showed that the genetic diversity of fungal and plant genotype, and the interaction between fungal isolate–plant genotype significantly contributed to the variation observed in lesion diameter (Supplementary Tables 1, 2). When the differences in EMMs were calculated for the lesion diameters observed on flowers and on leaves of cut lilies (Supplementary Figures 7, 8), it was found that for all Botrytis isolates tested, dots representing the hybrid groups A (red dots) and LA (green dots) show a significant positive difference in EMMs. On the other hand, dots representing the groups O (light blue dots), LO (blue-green dots), and OT (pink dots) show negative differences in EMMs. The differences in EMMs calculated for the interaction of each B. elliptica isolate with L show a reduced spread and in several cases they remain within the confidence intervals. Moreover, it can be noticed that the differences in EMMs were larger when the interactions of the most aggressive isolates (Be0006 and Be9401) with a given lily genotype were compared, while smaller differences in EMMs were observed for the milder isolates (Be9732 and B. cinerea).



Leaf Infiltration Assays With CF Samples

Crude CF samples were collected from the same three B. elliptica isolates that were used in flower and leaf inoculations to test whether disease susceptibility and virulence correlate to effector sensitivity (of the lily genotype) and effector production (by the fungal isolate). CF samples were infiltrated in leaves of 12 lily genotypes (Table 1). At 3 days post infiltration, the leaf responses were observed (Figure 8 and Supplementary Figure 2). Lily genotypes displayed cell death responses of the infiltrated leaf area to different extents. A severe cell death response (tissue collapse, drying and slight browning) was observed for genotypes from the groups A, L, LA (Figure 8) and OA (Supplementary Figure 2) when infiltrated with CF samples from the aggressive Be9401 and Be0006. By contrast, a mild response (translucence, discoloration and softening of infiltrated tissue) was observed for genotypes representing the groups O, LO and OT when infiltrated with CF samples from these same isolates. The infiltration of genotype L3 with the CF from Be9401 resulted in symptoms very distinct from other combinations, typified by a dark discoloration, yet with a transparent appearance indicative of severe tissue degradation (Figure 8). The response of genotype L3 to CF samples from Be0006 and Be9732 was similar to that of many other genotypes tested. Moreover, CF from Be9401 did not cause similarly dark, macerated tissues in other lily genotypes. There were no visible responses in any lily genotype to infiltration with the CF sample obtained from Be9732 (Figure 8, third row). As expected, leaf infiltration with culture medium in which no fungi were grown did not induce any visible symptoms (Supplementary Figure 2).
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FIGURE 8. Cell death symptoms caused by infiltration of CF samples obtained from liquid cultures of three B. elliptica isolates (specified in left margin) on leaves of six lily genotypes (specified at the top).





DISCUSSION


Variation in Fire Blight Susceptibility in Lilium

Our data unveil significant phenotypic variation in fire blight susceptibility within the phylogenetically complex genus Lilium. Genotypes belonging to the hybrid groups A, LA, and OA showed significantly more severe symptoms than genotypes of hybrid groups L, O, LO, and OT upon inoculation with all B. elliptica isolates tested (Figures 1, 2, 4, 5). This trend was consistently observed in all repetitions of the disease assays, both in leaves and flowers. These observations are in line with other studies, however our research provides more comprehensive data, as it included 18 lily genotypes, representing seven of the eight existing hybrid groups, as well as a set of 12 B. elliptica isolates collected over multiple years.

Asiatic (A) hybrids are obtained from lily species which belong to the taxonomic section Sinomartagon that is closely related to L. longiflorum (L). On the other hand, Trumpet (T) hybrids are generated from species which are closely related to species of the section Archelirion from which Oriental (O) hybrids derive (Nishikawa et al., 1999; Arzate-Fernández et al., 2005; Shahin et al., 2014; Kim et al., 2019). Intersectional hybrids LA, OA and OT were developed after chromosome doubling in the F1 progeny and backcrossing to A or O hybrids, respectively, in order to obtain a more vigorous, triploid genotype (van Tuyl and Arens, 2011). Breeding efforts have thus far predominantly focused on ornamental traits and to lesser extent on the resistance to pests and pathogens. Genetic loci associated with resistance to Fusarium oxysporum f. sp. lilii and lily mottle virus were mapped via QTL analysis (Arens et al., 2014). However, traits and loci related to Botrytis susceptibility remain unknown. This may be due to the fact that resistance to necrotrophic pathogens is often inherited as a recessive and quantitative trait (Wolpert and Lorang, 2016; Kariyawasam et al., 2016; Liu et al., 2017; Koladia et al., 2017; Faris et al., 2020) and may have not been considered during the breeding selection.

Although the A, LA, and OA genotypes tested were in general the more susceptible groups, there was substantial variation in lesion diameters and symptom severity between individual genotypes within these groups (Figures 3A,B). Lilium species of the section Sinomartagon (from which the Asiatic hybrids derive) are characterized by large genetic diversity because of their polyphyletic origin (Huang et al., 2018; Kim and Kim, 2018; Kim et al., 2019). Our results reveal that traits for reduced fire blight susceptibility (i.e., quantitative resistance) may be present in the germplasm of the Asiatic hybrids. Depending on the genotype(s) of the parents and of the line to which the F1 hybrid was backcrossed, traits conferring recessive resistance to fire blight may have been retained to different extents in the genomes of the new hybrid genotypes. It remains important to investigate a wider assortment of Asiatic hybrids for fire blight susceptibility. On the other hand, different genotypes of the hybrid group Longiflorum, showed little variation in lesion diameter upon inoculation with all B. elliptica isolates (Figures 1, 4). The genetic diversity of Longiflorum genotypes is narrower as compared to other sections, because either a single or very few species have been involved in the generation of these genotypes (van Tuyl, 1985).



Flower Pathology in Botrytis–Lilium Interaction

Botrytis spp. are sometimes considered opportunistic pathogens which exploit wounded and senescing plant tissues to promote host infection. This assumption is supported by our results in the disease assays on flowers. Inoculated lily tepals developed larger necrotic lesions when compared to leaves of the same plant. Fungi of the genus Botrytis require PCD induction to infect plant tissue (van Kan, 2006; Veloso and van Kan, 2018) and during natural senescence of flower tissue, tepal cells begin to die before flower wilting becomes visible (van Doorn et al., 2003; van Doorn and Woltering, 2008; Rogers, 2013; Shibuya et al., 2016). In several monocot taxa (Alstroemeria, Hemerocallis, Iris, and Lilium) flower senescence shows typical hallmarks of PCD such as closure of plasmodesmata, starvation of tepal cells due to ATP depletion, formation of small vesicles, vacuolar swelling and tonoplast rupture. The progression of the PCD process involves the action of caspases and other intracellular proteases (Battelli et al., 2011), causing loss of cell integrity and breakdown of the cytoplasmic content including plastids and mitochondria, as well as the release of hydrolytic enzymes that degrade cell wall polysaccharides (van Doorn and Woltering, 2008; Rogers, 2013; Shibuya et al., 2016). Chromatin condensation and DNA fragmentation are considered as hallmark diagnostic features for PCD (van Baarlen et al., 2004; Yamada et al., 2006). Even though the PCD regulatory mechanisms at subcellular and molecular level are not fully understood, the micro-environment that is created during flower senescence (water-, sugar-, and amino acid-rich apoplast) represents an attractive growth substrate for necrotrophic pathogens. Therefore, the autonomous initiation and progression of PCD in cut flowers may benefit both B. elliptica and B. cinerea in their infection process and thereby cause more severe symptoms in lily flowers than in leaves.

The disease symptoms on lily flowers upon inoculation with B. cinerea, which is not specific to lily (van Baarlen et al., 2004), were comparable to those caused by the mild B. elliptica isolate Be9732. These observations suggest that these two fungi lack virulence factors that specifically promote infection in lily, however, they may benefit from the endogenous flower senescence process.

The relative ranking of flower susceptibility of lily hybrid types to fire blight showed a similar pattern to that in leaves. A and LA genotypes showed significantly larger lesions on flowers when compared to O, OT, and LO, with L genotypes showing intermediate lesion diameters. The ratio of lesion diameters in flowers versus leaves of the exact same plants (Table 4) showed a pattern that yet remains to be understood. The flowers of genotypes from the groups A, L, and LA were more susceptible than their leaves. By contrast, the leaves of genotypes from the OT group were more susceptible than their flowers, while genotypes from the groups O and LO showed a mixture of ratios, depending on the genotype-isolate combination. Whether B. elliptica uses different virulence factors for the infection of lily flowers and leaves will be subject of further studies.



Fire Blight Susceptibility and Fungal Virulence Correlate to Effector Sensitivity and Effector Production

Botrytis elliptica secreted proteins can induce PCD when infiltrated in lily leaves (van Baarlen et al., 2004). We hypothesize that disease development in the B. elliptica-lily interaction is determined in a quantitative manner by the production by B. elliptica isolates of effector proteins that can induce PCD in the host, as well as by the sensitivity of lily genotypes to these effectors. Crude CF samples from cultures of B. elliptica were able to cause PCD in lily leaves to different extents. Genotypes belonging to the hybrid groups A, L, LA, and OA showed a more severe necrotic response upon CF infiltration, as compared to genotypes belonging to the groups O, LO, and OT (Figure 7 and Supplementary Figure 2F). These observations support the hypothesis that lily genotypes that developed the most severe disease symptoms in leaves and flowers were the same genotypes that showed a more pronounced necrotic response upon CF infiltration. Conversely, CF samples that caused the strongest necrotic response were obtained from B. elliptica isolates that caused the largest lesions on lily leaves and flowers in the disease assays, while CF from a less aggressive isolate caused little visible symptoms in any lily genotype.

The response observed in Longiflorum leaves upon infiltration with the CF sample from Be9401 was an outlier, despite the similar disease symptoms that this fungus caused upon inoculation. These leaves showed a much more severe response than all other infiltrated lily leaves. The infiltrated leaf segment had a dark brown color and yet appeared transparent, as if the tissue architecture was completely destroyed and the cell content dissolved. The dark pigmentation may have been generated by the combined activity of fungal and plant (poly)phenol oxidases which caused the oxidation of phenolic compounds released from dying lily cells during PCD (Schouten et al., 2002; Boeckx et al., 2015). At the same time, the leaf tissue collapse likely resulted from the action of fungal cell wall degrading enzymes in the CF sample, which cause maceration leading to loss of cell integrity and tissue architecture (van Kan, 2006). It is also important to consider that, differently from the situation in the disease assays, where necrotic lesions expand gradually over time upon fungal colonization, leaf infiltration with CF samples leads to the immediate and homogeneous exposure of all leaf cells to the PCD inducing compounds. Thereby, the activity of such compounds might become more effective and cause a stronger and faster response in the infiltrated leaf tissue. The physiological processes underlying the distinct response of the Longiflorum genotype could be unraveled by comparing the protein composition of CF samples from Be9401 with those of Be0006 and Be9732, the latter two causing a milder response in Longiflorum leaves (Figure 8, second row).

The broad spectrum of susceptibility (in the lily genotypes) and virulence (in the fungal isolates) suggests that there might be multiple effectors, each of them contributing quantitatively to PCD induction. In the Parastagonospora nodorum-wheat interaction, seven distinct cell death inducing effectors have been reported, each requiring a specific plant susceptibility gene (Friesen et al., 2008; Friesen and Faris, 2010; Zhang et al., 2011; Friesen et al., 2012; Gao et al., 2015; Shi et al., 2015). Three of these susceptibility genes, Snn1 (Shi et al., 2016) and Tsn1 (Faris et al., 2010) and Snn3 (Zhang et al., 2021), have been cloned from wheat and appeared to encode proteins from distinct families of plant receptor genes that also contain many resistance genes. Recent work (Downie et al., 2018) has identified several additional QTLs in wheat germplasm that might also be involved in effector recognition to mediate susceptibility.

We hypothesize that the lily-B. elliptica interaction relies on similar effector-receptor interactions. At this point it is unknown how many effector proteins and their cognate receptors are at play in this plant–fungus interaction. The difference in susceptibility of the lily genotypes may be related to variation in the numbers and types of functional receptor proteins. In view of the huge genome size of lily, and the hybrid (diploid or triploid) nature of most genotypes, unraveling the molecular nature of such receptor genes will require a major effort. The B. elliptica effector proteins may be useful tools for mapping sensitivity genes and identify molecular markers for breeding purposes.

The difference in virulence between fungal isolates may be related to the repertoire of active PCD-inducing effector proteins that they secrete. Whether the most virulent isolates produce a different spectrum of effector proteins or possess more active allelic variants, or they produce larger quantities of effector proteins, remains to be analyzed once such effector genes are identified. Our next step will be to use mass spectrometry and identify proteins in the crude CFs that were generated in this study. The annotated genomes of two B. elliptica isolates (Valero-Jiménez et al., 2019, 2020) are instrumental in the identification of effector genes.



Perspectives for Lily Breeding

We propose that the sensitivity of lily genotypes to B. elliptica effector proteins that induce PCD is predictive of the susceptibility of that individual plant to a fungal isolate that produces such effector(s). Given the logistic and experimental challenges of performing disease assays with living pathogens in a commercial breeding setting, PCD inducing proteins might provide an attractive alternative as prediction tool for fire blight susceptibility. Testing breeding material by a simple infiltration (of pure proteins or mixtures) and monitoring cell death responses presents a fast, low-tech solution to identify the most sensitive genotypes and eliminate them from the breeding program in early stages. This offers opportunities to pursue a breeding program only with a subset of breeding lines that will display increased fire blight resistance.

Such an “effectoromics” assay has multiple advantages. First of all, screening a population of young lily plants by protein infiltration represents a non-destructive assay since the infiltrated plant survives, and there is no (natural or artificial) infection of the fungus in the precious breeding population. Effector-sensitive genotypes can be discarded in a pre-breeding stage thereby saving time and costs. Multiple repeats on different organs of the same plant can be performed to obtain a more consistent scoring for effector sensitivity. Several thousand individual plants can readily be tested in 1 day. Furthermore, the good correlation that was observed between leaf and flower susceptibility is an encouraging incentive to presume that leaf infiltration of effector proteins is also predictive for fire blight susceptibility in flower. After a cross it usually takes 2 years before new offspring plants will be able to flower and testing leaves as a proxy for flower susceptibility gains precious time and saves greenhouse space and labor enabling to extend breeding efforts.

In other pathosystems, purified effectors have been implemented as tools to screen plant germplasm to predict disease resistance traits (Wolpert et al., 2002; Faris et al., 2010; Tan et al., 2012) and make recommendations to breeders. The development of a similar procedure to identify and eliminate the fire blight susceptible genotypes in a lily breeding population will support breeders in their efforts to develop new genotypes that may thrive with lower input of fungicide applications.
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Supplementary Figure 1 | (A) Fire blight symptoms observed upon and conidia inoculation of B. elliptica isolates Be9605 on leaf of lily cultivar OT-1 at 3 dpi. White dotted lines represent the chord of the ellipsoidal necrotic spots used to measure the lesion diameter. (B) Close-up of two representative necrotic lesions highlighted in the black quadrant in (A). Yellow arrows indicate area showing translucence, maceration softening and water soaking. Red arrows indicate necrotic collapsed tissue.

Supplementary Figure 2 | Symptoms observed upon mock (left) and conidia inoculation of B. elliptica isolates Be9401 and Be9732 at 2 (A), 3 (B), and 4 dpi (C) on leaves of lily cultivar OA. Red arrows indicate translucence and maceration around the necrotic spot. Black arrows indicate dark brown coloration in the leaf vasculature. Cell death response observed at 3 days post infiltration of mock liquid medium (D), Be9732 CF sample (E) and Be9401 CF sample (F) in leaves of lily genotype OA.

Supplementary Figure 3 | Lesion diameters at 4 dpi upon inoculation of 12 different B. elliptica isolates on leaves of 18 different lily genotypes in early spring 2019 and 2020 (A) and in late spring 2019 and 2020 (B). Each box represents all compiled lesion diameters measured in mm for a given lily hybrid group in the two seasonal repetitions of the disease assays.

Supplementary Figure 4 | Dot plot showing differences in EMMs of lesion diameters on lily leaves in late spring for a given B. elliptica isolate, calculated using lily hybrid group as predicted factor. Red dotted line indicates the average p-value cut off for estimated differences which are significantly different from 0 (p > 0.05). P-values were adjusted using Tukey’s comparison for a family of 84 estimates.

Supplementary Figure 5 | Lesion diameters at 3 dpi upon inoculation of B. elliptica isolates Be9401, Be9732, and Be0006 and B. cinerea isolate B05.10 on detached leaves of 12 cut lily genotypes. Lesion diameters measured in mm of each single fungus are plotted separately in the four panels. Each of the colored boxes represents all lesion diameters measured for a given lily hybrid group.

Supplementary Figure 6 | Necrotic lesions developing at 3 dpi upon inoculation of Be9401, Be9732 and Bcin on leaves of cut lily genotypes A 3, LA 2, L 1, LO 1, OT 3, and O 3 from which also the flowers were tested. For each cultivar, 12 inoculations were performed on two or three leaves detached from fresh harvested lilies.

Supplementary Figure 7 | Dot plot showing differences in EMMs of lesion diameters on lily flowers for a given Botrytis isolate calculated using lily hybrid group as predicted factor. Red dotted line indicates the average p-value cut off for estimated differences which are significantly different from 0 (p > 0.05). P-values were adjusted using Tukey’s comparison for a family of 24 estimated.

Supplementary Figure 8 | Dot plot showing differences in EMMs of lesion diameters measured on leaves of lilies for a given Botrytis isolate calculated using lily hybrid group as predicted factor. Red dotted line indicates the average p-value cut off for estimated differences which are significantly different from 0 (p > 0.05). P-values were adjusted using Tukey’s comparison for a family of 24 estimated.

Supplementary Table 1 | ANOVA results of the interaction in flowers between 12 Lilium genotypes and three B. elliptica and one B. cinerea isolates measured as lesion diameter. Analysis of Variance with Satterthwaite’s method. P-value ≤ 0.05. The experiment tests the random effect of one experiment. Terms are as follow: be, the three B. elliptica and one B. cinerea isolates tested; group, the six lily hybrid groups tested. In addition, interactions of these factors were tested (:). The degrees of freedom and p-value are shown.

Supplementary Table 2 | ANOVA results of the interaction in leaves of cut lilies between 12 Lilium genotypes and three B. elliptica and one B. cinerea isolates measured as lesion diameter. Analysis of Variance with Satterthwaite’s method. P-value ≤ 0.05. The experiment tests the random effect of one experiment. Terms are as follow: be, the three B. elliptica and one B. cinerea isolates tested; group, the six lily hybrid groups tested. In addition, interactions of these factors were tested (:). The degrees of freedom and p-value are shown.

Supplementary Material 1 | Lesion diameters measured at 4 dpi on 18 leaves of different lily genotype inoculated with 12 different B. elliptica isolates scored in the disease assays conducted in early (April–May) and late (May–June) spring 2019 and 2020. Lesion diameters measured at 3 dpi on flowers and leaves of 12 cut lilies genotypes inoculated with three B. elliptica isolates (Be9401, Be0006, and Be9732) and one B. cinerea isolate Bcin_B05.10.

Supplementary Material 2 | Results of Multiple Comparison Analysis and EEMs conducted on lesion diameters scored in the four repetition of the main disease assays in lily leaves and on lesion diameters scored in the disease assays on flowers and leaves of cut lilies.


FOOTNOTES

1https://en.wikipedia.org/wiki/Conjugate_diameters

2https://ggplot2.tidyverse.org/
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Little is known about the roles of peroxisomes in the necrotrophic fungal plant pathogens. In the present study, a Pex6 gene encoding an ATPase-associated protein was characterized by analysis of functional mutations in the tangerine pathotype of Alternaria alternata, which produces a host-selective toxin. Peroxisomes were observed in fungal cells by expressing a mCherry fluorescent protein tagging with conserved tripeptides serine-lysing-leucine and transmission electron microscopy. The results indicated that Pex6 plays no roles in peroxisomal biogenesis but impacts protein import into peroxisomes. The number of peroxisomes was affected by nutritional conditions and H2O2, and their degradation was mediated by an autophagy-related machinery termed pexophagy. Pex6 was shown to be required for the formation of Woronin bodies, the biosynthesis of biotin, siderophores, and toxin, the uptake and accumulation of H2O2, growth, and virulence, as well as the Slt2 MAP kinase-mediated maintenance of cell wall integrity. Adding biotin, oleate, and iron in combination fully restored the growth of the pex6-deficient mutant (Δpex6), but failed to restore Δpex6 virulence to citrus. Adding purified toxin could only partially restore Δpex6 virulence even in the presence of biotin, oleate, and iron. Sensitivity assays revealed that Pex6 plays no roles in resistance to H2O2 and superoxide, but plays a negative role in resistance to 2-chloro-5-hydroxypyridine (a hydroxyl radical-generating compound), eosin Y and rose Bengal (singlet oxygen-generating compounds), and 2,3,5-triiodobenzoic acid (an auxin transport inhibitor). The diverse functions of Pex6 underscore the importance of peroxisomes in physiology, pathogenesis, and development in A. alternata.
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INTRODUCTION

Peroxisomes are membrane-enclosed organelles found in all eukaryotic cells. Although fatty acid metabolism occurs in both peroxisomes and mitochondria in mammalian cells, peroxisomes are the primary locations of fatty acid β-oxidation in fungi and plants (Wanders et al., 2010; Titorenko and Rachubinski, 2011). Breakdown of fatty acid in peroxisomes leads to the accumulation of high levels of H2O2 and other highly toxic reactive oxygen species (ROS), including superoxide and hydroxyl radicals. To alleviate the toxicity of ROS, peroxisomes also contain a number of antioxidant enzymes. In addition to fatty acid β-oxidation and H2O2 detoxification, peroxisomes play a wide range of metabolic, physiological, and developmental functions in different organisms. In humans, peroxisomes play a key role in the synthesis of cholesterol, bile acids, and plasmalogens, and defects in peroxisome biogenesis could cause severely neurological disorders (Gould and Valle, 2000). In plants, peroxisomes are involved in the biosynthesis of phytohormones, biotin, and secondary metabolites (Hu et al., 2012; Maruyama et al., 2012). Peroxisomes are also involved in plant immune response (Lipka et al., 2005). In fungi, peroxisomes are involved in the biosynthesis of secondary metabolites (Bartoszewska et al., 2011; Stehlik et al., 2014), glucose catabolism (Idnurm et al., 2007), appressorium formation, and virulence (Kimura et al., 2001; Wang et al., 2007; Fujihara et al., 2010; Min et al., 2012).

Peroxisomes are dynamic organelles whose biogenesis and degradation are intricately regulated in order to adapt to the changing environment (Platta and Erdmann, 2007a; Smith and Aitchison, 2009). It has long been accepted that de novo biogenesis of peroxisomes is originated by budding from endoplasmic reticulum (Tabak et al., 2008; Mahalingam et al., 2021). The number of peroxisomes could be increased by division of pre-existing ones as well (Titorenko and Rachubinski, 1998; Holroyd and Erdmann, 2001; Perry et al., 2009). Excess peroxisomes are degraded through pexophagy, an autophagy-related machinery (Sakai et al., 2006; Oku and Sakai, 2010; Nuttall et al. 2014; Law et al., 2017; Farré et al., 2019). Formation and maintenance of peroxisomes are surprisingly complex. More than 32 peroxin (Pex) proteins have been identified to be required for peroxisome biogenesis and protein import into peroxisomes (Platta and Erdmann, 2007a; Smith and Aitchison, 2009; Farré and Subramani, 2016). Most of the proteins targeting to peroxisomes contain a peroxisomal targeting signal 1 (PTS1) with conserved tripeptides serine-lysing-leucine (SKL) at their carboxyl terminus, which can be recognized by the import receptor Pex5 (Heiland and Erdmann, 2005; Brocard and Hartig, 2006). Pex5 contains six tetratricopeptide repeats (TPRs) at its C terminus, which can recognize and bind to the PTS1-containing proteins. Pex5-matrix protein complex attaches to the peroxisomal membrane via two docking proteins Pex13 and Pex14. The matrix protein is eventually released into peroxisomes via a cargo translocation and release machinery involving several peroxisome membrane proteins (e.g., Pex2, Pex8, Pex10 and Pex12; Platta and Erdmann, 2007b). After the matrix protein is released into peroxisomes, Pex5 can be recycled back to the cytosol via the ubiquitin-conjugating enzyme Pex4 and its accessory protein Pex22 (Dammai and Subramani, 2001; Gould and Collins, 2002). Although peroxisomal matrix protein translocation does not require energy, both the disassociation of Pex5 from the matrix protein and the ubiquitination process require ATP. The required energy is provided by two peroxins, Pex1 and Pex6, belonging to the members of the ATPase-associated (AAA) protein family (Rucktäschel et al., 2011). Pex1 physically interacts with Pex6 and together partially attached to the peroxisomal membrane with the assistance of Pex15.

Although peroxisomes are ubiquitously present in all eukaryotes, their functions could vary considerably between and within species. For example, Pex6-mediated protein import to peroxisomes has very different functions in two closely related Alternaria alternata pathotypes, which are mainly different in host plant preference. Deletion of the Pex6 gene homolog in the Japanese pear pathotype of A. alternata slightly reduces vegetative growth and conidiation, and completely shuts down the production of the host-selective AK toxin (Imazaki et al., 2010). By contrast, deletion of the Pex6 homolog in the tangerine pathotype of A. alternata, which produces a host-selective toxin named Alternaria citri toxin (ACT), results in a severe growth reduction, causes a moderate reduction in toxin production, but has no effects on conidiation (Wu et al., 2020a). The pex6-deficient mutant of the tangerine pathotype also reduces the formation of an appressorium-like structure (small, nonmelanized enlargement of hyphal tips), cell viability, and pathogenicity. The abilities to produce the host-selective toxin, acquire iron, degrade host cell wall, and detoxify ROS all have profound impacts on the tangerine pathotype pathogenesis. Many antioxidants are responsible for ROS detoxification, which are regulated by the Yap1 bZip transcription regulator (Lin et al., 2009, 2011; Yang et al., 2009), the Skn7 response regulator (Chen et al., 2012), the Hog1 mitogen-activated protein kinase (MAPK; Lin and Chung, 2010; Chung, 2013; Yu et al., 2016), and the Tfb5 basal transcription factor II (Fu et al., 2020) in the tangerine pathotype of A. alternata. ROS detoxification is also impacted by the NADPH oxidases (Yang and Chung, 2012, 2013), the major facilitator superfamily (MFS) transporters (Chen et al., 2017; Lin et al., 2018), and the siderophore-mediated iron uptake (Chen et al., 2013, 2014; Chung et al., 2020), as well as the glutaredoxin and thioredoxin systems (Yang et al., 2016; Ma et al., 2018). Because peroxisomes contain high levels of catalase (Schrader and Fahimi, 2006; Antonenkov et al., 2010), we reasoned that peroxisomal functions might play a role in cellular resistance to ROS in the tangerine pathotype. However, mutational inactivation of Pex6 in this pathotype has no effects on ROS sensitivity (Wu et al., 2020a).

In this study, we investigated the functions of Pex6 in the biosynthesis of siderophores and biotin, cell wall integrity, formation of Woronin bodies, peroxisome dynamics in response to hydrogen peroxide, and pathogenicity in the tangerine pathotype of A. alternata. The results revealed that deletion of a single Pex6 gene has drastic effects on all above-mentioned phenotypes, indicating an extraordinary role of the Pex6-mediated protein import into peroxisomes and perhaps peroxisome themselves in developmental, physiological, and pathological functions in fungi.



MATERIALS AND METHODS


Fungal Strains and Culture Conditions

The wild-type strain of A. alternata (Fr.) Keissler used as a recipient host for transformation and mutagenesis experiments was obtained from a diseased citrus leaf and has been previously characterized (Lin et al., 2009). Two pex6 mutant (Δpex6) strains M4 and M9 were independently identified by targeted deletion of the Pex6 gene in wild-type (Wu et al., 2020a). The CP4 strain was identified by transforming and expressing a functional copy of Pex6 in Δpex6. Two slt2 deficient mutants (Δslt2-D1, D2) and the CP6 complementation strain were identified from separate studies (Yago et al., 2011). Fungal strains were grown on potato dextrose agar (PDA, Difco, Sparks, MD, United States) or broth (PDB), or minimal medium (MM; Chung and Lee, 2014) at 28°C under constant fluorescent light or in complete darkness for 3–5 days. Conidia were collected from the surface of fungal colony with sterile water. Fungal transformants were recovered from a regeneration medium (RMM) containing sucrose as an osmotic agent and 5 μg/ml of sulfonylurea (Chem Service, West Chester, PA, United States) as in Chung and Lee (2014). For medium shift experiments, fungal mycelium grown in PDB for 2 days was collected by passing through a sterile paper filter, washed, transferred into MM amended with or without FeCl3, and incubated for additional 24 h.



Sensitivity Tests

Sensitivity tests were conducted on PDA or MM containing a test compound: oleic acid (0.1 and 0.5%, dissolved in 95% ethanol), biotin (0.5 and 5 μM, dissolved in 10% DMSO), 2,3,5-triiodobenzoic acid (0.2–0.5 mM, dissolved in ethanol), FeCl3 (0.2 mM), eosin Y (50 μM), rose Bengal (15 μM), or 2-chloro-5-hydroxypyridine (1.5 mM). Fungal growth under constant fluorescent light of intensity 40 μE m−2 s−1 or in complete darkness was measured at 3–7 days. Each treatment contained three replicates, and experiments were repeated at least three times. Growth inhibition rates were calculated by dividing the comparative difference of the growth by the wild-type growth and multiplying by 100.



Molecular and Genetic Procedures

A mCherry or mCherry-SKL-coding gene fragment was amplified by PCR from a pmCherry vector (Takara Bio, Shiga, Japan) with a forward primer mCherry-F-new pairing with a reverse primer mCherry-R or mCherry-SKL-R (Supplementary Table S1). Amplicons were independently fused with the trpC promoter and the terminator by the two-step fusion PCR approach. The resulting fragments [trpC promoter/mCherry (or mCherry-SKL)/trpC terminator] were independently cloned into a pCB1532 plasmid carrying the Magnaporthe grisea acetolactate synthase gene cassette conferring sulfonylurea resistance (Sweigard et al., 1997). Oligonucleotide recognition sites, BamHI and HindIII, were incorporated into the 5' and 3' primers, respectively, to facilitate cloning. Plasmid constructs were propagated in Escherichia coli DH5α and purified using a plasmid purification kit (BioKit, Taipei, Taiwan). Fungal protoplasts were prepared by incubating fungal hyphae with cell wall-degrading enzymes (CWDEs) in an osmotic solution as previously described (Chung et al., 2002). Plasmid constructs were introduced into fungal protoplasts using CaCl2 and polyethylene glycol (PEG 3350)-mediated transformation. RNA was isolated from fungal mycelium using TRI reagent (Sigma-Aldrich, St. Louis, MO, United States) followed by PureLink RNA Mini kit (Invitrogen, Waltham, MA, United States), treated with RQ1 RNase-free DNase (Promega, Madison, WI, United States), and used to synthesize cDNA using a One Step iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, United States) and an oligo-dT primer. Real-time PCR reactions were set up using iQ SYBR Green Supermix (Bio-Rad) and performed in a CFX Connect model of Real-Time PCR Detection System (Bio-Rad). Amplification of the A. alternata β-tubulin gene was used as an internal control to normalize for variation among samples. The relative expression levels were calculated using a comparative CT method (ΔΔCT method; Schefe et al., 2006).



Purification and Assays of Siderophores, Chitins, Melanin, and Toxin

The production of siderophores was assessed by growing fungal strains on medium containing chromeazurol S (CAS), hexadecyltrimethyl ammonium bromide (HDTMA), and FeCl3 (Schwyn and Neilands, 1987), which formed a blue complex. Removing iron from the complex by siderophores led to the formation of an orange halo around the fungal colony in which the bigger halo was indicative of the greater production of siderophores. For purification of siderophores, fungal strains were grown in PDB for 2 days, shifted to liquid MM, and incubated for additional 5 days. Siderophores were purified from culture filtrates of fungal strains by passing through a column pre-packed with Amberlite XAD-16 resins (Sigma-Aldrich) and eluting with methanol. After methanol was air-dried, siderophores were dissolved in 1 ml methanol and analyzed by thin-layer chromatography (TLC) as previously described (Chen et al., 2013). After methanol was evaporated, samples were dissolved in 0.2% formic acid in Milli-Q water and analyzed by high-performance liquid chromatography (HPLC). Chromatographic separation was carried out at room temperature with Ascentis C-18 column (5 μm particle size silica, 4.6 i.d. x 250 mm) by Agilent 1100 Series HPLC Value System (Santa Clara, CA, United States). The mobile phase consisted of a linear gradient of 0.2% formic acid in water and 0.2% formic acid in acetonitrile (from 75:25 to 25:75 in 15 min and 0:100 for last 5 min) and a flow rate of 1.0 ml/min. Siderophores were detected using a diode array detector at 220 nm. The identity of siderophores was validated by liquid chromatography/tandem mass spectrometry (LC–MS/MS).

Fungal chitin was purified from fungal mycelium by heating in 6 N HCl and quantified by measuring the acid-released glucosamine from chitin using p-dimethylaminobenzaldehyde as a chromogen substrate as described previously (Yago et al., 2011; Selvaggini et al. 2017). Fungal melanin was extracted with 2% NaOH as in Yago et al. (2011). The production of protoplasts was examined after being treated with cell wall-degrading enzymes (CWDEs) as in Chung and Lee (2014).

ACT was purified from culture filtrates of wild-type grown in PDB for 7 days using Amberlite XAD-2 resins (Sigma-Aldrich) and ethyl acetate as described (Kohmoto et al., 1993). The quantity of ACT was calculated and normalized to the dry weight of mycelium as described previously (Wu et al., 2020a).



Assays for Fungal Virulence

Assays for fungal virulence and ACT toxicity were carried out on detached calamondin (Citrus mitis Blanco) leaves. Ten microliter of conidia suspensions (105 conidia/ml) was dropped on the surface of calamondin leaves that were wounded and treated with 0.05% dimethyl sulfoxide (DMSO)/1% ethanol mixture, methanol, 0.2 mM FeCl3/0.1% oleic acid (dissolved in ethanol)/5 μM biotin (dissolved in 10% DMSO) mixture, or toxin (10X or 1,000X dilution in methanol) 30 min before inoculation. The treated leaves were kept in a plastic box for 3–5 days for lesion development. Each treatment contained at least four leaves, and experiments were repeated twice showing similar results.



Microscopy

Fluorescence was examined by a ZOE Fluorescent Cell Imager (Bio-Rad, Hercules, CA, United States) microscope equipped with specific wavelength filters. Red fluorescence from mCherry was visualized using 543 nm excitation and 560–615 nm emission. Red fluorescence after staining with 1 μg/ml MM 4–64 (Enzo, New York, NY, United States) for 30 min was observed using 588 nm excitation and 734 nm emission to track endocytosis. Green fluorescence in hyphae after staining with 40 μM 2'-7'-dichlorofluorescin diacetate (DCFHDA, Sigma-Aldrich) was examined using 504 nm excitation and 529 nm emission. Blue fluorescence in hyphae after staining with 100 μM monodansylcadaverine (MDC, Sigma-Aldrich) was examined using 335 nm excitation and 518 nm emission to identify autophagosomes, amphisomes, and autolysosomes. Fluorescence after staining with 20μM CellTracker™ Blue CMAC Dye (Molecular Probes C2110, Thermo Fisher Scientific, Waltham, MA, United States) was visualized using 353 nm excitation and 466 nm emission to detect the vacuoles. Transmission electron microscopy (TEM) using a JEOL JEM-1400 series 120 kV Transmission Electron Microscope (JEOL, Tokyo, Japan) was conducted to examine hyphae/conidia, which were soaked in 2.5% glutaraldehyde and 1% osmium tetraoxide, embedded in LR White Resin, sliced, and stained with uranyl acetate and lead citrate.



Statistical Analysis

Unless otherwise indicated, all experiments were conducted three times with at least three replicates. The significance of treatments was determined by one-way ANOVA (analysis of variance) and treatment separated by post-hoc Tukey’s HSD (honestly significant difference) test (p < 0.05).




RESULTS


Localization of Peroxisomes

Fluorescence microscopy revealed that the wild-type strain expressing the mCherry-SKL construct displayed distinct red fluorescent spots, indicative of the location of peroxisomes in hyphae (Figure 1). Red fluorescence was barely observed in mature conidia. The wild-type hyphae expressing mCherry without SKL tripeptides resulted in bright, uniform red fluorescence in the hyphal cytoplasm, a stark contrast to the image of hyphae expressing mCherry-SKL. Fluorescence appeared as less distinct patches in the Δpex6 hyphae expressing mCherry-SKL compared with fluorescence patterns seen in the wild-type hyphae. No auto red fluorescence was observed in fungal hyphae without expressing mCherry. When conidia prepared from the wild-type/mCherry-SKL were incubated in PDB (a nutrient-rich medium), the intensity of red fluorescence increased with time and was much stronger than those from MM (a nutrient-limiting medium) after a 7-h incubation (data not shown).
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FIGURE 1. Localization of peroxisomes in A. alternata. Fungal strains expressing a mCherry fluorescent protein tagging with or without a conserved tripeptides serine-lysing-leucine (SKL) at the carboxyl terminus. The wild-type strain (WT) expressing mCherry-SKL displays distinct red fluorescent spots. WT expressing mCherry without SKL displays uniform red fluorescence. Fungal strain (Δpex6) impaired for Pex6 expressing mCherry-SKL displays less distinct fluorescent spots compared to WT expressing the same construct. Bar = 25 μm.




Pex6 Is Required for the Formation of Woronin Bodies, but Not Peroxisome Biogenesis

Transmission electron microscopy revealed that peroxisomes appeared as dark spots in the cytosol (Figures 2A,B). Woronin bodies were occasionally observed near septa in hyphae of wild-type (Figure 2C) and never observed in Δpex6 hyphae (Figure 2D). Similarly, autophagic bodies appearing as a gray spot within the vacuole were observed primarily in conidia of wild-type (Figure 2E) and rarely observed in Δpex6 conidia (Figure 2F).

[image: Figure 2]

FIGURE 2. Transmission electron microscopy of A. alternata hyphae (A–D) and conidia (E,F). Longitudinal (A) and cross (C) sections of wild-type (WT) hyphae. Longitudinal (B) and cross (D) sections of Δpex6 hyphae. P, peroxisome; L, lipid body; W, Woronin body; A, autophagic body; and V, vacuole.




Pex6 Deficiency Reduces Cell Wall Integrity Regulated by the Slt2 MAP Kinase

The integrity of fungal cell wall was examined by the production of protoplasts after being treated with CWDEs. Wild-type hyphae released abundant protoplasts 3–5 h after incubation with CWDEs (Figures 3A,B). Very few protoplasts were observed from Δpex6 hyphae. A prolonged incubation of Δpex6 hyphae with CWDEs resulted in the accumulation of cell debris (Figure 3C). Δpex6 had lower chitin contents than the wild-type and the CP4 complementation strains (Figure 3D). There was no significant difference in melanin in the cell wall of wild-type, Δpex6, and CP4. Quantitative RT-PCR analysis revealed that expression of Pex6 was downregulated in fungal strains (Δslt2) carrying a mutation in the Slt2 MAP kinase (Figure 3E), which has been implicated in the maintenance of cell wall integrity in A. alternata (Yago et al., 2011). The transcript level of Pex6 in the fungal strain (Δslt2/Slt2) expressing a functional copy of the Slt2-coding gene was similar to that of wild-type.

[image: Figure 3]

FIGURE 3. Pex6 encoding an ATPase-associated (AAA) protein is required for cell wall integrity of A. alternata. (A) Release of fungal protoplasts from the wild-type (WT) and the Δpex6 M4 strains after being treated with cell wall-degrading enzymes (CWDEs) for 5 h. (B) Quantitative analysis of protoplast release from WT and M4 over time. (C) A prolonged incubation (24 h) of fungal strains with CWDEs. (D) Comparison of chitin among WT, two Δpex6 strains (M4 and M9) and the CP4 complementation strain re-expressing a functional copy of Pex6 in M4. Significance of difference between means was analyzed using Tukey’s HSD post-hoc test (p ≤ 0.05). Means (n = 100) followed by the same letters are not significantly different. (E) Quantitative real-time (qRT)-PCR analysis of the Pex6 transcripts in WT, two Δslt2 mutants (D1 and D2), and the CP6 complementation strain re-expressing a functional copy of Slt2 in D1.




Pex6 Contributes to Siderophore Biosynthesis

Ferric chloride (FeCl3) partially restored the defective growth of Δpex6, suggesting the involvement of Pex6 in iron uptake. The production of siderophores (iron chelators) was assessed by culturing fungal strains on a medium containing a chrome azurol S dye and HDTMA. Wild-type formed defined orange halos around colonies, indicative of siderophore production (Figure 4A). Δpex6 produced orange halos significantly smaller than those produced by wild-type (Figure 4B). The CP4 strain produced orange halos with areas comparable to those produced by wild-type. Samples purified from culture filtrates of wild-type and CP4 reacted with FeCl3 and formed a dark red color, which was in stark contrast to samples purified from Δpex6 (Figure 4C). TLC analysis of purified siderophores yielded reddish orange bands at Rf 0.46–0.77 (Figure 4D). The results revealed that siderophores purified from culture filtrates of Δpex6 resulted in band intensities much fainter than those purified from culture filtrates of wild-type and CP4. LC–MS/MS analyses revealed that the wild-type and the CP4 strains produced coprogen and hydroxycoprogen (Supplementary Figure S1). HPLC analyses identified three major peaks (retention time: 2.1, 2.4, and 10.3 min) from culture extracts prepared fungal strains (Figure 4E). Two additional peaks (retention time: 3.3 and 9.4) with unknown identities were identified from culture extracts of CP4. Based on three major peak areas, Δpex6-M4 and M9 produced less siderophores than wild-type and CP4.
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FIGURE 4. Pex6 is involved in the production of siderophores in A. alternata. (A) Chrome azurol S (CAS) assays for the production of siderophores by wild-type (WT), Δpex6 (M4 and M9), and the CP4 complementation strains. (B) Quantitative measurement of the area of orange-yellow halos (minus fungal colony). (C) Siderophores purified by Amberlite XAD-16 resins from culture filtrates of fungal strains. (D) TLC analysis of siderophores. (E) HPLC analysis of siderophores purified from fungal strains. The identities of two additional peaks (indicated by arrows) found in the sample prepared from CP4 remain unknown. Peak areas are the sum of three major peaks (retention time: 2.1, 2.4, and 10.3 min).


Quantitative RT-PCR analyses revealed that expression of the nps6 gene (accession no. JQ973666) encoding a nonribosomal peptide synthetase implicated in the biosynthesis of siderophores was significantly downregulated in Δpex6 under iron-depleted conditions (Figure 5A). The Nps6 gene was not expressed in fungal strains grown on iron-rich medium. Expression of the SidA gene (accession no. OWY57903.1) encoding a L-ornithine N5-oxygenase involved in siderophore biosynthesis was also downregulated in Δpex6 under iron-depleted conditions (Figure 5B). Under iron-rich conditions, both Nps6 and SidA were barely expressed in wild-type and Δpex6. Expression of the Mfs1 gene (accession no. OWY46295.1) encoding a MFS transporter was downregulated in both wild-type and Δpex6 under iron-rich conditions, and its expression was apparently not affected by the deletion of Pex6 (Figure 5C). The SreA gene (accession no. OWY49902.1) encoding an iron repressor containing two zinc finger DNA-binding domains was highly expressed under iron-rich conditions, and its expression was downregulated in Δpex6 (Figure 5D). The SreA gene transcript was barely detectable under iron-depleted conditions. The involvement of peroxisomes in the biosynthesis of siderophores was confirmed further by identifying a peroxisomal targeting sequence 1 (PTS1) with conserved tripeptide sequence (S/C/A)-(K/R/H)-L at the C terminus of two enzymes: mevalonate-CoA hydrolase (SidH, accession no. OWY42147.1) and transacylase (SidF, accession no. XP_018386017) implicated in the biosynthesis of siderophores.
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FIGURE 5. Pex6 impacts the expression of genes involved in the biosynthesis, regulation, and transportation of siderophores in A. alternata. Quantitative real-time PCR analysis of the expression of: (A) a Nps6 gene encoding a nonribosomal peptide synthetase, (B) a SidA gene encoding an L-ornithine N5-oxygenase, (C) a Msf1 gene encoding a major facilitator superfamily (MSF), and (D) a SreA gene encoding a siderophore repressor in the wild-type (WT) and the ∆pex6 M4 strains. The relative expression level from three independent reactions was calculated by a comparative CT method (ΔΔCT) in relation to the expression of fungal β-tubulin-coding gene.




Addition of Biotin, Oleic Acid, and Iron Partially Restores Growth Deficiency of Δpex6

Δpex6 grew appressed and slowly on MM containing glucose as the sole carbon source. Adding biotin (dissolved in DMSO) to MM partially restored Δpex6 growth (Figure 6A). Adding 0.1% but not 0.5% oleic acid (dissolved in ethanol) or FeCl3 to MM also slightly enhanced the growth of Δpex6. Co-addition of FeCl3, oleic acid, and biotin, however, increased Δpex6 growth considerably. The A. alternata ΔbioB strain mutated at the biotin synthase (BioB)-coding gene also grew slowly and appressed on MM. Addition of biotin in MM restored ΔbioB growth deficiency (Figure 6B). Addition of 0.1% oleic acid slightly enhanced the growth of ΔbioB. As with Δpex6, co-addition of FeCl3, oleic acid, and biotin together almost fully restored growth deficiency in ΔbioB. Quantitative analysis further confirmed the significance of the treatments (Figures 6C,D).
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FIGURE 6. Effects of biotin, oleic acid, and iron on the growth of A. alternata strains. (A) Growth of the wild-type (WT), the pex6-deficient (∆pex6-M4 and M9), and the CP4 complementation strains on minimal medium (mock) amended with biotin, oleic acid, and/or FeCl3 for 3 days. A combination of biotin, oleic acid, and iron partially restores growth deficiency of Δpex6. (B) Growth of the wild-type and the bioB-deficient strains (∆bioB-D1 and D5) mutated at the biotin synthase (BioB)-coding gene, and the CP36 complementation strain on minimal medium amended with or without biotin, oleic acid, and/or iron. Biotin was dissolved in 10% DMSO, and oleic acid dissolved in 95% ethanol (EtOH). Quantitative analysis of growth reduction of Δpex6 (C) and ΔbioB (D) in relation to WT. Means indicated by asterisks are significantly different from the mock control, **p < 0.01, and *p < 0.05.




A Combination of Biotin, Oleic Acid, and Iron Fails to Restore Δpex6 Virulence

Since a combination of FeCl3, oleic acid, and biotin could restore the growth of Δpex6, experiments were conducted to test if addition of these three compounds together would restore Δpex6 virulence on citrus leaves. The results revealed that Δpex6 conidia suspensions amended with FeCl3, oleic acid, and biotin led to no necrotic lesions on detached calamondin leaves (Figure 7). Addition of the purified ACT (~12 μg crude extracts/g mycelium at a 10X dilution) alone or mixing with FeCl3, oleic acid, and biotin in the conidial suspensions prepared from Δpex6 partially restored its ability to induce necrotic lesions. ACT at a 1,000X dilution failed to restore Δpex6 virulence. Application of the purified ACT alone at a 10X but not 1,000X dilution resulted in necrotic lesions on calamondin leaves that were wounded before application.

[image: Figure 7]

FIGURE 7. A combination of biotin, oleic acid, and iron fails to restore Δpex6 virulence on calamondin leaves. Leaves were wounded and treated with dimethyl sulfoxide (10%, DMSO)/ethanol (EtOH) mixture (an A letter with circle), methanol (MeOH), 0.2 mM FeCl3/0.1% oleic acid/0.5 μM biotin mixture (a B letter with circle), or toxin (10X or 1,000X dilution in methanol). After 30 min, 10 μl of conidia suspensions (105 conidia/ml) prepared from wild-type (WT) and ∆pex6-M4 were placed on each spot. Leaves treated with water, DMSO/EtOH, MeOH, or toxin alone were used as mock controls.




Pex6 Plays a Negative Role in Chemical Resistance

Because Δpex6 grew more slowly than wild-type, a decreased growth inhibition rate (below 40%) in Δpex6 would indicate an increased resistance to the test compound. Sensitivity tests assayed on PDA revealed that, compared with the wild-type and the CP4 complementation strains, Δpex6 increased resistance to rose Bengal (RB, 15 μM), eosin Y (EY, 50 μM), 2-chloro-5-hydroxypyridine (CHP, 1.5 mM), and 2,3,5-triiodobenzoic acid (TIBA, 0.2 mM; Figure 8A). Sensitivity assayed on MM was less conclusive as Δpex6 grew poorly on MM. Increased resistance to RB and EY seen in Δpex6 grown on PDA was apparently more drastic in light than in darkness (Figure 8B). When grown on PDA amended with different concentrations of TIBA, Δpex6 decreased the growth inhibition rate as the concentration of TIBA increased (Figure 8C).
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FIGURE 8. Sensitivity tests. (A) Images of the wild-type (WT), the pex6-deficient (∆pex6-M4 and M9), and the CP4 complementation strains grown on potato dextrose agar (PDA) or minimal medium (MM) amended with rose Bengal (RB), eosin Y (EY), 2-chloro-5-hydroxypyridine (CHP), or 2,3,5-triiodobenzoic acid (TIBA) for 3–4 days. PDA or MM was used a mock control. (B) Quantitative analysis of radial growth of WT and ∆pex6-M4 on PDA alone (mock) or PDA amended with RB or EY under constant light or in complete darkness for 3–4 days. (C) Decreased growth inhibition of ∆pex6-M4 in relation to WT on PDA amended with increased concentrations of TIBA. Growth inhibition rates were calculated by dividing the comparative difference of the growth by the wild-type growth and multiplying by 100. Means indicated by asterisks (**) are significantly different from one another, p < 0.01.




Degradation of Peroxisomes Is Triggered by Hydrogen Peroxide

Previous studies have revealed that the wild-type strain of A. alternata could resist to high concentrations of hydrogen peroxide (H2O2). Fluorescence microscopy revealed that wild-type expressing mCherry-SKL displayed different patterns of fluorescence when grown in PDB with or without H2O2 (Figure 9A). The intensity and spot of red fluorescence, indicative of the location of peroxisomes, decreased considerably in wild-type hyphae grown in PDB amended with H2O2. Wild-type hyphae displayed green fluorescence after being exposed to H2O2 and stained with DCFHDA (Figure 9B). Green fluorescence was observed in Δpex6 hyphae after being exposed to a higher concentration (30 mM) of H2O2 and stained with DCFHDA. Compared with wild-type hyphae, fewer hyphae of Δpex6 displayed green fluorescence in response to H2O2. The decrease of peroxisomes as indicated by mCherry-SKL in fungal cells after H2O2 treatment occurred in parallel with the formation of vacuoles during autophagy, as evidenced by CMAC staining (Figure 10). The results indicated the localization and degradation of peroxisomes within vacuoles after H2O2 treatment.
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FIGURE 9. Hydrogen peroxide (H2O2) impacts the dynamics of peroxisomes, and Pex6 is required for H2O2 import in A. alternata. (A) Hyphae of wild-type (WT) expressing a mCherry fluorescent protein tagging with a conserved tripeptides SKL at the carboxyl terminus in response to different concentrations of H2O2. WT was cultured in potato dextrose broth (PDB) with or without H2O2 for 4 h and examined by a fluorescent microscope. (B) Hyphae of WT and ∆pex6-M4 grown in PDB with or without H2O2 for 2 h were stained with 2'-7'-dichlorofluorescin diacetate (DCFHDA), displaying green fluorescence, indicative cellular accumulation of H2O2.


[image: Figure 10]

FIGURE 10. The peroxisomal reporter protein mCherry-SKL is degraded in vacuoles. The wild-type strain expressing mCherry-SKL was treated with different concentrations of H2O2 in PDB for 4 h, stained with CMAC, and observed by a fluorescent microscope. Co-localization of the mCherry-SKL proteins with vacuoles (indicated by arrows) was observed. The decrease of mCherry-SKL fluorescence was closely correlated with the increase of blue fluorescence emitted from CMAC, implicating the degradation of peroxisomes in vacuoles. Bar = 25 μm.




A Link Between Pex6 and Autophagy

Double staining with monodansylcadaverine (MDC) and MM 4–64 was used to monitor autophagy process (Sengupta et al., 2011; Sun et al., 2018). Wild-type hyphae displayed blue fluorescence after being exposed to H2O2 and stained with MDC, many of which were aligned with red fluorescence after MM 4–64 staining (Figure 11A). Δpex6 hyphae treated with H2O2 displayed much weaker fluorescence than wild-type, implicating a role of Pex6 in autophagosome turnover by lysosomes. Quantitative RT-PCR analysis revealed that expression of the Atg8 gene encoding an autophagy-related protein was downregulated in two Δpex6 strains compared with the wild-type and the CP4 complementation strains (Figure 11B).
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FIGURE 11. Pex6 impacts autophagy process triggered by hydrogen peroxide (H2O2) in A. alternata. (A) Hyphae of WT and ∆pex6-M4 grown in PDB with or without H2O2 for 4 h were co-stained with monodansylcadaverine (MDC) and MM 4–64. Δpex6 hyphae display much weaker fluorescence than wild-type, suggesting that Pex6 plays a role in autophagy process. (B) Quantitative real-time PCR analysis of the expression of an atg8 gene encoding an autophagy-related protein in the WT, the pex6-deficient (∆pex6-M4 and M9), and the CP4 complementation strains.





DISCUSSION

The host-selective toxin produced by the tangerine pathotype of A. alternata is absolutely required for colonization and lesion formation on susceptible citrus cultivars (Kohmoto et al., 1993). In addition, A. alternata has to assuage the toxicity of ROS released from plant cells after being killed by the toxin (Lin et al., 2009). In order to better understand the mechanisms of cellular resistance to ROS, a Pex6 gene encoding a protein responsible for protein import into peroxisomes was deleted in the tangerine pathotype of A. alternata. Peroxisomes have been well known to be involved in degradation and synthesis of fatty acids as well as generation and detoxification of hydrogen peroxide (Antonenkov et al., 2010; Freitag et al., 2014). Present studies have shown that Pex6 plays an important role in a wide array of physiological and pathological functions in the tangerine pathotype of A. alternata (Wu et al., 2020a).

Proteins carrying a conserved tripeptide sequence S/C/A-K/R/H-L at the C terminus are readily imported to peroxisomes (Heiland and Erdmann, 2005; Brocard and Hartig, 2006). When a mCherry fluorescent protein containing SKL tripeptides was expressed in the wild-type strain of A. alternata, intense punctate fluorescence, indicative of the location of peroxisomes, was observed within hyphae. Examination of the strain expressing mCherry-SKL revealed that peroxisomes were kinetic organelles, and their numbers varied in response to nutrient availability in environment. The numbers of peroxisomes were also influenced by H2O2 (Figure 9A) and perhaps other environmental stress as well. Hyphae of Δpex6 expressing mCherry-SKL displayed less distinct red fluorescence. TEM observations revealed that the numbers of peroxisomes in Δpex6 were not significantly different from those of wild-type, indicating that Pex6 deletion resulted in defective protein transport into peroxisomes rather than peroxisomal biogenesis in A. alternata.

Although sensitivity assays revealed that Pex6 plays no roles in cellular resistance to H2O2, the role of peroxisomes in ROS resistance remains uncertain. Pex6 is involved in protein import into peroxisomes and apparently plays no roles in peroxisomal biogenesis as deletion of Pex6 had no impact on the numbers of peroxisomes. However, maintaining normal functions of protein import into peroxisomes via Pex6 was shown to be critical for the formation of Woronin bodies, cell wall integrity, the biosynthesis of biotin, siderophores, and ACT, as well as the uptake and accumulation of H2O2. Pex6 also plays an important role in spore germination, cellular viability, the formation of appressorium-like structures and lipid bodies, and virulence in the tangerine pathotype of A. alternata (Wu et al., 2020a). The diverse functions of Pex6 illustrate the central role of peroxisomes in fungal growth and development as well as pathogenesis.

Fungal cell wall is a complex structure composed of chitin, glucans, glycoproteins, and pigments. Synthesis and remodeling of cell wall involving Golgi, plasma membrane, and cell wall itself are highly regulated (Gow et al., 2017). The exact role of peroxisomes in the biosynthesis of fungal cell wall remains unknown. The pex6-deficient strain increases sensitivity to chitin-binding compounds, Congo red and calcofluor white (Wu et al., 2020a). TEM observations also revealed that the pex6-deficient strain has thinner cell walls than wild-type, suggesting a malfunction of cell walls. Deformation of cell wall integrity in Δpex6 might be one of the reasons contributing to its lower viability (Wu et al., 2020a). The current study revealed that the pex6-deficient strain has lower chitin content of cell walls compared to wild-type. However, upon being exposed to CWDEs for 5 h, the pex6-deficient strain hyphae failed to yield abundant protoplasts. This is probably due to the lack of ability to maintain the membrane integrity of protoplasts because a prolonged incubation (24 h) of Δpex6 hyphae with CWDEs resulted in numerous cell debris. Nevertheless, maintaining proper functions of peroxisomes via Pex6-mediated protein import is critical for structure and biogenesis of the cell walls of A. alternata. The involvement of peroxisomes in cell wall integrity has also been reported in Fusarium graminearum and Magnaporthe oryzae (Goh et al., 2011; Li et al., 2014; Zhang et al., 2019). One of the significant findings of the current study is the establishment of a connection between peroxisomes and the mitogen-activated protein kinase Slt2. The Slt2-mediated signaling pathway plays a central role in maintaining cell wall integrity in fungi (Xu, 2000). The expression of Pex6 is significantly downregulated in the slt2-deficient strains, suggesting that Pex6 is either directly or indirectly regulated by Slt2. This association has never been reported in fungi. Both the pex6- and the slt2-deficient strains have common phenotypic characteristics. As with Δpex6, deletion of the Slt2-coding gene results in a mutant strain that increases sensitivity to Congo red and calcofluor white, reduces cell wall thickness, and decreases chitin contents (Yago et al., 2011). It is likely that some of the proteins involved in chitin biosynthesis are likely localized in peroxisomes.

Alternaria alternata is capable of producing siderophores to acquire iron from environment (Chen et al., 2013). Siderophore-mediated iron uptake is required for growth, and iron plays an important role in cellular resistance to ROS and fungal virulence. Previous studies have revealed that biosynthesis and transport of siderophores are positively influenced by the redox responsive Yap1 transcription regulator (Lin et al., 2009), the high osmolarity-glycerol 1 (Hog1) MAP kinase (Lin and Chung, 2010), the NADPH oxidases (Nox; Yang and Chung, 2012, 2013), the MFS transporters (Chen et al., 2017; Lin et al., 2018), and the nascent polypeptide-associated complex subunit α (Wang et al., 2020), and are negatively regulated by the GATA zinc finger-containing SreA transcription regulator (Chung et al., 2020) in A. alternata. Biosynthesis of siderophores is apparently associated with peroxisomes as the pex6-deficient mutant accumulates much less siderophores than wild-type. Indeed, Pex6 impacted the expression of genes involved in the biosynthesis and transport of siderophores exclusively under iron-depleted conditions. Moreover, examination of enzymes involved in siderophore biosynthesis for the presence of peroxisomal targeting sequence (PTS) revealed that two enzymes, mevalonate-CoA hydrolase (SidH) and transacylase (SidF), contain conserved SKL tripeptides at each of the C termini. The results indicate that biosynthesis of siderophores, at least in part, occurs in peroxisomes. A link between siderophore biosynthesis and peroxisomes has also been reported in Aspergillus spp. (Gründlinger et al., 2013).

Biotin serves as a cofactor of many enzymes involved in the gluconeogenesis, lipid biosynthesis, and amino acid metabolism. As with many fungi and plants (Magliano et al., 2011; Tanabe et al., 2011; Maruyama et al., 2012; Maruyama and Kitamoto, 2013), the production of biotin is associated with peroxisomes in A. alternata (Wu et al., 2020b). Both pex6- and bioB (encoding a biotin synthase)-deficient strains showed biotin auxotrophy and failed to utilize oleic acid efficiently. Oleic acid has been shown to induce the biogenesis of peroxisomes in yeasts (Hutchins et al., 1999; Sibirny, 2016). Exogenous addition of biotin, oleic acid, and FeCl3 together could almost fully restore the growth of both pex6- and bioB-deficient strains, indicating that growth deficiency observed in both mutants is caused by the defective functions of peroxisomes. The results also confirm the important role of peroxisomes in the biosynthesis of biotin and siderophores, as well as lipid metabolism. Although co-addition of biotin, oleic acid, and FeCl3 could restore growth deficiency of Δpex6, they failed to restore fungal full virulence. Adding purified toxin, biotin, oleic acid, and FeCl3, however, could only partially restore Δpex6 virulence. The results clearly indicate that a dynamic function of peroxisomes in the biosynthesis of host-selective toxin is critical for A. alternata pathogenesis to citrus. Alternatively, in addition to toxin biosynthesis, peroxisomes may regulate other yet unidentified functions, which are required for fungal pathogenesis.

The pex6-deficient mutant displayed wild-type sensitivity to H2O2, tert-butyl-hydroperoxide and potassium superoxide (KO2), suggesting that the Pex6-mediated protein import into peroxisomes plays no roles in resistance to peroxide and superoxide stress (Wu et al., 2020a). However, the pex6-deficient mutant increased resistance to two singlet oxygen-generating compounds, rose Bengal and eosin Y, particularly under light. Rose Bengal and eosin Y are photosensitizing compounds, which can absorb light energy and react with oxygen to generate extremely toxic singlet oxygen (Amat-Guerri et al., 1990). The targets of singlet oxygen in cells include nucleic acids, proteins, and lipids. It remains unclear why deletion of Pex6 leads to elevated resistance to singlet oxygen. In addition to rose Bengal and eosin Y, the pex6-deficient mutant increased resistance to CHP and TIBA, both of which have been shown to increase hyphal branching, and inhibit growth and conidial formation and germination in A. alternata (Chen et al., 2017). CHP could interact with H2O2 to form superoxide and hydroxyl radicals in the presence of Cu2+ (Watanabe et al., 1998). Whether or not TIBA could generate singlet oxygen or other ROS remains uncertain. Peroxisomes have long been thought to be involved in the generation and detoxification of H2O2 (Schrader and Fahimi, 2006; Antonenkov et al., 2010). Our results have shown that impairment of the peroxisomal protein import pathway in A. alternata led to a decreased sensitivity to singlet oxygen-generating compounds but had no effects on cellular resistance to H2O2. The decreased sensitivity to singlet oxygen-generating compounds as a result of impaired functions of peroxisomes has never been reported in fungi.

When the wild-type strain of A. alternata was exposed to H2O2, an accumulation of H2O2 accompanying with a reduction of peroxisomes was observed in hyphae. Although the wild-type strain accumulated H2O2 in hyphae upon exposure to this oxidative stress, deletion of pex6 prevented import or accumulation of H2O2 in hyphae. Transport of H2O2 into cells is mediated by aquaporins and influenced by membrane lipids (Bienert et al., 2006). The exact mechanism of Pex6-associated H2O2 import or accumulation remains unknown. H2O2 may trigger the pexophagy process, which facilitates degradation of peroxisomes (Sakai et al., 2006; Manjithaya et al., 2010a; Oku and Sakai, 2010; Germain and Kim, 2020). This assumption was supported by mCherry-SKL and co-staining with CMAC of hyphae after being treated with H2O2 (Figure 10). The results suggested that H2O2 may induce the turnover of peroxisomes via an autophagy-associated mechanism termed pexophagy in wild-type. Moreover, we have observed that Δpex6 hyphae after being treated with H2O2 and co-stained with MDC and MM 4–64 resulted in weaker fluorescence compared to wild-type hyphae (Figure 11), and it might suggest that Pex6 likely plays a role in autophagosome turnover by lysosomes. The exportomer components consisting of Pex6, Pex1, and Pex15 have been shown to suppress pexophagy in the budding yeast (Nuttall et al., 2014) and mammalian cells (Law et al., 2017). Our results have also shown that the expression of Pex6 is positively regulated by the Slt2 MAP kinase, implicating a possible involvement of Pex6 in pexophagy. The Slt2 MAP kinase is required for pexophagy in the budding yeast (Manjithaya et al., 2010b). However, the mechanism of how Pex6 impacts autophagy or pexophagy in A. alternata remains unclear and warrants further research.

In conclusion, peroxisome is a dynamic organelle, whose biogenesis and degradation are tightly regulated in response to the environment (Platta and Erdmann, 2007a; Smith and Aitchison, 2009). We have found that the number of peroxisomes was impacted by nutrients and oxidative stress, and associated with the pexophagy process. Peroxisomes have been demonstrated to be directly or indirectly involved in a wide array of metabolic and pathological processes, including cell wall integrity, siderophore-mediated iron uptake, biosynthesis of biotin and host-selective toxin, and virulence in A. alternata (Figure 12). Moreover, this study has established a link between Pex6, cell wall integrity, and the Slt2 MAP kinase. Another significant finding of this study is the revelation of a negative role of the Pex6-mediated protein import into peroxisomes in resistance to 2,3,5-triiodobenzoic acid, 2-chloro-5-hydroxypyridine, and singlet oxygen-generating compounds. These findings may have important implications for better understanding the role of peroxisomes in resistance to environmental stress.
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FIGURE 12. Schematic illustration of the overall functions of Pex6 in A. alternata. Matrix proteins are presumably imported by a Pex5 receptor, and the Pex1/Pex6 AAA complex attached to membrane via Pex15 is involved in recycling the receptor proteins. Black circle (●) and black square (■) indicate the primary and secondary roles of peroxisomes, respectively.
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A lack of complete resistance in the current germplasm complicates the management of Sclerotinia stem rot (SSR) caused by Sclerotinia sclerotiorum in soybean. In this study, we used bean pod mottle virus (BPMV) as a vehicle to down-regulate expression of a key enzyme in the production of an important virulence factor in S. sclerotiorum, oxalic acid (OA). Specifically, we targeted a gene encoding oxaloacetate acetylhydrolase (Ssoah1), because Ssoah1 deletion mutants are OA deficient and non-pathogenic on soybean. We first established that S. sclerotiorum can uptake environmental RNAs by monitoring the translocation of Cy3-labeled double-stranded and small interfering RNA (ds/siRNAs) into fungal hyphae using fluorescent confocal microscopy. This translocation led to a significant decrease in Ssoah1 transcript levels in vitro. Inoculation of soybean plants with BPMV vectors targeting Ssoah1 (pBPMV-OA) also led to decreased expression of Ssoah1. Importantly, pBPMV-OA inoculated plants showed enhanced resistance to S. sclerotiorum compared to empty-vector control plants. Our combined results provide evidence supporting the use of HIGS and exogenous applications of ds/siRNAs targeting virulence factors such as OA as viable strategies for the control of SSR in soybean and as discovery tools that can be used to identify previously unknown virulence factors.

Keywords: host induced gene silencing, RNAi, Sclerotinia sclerotiorum, soybean, oxalic acid, Ssoah1, bean pod mottle virus, VIGS


INTRODUCTION

Sclerotinia sclerotiorum is a broad host range fungal pathogen that infects many dicotyledonous plants worldwide. It is the causal agent of Sclerotinia stem rot (SSR; or white mold) on soybean, a challenging and significant yield-limiting disease (Allen et al., 2017). SSR development is heavily influenced by the weather, and disease onset is favored by cool and wet conditions during flowering (Workneh and Yang, 2000; Peltier et al., 2012; Willbur et al., 2019). SSR causes substantial yield losses to soybean globally (Wrather et al., 2010), and between 2010 and 2014 SSR resulted in yield losses between 150 million and 1.1 billion kgs in the United States, annually (Allen et al., 2017). Current SSR management strategies have limited efficacy and comprise of integrated cultural, chemical, and biological control practices (Peltier et al., 2012; Willbur et al., 2019). Disease control is complicated by the lack of complete genetic resistance to SSR, however, breeding efforts have identified partially resistant soybean genotypes in the laboratory and through field trials (Boland and Hall, 1986; Chun et al., 1987; Kim and Diers, 2000; Iquira et al., 2015; McCaghey et al., 2017).

RNA interference (RNAi) is a gene silencing process that utilizes complementary RNA particles to target mRNA and inhibit gene expression and translation. RNAi has emerged as a promising technology to control pests and pathogens within agricultural systems and has been demonstrated to reduce the aggressiveness of plant pathogenic filamentous fungi both through host-induced gene silencing (HIGS) and exogenous applications of double-stranded (dsRNA) onto the surface of plants (Yin et al., 2010; Andrade et al., 2016; Koch et al., 2016; Wang et al., 2016; Tiwari et al., 2017; Gilbert et al., 2018; Wagner et al., 2020). Spray-induced gene silencing (SIGS), involving ectopic application of dsRNAs targeting pathogen genes, has the added benefit of circumventing the genetic manipulation of plants, and thus further avoiding the regulatory expenses and public concern surrounding genetically modified organisms (GMOs). SIGS has been tested on different plant-pathosystems and was effective against various groups of plant pests and pathogens (Dubrovina and Kiselev, 2019) including viruses (Carbonell et al., 2008), insects (Li et al., 2015; Gogoi et al., 2017), and fungi (Koch et al., 2016; Wang et al., 2016; McLoughlin et al., 2018; Hu et al., 2020). Furthermore, applied dsRNAs targeting pathogen genes can be taken up and processed by plants (Koch et al., 2016; Mitter et al., 2017). For instance, spraying dsRNAs targeting a gene involved in Fusarium graminearum ergosterol biosynthesis on detached barley leaves inhibits fungal growth both at the application site and on distal parts of leaves (Koch et al., 2016). Due to the wide array of target options, the specificity required for RNA binding, and advances in protective materials such as clay nanosheets to adhere and protect dsRNAs on the plant surface (Mitter et al., 2017), HIGS and exogenous applications of dsRNA constitute promising crop protection technologies.

The efficacy of HIGS and SIGS approaches against fungal pathogens is dependent, in part, on the nature of the selected target sequence. Genes encoding pathogenicity determinants can constitute ideal targets of such approaches, because they are essential for pathogens to cause disease. In previous studies, silencing of pathogenicity genes by HIGS in multiple pathogens suppressed disease development (Panwar et al., 2013; Pliego et al., 2013; Yin et al., 2014, 2015; Shanmugam et al., 2017). In S. sclerotiorum, oxalic acid (OA) is a key factor governing its pathogenic success. OA can contribute to pathogenesis in a variety of ways, including the manipulation of the redox status of the host (Williams et al., 2011; Ranjan et al., 2018), the induction of programmed cell death (Kim et al., 2008; Kabbage et al., 2013), and the activation of degradative enzymes (Dutton and Evans, 1996). Thus, the use of HIGS to target OA production could provide a valuable tool to manage SSR and reduce fungicide use. Previous work has targeted a chitin synthase in S. sclerotiorum and reduced disease severity through HIGS in transgenic tobacco plants (Andrade et al., 2016). However, it is important to test this approach on specific crops of interest, identify additional useful targets that can be stacked to ensure durable resistance in a particular host, and importantly, identify and target unique sequences such as virulence factors to avoid sufficiently conserved genes across taxa to prevent off-target effects, including within beneficial fungal communities.

Herein, we target a S. sclerotiorum oxaloacetate acetylhydrolase (Ssoah1) gene that encodes an enzyme that converts oxaloacetate to oxalate and acetate. The deletion of this gene in S. sclerotiorum abolished OA accumulation and resulted in restricted lesions in which the infectious hyphae gradually lose viability on tomato, soybean, and Arabidopsis (Liang et al., 2015 and Xu et al., 2015). Additionally, Ssoah1 expression appears to play a particularly critical role during infection of soybean, compared to other S. sclerotiorum hosts (Westrick et al., 2019 and Xu et al., 2015). Using a combination of confocal microscopy, gene expression studies, small RNA (sRNA) sequencing, and virus-induced gene silencing, we show that S. sclerotiorum mycelia take up environmental double-stranded and small interfering (ds/siRNAs) targeting Ssoah1, leading to the downregulation of Ssoah1 gene expression both in vitro and in planta. In planta, silencing assays were conducted using bean pod mottle virus (BPMV)-mediated HIGS. Importantly, our HIGS assays significantly suppressed S. sclerotiorum development and disease onset. This work demonstrates that RNAi strategies provide an additional tool for improving soybean resistance to S. sclerotiorum and managing SSR.



MATERIALS AND METHODS


In vitro Synthesis of dsRNA and siRNA

RNA was extracted from actively growing S. sclerotiorum mycelia using a Maxwell RSC Plant RNA Kit (Promega) and cDNA was synthesized using a ProtoScript First Strand cDNA Synthesis Kit (New England Biolabs) following manufacturers' instructions. A 365-base pair fragment corresponding to Ssoah1 was amplified and added with a T7 promoter sequence by PCR using specific primers, T7_OA_F and T7_OA_R (Supplementary File 1). PCR reactions (50 μl) were set up using a KAPA HiFi PCR Kit (Roche Life Science) following the manufacturer's instructions and placed in a thermal cycler using the following conditions: 95°C for 3 min, 35 cycles of: 98°C for 30 s, 62°C for 15 s, and 72°C for 30 s, and last-step extension at 72°C for 30 s. The resulting PCR product was purified using a Zymoclean Gel DNA Recovery Kit (Zymo Research) and further used for in vitro transcription using a MEGAscript RNAi Kit (Life Technologies) according to the manufacturer's instructions. Ssoah1-siRNA was processed from Ssoah1-dsRNA using ShortCut RNase III (New England Biolabs) and subsequently purified by ethanol precipitation protocol according to the manufacturer's specifications. To perform fluorescent microscopy, Ssoah1-dsRNA and siRNA that were processed from dsRNA were independently labeled with Cy3 dye using a Silencer siRNA Labeling Kit (Life Technologies). Both non-labeled and labeled Ssoah1-dsRNA and siRNA were subsequently quantified by spectrophotometer (NanoDrop 2000, Thermo Scientific) following the protocols provided in the user guides for the MEGAscript RNAi Kit and Silencer siRNA Labeling Kit. GFP-dsRNA was used as a negative control, and a 353 bp-fragment of the GFP gene was also selected for in vitro transcription of GFP-dsRNA using procedures mentioned above and the primer pair, T7_GFP_F and T7-GFP-R (Supplementary File 1).



Detection of Fluorescently Labeled ds/siRNAs in Sclerotinia sclerotiorum

A 5-mm hyphal plug of S. sclerotiorum from the leading edge of a 2-day old fungal culture was placed on a cellophane layer on the surface of a Petri plate containing potato dextrose agar (PDA). After 2 days, 1 ml of potato dextrose broth (PDB) was added to the Petri plate, and fungal mycelia were collected from cellophane and transferred into a 1.5 ml Eppendorf tube. After centrifugation at 4,000 rpm for 5 min, the supernatant was removed, and mycelia were resuspended in 200 μl of PDB. Next, 4 μg of Cy3-labeled Ssoah1-dsRNA/siRNA were mixed into the PDB containing S. sclerotiorum mycelia and incubated on a shaker at room temperature at 100 rpm for 13 h. Cy3-Ssoah1-dsRNA/siRNA treated S. sclerotiorum mycelia were washed by adding 800 μl of sterile H2O, and mycelia were then collected by centrifugation, at 4,000 rpm for 5 min, for microscopy. To produce protoplasts from Cy3-Ssoah1-dsRNA/siRNA treated fungal material, mycelia collected from cellophane on PDA were suspended in 1 ml PDB and transferred into a 25 ml flask. After 18 h of incubation with 20 μg dsRNA or siRNA, mycelia were collected by centrifugation, and protoplasts were processed by adding 2.4 ml protoplasting buffer containing 10 mg/ml lysing enzyme (modified from Rollins, 2003). To determine if S. sclerotiorum takes up dsRNAs non-selectively, 4 μg of Cy3-labeled siRNA with no targets in S. sclerotiorum (Silencer Cy3-labeled Negative Control No. 1 siRNA, Thermo Fisher Scientific) was also applied to the fungus exogenously. Water, applied to S. sclerotiorum, was used as negative control for microscopy. Mycelia and protoplasts were visualized by confocal microscopy using a Zeiss LSM 710.



RNA Extraction, cDNA Synthesis, and RT-qPCR

A 5-mm S. sclerotiorum hyphal plug was placed into a 25-ml flask with 7 ml PDB at pH 8. Non-labeled Ssoah1-dsRNA were applied to PDB to make a final dsRNA concentration of 500 ng/ml, and the flasks were kept at room temperature on a shaker at 100 rpm. The application of GFP-dsRNA in PDB with S. sclerotiorum hyphal plugs, maintained in the same conditions as above, was considered a negative control for this experiment. Mycelia were collected at 96 h after placement in the PDB. RNA extraction and cDNA synthesis were performed as described previously. The transcriptional level of Ssoah1 was determined by RT-qPCR using synthesized cDNA as a template. Reactions (20 μl) were set up using SsoFast EvaGreen Supermix (Bio-Rad) according to the manufacturer's instructions. Quantitative PCR (qPCR) reactions were conducted using the Bio-Rad CFX96 Real-Time System and following program: 95°C for 30 s, followed by 40 cycles of: 95°C for 5 s, and 58°C for 5 s. Melt curves were generated by heating from 65°C to 95°C with 0.5°C increments. Relative expression of Ssoah1 to S. sclerotiorum H3 were calculated as 2−ΔCt (Livak and Schmittgen, 2001) prior to calculating expression relative to the GFP negative control. Experiments were repeated three times with at least three biological replicates for each repetition. Primers used for qPCR are listed as follows: Ssoah1_F1, Ssoah1_R1, H3_F1, and H3_R1 (Supplementary File 1). In conjunction with expression assays, PDB was collected from 7 ml cultures containing 500 ng/ml of dsRNA or GFP at 24, 48, and 72 h to analyze oxalate production using the method described in Willbur et al. (2017) (Supplementary File 2). Plates were read at 590 nm using a Bio-Rad iMark (Bio-Rad Laboratories) microplate reader.



Construction of BPMV Silencing Vectors

In order to silence the fungal gene Ssoah1, a 365 base pair sequence (Supplementary File 3) was selected within the mRNA of S. sclerotiorum strain 1980 (GenBank Accession XM_001590428). Total RNA was extracted from S. sclerotiorum using Trizol, and cDNA was synthesized via reverse transcription-PCR (RT-PCR) using an AMV first strand cDNA synthesis kit (New England Biolabs, Catalog # E6550). Through PCR with a high-fidelity DNA polymerase (KAPA HiFi®, Kapa Biosystems), BAMH1 restriction sites (to form “sticky ends”) were incorporated onto the double-stranded cDNA using specific primers (BAMH1_OA_F and BAMH1_OA_R, Supplementary Table 1), and the following PCR conditions: 95°C for 2 min followed by 35x at 98°C for 20 s, 68°C for 30 s, 72°C for 15 s, and a final extension at 72°C for 4 min. After digestion and gel purification (QIAquick Gel Extraction Kit®, QIAGEN), the construct was ligated into the viral vector RNA2 plasmid, pBPMV-IA-V1 to form pBPMV-OA (Zhang et al., 2010). The vector plasmids were then transformed into DH5α competent cells using 5 μl of the purified ligation product per 60 μl of competent cells, a 30 min ice incubation, 45 s heat shock in a 42°C water bath, and incubation in 500 μl of Luria broth (LB) for 1 h at 37°C. Colony PCR with MyTaqTM Red Mix (Bioline) was used to confirm successfully transformed clones. After an initial step for cell breakage at 95°C for 6 min, 35 cycles (95°C for 15 s, 68°C for 15 s, and 72°C for 10 s) were performed to confirm successful transformations, and colonies from a mini preparation were sent for sequencing to confirm antisense insertion. Using glycerol stocks, midi preparations were conducted (Fast Ion Plasmid Midi Kit®, IBI Scientific) for subsequent biolistic inoculations.



Plant Inoculation With BPMV Vectors

The modified system, used in this work and developed by Zhang et al. (2010), uses bean pod mottle virus (BPMV) which is bipartite. The two viral segments consist of a 6 kb RNA1 segment (pBPMV-IA-R1M) encoding viral proteins needed for genome replication and a 3.6 kb RNA2 segment (pBPMV-IA-V1) that encodes viral proteins needed for capsid assembly and movement and contains the cloning site where the silencing construct was inserted. As described in the protocol by Whitham et al. (2016), the RNA1 and RNA2 segments were co-bombarded into 10-day old Williams 82 (PI 518671) seedlings using gold particles coated with plasmid DNA. Two inoculations were made per plant, with one on each unifoliate leaf. Prior to inoculations, unifoliate seedlings were forced to etiolate in the dark for 24 h. After inoculations, plants were sprayed with water and kept in plastic bags for 24 h to maintain humidity. The inoculated plants were placed in a growth chamber at 22°C during the day and 20°C at night on a 16 h photoperiod. Soil was checked daily to determine if water was needed, and the plants were fertilized once weekly with Miracle-Gro® (Scotts Miracle-Gro Co.).

Successful infection of Williams 82 soybean plants was confirmed visually, as phenotypes resembled those of plants infected with BPMV, including rugosity and mottling (Supplementary File 4). Further confirmation using RT-PCR was also performed (Supplementary File 5), using the primers for silencing construct development, and one corresponding to the RNA2, VS_R2_F, and VS_R2_R (Supplementary File 1). Williams 82 soybean plants confirmed to contain the viral construct were lyophilized and stored at −80°C to be used in subsequent rub inoculations of more soybean plants. These inoculations were performed by grinding 50 mg of lyophilized tissue in 50 mM potassium phosphate buffer and rubbing the plant serum onto the soybean variety Traff (PI 470930), as described in Whitham et al. (2016). The Traff-BPMV HIGS system was previously validated by Ranjan et al. (2018). Traff has more tolerance to BPMV than Williams 82 and Sclerotinia and BPMV are able to co-infect in this system. Observations suggest that BPMV-infected Williams 82 inhibits S. sclerotiorum infection (Grau, data not shown). Viral symptoms of mottling and rugosity were apparent but milder in Traff than in Williams 82 (Supplementary File 6). RNA was extracted from the third trifoliates of plants with viral symptoms, from one experimental replicate, and plants were confirmed to contain the silencing constructs via RT-PCR and sequencing.



Characterization of Processed sRNAs

To confirm the processing of siRNA from pBPMV-OA, a high concentration of total RNA was extracted from three leaves in three biological replicates from the pBPMV-OA and pBPMV-EV- containing plants. Leaves for RNA extractions were collected from the variety Traff, prior to inoculating soybeans symptomatic for BPMV with S. sclerotiorum in one experimental replicate of the expression experiment. The third trifoliate leaves were immediately frozen in liquid nitrogen. Two grams of leaf tissue per biological replicate was ground into fine powder using liquid nitrogen in a mortar and pestle and used in RNA extractions. A phenol chloroform extraction with a LiCl purification was performed as described in Aragão et al. (2013) to yield high RNA concentrations of 1.2–2.8 μg/μl. A cDNA library was constructed by Novogene (CA, USA) using a Small RNA Sample Pre Kit, and Illumina sequencing was conducted according to company workflow, using 20 million reads. Raw data were filtered for quality as determined by reads with a quality score >5, reads containing N <10%, no 5′ primer contaminants, and reads with a 3′ primer and insert tag. The 3′ primer sequence was trimmed and reads with a poly A/T/G/C were removed.



Pathogen Aggressiveness Assays

In order to assess the aggressiveness of S. sclerotiorum on plants containing pBPMV-OA and plants containing pBPMV-EV constructs, BPMV-symptomatic Traff plants were inoculated using the cut petiole method as detailed by Peltier and Grau (2008), and lesions were measured 24–120 h post inoculation (HPI). Five pots, completely randomized per biological replicate and treatment, were thinned to one to three symptomatic plants per pot. Viral symptoms were apparent by the V3-V5 (vegetative stage at which the plant had three to five trifoliates) growth stage.

At the V4-V5 growth stage, the third trifoliate was excised at 2 cm and inoculated with S. sclerotiorum strain 1980. All cultures were grown in the same manner prior to inoculations. The isolate was obtained from sclerotia harvested from plants grown in a growth chamber, surface disinfested for 1 min in 95% ethanol and 1 min in 10% concentrated household bleach (8.25% NaClO, prior to dilution), and grown on standard, 15-mm deep Petri plates containing PDA, before sub-culturing onto 20-mm Petri plates with a thicker depth of PDA prior to inoculations. After 3 days of growth on these latter plates, a plug from the leading edge of mycelia was cut using an inverted one-ml pipette tip. The inverted pipette tip with agar plug, was then slid onto the excised petiole, which was cut to 2 cm prior to inoculation. Lesions were measured with digital calipers 24–120 HPI. These data were used to compare lesion size, across time points, and used to calculate the area under the disease progress curve transformation (Shaner and Finney, 1977). This experiment was repeated three times.



Plant Expression Assays

Similarly, for expression assays, Traff soybean plants were challenged with S. sclerotiorum strain 1980 using the cut petiole technique at the third petiole when plants were at the V4 or V5 growth stage. Expression assays were conducted in experiments independent of the pathogen aggressiveness assay. However, the 120 h time point used in expression assays included plant samples from the pathogen aggressiveness assay, since lesions in the aggressiveness assay were last measured at 120 h. In order to understand whether expression decreased in plants containing the silencing construct compared to plants with pBPMV-EV, 6 cm of stem tissue (3 cm above and 3 cm below the inoculation site) was collected 48–120 HPI and immediately frozen in liquid nitrogen. One-to-three stems per pot were combined for RNA extraction and three biological replicates were used for extractions. Expression experiments were repeated three times. Tissues were ground in liquid nitrogen using a mortar and pestle, and RNA was extracted using a Maxwell® RSC Plant RNA Kit. Two primer pairs were used for RT-qPCR to determine whether expression was reduced in plants containing pBPMV-OA (as described previously for expression analyses with exogenous applications of RNA). One primer pair (Ssoah1_F1 and Ssoah1_R1) corresponded to Ssoah1, outside of the region used for the silencing precursor, as to not amplify sequences from the silencing vector, and another corresponded to the S. sclerotiorum endogenous control, Histone H3 (H3_F1 and H3_R1). Relative expression of Ssoah1 to S. sclerotiorum H3 were calculated as 2−ΔCt (Livak and Schmittgen, 2001) prior to calculating expression relative to plants containing the empty vector negative control, pBPMV-EV.



Statistical Analyses

Expression, AUDPC, and lesion size differences were evaluated using a mixed-model analysis of variance (ANOVA) using PROC GLIMMIX in the SAS statistical software package (v 9.4, SAS Institute, Inc. Cary, NC, United States). Significance was reported at the α = 0.05 significance level. For the lesion size differences in aggressiveness assays, a lognormal distribution and compound symmetry covariance structure were used in the model for data analyses.




RESULTS


Uptake of External RNAs by Sclerotinia sclerotiorum

Effective HIGS strategies are reliant on the ability of fungal organisms to uptake external ds/siRNAs. Accordingly, we tested whether such molecules can translocate into S. sclerotiorum hyphae. Double-stranded RNAs (dsRNAs) corresponding to a S. sclerotiorum Ssoah1 were transcribed in vitro, processed into small interfering RNAs (siRNAs) and labeled with Cy3 fluorescent dye. Fluorescent signals were detected in S. sclerotiorum hyphae, after a two-day growth period in potato dextrose broth (PDB) supplemented with Cy3-labeled Ssoah1-dsRNA/siRNAs. Clear, fluorescent signals were detected in Cy3-Ssoah1-dsRNA/siRNA treated samples using fluorescent confocal microscopy, but not in the negative control (Figure 1). To further confirm that RNAs were within the fungal cellular space, rather than on the surface of the hyphae, protoplasts were generated from Cy3-Ssoah1-dsRNA/siRNA treated mycelia. Similarly, fluorescent signals were clearly visible within protoplasts, indicating their translocation across cell walls and plasma membranes (Supplementary File 7). The uptake of environmental RNAs appears to occur readily in S. sclerotiorum, as Cy3-labeled siRNAs with no specific targets in this fungus were also observed in fungal mycelia and protoplasts (Figure 1 and Supplementary File 7). No fluorescence was observed in water-treated S. sclerotiorum mycelia or protoplasts (Figure 1 and Supplementary File 7). Taken together, these results indicate that environmental RNAs can freely translocate into S. sclerotiorum cells, and can thus potentially be used to target gene expression within the pathogen.


[image: Figure 1]
FIGURE 1. External RNAs are taken up by Sclerotinia sclerotiorum. Treatments were added to potato dextrose broth (PDB) containing 2 day old S. sclerotiorum mycelia originally grown on potato dextrose agar (PDA). Fluorescent signals were detected using confocal fluorescent microscopy. (A) An application of water, as a negative control, yielded no signal. (B) The positive control, application of Cy3-labeled-nocoding siRNA (Cy3-NC-siRNA, with no specific targets in S. sclerotiorum), (C) 4 μg application Cy3-labeled-Ssoah1-dsRNA, and (D) application of 4 μg of Cy3-labeled-Ssoah1-siRNA (targeting Ssoah1 in S. sclerotiorum) produced fluorescent signals that were detected 13 h post inoculation. Scale bars = 20 μm.




External Application of RNAs Targeting Ssoah1 Reduced Transcript Levels in vitro

We next tested whether the external application of dsRNAs leads to the silencing of the target gene. In three independent experiments, actively growing S. sclerotiorum hyphal plugs were placed in potato dextrose broth (PDB) containing in vitro transcribed Ssoah1-dsRNAs; GFP-dsRNA treatment served as a negative control. Transcript levels of Ssoah1 were assessed by RT-qPCR at 96 h post-inoculation. Compared to the GFP-dsRNA controls, Ssoah1 gene expression was markedly reduced (by >60%) in mycelia exposed to Ssoah1-dsRNAs (Figure 2) (p < 0.01), suggesting the uptake of Ssoah1-dsRNAs resulted in the downregulation of Ssoah1 transcripts in S. sclerotiorum and thus potentially depriving the fungus from a key virulence factor during infection. As expected, the downregulation of Ssoah1 also corresponds to a marked decrease in OA production by the fungus (Supplementary File 2).


[image: Figure 2]
FIGURE 2. External uptake of Ssoah1-dsRNA decreased Ssoah1 transcript levels in Sclerotinia sclerotiorum. A concentration of 500 ng/mL of Ssoah1-dsRNA were applied to potato dextrose broth (pH 8) and a potato dextrose agar plug containing mycelia of S. sclerotiorum was placed in the broth. Treatment with a same concentration of GFP-dsRNA served as negative control. Mycelia were collected 96 h after addition to PDB and the transcript level of Ssoah1 were analyzed. Relative expression of Ssoah1 was normalized to S. sclerotiorum H3 and relative to the GFP negative control. Ssoah1 transcript levels were significantly reduced across three experimental replicates (*p < 0.01). Error bars represent ± standard errors of three (for R1 and R2) or for (for R3) biological replicates across three experimental repetitions.


Overall, our in vitro assays show that S. sclerotiorum uptakes environmental RNAs targeting Ssoah1, and this uptake leads to reduced expression of the target gene and OA synthesis. Accordingly, we reasoned that dsRNA/siRNAs generated as part of a HIGS strategy targeting a vital virulence factor might hinder S. sclerotiorum pathogenic development in soybean.



Accumulation of siRNAs Corresponding to Ssoah1 in Soybean Mediated by BPMV

With evidence that S. sclerotiorum could uptake exogenous siRNAs, we evaluated whether plants could express silencing constructs for uptake by S. sclerotiorum through HIGS. To express siRNAs targeting Ssoah1, a 365 bp Ssoah1 fragment was cloned into the viral vector pBPMV-IA-V1 (Zhang et al., 2010) after the viral translation stop codon to create pBPMV-OA. Soybeans were inoculated with pBPMV-OA and an empty vector control (pBPMV-EV, negative control) using a combination of particle bombardment and rub inoculation. Small RNAs (sRNAs), sequenced from plant total RNA, were mapped to the 365 bp region carried by the pBPMV viral vector (Figure 3). Of the sRNAs profiled, 21 nt sequences were particularly abundant, with over 10,000 copies (reads per millions X.0235) estimated to be contained in leaf extracts tested (Figure 3A). This size corresponds to the 20–25 nt size characteristic of siRNAs, knowing that 21 nt siRNAs are the most efficient at mRNA degradation (Elbashir et al., 2001). These sRNAs mapped to various regions across the 365 bp cDNA silencing construct (Figures 3B,C and Supplementary File 3). The location distribution was similar in all three biological replicates from which RNA was sequenced (Figure 3 and Supplementary Files 8, 9). As expected, reads corresponding to the silencing target were only present in the plants containing the pBPMV-OA vector, and not in plants containing the empty vector, except for five, negligible reads in one of the three samples sequenced for sRNAs. Therefore, HIGS plants were confirmed to generate abundant siRNAs corresponding to the S. sclerotiorum gene, Ssoah1.


[image: Figure 3]
FIGURE 3. Total sRNAs were profiled from Traff soybean plants bombarded with pBPMV -OA and pBPMV-EV. The size distribution of sRNA reads <27 nt and corresponding to the 365 nt target within Ssoah1 were normalized to a count, using the conversion factor of 0.0235 X reads per million (RPM). (A) The size distribution of Ssoah1-dsRNA-derived sRNAs corresponding to Ssoah1 from a pBPMV-OA single plant are presented for sRNAs ranging from 18 to 27 nt. The 5′ end of 18–27 nt sRNAs from plants containing (B) pBPMV-OA and (C) pBPMV-EV vectors were aligned to the 365 nt sequence cDNA sequence used for silencing construct development. Antisense reads are presented in orange and sense reads are presented in blue.




Targeted Silencing of Ssoah1 in planta Using BPMV-Mediated HIGS

We tested whether expression of the target gene, Ssoah1, could be reduced in planta using a modified BPMV vector. Plant containing pBPMV-OA and empty vector controls were challenged with S. sclerotiorum strain 1980 (ATCC18683) in a time-course experiment. Stem tissues were collected at 48, 72, 96, and 120 HPI for RNA extractions and subsequent RT-qPCR. Across three independent experimental repetitions, the expression of Ssoah1 was significantly reduced in plants inoculated with the pBPMV-OA silencing vector compared to the empty vector control (Figure 4). The most significant reduction in expression was observed at 48 HPI (60% reduction, p < 0.01) and 96 HPI (42% reduction, p = 0.02; Figure 4) and all-time points trended toward a reduction in Ssoah1 expression. Although differences were not statistically significant at 72 and 120 HPI. These results suggest that BPMV-mediated HIGS targeting Ssoah1, effectively reduced the expression of this S. sclerotiorum gene in our time course.


[image: Figure 4]
FIGURE 4. Transcript levels of the target gene, Ssoah1, were decreased in expression assays. Plants containing virus-induced gene silencing constructs, pBPMV-OA and empty vectors, pBPMV-EV were challenge with S. sclerotiorum strain 1980, using a cut petiole technique. RNA was extracted from stem tissue from three biological replicates and three experimental repetitions. Relative expression of Ssoah1 was normalized to S. sclerotiorum H3 and relative to the pBPMV-EV. Expression in pBPMV-OA treated plants tended to decrease for all time points, however, the difference was significant at 48 h (*p < 0.01) and 96 h (p = 0.02).




Disease Development Was Impeded in BPMV-Mediated HIGS Plants

To test whether the reduced expression of Ssoah1 resulted in reduced pathogen aggressiveness, pBPMV-OA was introduced into the soybean variety, Traff. Symptomatic Traff seedlings were similarly challenged with S. sclerotiorum strain 1980 (ATCC18683) using a cut petiole method (Peltier and Grau, 2008; Ranjan et al., 2018), and lesions were measured 24-120 HPI. Visual differences in lesions were apparent, with plants containing pBPMV-EV having large, girdling lesions 96 HPI compared to markedly restricted lesions in pPBMV-OA plants (Figure 5A). Significant differences in lesion size were detected at 72 HPI and onward (Figure 5B, p < 0.01). Additionally, the area under the disease progress curve (AUDPC) in plants containing the silencing construct was reduced by 73% compared to pBPMV-EV plants (Figure 5C, p < 0.01), indicating a delay and reduction in SSR disease development. Reduced pathogen development using BPMV-mediated HIGS in soybean challenged with S. sclerotiorum suggest that such a strategy is effective in controlling SSR.


[image: Figure 5]
FIGURE 5. Pathogen aggressiveness was reduced in virus induced gene silencing (VIGS) assays. Plants containing VIGS silencing constructs (pBPMV-OA) and empty vectors (pBPMV-EV) were challenged with S. sclerotiorum strain 1980, using a cut petiole technique. Lesions were measured 1–5 days post inoculation (DPI). Data are the result of five biological replicates and three experimental repetitions. (A) Lesion development was delayed, and lesions were smaller in plants containing pBPMV-OA, while plants containing pBPMV-EV often showed girdling lesions at 96 h post inoculation (HPI). (B) Lesion size was reduced after two DPI, with an overall reduced lesion size (*p < 0.01). (C) The overall area under the disease progress curve was lower in plants containing pBPMV-OA (*p < 0.01).





DISCUSSION

The first application of in planta HIGS as a disease control strategy was patented in 2008 for control of pathogenic fungi and oomycetes in Glycine max and Arabidopsis (Roberts et al., 2008). Since, various strides have been made in the application of HIGS (Peltier and Grau, 2008; Nowara et al., 2010; Tinoco et al., 2010; Yin et al., 2010; Panwar et al., 2013; Ghag et al., 2014; Andrade et al., 2016; Koch et al., 2016; Dou et al., 2020; Mahto et al., 2020) and SIGS (Wang et al., 2016; McLoughlin et al., 2018; Koch et al., 2019) in the control of a range of phytopathogens. The aforementioned works demonstrate that RNAi can be an effective gene silencing strategy in many plant-fungal interactions. Extending such methods to other fungal pathosystems could constitute an exciting alternative to chemical management, particularly in crops where breeding efforts have failed to produce highly resistant commercial cultivars. This study targets an essential pathogenicity factor of S. sclerotiorum, oxalic acid (OA) to enhance the resistance of soybean to Sclerotinia stem rot (SSR). Oxalic acid is an important virulence factor in S. sclerotiorum, where OA deficient mutants show reduced colonization and disease development (Liang et al., 2015; Xu et al., 2015). Accordingly, we targeted Ssoah1, a gene encoding an oxaloacetate acetylhydrolase enzyme that catalyzes the last step in OA biosynthesis, and the deletion of which abolishes OA production (Liang et al., 2015; Xu et al., 2015). Several lines of evidence presented within this study are consistent with the following conclusions: (i) environmental dsRNAs/siRNAs translocate into S. sclerotiorum hyphae; (ii) transcripts encoding Ssoah1 are markedly reduced when S. sclerotiorum is exposed to the corresponding dsRNAs in vitro and in planta; and (iii) RNAi of Ssoah1 using HIGS can reduce pathogen aggressiveness and SSR disease development.

We first determined whether S. sclerotiorum can uptake environmental RNAs, as uptake of dsRNA is not a ubiquitous feature of fungi. While exogenous dsRNA uptake occurs in the closely related Botrytis cinerea, recent findings indicate that the wheat pathogen Zymoseptoria tritici does not uptake environmental dsRNA despite encoding key components of the RNAi pathway (Wang et al., 2016; Kettles et al., 2019). After applying fluorescently labeled dsRNA/siRNA to fungal cultures, we detected fluorescent signals within fungal hyphae treated with both Ssoah1 derived-dsRNA/siRNAs and non-targeting siRNA (Figure 1), indicating that S. sclerotiorum readily uptakes these molecules in a non-specific manner.

While the mechanism by which RNA molecules are able to translocate across fungal cell walls and membranes is yet to be determined, it is clear that the non-selective movement of these molecules occurs in the predominantly necrotrophic pathogen S. sclerotiorum. Within fungi, these translocated dsRNAs are processed to siRNA after uptake and both dsRNA and siRNA efficiently silence gene expression (Dang et al., 2011 and Koch et al., 2016). Though exceptions have been noted, ds/siRNA uptake is likely a common occurrence in the fungal kingdom considering the successful utilization of HIGS against several fungal species (Nowara et al., 2010; Tinoco et al., 2010; Yin et al., 2010; Panwar et al., 2013; Pliego et al., 2013; Ghag et al., 2014; Andrade et al., 2016; Koch et al., 2016; Cooper and Campbell, 2017; Dou et al., 2020; Hu et al., 2020; Mahto et al., 2020). Thus, RNA spray regimes or HIGS has the potential to be utilized across many fungal pathogens including S. sclerotiorum. Interestingly, these fungal targeted RNAs also translocate, and are amplified within plant cells as well. Long dsRNA and dsRNA-derived siRNA efficiently translocate in barley (Koch et al., 2016). Song et al. (2018) also reported the successful in planta amplification of siRNA targeting Fusarium in wheat through plant RdRp, providing evidence for the potential of sustained dsRNA/siRNA-based SIGS in a field setting. This may also alleviate concerns about the stability of such molecules in nature and may confer prolonged protection under field conditions. Spray-induced gene-silencing studies are needed to evaluate the effectiveness of exogenously-applied dsRNAs for silencing Ssoah1 at local and distal locations, relative to the application site, in S. sclerotiorum hosts and to evaluate the effectiveness of SIGS targeting Ssoah1 to manage disease in a field setting.

To confirm that these dsRNA/siRNAs were not only absorbed but actively utilized in gene silencing, Ssoah1 transcripts in S. sclerotiorum were analyzed following treatment with corresponding dsRNAs in vitro. Oxalic acid production in S. sclerotiorum is a pH-responsive process and Ssoah1 transcripts are concordantly induced in alkaline conditions (Rollins, 2003; Kim et al., 2008). To ensure that Ssoah1 was highly expressed and a reduction of transcripts in S. sclerotiorum would be observable after taking up Ssoah1-dsRNA, the treated liquid media was alkalized to a pH of 8. As anticipated, uptake of Ssoah1-dsRNA did occur and resulted in significant reduction of Ssoah1 mRNA level at 96 h after dsRNA treatment (Figure 2). These results were encouraging, and clearly show that the translocation of environmental RNAs in S. sclerotiorum significantly affect transcript abundance of corresponding sequences.

In planta assays were performed to evaluate the use of HIGS targeting Ssoah1 to reduce the aggressiveness of S. sclerotiorum. We took advantage of our working virus-based HIGS system (Zhang et al., 2010; Ranjan et al., 2018) that uses BPMV as a vehicle to produce dsRNAs corresponding to our fungal target. Soybeans were inoculated with a BPMV vector containing an Ssoah1 fragment (pBPMV-OA), and the presence of corresponding sRNAs was determined via RNA sequencing. Indeed, sRNAs aligning to Ssoah1 were found within the expected range of siRNAs (21-24 nt, Figure 3A) in pBPMV-OA inoculated plants indicating successful processing by the soybean RNAi machinery. The sRNAs corresponding to Ssoah1 were not detected in the empty vector (pBPMV-EV) control plants. Importantly, a marked reduction in disease symptoms and reduced AUDPC was observed in pBPMV-OA soybeans compared to control empty vector plants (Figure 5). Small lesions did develop on plants expressing Ssoah1-dsRNAs, but in most replicates, these lesions were not girdling the stems at 96 HPI, as occurred in plants inoculated with pBPMV-EV. This reduction in symptom development was accompanied by reduced transcript levels of Ssoah1, indicating that HIGS is an effective strategy for reducing expression of S. sclerotiorum genes in soybean and conferring resistance to this pathogen. Future work will focus on the generation and evaluation of stable, transgenic soybean plants that use HIGS to target virulence factors, such as Ssoah1, in S. sclerotiorum.

A similar, previous approach, aimed to reduce the aggressiveness of S. sclerotiorum by targeting the structural gene chitin synthase in tobacco (Andrade et al., 2016). This study, however, is the first case of HIGS being used to target a pathogenicity rather than developmental factors of S. sclerotiorum. Because Ssoah1 orthologs are primarily present in other plant pathogenic fungi, the risk of off-target effects from this silencing construct on beneficial and non-pathogenic fungi is low. Targeting pathogenicity-related genes with RNAi in cereal crops has provided effective disease resistance to Puccinia graminis and the targeting of Ssoah1 and other S. sclerotiorum genes may provide similar resistance in soybean (Panwar et al., 2018). Ongoing research efforts in our lab aim to identify S. sclerotiorum specific virulence determinants that can be utilized in this manner. This is particularly important, since targeting structural components or housekeeping genes did not yield positive results (data not shown).

Our findings pave the way for RNAi-based approaches that target virulence factors to achieve enhanced resistance to S. sclerotiorum in soybean and potentially other valuable field crops. Virus-based HIGS using pBPMV, as developed by Zhang et al. (2010), can also be deployed in functional studies to both understand the role of S. sclerotiorum genes in infecting soybean hosts and to evaluate host factors involved in S. sclerotiorum pathogenic development (Ranjan et al., 2018). As a novel tool in SSR management, RNAi has the potential to reduce the use of chemical control in soybean systems and to close the gap of incomplete resistance observed in commercial and public soybean cultivars (Kim and Diers, 2000; Hoffman et al., 2002; McCaghey et al., 2017; Conley et al., 2018; Huzar-Novakowiski and Dorrance, 2018).
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β-Glucosidase VmGlu2 Contributes to the Virulence of Valsa mali in Apple Tree
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The apple tree canker is caused by Valsa mali, which produces major pathogenic factors involving multiple cell wall-degrading enzymes (CWDEs) and toxins. The β-glucosidases are among the main CWDEs, and thus, they play important roles in the virulence of necrotrophic pathogens. However, the specific roles of β-glucosidases in the virulence of V. mlai remain largely unknown. In this study, we identified a β-glucosidase gene, VmGlu2, which was upregulated during the V. mali infection. We found that VmGlu2 protein had high enzyme activity of β-glucosidase using p-nitrophenyl-β-D-glucopyranoside (pNPG) as a substrate, while the VmGlu2 could convert phloridzin to phloretin with the release of glucose. The deletion and overexpression of VmGlu2 showed no effect on vegetative growth, but gene deletion mutants of V. mlai showed significantly reduced pycnidia formation. The gene deletion mutants had lower β-glucosidase activities and toxin levels as compared to the wild-type strain. Therefore, these mutants showed a reduced virulence. Moreover, the overexpression of VmGlu2 did not affect toxin levels, but it significantly enhanced β-glucosidase activities, which resulted in an increased pathogenicity. Thus, we conclude that VmGlu2 is required for the full virulence of V. mali. These results provide valuable evidence to the complex role of CWDEs in the fungal pathogenicity.

Keywords: Valsa mali, β-glucosidase activity, toxin level, pathogenicity, apple tree


INTRODUCTION

The hydrolytic enzymes of pathogens are important factors in pathogenesis because they determine the accumulation of secondary metabolites and degradation of host plant tissues (Morrissey and Osbourn, 1999; Schirawski et al., 2006; Kubicek et al., 2014). The carbohydrate active enzymes degrade cell wall polymers cell wall-degrading enzymes (CWDEs), and facilitate pathogens to invade plant tissues for nutrient acquisition (Hématy et al., 2009; Zhao et al., 2013). These enzymes that regulate the breakdown of cellulose, xylan, and pectin, are particularly important for phytopathogenic fungi, because they lack specialized penetration structures (Kikot et al., 2009; Gibson et al., 2011). There are evidences that the disruption or modification of genes encoding CWDEs may reflect their direct involvement in the infection and disease (Zhang et al., 2009; Yu et al., 2018). For example, the deletion of xylanase genes Xyn11A and BcXyl1 had a marked effect on the ability of Botrytis cinerea to infect host plants (Brito et al., 2006; Yang et al., 2018), while the gene deletion mutant of VdCUT11, encoding a cutinase, impaired the virulence of Verticillium dahliae (Gui et al., 2018). In Phytophthora sojae, the deletion and overexpression of xyloglucanase gene PsXEG1 severely reduced its virulence (Ma et al., 2015). However, the specific roles of the majority of CWDEs in the virulence remain largely unknown.

The β-glucosidases (EC 3.3.1.21) play an important role in the degradation of the cellulose that catalyze the hydrolysis of glucosides and oligosaccharides by releasing glucose (Kubicek et al., 2014). β-glucosidases are predominantly found in the glycoside hydrolases 1 (GH1) and GH3 families. Both GH families hydrolyze their respective target substrates with a net retention of the configuration of the anomeric carbon (Collins et al., 2007; Tiwari et al., 2013). These enzymes have distinct biological roles, and thus have been well characterized for their wide applications in the biomedical industry (Tokpohozin et al., 2016; Salgado et al., 2018). In addition, these enzymes also play a vital role in the production of different energy sources (biofuel) during biomass conversion (Bayer et al., 2007).

Nevertheless, the specific roles of β-glucosidases in virulence are reported in several pathogens. In B. cinerea, the positive correlation was found between the β-glucosidase activities and the pathogenicity (Sasaki and Nagayama, 1994, 1996), while the deletion of BcSUN1, encoding a β-glucosidase, had a marked effect on the production of reproductive structures as well as the ability of the pathogen to infect bean, tomato and tobacco plants (Pérez-Hernández et al., 2017). Jourdan et al. (2018) demonstrated that β-glucosidase BglC plays an important role in the virulence of Streptomyces scabies, by affecting the intracellular accumulation of signals that trigger the thaxtomin A biosynthesis. Thaxtomin is the main phytotoxin produced by S. scabies. However, the underlying mechanism of BglC in the virulence of S. scabies is more complex than commonly perceived (Jourdan et al., 2018).

Valsa mali, a typical necrotrophic fungus, is the causative agent of Valsa canker on apple tree via the production of toxic compounds (phytotoxins) and CWDEs (Chen et al., 2012; Wang et al., 2014). A whole-genome analysis also revealed that V. mali contained a number of genes associated with the hydrolytic enzymes and secondary metabolite biosynthesis (Yin et al., 2015). Transcriptome profiling had also suggested that cell wall degradation is important for the infection of apple tree by the V. mali (Ke et al., 2014). Some studies investigated the role of CWDEs such as xylanase, polygalacturonases and ferulic acid esterases in the virulence of V. mali (Xu et al., 2016, 2018; Yu et al., 2018). Previous studies have found that V. mali secretes β-glucosidases with high activity, and its encoding genes are up-regulated during the pathogen infection (Chen et al., 2012; Li et al., 2017). This indicates that β-glucosidases play important roles in the virulence of this organism. In addition, the toxic compounds produced by V. mali are the degradation products of phloridzin, and the first step in the degradation process involves the conversion of phloridzin into phloretin with the release of glucose (Natsume et al., 1982). Gaucher et al. (2013) demonstrated that high β-glucosidase activity in the apple tree infected by Erwinia amylovora were responsible for the conversion of phloridzin into phloretin accompanied by the release of large amounts of glucose that stimulated pathogen growth in the diseased tissues. However, we know little about the comprehensive role of β-glucosidase in the virulence of V. mali, and thus it requires immediate research efforts.

Here, we identified a gene, VmGlu2, from V. mali, which is up-regulated in apple tree during the pathogen infection. The VmGlu2 is a member of GH1 with β-glucosidase activity when p-nitrophenyl-β-D-glucopyranoside (pNPG) or phloridzin as a substrate. Moreover, VmGlu2 is required for full pathogenicity of V. mali in apple tree, and involved in pycnidia formation. Our results indicate that VmGlu2 has a major role in the virulence of V. mali and provides important information for us to understand the pathogenicity of necrotrophic fungus.



MATERIALS AND METHODS


Strains and Culture Conditions

The V. mali wild-type strain LXS080601 was grown on the potato dextrose agar (PDA, 200 g of potato, 20 g of dextrose, and 15 g of agar per liter) at 25°C in the dark. The gene deletion and complemented strains were cultured on PDA supplemented with 100 mg/mL of hygromycin B or geneticin G418 (Sigma, St. Louis, MO, United States). The Escherichia coli strains were grown in the lysogeny broth (LB) with appropriate antibiotics at 37°C. The measured colony diameter was used to calculate the growth rate of different strains on PDA medium.



Identification of VmGlu2 in V. mali and Sequence Analysis

The genomic DNA and total RNA were extracted from the V. mali mycelium. The cDNA was synthesized using the Prime Script RT reagent Kit with gDNA Eraser (TaKaRa, Dalian, China) using an oligo (dT)12–18 primer. The gene VmGlu2, with putative β-glucosidase activity and high transcript levels during V. mali infection was cloned. Primer pairs for the cloning of VmGlu2 were synthesized by TsingKe (Beijing, China) (Supplementary Table 1). The PCRs were performed with PrimerSTAR Max DNA polymerase and cloned to T-Vector pMD 19 Simple (TaKaRa, Dalian, China), according to the manufacturer’s instructions.

The amino acid sequences of β-glucosidase from other strains in this study were obtained from the NCBI GenBank. All the homology searches were carried out on the NCBI BLAST server. The obtained sequences were compared with the sequences from V. mali (KX013493). Maximum likelihood (ML) method, as implemented in MEGA7, was used to infer the phylogenetic tree with 1000 bootstrapping replicates. Multiple sequence alignments of VmGlu2, and other well characterized β-glucosidase genes were performed using the DNAMAN (version 6.0) with all the parameters set at the default values.



Expression and Purification of Recombinant Protein

The cDNA fragment of VmGlu2 was subcloned into the pET-32a vector by homologous recombination using the ClonExpress II One Step Cloning Kit (Vazyme, Nanjing, China). The vector construct was transformed into E. coli strain Rosetta while the soluble recombinant protein of VmGlu2 was obtained after induction with 0.5 mM isopropyl β-D-thiogalactopyranoside (IPTG) for 16 h at 15° (Shi et al., 2015). The purification of recombinant VmGlu2 protein from the culture was performed using Ni-NTA Spin Column (Qiagen, Beijing, China). The expression and purification of recombinant protein were detected by the sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot.



Assays for β-Glucosidase Activities

The β-glucosidase activities were determined using pNPG as a substrate according to a previously established method (Alconada and Martínez, 1996). The enzyme activity was measured at 50° in 50 mmol/L sodium-citrate buffer with a pH of 5.5. One unit of enzyme activity was defined as the amount of product (μmol) formed per min under the assay conditions.

The activities of β-glucosidase were also measured using the phloridzin as a substrate by high performance liquid chromatography (HPLC) according to Gaucher et al. (2013) with some modifications. Activity was assayed in 1 mL of reaction mixture containing 0.5 mmol/L phloridzin and about 20 μg purified recombinant protein in 50 mmol/L phosphate buffer (pH 7.0) at 25° under continuous stirring conditions. The samples were analyzed by HPLC on an Agilent 1200 (Agilent Technologies, Santa Clara, United States), and separated on a C18 column (250 mm × 4.6 mm, 5 μm) at 30°, with a detection wavelength at 285 nm.



Detection of Gene Expression by qRT-PCR

The mycelia plugs of V. mali were used to inoculate apple twigs described by Yu et al. (2018). The lesion border of apple bark tissues was sampled at different time points (0, 6, 12, 24, 48, 72, and 120 hpi). For samples at 0 hpi, bark tissues around inoculation sites containing mycelium plugs were collected. The RNA was extract from bark tissues using the RNAiso Plus Kit (TaKaRa, Dalian, China), and then the cDNA was synthesized with a Reverse Transcription Kit. All of the qRT-PCR experiments were conducted in a LightCycler 480II PCR Detection System (Roche, Mannheim, Germany) with SYBR Master Mix (TaKaRa, Dalian, China) following the manufacturer’s protocol. The EF1-a of V. mali was used as an internal control, while primers are given (Supplementary Table 1). The relative expression level of VmGlu2 was calculated using the 2–ΔΔCT method (Livak and Schmittgen, 2001). Data from three biological replicates were used to calculate the means and standard deviation. The whole experiment were repeated twice.



Generation of VmGlu2 Deletion and Complementary Mutants

To obtain the VmGlu2 deletion mutants, the polyethylene glycol (PEG)-mediated homologous recombination was performed as described previously (Yu et al., 2018). VmGlu2 and about 1200 bp flanking sequences of the gene were amplified from the genomic DNA of the wild-type strain LXS080601. The hygromycin B phosphotransferase gene (HPH) gene was amplified with primers HPH-F and HPH-R from the vector pBS (Supplementary Table 1). Two flanking fragments and HPH resistance cassette were constructed into a fusion fragment (3,383 bp) using a nested PCR reaction. The fusion fragment was later transformed into the protoplasts of V. mali strain LXS080601, and the transformants were screened by culturing on medium with 100 μg/mL of hygromycin (Yu et al., 2018). More than 600 transformants were detected by PCR using the detection primer pairs VmGlu2-I-F/R. The putative gene deletion mutants were then validated by PCR using four primer pairs (Supplementary Table 1). The gene deletion mutants were finally verified by Southern hybridization with the DIG DNA Labeling and Detection Kit II (Roche, Mannheim, Germany) following the instruction manual.

To generate a complemented strain, the entire VmGlu2 gene with upstream fragment was amplified from genomic DNA using the primer pair 1491-CM-F/R (Supplementary Table 1). The PCR products were cloned into the plasmid pYF11 using yeast gap repair and then verified by the sequencing analysis. The recombinant vector pYF11-Glu2 was then transformed into the gene deletion mutant via PEG-mediated method. The transformants were selected using G418, and confirmed by PCR with the corresponding primers (Supplementary Table 1).



Generation of VmGlu2 Overexpression Transformants

The full-length fragment of VmGlu2 was amplified from the genomic DNA of V. mali and then cloned into plasmid pYF11 using the ClonExpress II One Step Cloning Kit (Vazyme, Nanjing, China). The construct was verified by sequencing and then transformed into the wild-type strain LXS080601 as described above. Transformants were screened by PCR with corresponding primers outside the cloning sites of the pYF11. Relative transcript levels of VmGlu2 in mycelia grown on PDA and inoculated apple twigs were determined as described above. Transformants were further verified by Western blot with Anti-GFP antibody (Abcam, United Kingdom).



Vegetative Growth, Pycnidia Formation, and Pathogenicity Assays

The vegetative growth of VmGlu2 deletion mutants and overexpression transformants was determined as described by Yu et al. (2018). Colony shape and color were observed, and then the colony diameters were measured. For determination of the dry weight of mycelia, plugs were inoculated into PDB media (potato dextrose broth) at 150 rpm and 25° for 7 days. For pycnidia formation, all the strains were grown on PDA under UV-light (365 nm) at 25° for 4 weeks. The assays were carried out three times and each experiment with four replicates.

For pathogenicity assays, we selected healthy apple leaves and 1-year old twigs (Malus domestica Borkh. cv. “Fuji”), which were sterilized with 75% ethanol, and spaced wounds were made as described by Yu et al. (2018). The mycelia plugs of all strains were used to inoculate the wounds. The inoculated leaves and twigs were placed in trays to maintain humidity at 25° in the dark. Then, the lesion length was measured and the photography was performed at different time intervals. The assays were repeated three times, with at least 10 leaves and twigs per treatment.



Determination of Toxins Production

For toxins production, the mycelium plugs of different strains were inoculated into apple branch extract media. After culturing for 7 days at 150 rpm/min and 25°C with a 12-h photoperiod, the supernatant was collected. The liquid media inoculated with PDA was used as a control. Toxins were extracted and detected by HPLC according to the method described by Wang et al. (2014). Each experiment was done in triplicate.



Statistical Analysis

All statistical analysis was conducted using SPSS software (Version 19.0, SPSS Inc., Shanghai, China). All the data collected were subjected to analysis of variance (ANOVA) followed by Duncan’s multiple range tests. The asterisks indicate a statistically significant difference with the wild-type strain (P < 0.05).




RESULTS


Sequence Identification and Analysis of VmGlu2

The VmGlu2 gene was amplified by PCR using cDNA of V. mali as template, and then confirmed by the sequencing (Supplementary Figure 1A). The full-length cDNA of VmGlu2 is 1,677 bp containing 5°- and 3°-non-coding regions, as well an open reading frame of 1,491 bp that encodes a protein with a calculated molecular mass of 54.6 kDa. The DNA fragment was also 1,491 bp, with no intron. Using the Signal P5.0 server, VmGlu2 was predicted that no signal peptide is present. NCBI’s conserved domain database showed that VmGlu2 had a β-glucosidase (Bg1B) conserved domain, which belonged to a GH1 family (Supplementary Figure 1B). The sequence comparison demonstrated that VmGlu2 exhibited high homology with the well-characterized β-glucosidase. A phylogenetic tree was constructed with β-glucosidase from other strains (Figure 1A). The sequence alignments of VmGlu2 with four characterized GH1 β-glucosidases showed that VmGlu2 had the catalytic residues among these enzymes that are related to their activity, in which Glu395 acts as a nucleophile and the Glu181 acts as an acid/base (de Giuseppe et al., 2014). The sequence alignment is shown (Figure 1B).
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FIGURE 1. Bioinformatics analysis of VmGlu2 (Accession number: KX013493). (A) Phylogenetic analysis of VmGlu2 with the well-characterized β-glucosidase from GH1 family. The phylogram was generated by the Maximum likelihood method implemented in the MEGA7. Numbers beside each node indicate bootstrap values as a percentage of 1,000 replicates. Species names are followed by the accession numbers of β-glucosidase protein. (B) Multiple alignments of the amino acid sequences of VmGlu2 with known β-glucosidases from other fungi are given. Red inverted triangles indicate the catalytic residues among GH1 enzymes.




Confirming the β-Glucosidase Activity of VmGlu2 Protein

In order to determine the enzymatic activity of Bg1B, the VmGlu2 was cloned into pET-32a for heterologous expression in E. coli with a six histidine tag fused to the N-terminus part. The VmGlu2 recombinant protein with the expected molecular weight (MW) was obtained and verified by Western blot with Anti-His antibody (Figure 2A). We got the purified recombinant protein through Ni-nitrilotriacetic acid (Ni-NTA) Spin Column, and checked the protein by SDS-PAGE (Figure 2B).
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FIGURE 2. The determination of VmGlu2 recombinant protein expression, purification and enzyme activities. (A) Detection of the expression of VmHbh2 recombinant protein by Western blot. Lane M, protein molecular weight marker (Low); Lane 1 and 3, the empty vector as control (about 20 μg of total protein); Lane 2 and 4, the supernatant of the induced cells at 15 ° (about 30 μg of total protein). (B) Detection of the purified VmHbh2 recombinant protein by SDS-PAGE. Lane M, protein molecular weight marker (High); Lane1, the empty vector as control; Lane 2, the supernatant of the induced cells at 15 °, Lane 3, the purified recombinant protein. (C) Enzymatic activity of VmGlu2 recombinant protein when using pNPG as a substrate. (D) Enzymatic activity of VmGlu2 recombinant protein when using phloridzin as a substrate, and the data show the conversion of phloridzin into phloretin as determined by HPLC. (1), the standard of phloridzin and phloretin; (2), VmGlu2 recombinant protein and phloridzin (1 mg/mL) incubation for 0 h; (3), VmGlu2 recombinant protein and phloridzin (0.91 mg/mL) incubation for 24 h; (4), VmGlu2 recombinant protein and phloridzin (not detected) incubation for 72 h. The data next to the peak are the retention times for each compound.


The β-glucosidase activity of VmGlu2 protein was measured using pNPG as substrate at different temperatures (from 30 to 70°C) and pH values (pH 2.5–7.5). The enzyme activity remained constant from 30 to 40°C, dramatically increased to the highest value of 1.74 U/mL at 50°C, then declined abruptly to 36% of the maximal activity at 70°C. The optimal pH of VmGlu2 is around pH 5.5 as the enzyme maintained high activity between pH 3.5 and pH 6.5, while its activity declined rapidly to 30 and 37% of its optimum at pH 2.5 and pH 8.5, respectively (Figure 2C). In addition, we determined its activity when phloridzin as substrate by high performance liquid chromatography (HPLC). The Figure 2D showed that VmGlu2 had high activity to convert phloridzin into phloretin, with 78 and 100% conversion rate at 24 and 72 h, respectively.



Expression Profile of VmGlu2

To examine the expression level of VmGlu2 in different apple tissues, we sampled infected apple phloem and xylem tissues at 72 h post inoculation (hpi) and compared the expression level with that of mycelia grown on PDA. qRT-PCR analysis showed that the expression level of VmGlu2 were significantly up-regulated in the apple phloem (9.7-fold change) as compared to its expression in the mycelia grown on PDA. During the infection stage, the up-regulation trend of VmGlu2 in apple xylem (1.7-fold change) had no significant difference relative to its expression levels in PDA (Figure 3A).
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FIGURE 3. The expression levels of VmGlu2 in different apple tissues at time points post-inoculation determined by qRT-PCR. The expression level of V. mali EF1-a gene was used as an endogenous control, and the means and standard deviation of the relative expression levels were calculated from three independent biological replicates. (A) Relative expression levels of VmGlu2 in different apple tissues at 72 hpi. The expression level of VmGlu2 in the mycelia grown on PDA was normalized to one. Asterisks represent significant differences (P < 0.05) in expression levels relative to that in PDA. (B) Relative expression levels of VmGlu2 at 0, 6, 12, 24, 48, 72, and 120 hpi. Asterisks represent significant differences (P < 0.05) in expression levels as compared to that at 0 hpi.


We also determined the expression level of VmGlu2 during the interaction of V. mali with apple twigs (Figure 3B). To do this, we sampled infected apple phloem tissues at seven different time points (0, 6, 12, 24, 48, 72, and 120 hpi), and then compared gene expression levels to those of mycelia grown on PDA. The transcript level of VmGlu2 was significantly up-regulated from 12 hpi, gradually increased and reached the highest with a 13.5-fold change at 48 hpi, and then declined sharply from 72 to 120 hpi (4.8-fold change). Overall, the high induction of VmGlu2 during infection suggests its potential role in the pathogenicity of V. mali.



VmGlu2 Is Not Necessary for the Vegetative Growth but Pycnidia Formation of V. mali

To verify the functional role of VmGlu2 in V. mali, we successfully knocked out the gene by PEG-mediated protoplasts transformation method. The mutants were examined via PCR assays and confirmed by Southern blot (Supplementary Figure 2). When probed with HPH fragment, the wild-type (WT) sample showed no hybridization signal. However, a clear hybridization signal of the predicted size was appeared on analysis of the gene deletion mutants. For the complementation of VmGlu2 deletion mutant, a complementary construct was generated and transformed into the gene deletion mutant. All the complementation transformants were confirmed by PCR assays (Supplementary Figure 3A). In addition, RT-PCR analysis were also performed to confirm that the target VmGlu2 was knocked out in the gene deletion mutants and that the complementation strains contained the target gene (Supplementary Figure 3B).

To determine whether VmHbhs plays a role in V. mali growth and development, we investigated the colony, growth rate, and pycnidia formation of the VmGlu2 deletion mutants and the wild-type strain. However, no obvious differences either in colony morphology or growth rate were observed between the VmGlu2 deletion mutants and the wild-type strain (Figures 4A,B). Assessment of the pycnidia formation by ΔVmGlu2 was performed on PDA under UV-light (365 nm) at 25°. The VmGlu2 deletion mutants produced less than 13 pycnidia per plate, while the wild-type strain produced more than 126 pycnidia per plate. Furthermore, the complementation strain ΔVmGlu2-C by reintroducing VmGlu2 restored the wild-type strain pycnidia formation (Figure 4C).


[image: image]

FIGURE 4. Colony morphology, growth and development of the wild-type stain (WT), VmGlu2 deletion mutants (ΔVmGlu2) and complementary strain (ΔVmGlu2-C). (A) The colony phenotype of different strains growing on PDA at 25° in the dark for 2 days. (B) The mycelia growth rate of different strains on PDA at 25° for 3 days. (C) Number of pycnidia produced on per 9.0 cm petri plate under UV-light (365 nm) at 25°. Bars indicate standard deviation of means of four replicates. Asterisks represent significant differences (P < 0.05) in the gene deletion mutants as compared to that in the WT.




Deletion of VmGlu2 Reduced the Virulence of V. mali

To investigate whether four VmGlu2 play role in the virulence, we performed pathogenicity assays of the wild-type strain and gene deletion mutants on detached apple leaves and twigs. Our results showed that VmGlu2 deletion strains were significantly less virulent toward the apple leaves and twigs at 3 or 5 dpi, as compared to the wild-type stain, which typically displayed diseased symptoms of necrosis and canker (Figure 5). However, smaller lesions were found on the ΔVmGlu2 inoculated apple leaves and twigs than those caused by the wild-type strain (Figures 5A,B). The ΔVmGlu2 strains demonstrated a more than 60 and 76% reduction in the average lesion size on apple leaves at 3pi and twigs at 5 dpi. The complementation strain ΔVmGlu2-C recovered the high virulent phenotype that showed same symptoms on the apple leaves and twigs after reintroduction of VmGlu2 into the ΔVmGlu2 mutant (Figure 5C).
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FIGURE 5. Pathogenicity tests of the WT, VmGlu2 deletion, and complementation mutants on the leaves and twigs of M. domestica Borkh. cv. Fuji. (A) The infected phenotype of apple leaves inoculated with different strains at 3 dpi. (B) The infected phenotype of apple twigs inoculated with different strains at 5 dpi. (C) Lesion sizes produced by different strains on apple leaves at 3 dpi and apple twigs at 5 dpi. The mean lesion length was calculated from 7 apple leaves and 12 apple twigs. Bars represent the standard deviation. Asterisks indicate significant differences with the wild-type strain (P < 0.05).




Overexpression of VmGlu2 Increased the Virulence of V. mali

To further determine the function of VmGlu2 on the pathogenicity of V. mali, the gene overexpression transformants were generated and detected by PCR (Supplementary Figure 4). The overexpression transformants were confirmed by Western blot analysis. When probed with Anti-GFP antibody, the wild-type strain showed no GFP protein signal was found, however, two transformants of VmGlu2 overexpression (OE) displayed specific GFP detected bands with the expected size. Moreover, when probed with Anti-GAPDH antibody, all the strains exhibited specific immune signals (Figure 6A). Two VmGlu2 overexpression transformants (VmGlu2-OE-78 and VmGlu2-OE-92) were selected for further analysis. Compared with the wild-type stain, the transcript levels of VmGlu2 in VmGlu2-OE-78 and VmGlu2-OE-92 increased 8.6- and 7.6-fold, respectively, during the infection apple twigs (Figure 6B). Further analysis showed that overexpression of VmGlu2 did not affect vegetative growth and pycnidia formation (Figures 7A–C). However, VmGlu2 overexpression transformants significantly enhanced the virulence of V. mali. Larger lesions were observed on the VmGlu2 overexpression transformants inoculated apple leaves (17% increase), especially apple twigs (25% increase) than those caused by the wild-type strain (Figures 7D–F). The phenotype and pathogenicity of the empty vector transformants and the wild-type strain were comparable (data not shown). These results verify that VmGlu2 is a major virulence factor involved in the V. mali pathogenicity.


[image: image]

FIGURE 6. The verification of gene overexpression. (A) Western blot analysis of overexpressed VmGlu2 fused to the GFP-tag in the transformants grown in PDB (PDA without agar) for 2 days. The expression of GAPDH in V. mali was used as an endogenous control. (B) Expression level of VmGlu2 in the VmGlu2 overexpression (OE) transformants in apple twigs at 48 hpi. The expression level of VmGlu2 in the apple bark tissues inoculation with the WT at 48 hpi was normalized to one. Asterisks represent significant differences (P < 0.05) in the expression level relative to that in the WT.
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FIGURE 7. Overexpression of VmGlu2 does not affect the growth and development of V. mali, but increases the virulence of V. mali in the leaves and twigs of M. domestica Borkh. cv. Fuji. (A) Colony morphology of WT and VmGlu2 overexpression (OE) transformants for 4 days incubation on PDA. (B) Growth rate of WT and VmGlu2 overexpression transformants on PDA for 3 days. (C) Number of pycnidia produced in the 9.0 cm per petri plate. Bars indicate standard deviation of means of four replicates. (D) Pathogenicity assay of the WT and VmGlu2 overexpression (OE) transformants on apple leaves at 3 dpi. (E) Pathogenicity assay of WT and VmGlu2 overexpression transformants on the apple twigs at 5 dpi. (F) Lesion sizes produced by different strains on the apple leaves at 3 dpi and apple twigs at 5 dpi. The mean lesion length was calculated from 6 apple leaves and 10 apple twigs. Bars represent the standard deviation. Asterisks indicate significant differences in OE transformants as compared to that in the WT (P < 0.05).




Deletion and Overexpression of VmGlu2 Affects β-Glucosidase Activity in V. mali

To detect VmGlu2 activity, the wild-type strain, gene deletion mutants, and overexpression transformants were cultured in the apple branch extract media. We determined β-glucosidase activity in the culture filtrates of all strains and uses pNPG as a substrate. The gene deletion strain ΔVmGlu2 showed 50 and 39% reduction in the β-glucosidase activity at 1 and 3 dpi, respectively. The complementation strain ΔVmGlu2-C with the native gene restored β-glucosidase activity to the wild-type levels (Figure 8A). In contrast, the VmGlu2 overexpression transformants exhibited an enhanced β-glucosidase activity, with 3.0- and 3.3-fold increases compared with the wild-type strain (Figure 8B). Thus, the results in enzyme activity assays suggest the deletion of VmGlu2 significantly reduced the β-glucosidase activity, however, the gene overexpression enhanced the β-glucosidase activity.
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FIGURE 8. Effect of VmGlu2 deletion and overexpression on the enzyme activity of β-glucosidase (A,B) and toxin production (C,D) in V. mali. The enzyme activity was measured in the apple branch extract media for different strains at 1 and 3 days after incubation. The pNPG was used as a substrate. Toxins contents were determined in the apple branch extract media for different strains after 7 days of growth. Bars indicate standard deviations of the mean of three replicates. Asterisks indicate significant differences in gene deletion mutants or OE transformants as compared to that in the wild-type strain (P < 0.05).




VmGlu2 Deletion Affects Toxins Production by V. mali

To further reveal the mechanism underlying the virulence of VmGlu2 deletion and overexpression, we examined the toxin levels in the apple branch extract media for different strains. All tested strains produced five kinds of toxins, however, the ΔVmGlu2 mutants exhibited different degrees of reduction in the levels of five toxic compounds (Figure 8C). The VmGlu2 deletion strains exhibited 20 (phloroglucinol) to 71% (protocatechuic acid) reduction in each toxic compounds than the wild-type strain. Moreover, the total toxins produced by the ΔVmGlu2 mutants showed 48% decrease than the wild-type strain, whereas the complementation strain with the native gene restored the phenotype. In contrast, the toxin levels produced by the VmGlu2 overexpression transformants were not significantly different than those produced by the wild-type strain (Figure 8D).




DISCUSSION

The role of CWDEs in the virulence of plant pathogens has been described by previous studies, while these enzymes are considered vital for the generation of disease symptoms and pathogenesis (Brito et al., 2006; Kubicek et al., 2014; Pérez-Hernández et al., 2017; Gui et al., 2018). The β-glucosidases are among the main CWDEs, and thus play important roles especially in the virulence of necrotrophic pathogens infection and disease development (Sasaki and Nagayama, 1996; Pérez-Hernández et al., 2017; Jourdan et al., 2018). V. mali, the causal agent of apple tree Valsa canker, infects host plants and causes typical symptoms through secreted CWDEs and toxins. Although previous studies have demonstrated that several CWDEs play crucial function in the pathogenicity of V. mali, the role of β-glucosidases in the pathogen virulence is still largely unknown. In the present study, we identified a β-glucosidase gene VmGlu2 from V. mali that contains GH1 glycosyl hydrolase motif with β-glucosidase activities, while it is required for the full virulence of V. mali.

The bioinformatics analyses showed that VmGlu2 protein shared the characteristics of β-glucosidases and multiple conserved motifs (Brunner et al., 2002; de Giuseppe et al., 2014). The recombinant protein was successfully obtained by the prokaryotic expression system, while the purified VmGlu2 protein showed high activity (1.74 U/mL) of β-glucosidase using pNPG as a substrate at pH 5.5 and 50°, thus suggesting that the VmGlu2 encoded a β-glucosidase and participated in the degradation of cellulose during the infection of V. mali. This result was in line with a previous study, which demonstrated that a 66 KDa protein of β-glucosidase from F. oxysporum, a phytopathogenic fungus, had high enzyme activities when using pNPG as a substrate at the similar reaction conditions (Alconada and Martínez, 1996).

Interestingly, in this study, the VmGlu2 protein could also catalyze the hydrolysis of phloridzin glucosides, and produce phloretin, which is the first step during toxin production in V. mali (Natsume et al., 1982; Gosch et al., 2010). Although the toxic compounds, leading to necrosis on apple tree, had long been identified, however, the specific functional genes involved in the degradation process of toxins in V. mali remain largely unknown. Previous study demonstrated that the candidate phloridzin-degrading enzyme gene Vmlph1 had relationship with the vegetative growth. Moreover, it also participated in the virulence, conidiation and melanin biosynthesis in V. mali. Nevertheless, the deletion mutant of Vmlph1 did not affect the ability of the pathogen to degrade phloridzin (Zhu et al., 2018). In addition, the function of Vmlph1 protein to degrade phloridzin still has not been verified. In this study, our results indicated that VmGlu2 had high enzymatic activities to hydrolyze phloridzin, thus suggesting that VmGlu2 also plays crucial roles in toxins production by V. mali.

The β-glucosidases have been reported as pathogenicity factors in several plant pathogens. For example, the β-glucosidases involved in the virulence of B. cinerea and S. scabies (Sasaki and Nagayama, 1996; Jourdan et al., 2018), and disruption of the BcSUN1 gene resulted in different cell surface alterations affecting the infection of B. cinerea, therefore decreasing its virulence potential (Pérez-Hernández et al., 2017). As in these examples from fungi and bacteria, VmGlu2 is a critical pathogenicity factor in V. mali, as evidenced by its high expression during plant infection. Furthermore, we also found that VmGlu2 exhibited higher transcript levels in the apple phloem than in the apple xylem. Based on the finding from previous studies that V. mali could grow rapidly and survived for a long time in the apple xylem, but it did not develop diseased symptoms, until the pathogen reached the phloem (Chen et al., 2016; Wang et al., 2018), we speculate that the expression pattern of VmGlu2 is in line with their roles in the pathogenicity of V. mali.

Subsequently, we generated VmGlu2 deletion and complementation stains to investigate the role of VmGlu2 in the growth, development, and pathogenicity of V. mali. The ΔVmGlu2 mutants exhibited similar morphology and growth rate of mycelia as compared to the wild-type strain. Intriguingly, our results revealed that VmGlu2 was necessary for pycnidia formation and pathogenicity of V. mali. Moreover, the ability of producing pycnidia and pathogenicity was restored in the VmGlu2 complementation stains. Similar results were demonstrated in other CWDEs in phytopathogens, for example, the deletion of cutinase VdCUT11 did not affect mycelia growth and colony morphology, but it contributed to the virulence of V. dahliae, and the deletion mutants of feruloyl esterases FAEs exhibited a significant reduction in the pathogenicity. But it had no effect on the vegetative growth and development of V. mali (Gui et al., 2018; Xu et al., 2018). In addition, we obtained VmGlu2 overexpression transformants, and found that the gene overexpression did not affect the vegetative growth and development, but it increased the pathogenicity of V. mali. Based on the deletion and overexpression of VmGlu2 as well as pathogenicity assays, VmGlu2 was confirmed to be involved in the virulence of V. mali in apple trees.

The conidia production is a vital phase in the life cycle of pathogens, therefore, it is generally believed that inhibition of pycnidia formation by V. mali could alleviate or effectively control the occurrence of apple tree Valsa canker. However, the relationship between conidiation and pathogenicity of V. mali is not yet clear. In a previous study, the deletion of VmE02, encoding the pathogen-associated molecular pattern (PAMP), demonstrated attenuated conidiation but not the virulence (Nie et al., 2019). Furthermore, the deletion of mitogen-activated protein kinase gene, VmPmk1, could lead to a reduced growth rate, and a decreased pathogen virulence. Meanwhile, it also leads to absence of pycnidia, thus implying no pycnidia production in mutants (Wu et al., 2017). The deletion mutant of VmXyl1, encoding the xylanase, produced normal growth rate and exhibited decreased pycnidia formation and virulence (Yu et al., 2018). Moreover, the deletion mutants of VmVeA and VmVelB, Velvet protein family members, showed increased conidiation and melanin production, but they exhibited reduced virulence (Wu et al., 2017, 2018; Yu et al., 2018). In the present study, the ΔVmGlu2 mutants exhibited normal growth rate and decreased pycnidia formation and pathogenicity. These results suggest that conidiation and virulence of V. mali are not necessarily correlated.

The major pathogenic factors of V. mali involve multiple CWDEs and toxins (Natsume et al., 1982; Chen et al., 2012; Wang et al., 2014). Therefore, in this study, the VmGlu2 activities of β-glucosidase and production of toxins were investigated. The β-glucosidase activities of the ΔVmGlu2 mutants were significantly lower, while the enzyme activities of the VmGlu2 overexpression transformants were notably higher, when compared with those of the wild-type strain, which was consistent with the reduced and enhanced virulence of the gene deletion and overexpression strains, respectively. Similarly, the deletion mutants of VmXyl1 and most of the FAEs that exhibited significant decreases in virulence had significantly lower enzyme activities than the wild-type stains (Xu et al., 2018; Yu et al., 2018). Moreover, in B. cinerea, the deletion of Xyn11A resulted in a reduction in the xylanase activity and virulence, however, further study demonstrated that Xyn11A mainly contributed to the fungal virulence with its inducing necrosis of the infected plant tissue and not with its enzyme catalytic activity (Brito et al., 2006; Noda et al., 2010). In contrast, interruption of a xylanase gene, FGSG_03624, from F. graminearum demonstrated a significant reduction in the xylanase activity, but it did not impair its virulence (Sella et al., 2013). These complexities might be attributed to the functional redundancies of the CWDEs genes. By analysis the genome sequence of V. mali, we found three genes of GH1 family encode β-glucosidase with 40.7% identity. The three genes all have typical catalytic residues of GH1 enzymes in which two Glu act as the nucleophile and acid/base, respectively (de Giuseppe et al., 2014). In our previous study, we cloned VmGlu1 (KY646110) and found the gene significantly up-regulated during V. mali infection (Li et al., 2017). However, the biological function of VmGlu1 needs to be further studied.

In addition, our data also showed that toxin production by the ΔVmGlu2 mutants were significantly lower than the wild-type strain, which also corresponds to the results of the reduced β-glucosidase activities and virulence. However, the overexpression of VmGlu2 did not increase the toxin production. The degrading rates of phloridzin were both almost up to 100% for the wild-type and overexpression strains at 7 days after incubation in the apple branch extract media (data not shown). Therefore, we speculated that the β-glucosidases produced by V. mali were excessive to involve in the degradation of phloridzin. In apple and E. amylovora interaction, β-glucosidase activity was significantly higher in the susceptible genotype MM106 than that in the resistant genotype Evereste, which contributes to the fast multiplication of the bacteria in the leaves of MM106 (Gaucher et al., 2013). In the interaction of apple and V. mali, the phloridzin is converted into phloretin with the release of glucose by the action of VmGlu2. The phloretin is the precursor of five toxic compounds produced by V. mali, which determine the severity of necrosis on the apple tissues. On the other hand, the release of glucose could favor the growth of V. mali in apple tissues. Taken together, these data suggest that the role of β-glucosidases is complex in the virulence of V. mali. However, the functions of β-glucosidase genes and their cooperative roles deserve to be further investigated.



CONCLUSION

We have demonstrated that the protein encoded by VmGlu2 has high β-glucosidase activity when using the pNPG as a substrate, and it can convert phloridzin into phloretin while releasing the glucose. In addition, we reveal that VmGlu2 is required for full pathogenicity of V. mali in apple tree, and it significantly influences its pycnidia formation. These results provide a vital evidence to explore further the complex functions of CWDEs in fungal pathogenicity.
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The occurrence of reactive oxygen species (ROS) during the colonization of necrotrophic pathogens attacking fruit is critical during the attack, but its importance in Penicillium expansum remains unclear. This study aimed to determine the regulatory effects of NADPH oxidase (Nox) genes on the growth and pathogenicity of P. expansum in apple fruits. Deletion mutants of ΔPeNoxA, ΔPeNoxR, and ΔPeRacA genes were constructed to determine the contribution to the colonization process. The ΔPeRacA strain had a significant effect on the reduction of growth and pathogenicity, the ΔPeNoxA strain negatively regulated the growth and development of P. expansum and did not show any significant effect on the pathogenicity, and the ΔPeNoxR strain showed no effect on the growth or pathogenicity of P. expansum in the apple fruits. However, analysis of the content of O2– and H2O2 in the mycelium of all the Nox mutants showed a significant reduction, confirming the functionality of Nox mutations. Growth under stress conditions in the presence of Congo red, sodium lauryl sulfate, and H2O2 showed a negative effect on the radial growth of ΔPeNoxA, but a positive effect on radial growth reduction by ΔPeNoxR and ΔPeRacA mutants was shown. Interestingly, the host antioxidant activity levels of superoxide dismutase (SOD) andcatalase (CAT) in the fruits after inoculation with ΔPeNoxA, ΔPeNoxR, and ΔPeRacA mutants declined, suggesting reduced ROS accumulation in the colonized region. These results suggest that PeNoxA, PeNoxR, and PeRacA differentially regulate the growth and pathogenicity of P. expansum by producing ROS, and that PeRacA showed the strongest regulatory effect.

Keywords: Penicillium expansum, NADPH oxidases, reactive oxygen species, growth, pathogenicity


INTRODUCTION

Penicillium expansum is a necrotrophic pathogen that infects temperate fruits, such as pomes, stones, and berries, through wounds during harvesting and storage (Sun et al., 2018). Evidence of the ability of P. expansum to germinate and temporarily grow in a host tissue producing high levels of H2O2 suggested their role in signaling molecule for the induction of fruit defense (Hadas et al., 2007). Upon initial colonization of a non-host fruit by P. expansum, the host releases a large amount of reactive oxygen species (ROS) at the infection site, inhibiting fungal colonization. However, the addition of exogenous catalase (an H2O2-scavenging enzyme) led to reduced ROS production in the host and enhanced the successful colonization of P. expansum on non-host citrus fruits (Macarisin et al., 2007). Studies on the mechanism underlying the sensitivity of P. Expansum to intracellular accumulation of P. expansum indicate that under high H2O2-induced oxidative stress, intracellular ROS production by the host is mainly located in the mitochondria. Overexposure of host cells to ROS causes impairments in DNA, lipids, and protein, eventually leading to cell death and progressive aging of an organism (Levine et al., 2000; Xu and Tian, 2008). In order to maintain a stable level of ROS, many organisms have evolved ROS scavenging systems that are mainly enzymatic or non-enzymatic. The enzymatic scavenging system includes superoxide dismutase (SOD) and catalase (CAT), ascorbate peroxidase (APX), etc. SOD causes superoxide conversion into H2O2, whereas CAT converts H2O2 into H2O. ROS scavenging systems are essential for maintaining ROS levels both in hosts and in pathogens (Wang et al., 2019).

Pathogenic fungi produce ROS by the catalysis of NADPH oxidase (Nox) and play an essential role in their infection processes, signal transduction, and pathogenicity (Tudzynski et al., 2012). In these cases, proper fungal antioxidative systems are expressed in the pathogens to enable fungal development (Lin et al., 2017). Three Nox catalytic subunits, namely NoxA, NoxB, and NoxC, have been found in filamentous fungi, such as Botrytis cinerea, Neurospora crassa, and Magnaporthe oryzae (Kim, 2014). NoxR is a regulatory factor of the Nox catalytic subunit; its coding structure is similar to that of the p67phox protein in mammals (Takemoto et al., 2006). Other Nox regulatory subunits such as Rho3, Cdc42, and RacA also play regulatory roles in fungi (Minz et al., 2013; Si et al., 2016). In the Nox family, only NoxA has a catalytic core domain. The regulatory subunit NoxR and the small GTPases RacA are necessary to activate fungal NoxA function and sometimes act alone (Li et al., 2019).

Studies have reported that NoxA in Aspergillus nidulans and Podospora anserina had no effect on their asexual development but the affected ROS production and sporophore formation of their hyphae (Lara-Ortíz et al., 2003; Malagnac et al., 2004). In B. cinerea, NoxR is responsible for activating the function of NoxA. NoxR deletion was shown to severely affect the sexual and asexual development and the sensitivity oxidative stress of B. cinerea (Segmüller et al., 2008). The absence of RacA in Epichloë festucae increased hyphal branching, altered the growth of the hyphal tip, and decreased the ROS content. Furthermore, NoxR could activate NoxA synergistically with RacA (Scott et al., 2007). In Aspergillus niger, RacA governs polarity maintenance by controlling actin but not microtubule dynamics, which is consistent with its localization at the hyphal apex. The deletion of RacA caused an actin localization defect, leading to the loss in the polarization tip extension of hyphae. Moreover, NoxR is a specific effector of RacA, which plays a critical role in the asexual development of the pathogen (Kwon et al., 2011).

A report has illustrated the effects of Nox on the asexual and sexual development of filamentous fungi (Tudzynski et al., 2012). However, for P. expansum, no reports have described the regulatory effects of the Nox family. Using gene knockout and complementation methods, we analyzed the ROS contents and stress resistance of NoxA, NoxR, and RacA on the growth and pathogenicity of P. expansum. By studying the production of mutant ROS as well as their growth, morphology and pathogenicity, we determined the effect of PeNoxA, PeNoxR, and PeRacA deletion on the colonization patterns of P. expansum.



MATERIALS AND METHODS


Fungal Strain and Growth Condition

Penicillium expansum (T01) was obtained from the Institute of Botany, the Chinese Academy of Sciences. A spore suspension was prepared according to Kumar et al. (2017), with minor modifications. Cultures were grown at 25°C in the dark, and maintained on potato dextrose agar (PDA) plates (Beijing Soleibao Technology Co., LTD, China). Then, 10 ml of sterile distilled water supplemented with 0.05% (v/v) Tween 80 (Solarbio, China) by removing the conidia from 7-day-old PDA. A hemocytometer was used to determine the concentrations of the spores. Single-spore cultures were obtained and stored at –80°C until use.



DNA Extraction

DNA from the WT strain grown in a CY liquid medium (3 g/L NaNO3, 1 g/L K2HPO4⋅3H2O, 0.5 g/L KCl, 0.5 g/L MgSO4⋅7H2O, 0.01 g/L FeSO4⋅7H2O, 30 g/L sucrose, 5 g/L yeast extract, pH = 5.2) in the dark at 25°C for 48 h and hyphae were collected and stored at –80°C for DNA extraction. According to the instructions of the manufacturer, The DNA was prepared with Fungal DNA Extraction Kit (No. D3195, OMEGA, Guangzhou Feiyang Biological Engineering Co., LTD, China) as described by Yang et al. (2014). The extracted DNA was analyzed by gel electrophoresis and then stored at –20°C until use.



Gene Knockout and Complementation

Based on the gene sequences of PeNoxA (ID:27678081), PeNoxR (ID:27678342), and PeRacA (ID:27674691) of P. expansum T01 in the NCBI database,1 knockout mutants of PeNoxA, PeNoxR, and PeRacA were generated using a homologous recombination strategy and by Agrobacterium tumefaciens-mediated transformation, as described by Li et al. (2015). The primers used for the amplification of the up-and downstream sequences are listed in Supplementary Table 1, and the results are shown in Supplementary Figure 1. Gene knockout vectors were constructed by inserting the homologous recombination sequences (approximately 1 k beach), flanking the target genes into the upstream and downstream sides of the hygromycin resistance gene in the vector pCHPH. The homologous recombination knockout strategy is shown in Figure 1. The vectors were transformed into A. tumefaciens by freezing-thawing method. During transformation, hygromycin B (Beijing Soleibao Technology Co., LTD, China) was used to select transformants that have undergone resistance screening collection of hyphae and extraction of genomic DNA. Mutants were identified by the difference in the size of amplified fragments between them and the wild type (WT), and the results are shown in Supplementary Figure 2. For the construction of complementation vectors, DNA fragments of PeNoxA, PeNoxR, and PeRacA, namely, the full genomic sequence of the genes and the promoter and terminator regions were cloned into pCNEO-N. G418 (GIBCO, Wolcavi (Beijing) Biological Technology co., LTD, China) was used to select the transformants. The primer sequences used to construct the complementation vectors are shown in Supplementary Table 2.
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FIGURE 1. Schematic of the method of gene knockout.




Phenotypic Analysis

Colony growth was determined according to the method of Zong et al. (2015), with minor modifications. PDA plates were inoculated with 3 μl of 1 × 106 conidia/ml of either the WT, mutants or complementation strains and incubated at 25°C in the dark. Growth was determined by measuring the diameter after 7 days. Average surface (cm2) was used to express colony growth. Each strain had three replicates, and nine plates were used for each replicate.

The rate of spore germination and the length of germ tubes were determined based on the method of Long et al. (2017), with minor modifications. Briefly, 3 μl of each conidial suspension (1 × 106 conidia/ml) was inoculated on PDA plates and incubated at 25°C for 9, 10, and 11 h in the dark. The rate of spore germination and the length of germ tubes of each strain were recorded at different time periods with a microscope (Olympus Corporation, Tokyo, Japan). Each strain had three replicates, and nine plates were used for each replicate.

According to the instructions of the manufacturer, the O2– and H2O2 contents were measured with a kit from Suzhou Comin Biotechnology (Suzhou, China) as described by Zhang et al. (2020). The spore suspension of either the WT, mutants, or complementation strains (3 μl, 1 × 106 conidia/ml) was inoculated on PDA plates, cultured for 24 h, and transferred to a CY medium for 48 h. Then, hyphae were collected to determine the contents of O2– and H2O2. All determination was done at least three times.

Stress resistance was assayed based on Siwy et al. (2016), with minor modifications. Congo red (CR) 25 mg/L, 0.02% (w/v) sodium dodecyl sulfate (SDS), and 100 mM H2O2 were added to the PDA plates. Each plate was inoculated with 3 μl of each conidial suspension (1 × 106 conidia/ml) and cultured at 25°C in the dark. The morphology of colony growth was recorded, and radial growth was measured after 7 days. Average surface (cm2) was used to express colony growth. Each strain had three replicates, and nine plates were used for each replicate.

Spore production was determined according to the method of Zhou et al. (2018), with minor modifications. PDA plates containing 1 × 106 conidia/ml of each strain were incubated at 25°C in the dark for 7 days, and then 5 ml of sterile water (containing 0.05% Tween-20) was added to each plate. Conidia were visualized with a microscope (Olympus Corporation, Tokyo, Japan) and counted with a hemocytometer. Each strain had three replicates, and nine plates were used for each replicate.



Pathogenicity Experiments

Pathogenicity was determined based on the method of Levin et al. (2019), with minor modifications. The spore suspension (10 μl, 1 × 105 conidia/ml) was inoculated at the wound of the apple fruits (cv. Fuji) using Nichipet EX (Nichiryo, Nagaoka, Japan). The inoculated fruits were packed in polyethylene bags and then stored under ambient conditions (25 ± 2°C, RH 80–85%) in darkness. We evaluated the decayed fruits after 7 days. Colonized area (cm2) was used to express wound surface. Each strain had three replicates, and nine fruits were used for each replicate.

According to the instructions of the manufacturer, SOD and CAT activities were measured with the kit from Beijing Solarbio Science and Technology (Solarbio, China) as described by Zhang et al. (2020). The configured spore suspension (10 μl, 1 × 105 conidia/ml) was inoculated at the wound of the apple fruits (cv. Fuji). The inoculated fruits were packed in polyethylene bags and then stored under ambient condition (25 ± 2°C, RH 80–85%) in darkness. Disease-health junction tissues of the apple fruits were collected after 7 days. The SOD activity in the fruits was measured with the SOD kit from Beijing Solarbio Science and Technology. The CAT activity in the fruits was measured with the CAT kit from Beijing Solarbio Science and Technology. All determination was done at least three times.



Statistical Analysis

All the experiments were repeated at least three times, and the average and standard error (±SE) of the data were calculated using Microsoft Excel 2010. The significance analysis of Duncan’s multiple differences was performed using SPSS 19.0 (SPSS Inc., Chicago, IL, United States) (P < 0.05).



RESULTS


Effect of PeNoxA, PeNoxR, and PeRacA Knockout on Colony Development and Morphology of the Mutants

Average surface and colony morphology of ΔPeNoxR and their complementation strains indicated that they were similar to those of the WT strain (Figure 2). ΔPeNoxA showed a 12% increase compared with the WT, but the surface of complementation strain was similar to that of the WT. However, the average surface of the ΔPeRacA mutant was inhibited by 34% with that of WT, but the average surface was regained in the ΔPeRacA-C strain (Figure 2A). In terms of colony morphology, the ΔPeNoxA and ΔPeNoxR mutants did not differ from the WT. The morphology of ΔPeRacA showed irregular edges. In terms of appearance, the edges are slightly wrinkled but the morphology was recovered in the ΔPeRacA-C (Figure 2B). These results indicated that the PeNoxA gene showed a negative regulatory effect on P. expansum in surface and colony morphology, while the ΔPeRacA strain showed significant inhibition in surface and colony morphology.
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FIGURE 2. Average surface and morphology of wild type (WT), mutants, and complementation strains. The spore suspension (3 μl) was inoculated on potato dextrose agar (PDA) plates, and cultured at 25°C in the dark. The average surface and morphology were evaluated after 7 days. (A) Average surface of WT, mutants, and complementation strains. (B) Morphology of WT, mutants, and complementation strains. Bars indicate standard error. Different letters indicate significant differences (P < 0.05).




Effect of PeNoxA, PeNoxR, and PeRacA Knockout on Germ Tube Elongation of the Mutants

The rate of germination in the ΔPeNoxA and ΔPeNoxR was similar to that in the WT and complementation strains, with minor changes (Figure 3). However, a delay in germination of 20% was observed in the ΔPeRacA mutant when compared with the WT and the complementation strain (Figure 3). Also, the length of the germinated tube of the ΔPeRacA mutant was inhibited by 61% at 11 h after the initiation of germination, while the complementation strain showed a reduction in inhibition that is not similar to that of the WT strain. The above results also suggested that the spore germination in P. expansum was affected in the ΔPeRacA mutant.
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FIGURE 3. Germination rate and germ tube length of wild type (WT), mutants, and complementation strains. The spore suspension (3 μl) was inoculated on potato dextrose agar (PDA) plates, and cultured for 8, 9, 10, and 11 h at 25°C in the dark. The spore germination and germ tube length were observed under a microscope. Bars indicate standard error. Different letters indicate significant differences (P < 0.05). (A,C,E): Germination rate of WT, mutants, and complementation strains. (B,D,F): Germ tube length of WT, mutants, and complementation strains.




O2– and H2O2 Production in the Nox Mutants

Analysis of the O2– content in the ΔPeNoxA, ΔPeNoxR, and ΔPeRacA mutants were significantly reduced by 36, 17, and 41%, respectively, when compared with that produced by the WT (Figure 4A). Similarly, the content of H2O2 in the ΔPeNoxA and ΔPeRacA mutants were reduced by 56 and 17% compared with that in the WT (Figure 4B). ΔPeNoxR was similar to the WT and was recovered in ΔNoxR-C. The results indicated that PeNoxA, PeNoxR, and PeRacA genes were involved in the production of ROS in P. expansum.
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FIGURE 4. Contents of O2– and H2O2 in the Nox mutants and complementation strains. The spore suspension (3 μl) was inoculated on potato dextrose agar (PDA) plates, cultured for 24 h, and transferred to a CY medium for 48 h. Then, the hyphae were collected to determine the contents of O2– and H2O2. Bars indicate standard error. Different letters indicate significant differences (P < 0.05). (A) Content of O2– of WT, mutants, and complementation strains. (B) Content of H2O2 of WT, mutants, and complementation strains.




Oxygen Stress Responses by the Nox Mutants Detected When Grown With Congo Red, Sodium Lauryl Sulfate, and H2O2

The average surface of ΔPeNoxA mutants in the presence of SDS was increased by 25% compared with that of the WT, while in the presence of CR and H2O2 it did not differ from that of the WT. The average surface of the ΔPeNoxR and ΔPeRacA mutants in the presence of SDS was inhibited by almost 28 and 39%, respectively. Also, the average surface of the ΔPeRacA strain in the presence of CR and H2O2 was inhibited by 58 and 78% compared with the WT (Figure 5). The average surface of the complementation stains reverted, in most cases, the effect of the stresses on their fungal growth (results not shown). The colony morphology of the ΔPeNoxA and ΔPeNoxA-C strains were not different compared with the WT, while the ΔPeRacA mutant was wrinkled with irregular colony edge depressions that become flat in the colony edge of the ΔPeRacA-C strain. ΔPeNoxR and ΔPeNoxR-C showed irregular edges when grown with SDS (Figure 5B). These results indicated that the PeRacA gene showed the highest sensitivity to cell wall integrity stress and oxidative stress, followed by the PeNoxR and PeNoxA genes.
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FIGURE 5. Effect of Congo red (CR), sodium dodecyl sulfate (SDS), and H2O2 on the colony diameter and colony morphology of wild type (WT) and mutants. CR (25 mg/l), SDS (0.02%), and H2O2 (100 mM) were added to the potato dextrose agar (PDA) medium. The spore suspension (3 μl) of P. expansum was inoculated and cultured at 25°C in the dark for 7 days, and the colony morphology and the average surface was recorded. (A) Growth of mutants in the presence of CR. (B) Growth of mutants in the presence of SDS. (C) Growth of mutants in the presence of H2O2. Bars indicate standard error. Different letters indicate significant differences (P < 0.05). (D) The colony morphology of WT and mutants.




Effect of PeNoxA, PeNoxR, and PeRacA Knockout on Sporulation and Pathogenicity of the Mutants

The level of sporulation of the ΔPeNoxA and ΔPeNoxR mutants increased by 60 and 30%, respectively, compared with that of the WT, while the sporulation of the ΔPeRacA mutant was inhibited by 30%. The sporulation of ΔPeRacA-C showed minor differences with the WT strain (Figure 6A). These results indicated that the PeNoxA and PeNoxR genes showed a negative regulation of the sporulation of P. expansum, while the deletion of the PeRacA gene enhanced a significant inhibition on sporulation. The colonized area of the ΔPeNoxA and ΔPeNoxR mutants showed an area similar to that of the WT (Figure 6C), while that of the colonized area of ΔPeRacA was inhibited by 43% compared the WT and the ΔPeRacA-C strain (Figure 6B). These results indicate that the ΔPeRacA mutant is the only one showing a significant contribution to pathogenicity, in comparison with ΔPeNoxA and ΔPeNoxR.
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FIGURE 6. Sporulation and pathogenicity of wild type (WT), mutants, and complementation strains. The spore suspension (3 μl) was inoculated on potato dextrose agar (PDA) plates and cultured for 7 days at 25°C in the dark. The sporulation was recovered by adding sterile distilled water using a bacteriological loop. (A) Sporulation of WT, mutants, and complementation strains. (B) Colonized area of WT, mutants, and complementation strains. Bars indicate standard error. Different letters indicate significant differences (P < 0.05). (C) The disease spot form of WT, mutants, and complementation strains.




Activities of SOD and CAT in Disease-Health Junction Tissues of Apple Fruits of Mutants

The colonization of the Nox mutants raised the question if the level of antioxidant activities of the host fruit will be affected by the colonization of the Nox mutant. Evaluation SOD activity responses in the leading edge of the colonized tissue showed that the ΔPeNoxA, ΔPeNoxR, and ΔPeRacA mutants strongly reduced the SOD activity by 36, 60, and 53%, respectively (Figure 7A). A similar pattern was observed when the CAT activity was evaluated at the leading edge of the colonized tissue by the ΔPeNoxA, ΔPeNoxR, and ΔPeRacA mutants showing a reduced CAT activity by 47, 51, and 26%, respectively (Figure 7B). The SOD and CAT activities of the complementation stains reverted in most cases (results not shown). The results indicate that the deletion of the PeNoxA, PeNoxR, and PeRacA genes are modulating the host antioxidant activities as a result of the mutant colonization.
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FIGURE 7. Activities of superoxide dismutase (SOD) and catalase (CAT) at disease-health junction tissues of apple fruits. Bars indicate standard error. Different letters indicate significant differences (P < 0.05). (A) Activitiy of superoxide dismutase (SOD). (B) Activitiy of catalase (CAT).




DISCUSSION

Nox mediates multiple reactions, such as growth of vegetative hyphae, apoptosis, spore fusion, and differentiation of infective structures (Sumimoto, 2008). According to different growth stages, ROS are produced in various intercellular substances, such as peroxidase in vacuoles, and flavin and xanthine oxidase in peroxidase (Susumu et al., 2001; Río et al., 2006). In this study, the colony growth and germination rate of the ΔPeNoxA mutant increased when compared with the WT, while there was no significant change in the ΔPeNoxR mutant. The colony growth and germination of the ΔPeRacA mutant was significantly reduced. Similar results are found in Epichloë festucae, noxA negatively regulates the asexual development, and the deletion of noxR has no effect on growth, while the deletion of RacA shows growth defects (Kayano et al., 2013). In A. nidulans, NoxA is required for sexual development, RacA activates Nox, and NoxR functions in a parallel pathway that regulates Nox localization (Semighini and Harris, 2008). However, in B. cinerea neither NoxA nor NoxB is required for ascospore germination but both are essential for the formation of sclerotia, multicellular sexual structures (Segmüller et al., 2008). These results indicate diverse functions for Nox in different filamentous fungi. Nox catalyzes the ROS production in cells, which can directly act on the cell wall or indirectly act as a second messenger to trigger the hydrolysis and flow of nutrients, thereby weakening nutrients and re-establishing differentiated growth (Malagnac et al., 2004). In A. nidulans, NoxA mainly regulates sexual development. However, it would not affect the asexual development of pathogens, which involved ROS production via the regulation of mitogen activated protein kinases (MAPK) signals (Eaton et al., 2008). Marschall et al. (2016) reported that Nox activity was strictly regulated involving other membrane proteins, such as protein disulfide isomerase (PDI), specific oxidoreductase (ERO1) and scaffold protein (Iqg1), cytoglobin, and different regulatory domains. Therefore, it is hypothesized that NoxA, NoxR and RacA regulated the growth and development in P. expansum. However, whether there is a potential interaction with other regulatory factors requires further research.

Nox is the main enzyme source of ROS in fungi and can use FADH2 and two heme molecules as cofactors. It acts as an electron donor to produce superoxide through electron transfer between membranes. In most cases, oxygen is an electron acceptor, and superoxide is the main product (Rossi et al., 2017). In this study, the contents of O2– and H2O2 in fungi were significantly reduced, indicating that the NoxA, NoxR, and RacA genes affected ROS production in P. expansum. Similar results have been reported when deletion of racA resulted in reduced ROS production in E. festucae (Tanaka et al., 2008). Segal and Wilson (2018) Nox enzymes produce ROS by transferring electrons from NADPH to molecular oxygen to produce superoxide and other ROS. In E. festucae, ROS accumulation was observed in the extracellular matrix of the wild type but not in noxA mutants (Tanaka et al., 2006). These observations suggest that the ROS produced by Nox is dispensable for the establishment of fungi growth. In the process of cell differentiation, Nox catalytic subunits respond to internal or external signals, and RacA and NoxR are transferred to the plasma membrane through electrons to form a multi-enzyme complex with complete membrane catalysis, and convert O2 to O2–. The O2– can be rapidly converted into H2O2 quickly by dismutase and diffuse through the membrane as a second messenger and play their roles on fungal cell walls, plasma membrane receptors, or ion channels to activate internal signaling pathways (Scott and Eaton, 2008). Therefore, it is hypothesized that PeNoxA, PeNoxR, and PeRacA, which are primary ROS sources in P. expansum, are responsible for intracellular signal transduction and activation of metabolic pathways.

Cell differentiation in fungi has multiple manifestations. It is related to various modes of reproduction and differentiation and various forms of resistance to adverse environmental conditions. Various physiological signals and stresses may cause fungal tissues to undertake specific differentiation processes (Georgiou et al., 2006). NoxA, NoxR, and RacA are the core components of the Nox system; however, there are differences among the Nox mutants, and each of them may have unique functions for different environmental stimuli (Marschall and Tudzynski, 2017). Therefore, to study the effects of the NoxA, NoxR, and RacA genes on various stress responses in P. expansum, stress tests were performed. The ΔPeNoxA mutant, with the treatment of SDS, CR, and H2O2, showed an increase in the exogenous stress conditions, whereas the growth of the ΔPeNoxR and ΔPeRacA mutants showed a reduced stress response. Similar results have been reported for the noxA and noxR mutants, which displayed cellular sensitivity to H2O2 and SDS of A. alternata (Yang and Chung, 2013). The regulatory functions of NoxA conferring ROS resistance are modulated partially through the activation of the YAP1- and HOG1 MAP kinase-mediated signaling pathways in A. alternata (Yang and Chung, 2012). Cellular stress transcription factor YAP1 plays a global regulatory role in oxidative stress response. Under oxidative stress, YAP1 enters the nucleus through conformational changes through the formation of disulfide bonds, and activates the expression of Nox (Wood et al., 2003; Lin et al., 2009). The MAPK signaling pathway and Nox complex showed mutual activation effects. The MAPK kinase Hog1 has also been proven to be resistant to high osmotic pressure and to regulate oxidative stress, and the Hog1 gene has shown the flexibility and uniqueness of different signaling pathways in response to different stress (Lin and Chung, 2010). Therefore, it is hypothesized that NADPH oxidase may have a regulatory effect on the integrity of the cell wall and oxidative stress response in P. expansum, but whether it involves specific interactions with other signaling pathways requires further research.

Reactive oxygen species (ROS) play a significant role during host-pathogen communication. The infection process can be categorized broadly as the recognition phase, host-pathogen communication stage, and the final penetration and infection stage. According to different lifestyles and different infection methods, there are also differences in pathogenicity (Marschall and Tudzynski, 2016). The present results indicate that the pathogenicity of the ΔPeNoxA and ΔPeNoxR mutants is similar to that of WT, and that the colonization pattern of ΔPeRacA is significantly reduced. Similar results were obtained by Chen et al. (2008) during the colonization of rice by Magnaporthe grisea. Once the fungal spores are attached to the fruit, they can absorb nutrients from the host for their growth. The chemotropic sensing of nutrients and fungal signals influenced the fungal growth in the fruits (Turrà and Di, 2015). The pathogen counteracts by producing its own ROS to weaken the defense barrier and facilitates the penetration of fruit tissues by specialized infection structures. ROS production plays an important role during infection, and the effects of pathogenicity are often correlated with altered ROS production (Wang et al., 2019). Tanaka et al. (2006) reported that plants infected with the noxA mutant lose apical dominance and eventually die in a fungus-perennial Rye grass mutualistic interaction. Chen et al. (2008) also observed that RacA and PAK kinases Chm1 and Nox1 had mutual activation effects. Furthermore, Ygor et al. (2015) found that the pathogenicity of Colletotrichum gloeosporioides was directly correlated to H2O2 production in cowpea. These results demonstrate that fungal ROS production is critical in maintaining a mutualistic fungus-plant interaction. Therefore, we hypothesize that NADPH oxidase may regulate the pathogenicity of P. expansum.

Plant cells have an evolved set of defense systems that can effectively eliminate excessive reactive oxygen and maintain stable homeostasis. SOD and CAT are important active oxygen-scavenging enzymes (Chen et al., 2016). We found that SOD and CAT activities decline in fruits during colonization by the ΔPeNoxA, ΔPeNoxR, and ΔPeRacA strains. ROS accumulation is of considerable importance for pathogenic interactions between plants and microorganism (Jones and Dangl, 2006). In the early stages of plant-microorganism interactions, there is a rapid and transient production of ROS (superoxide anion, hydrogen peroxide, and hydroxyl radical) (Buron-Moles et al., 2015). In fact, NOX enzymes often partner with SOD in signaling processes, whereby SOD converts the cell-impermeable superoxide to the diffusible hydrogen peroxide-signaling molecule (Jin et al., 2010). In Candida albicans, the deletion of SOD enhanced ROS production during morphogenesis (Rossi et al., 2017). Therefore, it is hypothesized that the Nox of P. expansum activates various antioxidant activities in the host.



CONCLUSION

Development of the Nox mutants in P. expansum showed specific morphological, growth, and colonization responses by PeNoxA, PeNoxR, and PeRacA. The ΔPeNoxA mutant negatively regulated the growth and development of P. expansum, and showed no effect on pathogenicity. Similarly, the ΔPeNoxR mutant showed no significant effect either in pathogenicity or in growth development. On the contrary, the growth development and pathogenicity of ΔPeRacA were reduced. ΔPeRacA showed the most sensitive to cell wall integrity stress and oxidative stress. Interestingly, the host antioxidant response determined by the analysis of SOD and CAT in fruits showed a reduce response to all the ΔPeNoxA, ΔPeNoxR, and ΔPeRacA mutants, suggesting that ROS play an important role in the interaction between the pathogen and the fruit.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

XZ and YZ conceived and designed the experiments with the help of DP. YB wrote the manuscript. XZ, DG, and LY performed the experiments. YB, DP, ES, and YZ reviewed and edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the National Natural Science Foundation of China-Israel International Cooperation Project (31861143046).



ACKNOWLEDGMENTS

We would like to thank the Qingdao DingDing Translation Co., Ltd. (www.dingdingfanyi.com) for revising the language of this article.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.696210/full#supplementary-material

Supplementary Figure 1 | Construction of gene knockout vector.

Supplementary Figure 2 | Polymerase chain reaction (PCR) results of gene knockout mutants of NADPH oxidase in P. expansum.

Supplementary Table 1 | Primers used to amplify upstream and downstream sequences of the target.

Supplementary Table 2 | Primer sequences used for complementation vectors.


FOOTNOTES

1
https://www.ncbi.nlm.nih.gov/


REFERENCES

Buron-Moles, G., Torres, R., Teixidó, N., Usall, J., Vilanova, L., and Viñas, I. (2015). Characterisation of H2O2 production to study compatible and non-host pathogen interactions in orange and apple fruit at different maturity stages. Postharvest Biol. Technol. 99, 27–36. doi: 10.1016/j.postharvbio.2014.07.013

Chen, H., Li, J., and An, X. (2016). Potential role of reactive oxygen species and antioxidant genes in the regulation of peach fruit development and ripening. Plant Physiol. Biochem. 104, 294–303. doi: 10.1016/j.plaphy.2016.05.013

Chen, J., Zheng, W., Zheng, S., Zhang, D., Sang, W., Chen, X., et al. (2008). Rac1 is required for pathogenicity and Chm1-dependent conidiogenesis in rice fungal pathogen Magnaporthe grisea. PLoS Pathog. 4:e1000202. doi: 10.1371/journal.ppat.1000202

Eaton, C. J., Jourdain, I., Foster, S. J., Hyams, J. S., and Scott, B. (2008). Functional analysis of a fungal endophyte stress-activated MAP kinase.Curr. Genet 53, 163–174. doi: 10.1007/s00294-007-0174-6

Georgiou, C., Patsoukis, N., and Zervoudakis, G. (2006). Sclerotial metamorphosis in filamentous fungis induced by oxidative stress. Integr. Comp. Biol. 46, 691–712. doi: 10.1093/icb/icj034

Hadas, Y., Goldberg, I., Pines, O., and Prusky, D. (2007). Involvement of gluconic acid and glucose oxidase in the pathogenicity of Penicillium expansum in apples. Phytopathology 97, 384–390. doi: 10.1094/PHYTO-97-3-0384

Jin, O., Urao, N., Kim, H. W., Kaplan, N., and Razvi, M. (2010). Extracellular sod-derived H2O2 promotes VEGF signaling in caveolae/lipid rafts and post-ischemicangiogenesis in mice. PLoS One 5:e10189. doi: 10.1371/journal.pone.0010189

Jones, J. D. G., and Dangl, J. L. (2006). The plant immune system. Nature 444, 323–329. doi: 10.1038/nature05286

Kayano, Y., Tanaka, A., Akano, F., Scott, B., and Takemoto, D. (2013). Differential roles of NADPH oxidases and associated regulators in polarized growth, conidiation and hyphal fusion in the symbiotic fungus Epichloë festucae. Fungal Genet. Biol. 56, 87–97. doi: 10.1016/j.fgb.2013.05.001

Kim, H. J. (2014). Exploitation of reactive oxygen species by fungi: roles in host-fungus interaction and fungal development. J. Microbiol. Biotechnol. 24, 1455–1463. doi: 10.4014/jmb.1407.07072

Kumar, D., Barad, S., Yong, C., Luo, X., and Prusky, D. (2017). LaeA regulation of secondary metabolism modulates virulence in Penicillium expansum and is mediated by sucrose. Mol. Plant Pathol. 18, 1150–1163. doi: 10.1111/mpp.12469

Kwon, M. J., Arentshorst, M., Roos, E. D., Hondel, C., Meyer, V., and Ram, A. (2011). Functional characterization of Rho GTPases in Aspergillus niger uncovers conserved and diverged roles of Rho proteins within filamentous fungi. Mol. Microbiol. 79, 1151–1167. doi: 10.1111/j.1365-2958.2010.07524.x

Lara-Ortíz, T., Riveros-Rosas, H., and Aguirre, J. (2003). Reactive oxygen species generated by microbial NADPH oxidase NoxA regulate sexual development in Aspergillus nidulans. Mol. Microbiol. 50, 1241–1255. doi: 10.1046/j.1365-2958.2003.03800.x

Levin, E., Kishore, A., Ballester, A. R., Raphael, G., and Droby, S. (2019). Identification of pathogenicity-related genes and the role of a subtilisin-related peptidase s8 (peprt) in authophagy and virulence of Penicillium expansum on apples. Postharvest Biol. Technol. 149, 209–220. doi: 10.1016/j.postharvbio.2018.10.011

Levine, R. L., Wehr, N., Williams, J. A., Stadtman, E. R., and Shacter, E. (2000). Determination of carbonyl groups in oxidized proteins. Methods Mol. Biol. 99, 15–24. doi: 10.1385/1-59259-054-3:15

Li, B., Zong, Y., Du, Z., Chen, Y., Zhang, Z., Qin, G., et al. (2015). Genomic characterization reveals insights into patulin biosynthesis and pathogenicity in Penicillium species. Mol. Plant Microbe Interact. 28, 635–647. doi: 10.1094/MPMI-12-14-0398-FI

Li, H., Tian, S., and Qin, G. (2019). NADPH oxidase is crucial for the cellular redox homeostasis in fungal pathogen Botrytis cinerea. Mol. Plant Microbe Interact. 32, 1508–1516. doi: 10.1094/MPMI-05-19-0124-R

Lin, C. H., and Chung, K. R. (2010). Specialized and shared functions of the histidine kinase- and HOG1 MAP kinase-mediated signaling pathways in Alternaria alternata, a filamentous fungal pathogen of citrus. Fungal Genet. Biol. 47, 818–827. doi: 10.1016/j.fgb.2010.06.009

Lin, C. H., Yang, S. L., and Chung, K. R. (2009). The YAP1 homolog-mediated oxidative stress tolerance is crucial for pathogenicity of the necrotrophic fungus Alternaria alternata in citrus. Mol. Plant Microbe Interact. 22, 942–952. doi: 10.1094/MPMI-22-8-0942

Lin, Y., Chen, M., Lin, H., Hung, Y. C., Lin, Y., and Chen, Y. (2017). DNP and ATP induced alteration in disease development of Phomopsis longanae chi-inoculated longan fruit by acting on energy status and reactive oxygen species production-scavenging system. Food Chem. 228, 497–505. doi: 10.1016/j.foodchem.2017.02.045

Long, N., Valérie, V., Coroller, L., Dantigny, P., and Rigalma, K. (2017). Temperature, water activity and pH during conidia production affect the physiological state and germination time of Penicillium species. Int. J. Food Microbiol. 241, 151–160. doi: 10.1016/j.ijfoodmicro.2016.10.022

Macarisin, D., Cohen, L., Eick, A., Rafael, G., Belausov, E., and Wisniewski, M. (2007). Penicillium digitatumsuppresses production of hydrogen peroxide in host tissue infection of citrus fruit. Phytopathology 97, 1491–1500.

Malagnac, F., Lalucque, H., Lepère, G., and Silar, P. (2004). Two NADPH oxidase isoforms are required for sexual reproduction and ascospore germination in the filamentous fungus Podospora anserina. Fungal Genet. Biol. 41, 982–997. doi: 10.1016/j.fgb.2004.07.008

Marschall, R., Schumacher, J., Siegmund, U., and Tudzynski, P. (2016). Chasing stress signals-exposure to extracellular stimuli differentially affects the redox state of cell compartments in the wild type and signaling mutants of Botrytis cinerea. Fungal Genet. Biol. 90, 12–22. doi: 10.1016/j.fgb.2016.03.002

Marschall, R., and Tudzynski, P. (2016). Reactive oxygen species in development and infectionprocesses. Semin. Cell Dev. Biol. 57, 138–146. doi: 10.1016/j.semcdb.2016.03.020

Marschall, R., and Tudzynski, P. (2017). The protein disulfide isomerase of Botrytis cinerea: an ER protein involved in protein folding and redox homeostasis influences NADPH oxidase signaling processes. Front. Microbiol. 8:960. doi: 10.3389/fmicb.2017.00960

Minz, D. A., Kokkelink, L., Tudzynski, B., Tudzynski, P., and Sharon, A. (2013). Involvement of Botrytis cinerea small GTPases BcRAS1 and BcRAC in differentiation, virulenceand the cell cycle. Eukaryot. Cell 12, 1609–1618. doi: 10.1128/EC.00160-13

Río, L. A., Sandalio, L. M., Corpas, F. J., Palma, J. M., and Barroso, J. B. (2006). Reactive oxygen species and reactive nitrogen species in peroxisomes. production, scavenging, and role in cell signaling. Plant Physiol. 141, 330–335. doi: 10.1104/pp.106.078204

Rossi, D. C., Gleason, J. E., Hiram, S., Schatzman, S. S., Culbertson, E. M., Johnson, C. J., et al. (2017). Candida albicans FRE8 encodes a member of the NADPH oxidase family that produces a burst of ROS during fungal morphogenesis. PLoS Pathog. 13:e1006763. doi: 10.1371/journal.ppat.1006763

Scott, B., and Eaton, C. J. (2008). Role of reactive oxygen species in fungal cellular differentiations. Curr. Opin. Microbiol. 11, 488–493. doi: 10.1016/j.mib.2008.10.008

Scott, B., Takemoto, D., and Tanaka, A. (2007). Fungal endophyte production of reactive oxygen species is critical for maintaining the mutualistic symbiotic interaction between Epichloë festucae and perennial ryegrass. Plant Signal. Behav. 2, 171–173.

Segal, L. M., and Wilson, R. A. (2018). Reactive oxygen species metabolism and plant-fungal interactions. Fungal Genet. Biol. 110, 1–9. doi: 10.1016/j.fgb.2017.12.003

Segmüller, N., Kokkelink, L., Giesbert, S., Odinius, D., Kan, V. J., and Tudzynski, P. (2008). NADPH oxidases are involved in differentiation and pathogenicity in Botrytis cinerea. Mol. Plant Microbe Interact. 21, 808–819. doi: 10.1094/MPMI-21-6-0808

Semighini, C. P., and Harris, S. D. (2008). Regulation of apical dominance in Aspergillus nidulans hyphae by reactive oxygen species. Genetics 179, 1919–1932. doi: 10.1534/genetics.108.089318

Si, H., Rittenour, W. R., and Harris, S. D. (2016). Roles of Aspergillus nidulans Cdc42/Rho GTPase regulators in hyphal morphogenesis and development. Mycologia 108, 543–555. doi: 10.3852/15-232

Siwy, L. Y., Yu, P., and Chung, K. (2016). The glutathione peroxidase-mediated reactive oxygen species resistance, fungicide sensitivity and cell wall construction in the citrus fungal pathogen Alternaria alternata. Environ. Microbiol. 18, 923–935. doi: 10.1111/1462-2920.13125

Sumimoto, H. (2008). Structure, regulation and evolution of Nox-family NADPH oxidases that produce reactive oxygen species. FEBS J. 275, 3249–3277. doi: 10.1111/j.1742-4658.2008.06488.x

Sun, C., Fu, D., Lu, H., Zhang, J., Zheng, X., and Yu, T. (2018). Autoclaved yeast enhances the resistance against Penicillium expansum in postharvest pear fruit and its possible mechanisms of action. Biol. Control 119, 51–58. doi: 10.1016/j.biocontrol.2018.01.010

Susumu, H., Katsutomo, S., Hiroyuki, I., Yuko, O., and Hirokazu, M. (2001). A large family of class III plant peroxidases. Plant Cell Physiol. 42, 462–468. doi: 10.1016/j.jhep.2008.08.025

Takemoto, D., Tanaka, A., and Scott, B. (2006). A p67Phox-Like regulator is recruited to control hyphal branching in a fungal-grass mutualistic symbiosis. Plant Cell 18, 2807–2821. doi: 10.1105/tpc.106.046169

Tanaka, A., Christensen, M. J., Takemoto, D., Park, P., and Scott, B. (2006). Reactive oxygen species play a role in regulating a fungus-perennial ryegrass mutualistic interaction. Plant Cell 18, 1052–1066. doi: 10.4161/psb.2.3.3725

Tanaka, A., Takemoto, D., Hyon, G. S., Park, P., and Scott, B. (2008). NoxA activation by the small GTPase RacA is required to maintain a mutualistic symbiotic association between Epichloë festucae and perennial ryegrass. Mol. Microbiol. 68, 1165–1178. doi: 10.1111/j.1365-2958.2008.06217.x

Tudzynski, P., Heller, J., and Siegmund, U. (2012). Reactive oxygen species generation in fungal development and pathogenesis. Curr. Opin. Microbiol. 15, 653–659. doi: 10.1016/j.mib.2012.10.002

Turrà, D., and Di, P. A. (2015). Chemotropic sensing in fungus-plant interactions. Curr. Opin. Plant Biol. 26, 135–140. doi: 10.1016/j.pbi.2015.07.004

Wang, Y., Ji, D., Chen, T., Li, B., and Tian, S. (2019). Production, signaling, and scavenging mechanisms of reactive oxygen species in fruit-pathogen interactions. Int. J. Mol. Sci. 20, 2994–3006. doi: 10.3390/ijms20122994

Wood, M. J., Andrade, E. C., and Storz, G. (2003). The redox domain of the Yap1p transcription factor contains two disulfide bonds. Biochemistry 42, 11982–11991. doi: 10.1021/bi035003d

Xu, X., and Tian, S. (2008). Reducing oxidative stress in sweet cherry fruit by Pichia membranaefaciens: a possible mode of action against Penicillium expansum. J. Appl. Microbiol. 105, 1170–1177. doi: 10.1111/j.1365-2672.2008.03846.x

Yang, S. L., and Chung, K. R. (2012). The nadph oxidase-mediated production of hydrogen peroxide (H2O2) and resistance to oxidative stress in the necrotrophic pathogen Alternaria alternata of citrus. Mol. Plant Pathol. 13, 900–914. doi: 10.1111/j.1364-3703.2012.00799.x

Yang, S. L., and Chung, K. R. (2013). Similar and distinct roles of NADPH oxidase componentsin the tangerine pathotype of Alternaria alternata. Mol. Plant Pathol. 14, 543–556. doi: 10.1111/mpp.12026

Yang, Y., Du, X. J., Li, P., Liang, B., and Wang, S. (2014). An optimized method for the preparation of monascus purpureus dna for genome sequencing. Appl. Mech. Materials 563, 379–383. doi: 10.4028/www.scientific.net/AMM.563.379

Ygor, R. G., Eloy, I. M., Vasconcelos, A., Barreto, A., Freire-Filho, F. R., and Oliveira, J. (2015). H2O2 plays an important role in the lifestyle of Colletotrichum gloeosporioides during interaction with cowpea [Vigna unguiculata (L.) Walp.]. Fungal Biol. 119, 745–757. doi: 10.1016/j.funbio.2015.05.001

Zhang, X., Zong, Y., Li, Z., Yang, R., Bi, Y., and Prusky, D. (2020). Postharvest Pichia guilliermondii treatment promotes wound healing of apple fruits. Postharvest Biol. Technol. 167, 111228–111235. doi: 10.1016/j.postharvbio.2020.111228

Zhou, T., Wang, X., Luo, J., Ye, B., Zhou, Y., and Zhou, L. (2018). Identification of differentially expressed genes involved in spore germination of Penicillium expansum by comparative transcriptome and proteome approaches. MicrobiologyOpen 7, 562–575. doi: 10.1002/mbo3.562

Zong, Y., Li, B., and Tian, S. (2015). Effects of carbon, nitrogen and ambient pH on patulin production and related gene expression in Penicillium expansum. Int. J. Food Microbiol. 206, 102–108. doi: 10.1016/j.ijfoodmicro.2015.05.007


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 © 2021 Zhang, Zong, Gong, Yu, Sionov, Bi and Prusky. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 19 August 2021
doi: 10.3389/fpls.2021.628328





[image: image]

Isoleucine Enhances Plant Resistance Against Botrytis cinerea via Jasmonate Signaling Pathway

Yuwen Li1†, Suhua Li2,3*†, Ran Du2,3, Jiaojiao Wang1, Haiou Li1,4, Daoxin Xie1* and Jianbin Yan1,2,3*

1Tsinghua-Peking Center for Life Science, and MOE Key Laboratory of Bioinformatics, School of Life Sciences, Tsinghua University, Beijing, China

2Shenzhen Branch, Guangdong Laboratory for Lingnan Modern Agriculture, Genome Analysis Laboratory of the Ministry of Agriculture and Rural Affairs, Agricultural Genomics Institute at Shenzhen, Chinese Academy of Agricultural Sciences, Shenzhen, China

3Shenzhen Key Laboratory of Agricultural Synthetic Biology, Agricultural Genomics Institute at Shenzhen, Chinese Academy of Agricultural Sciences, Shenzhen, China

4Hunan Provincial Key Laboratory of Phytohormones and Growth Development, College of Bioscience and Biotechnology, Hunan Agricultural University, Changsha, China

Edited by:
Antonieta De Cal, Instituto Nacional de Investigación y Tecnología Agroalimentaria (INIA), Spain

Reviewed by:
Mario Serrano, National Autonomous University of Mexico, Mexico
Thierry Heitz, UPR 2357 Institut de Biologie Moléculaire des Plantes (IBMP), France

*Correspondence: Daoxin Xie, daoxinlab@tsinghua.edu.cn; Jianbin Yan, jianbinlab@caas.cn; Suhua Li, lisuhua01@caas.cn

†These authors have contributed equally to this work

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

Received: 11 November 2020
Accepted: 23 July 2021
Published: 19 August 2021

Citation: Li Y, Li S, Du R, Wang J, Li H, Xie D and Yan J (2021) Isoleucine Enhances Plant Resistance Against Botrytis cinerea via Jasmonate Signaling Pathway. Front. Plant Sci. 12:628328. doi: 10.3389/fpls.2021.628328

Amino acids are the building blocks of biomacromolecules in organisms, among which isoleucine (Ile) is the precursor of JA-Ile, an active molecule of phytohormone jasmonate (JA). JA is essential for diverse plant defense responses against biotic and abiotic stresses. Botrytis cinerea is a necrotrophic nutritional fungal pathogen that causes the second most severe plant fungal disease worldwide and infects more than 200 kinds of monocot and dicot plant species. In this study, we demonstrated that Ile application enhances plant resistance against B. cinerea in Arabidopsis, which is dependent on the JA receptor COI1 and the jasmonic acid-amido synthetase JAR1. The mutant lib with higher Ile content in leaves exhibits enhanced resistance to B. cinerea infection. Furthermore, we found that the exogenous Ile application moderately enhanced plant resistance to B. cinerea in various horticultural plant species, including lettuce, rose, and strawberry, suggesting a practical and effective strategy to control B. cinerea disease in agriculture. These results together showed that the increase of Ile could positively regulate the resistance of various plants to B. cinerea by enhancing JA signaling, which would offer potential applications for crop protection.
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INTRODUCTION

Botrytis cinerea is a necrotrophic nutritional fungal pathogen that infects more than 200 kinds of monocot and dicot plants and subsequently causes gray mold disease, which is the second most common plant fungal disease worldwide (Williamson et al., 2007; Dean et al., 2012; AbuQamar et al., 2017). B. cinerea infection may occur from the seedling stage to fruit ripening stage and even during the storage and transport in the retail chain (Dean et al., 2012). Global costs are greater than €1 billion annually for B. cinerea control, which includes agronomic and horticultural practices, fungicides, biological control, and postharvest treatments (Dean et al., 2012; Petrasch et al., 2019). However, increasing fungicide resistance is a severe challenge to fungicide applications and the agricultural management practice for B. cinerea (Kretschmer et al., 2009; Rupp et al., 2016). In addition, Bacillus subtilis-based biological control is also limited by insufficient applicability in the field and high costs (Petrasch et al., 2019). Therefore, safer, pollution-free, and affordable strategies for controlling B. cinerea are worthy of discovery.

Amino acids are the building blocks of biomacromolecules in organisms, and they are also used as water-soluble fertilizers to promote plant growth and improve crop quality (Wang et al., 2014; Aghaei et al., 2019; Rahmani Samani et al., 2019). For instance, the application of amino acids promotes root growth and increases leaf area, chlorophyll content, and dry weight in rapeseed (Wang et al., 2014). Some amino acids are precursor components for the synthesis of various secondary defensive metabolites. For instance, aliphatic amino acids (i.e., alanine, leucine, isoleucine [Ile], methionine, and valine) and aromatic amino acids (i.e., phenylalanine, tryptophan, and tyrosine) involve in the formation of aliphatic, aromatic, and indolic glucosinolates (Halkier and Gershenzon, 2006; Albinsky et al., 2010). The hydrolysis products of glucosinolates serve as defense compounds against herbivores and pathogens and act as cancer-preventing agents in humans (Halkier and Gershenzon, 2006). In addition, arginine and citrulline activate the nitric oxide (NO) cycle to restore the susceptibility of brown planthoppers to the insecticide imidacloprid (Elzaki et al., 2020). Glutamate activates the salicylic acid (SA) pathway to trigger the blast resistance in rice (Kadotani et al., 2016). Despite the apparent relevance between amino acid metabolism and disease resistance, the molecular basis for amino acid and plant resistance to B. cinerea has not been elucidated to date.

Isoleucine is synthesized from threonine under the catalysis by threonine deaminase (TD), encoded by the L-O-METHYLTHREONINE-RESISTANT 1 (OMR1) gene in Arabidopsis (Kang et al., 2006; Binder, 2010; Yu et al., 2013). A previous study reported that the low Ile biosynthesis mutant (lib) with a T-DNA insertion in the OMR1 gene exhibits reduced Ile levels in roots and defects in cell proliferation and expansion during root development (Yu et al., 2013). Furthermore, Ile also conjugates with jasmonic acid under the catalysis by jasmonic acid-amido synthetase JAR1 to form JA-Ile, a bioactive molecule of jasmonates (JAs) (Staswick et al., 2002; Staswick and Tiryaki, 2004; Fonseca et al., 2009; Yan et al., 2016). Subsequently, JA-Ile binds to its receptor COI1 (Xie et al., 1998; Xu et al., 2002; Thines et al., 2007; Yan et al., 2009, 2013) to mediate plant resistance against B. cinerea infection (Thaler et al., 2004; Abuqamar et al., 2008; Song et al., 2013). In the JA biosynthetic pathway, α-linolenic acid is catalyzed and converted into jasmonic acid through a series of biosynthetic enzymes, including allene oxide synthase (AOS) and 12-oxophytodienoate reductase 3 (OPR3) (Wasternack and Hause, 2013).

In this study, we screened 20 proteinogenic amino acids and found that exogenous application of Ile enhanced plant resistance to B. cinerea in Arabidopsis. Our results showed that the Ile-enhanced resistance is modulated via JA signaling through COI1 and JAR1. Notably, the application of Ile on horticultural plant species, such as lettuce, white rose, red rose, and strawberry, moderately enhanced resistance to B. cinerea, suggesting that increasing Ile levels to improve disease resistance has broad applicability and great potential in agriculture.



RESULTS


Exogenous Application of Isoleucine Enhances Plant Resistance to B. cinerea

We sprayed 20 amino acids on Arabidopsis wild-type (WT) plants Col-0 for 2 days and subsequently inoculated B. cinerea spores on the leaves to examine the effects of amino acids on plant defense against B. cinerea infection. The lesion area on leaves caused by B. cinerea infection was measured on the third day after inoculation. Ile treatment (10 mM) significantly reduced the leaf lesion size compared with the control (Mock) treatment (Figure 1A). Applications of Ala, Leu, Val, and Met also slightly reduced lesion area from 7 to 13% (Figure 1A). In summary, only exogenous application of Ile obviously enhanced plant resistance to B. cinerea, while other amino acids exhibited no significant difference compared with the Mock treatment (Figure 1A).
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FIGURE 1. Application of isoleucine (Ile) enhances plant resistance to Botrytis cinerea via elevating JA-Ile (jasmonoyl-isoleucine) level. (A) Representative phenotype and lesion area of wild-type (WT) leaves pretreated with different amino acids after B. cinerea infection for 3 days. Five-week-old WT plants were pretreated with 10 mM amino acids for 2 days before B. cinerea inoculation, including non-polar amino acids (i.e., Ala, Leu, Ile, Met, Phe, Pro, Trp, and Val), polar amino acids (i.e., Asn, Cys, Gly, Gln, Ser, Thr, and Tyr), acidic amino acids (i.e., Asp and Glu), and alkaline amino acids (i.e., Arg, His, and Lys). 0.05% Tween 20 solution (Mock) was used as a control. Scale: 1 cm. Data are means ± SD (n = 28–47 leaves). (B) Representative phenotype and lesion area of WT leaves after B. cinerea infection for 3 days pretreated with different concentrations of Ile or Gly. Five-week-old plants were pretreated with 0, 2.5, 5, and 10 mM Ile or Gly for 2 days. 0.05% Tween 20 solution (0 mM) was used as control. Scale: 1 cm. Data are means ± SD (n = 24–43 leaves). (C,D) JA-Ile concentration (C) and transcript level of the defensive gene PDF1.2 (D) in WT leaves after indicated treatments. Four-week-old WT plants were pretreated with 0.05% Tween 20 solution (Mock) or 10 mM Ile for 2 days, and then leaves were sprayed with Potato Dextrose Broth (PDB) or B. cinerea spores suspension (Bc) for 24 or 48 h. Then, the 7th–9th rosette leaves were collected for quantification of JA-Ile contents, and PDF.1.2 transcript level (48 h). Data are means ± SD. In panel (C), n = 4 samples. In panel (D), n = 3 samples, each sample contains three leaves; ACTIN8 is used as the internal control. Statistical significances were calculated via Student’s t-test Mock and amino acid treatment (*p < 0.05; **p < 0.01; ***p < 0.001).


We further examined the effects of different concentrations of Ile on plant resistance to B. cinerea infection. As shown in Figure 1B, the lesion size on WT leaves was reduced ∼24% when plants were pretreated with 2.5 mM Ile, ∼30% when pretreated with 5 mM Ile, and ∼38% when pretreated with 10 mM Ile. The lesion area on WT leaves pretreated with glycine (Gly) at various concentrations has no significant difference compared with solvent treatment (Figure 1B). These results suggested that the exogenous application of Ile enhanced plant defense against B. cinerea in a concentration-dependent manner.

As Ile is the precursor of JA-Ile, an important defensive signal in response to B. cinerea infection (Thaler et al., 2004; Abuqamar et al., 2008; Song et al., 2013), we further measured JA-Ile accumulation using liquid chromatography–tandem mass spectrometry (LC-MS/MS). LC-MS/MS analysis showed that JA-Ile concentration in Ile-pretreated WT leaves was higher than control WT leaves after B. cinerea infection for 48 h (Figure 1C). Consistently, the induction of defensive gene PDF1.2 (PLANT-DEFENSIN1.2) was also stronger in Ile-pretreated WT leaves compared with control WT leaves at 48 h upon B. cinerea infection (Figure 1D). Collectively, Ile-enhanced resistance may be caused by the higher accumulation of JA-Ile.



The Increase of Endogenous Ile Level Enhances Plant Resistance to B. cinerea

The conversion of threonine to 2-oxobutanoate, catalyzed by OMR1 enzyme, is the first and committed step toward Ile biosynthesis in Arabidopsis (Kang et al., 2006; Binder, 2010; Yu et al., 2013). Our results showed that OMR1 gene transcription level was highly induced in B. cinerea-infected leaves (Figure 2A). A previous study reported that lib mutant, a T-DNA insertion in the last exon of OMR1 gene causing a 13-amino-acid truncation at C-terminal region of OMR1 protein, showed reduced Ile levels in roots (Yu et al., 2013). Hence, we further analyzed the disease resistance response of lib mutant to examine the effect of endogenous Ile levels on plant resistance to B. cinerea. Unexpectedly, the lesion area of lib leaves was ∼23% reduced compared with that of WT (Figure 2B). To clarify whether the enhanced resistance to B. cinerea of lib mutant is linked to free amino acid contents, we further detected the amount of free amino acids in the leaves. As shown in Supplementary Table 1 and Figure 2C, the Ile level was significantly increased in lib leaves by approximately 1-fold higher than WT. In addition, we also found that Gly content in lib leaves was higher than that in WT leaves (Supplementary Table 1). However, external Gly treatment on WT leaves failed to enhance plant resistance to B. cinerea (Figure 1B), which further suggested that the enhanced resistance of lib mutant is linked to the higher level of Ile but not Gly. Based on exogenous and endogenous results, we speculated that Ile plays a positive role in plant resistance to B. cinerea.
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FIGURE 2. lib mutant shows enhanced plant resistance to B. cinerea. (A) Transcript level of Ile biosynthetic gene OMR1 in WT leaves. Four-week-old WT plants were sprayed with Potato Dextrose Broth (PDB) or B. cinerea spores suspension (Bc) for 24 and 48 h. Data are means ± SD (n = 3 samples, each sample contains three leaves). ACTIN8 was used as the internal control. (B) Representative phenotype and lesion area of WT and lib leaves after B. cinerea infection for 2 days. Data are means ± SD (n = 61–69 leaves). (C) Free Ile amount in the leaves of WT and lib seedlings. Five-day-old seedlings were transferred to vertical MS medium (1.2% agar) plates for 10 days, and then leaves were collected for Ile measurement. Data are means ± SD (n = 7–10). (D,E) JA-Ile content (D) and transcript level of JA biosynthetic gene OPR3, JA-responsive genes JAZ1 and JAZ5, and defensive gene PDF1.2 (E) in the leaves after indicated treatments. Three-week-old WT and lib plants were sprayed with PDB or B. cinerea spores suspension (Bc) for 24 h. Then, rosette leaves were collected for quantification of JA-Ile contents and transcript level. Data are means ± SD. In panel (D) n = 3–7 samples. In panel (E) n = 3 samples, each sample contains three leaves; ACTIN8 is used as the internal control. Asterisks indicate significant differences (Student’s t-test, *p < 0.05; ***p < 0.001).


In line with the enhanced resistance of lib mutant, the transcript level of defensive gene PDF1.2 in lib leaves was higher than that in WT leaves followed by B. cinerea infection for 48 h, whereas OPR3 level in lib leaves was comparable with that in WT (Supplementary Figure 1). Transcriptomic analysis showed that JA-responsive genes are overrepresented around 16 h after B. cinerea infection, suggesting prior JA biosynthesis (Windram et al., 2012). Therefore, we further investigated whether the enhanced disease resistance to B. cinerea of lib mutant was related to JA-Ile biosynthesis and signaling at an earlier stage of B. cinerea infection.

First, after B. cinerea infection, WT and lib leaves were collected for JA-Ile measurement using LC-MS/MS. The LC-MS/MS analysis showed that the JA-Ile content was significantly increased in lib leaves on B. cinerea infection for 24 h. JA-Ile increased to ∼6.6 pmol/g fresh weight (FW) in lib leaves, whereas it increased only to ∼4.9 pmol/g FW in WT leaves (Figure 2D). Consistent with higher JA-Ile contents and stronger disease resistance in lib plants following B. cinerea infection, the transcript levels of the JA biosynthetic gene OPR3, JA-responsive genes JAZ1 and JAZ5, and defensive gene PDF1.2 were significantly induced in lib mutant, which was higher than that in WT plants (Figure 2E). These data demonstrated that an increase of endogenous Ile level could enhance plant disease resistance via triggering JA-Ile biosynthesis and signaling on B. cinerea infection.



Ile-Enhanced Resistance to B. cinerea Depends on Elevated JA-Ile Biosynthesis and Perception

The biosynthesis and perception of JA-Ile are required for plant defense against B. cinerea (Thaler et al., 2004; Abuqamar et al., 2008; Song et al., 2013). Hence, we investigated whether the Ile-enhanced resistance to B. cinerea after Ile application depends on elevated JA-Ile biosynthesis and signaling using jar1-1 (Staswick et al., 2002) and coi1-1 (Xie et al., 1998) mutants. The results showed that Ile application significantly reduced the size of lesion in WT leaves, but it failed to reduce the size of lesion in jar1-1 and coi1-1 mutants (Figures 3A,B). However, treatments with Gly had no significant effect on the lesion size of WT, coi1-1, and jar1-1 mutants (Figures 3A,B). In line with these results, the transcript level of defensive gene PDF1.2 in Ile-pretreated WT leaves on B. cinerea infection was higher than that in Mock-pretreated leaves; however, the acceleration of Ile on PDF1.2 expression on B. cinerea infection was not observed in jar1-1 and coi1-1 mutants (Figure 3C). These results demonstrated that the enhanced resistance to B. cinerea triggered by Ile depends on the elevated JA-Ile biosynthesis and perception through JAR1 and COI1.
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FIGURE 3. Ile enhances plant resistance to B. cinerea depending on JAR1 and COI1. (A,B) Representative phenotype (A) and lesion area (B) of WT, jar1-1, and coi1-1 leaves after B. cinerea infection for 3 days. Five-week-old plants were pretreated with 0.05% Tween 20 solution (Mock), 10 mM Ile, or 10 mM Gly for 2 days before B. cinerea inoculation. Scale: 1 cm. Data are means ± SD (n = 32–51 leaves). (C) Transcript level of defensive gene PDF1.2 in the leaves of WT, jar1-1, and coi1-1 plants. Four-week-old plants were pretreated with 0.05% Tween 20 solution (Mock) or 10 mM Ile for 2 days. The 7th–9th rosette leaves were detached and inoculated with PDB or B. cinerea spores suspension (Bc) for 48 h, and then collected for quantification of PDF1.2 transcript level. Data are means ± SD (n = 3 samples, each sample contains three leaves). ACTIN8 is used as the internal control. Statistical significances were calculated via Student’s t-test (***p < 0.001, “ns” p > 0.05).




High Endogenous Ile Level Enhances JA Responses to Wounding and MeJA Treatment

In addition to B. cinerea infection, JAs play essential roles in regulating herbivore defenses, wounding responses, fertility, anthocyanin accumulation, UV irradiation, and drought stress (Creelman and Mullet, 1995; Xie et al., 1998; Farmer et al., 2003; Qi et al., 2011; Seo et al., 2011; Wathugala et al., 2012; Yan et al., 2018). Therefore, we performed wounding treatment and MeJA treatment to further investigate whether the increase of Ile level affects other JA responses in addition to B. cinerea infection.

To do so, we first compared the wounding responses in lib, jar1-1, and WT plants. Rosette leaves of these plants were subjected to wounding treatment for 1 h and subsequently collected for the measurement of endogenous JA-Ile concentration using LC-MS/MS (liquid chromatography-tandem mass spectrometry). Consistent with previous studies (Suza and Staswick, 2008; Yan et al., 2016), the induction of JA-Ile level by wounding was impaired in jar1-1 mutants compared with that in WT leaves (Figure 4A). JA-Ile accumulated more dramatically in the wounded leaves of lib mutant. JA-Ile levels increased up to ∼352 pmol/g FW in lib, ∼237 pmol/g FW in WT, and ∼40 pmol/g FW in the jar1-1 mutant (Figure 4A). Consistent with the increased JA-Ile contents in lib mutants, the transcript level of JA-inducible genes in lib leaves, such as OPR3, JAZ1, JAZ5, and JAZ10, was significantly higher than that in WT leaves on wounding treatment (Figure 4B).
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FIGURE 4. Jasmonate responses are enhanced in lib mutants after wounding and MeJA treatment. (A) JA-Ile content in unwounded and wounded leaves of 4-week-old WT, lib, and jar1-1 seedlings. Data are means ± SD (n = 5–6 samples). (B) Transcript level of JA biosynthetic gene OPR3 and JA-responsive genes JAZ1, JAZ5, and JAZ10 in unwounded and wounded leaves of 4-week-old WT and lib plants. ACTIN8 was used as the internal control. Data are means ± SD (n = 3 samples). (C) JA-Ile content in 14-day-old WT, lib, and jar1-1 seedlings treated with 0, 20, and 100 μM MeJA for 1 h. Data are means ± SD (n = 5–6 samples). (D) Transcript level of the JA biosynthetic genes AOS and OPR3 and the JA-responsive genes JAZ5 and MYB75 in 7-day-old WT and lib seedlings treated with solvent (Mock) or 50 μM MeJA for 1 h. ACTIN8 was used as the internal control. Data are means ± SD (n = 2–3 samples, each sample contains 20 seedlings). (E,F) Anthocyanin contents (E) and representative phenotype (F) of WT, lib, and jar1-1 seedlings grown on MS medium supplemented with 0, 10, and 20 μM MeJA for 8 days. Data are means ± SD (n = 3 samples). Asterisks indicate significant differences compared with WT (Student’s t-test, *p < 0.05; **p < 0.01; ***p < 0.001).


It has been demonstrated by isotope-feeding experiments that exogenous MeJA could be converted into JA and further conjugated with Ile into JA-Ile to activate JA signaling pathway (Tamogami et al., 2008). Therefore, we further examined whether increased endogenous Ile levels in lib leaves enhance its capacity for MeJA-induced JA-Ile biosynthesis. Here, 14-day-old WT, lib, and jar1-1 seedlings were subjected to MeJA treatment for 1 h and then collected for endogenous JA-Ile measurement. On 20 μM MeJA treatment, JA-Ile levels were induced to ∼120 pmol/g FW in lib, to ∼46 pmol/g FW in WT, and ∼3.5 pmol/g FW in jar1-1 plants (Figure 4C). Similarly, on 100 μM MeJA treatment, JA-Ile increased to ∼558 pmol/g FW in lib leaves, ∼208 pmol/g FW in WT, and ∼5.5 pmol/g FW in jar1-1 leaves (Figure 4C). As a result, the induction of JA-Ile biosynthesis in lib leaves was significantly higher than that in WT leaves, suggesting that the high endogenous Ile contributes to more conjugation of Ile with JA (MeJA-derived) into JA-Ile. In addition, JA-Ile biosynthesis was impaired in jar1-1 mutants on MeJA treatment. As in jar1-1 mutants, the mutated JAR1 enzyme lost the ability to catalyze JA and Ile into JA-Ile, suggesting that the exogenous MeJA-induced JA-Ile accumulation is dependent on JAR1. Consistently, JA-responsive genes, such as AOS, OPR3, MYB75, JAZ5, PDF1.2, and VSP1, were obviously induced in lib mutants on MeJA treatment (Figure 4D and Supplementary Figures 2B–E).

We also compared MeJA-induced anthocyanin accumulation among WT, lib, and jar1-1 seedlings. WT, lib, and jar1-1 seedlings were grown on MS medium supplemented with 0, 10, and 20 μM MeJA for 8 days and collected for the measurement of anthocyanin contents as well as expression levels of the anthocyanin biosynthetic gene GL3. These data showed that the anthocyanin content and expression level of GL3 in lib mutants were dramatically increased compared with those in WT leaves. In contrast, the accumulation of anthocyanin and the induction of GL3 were impaired in the jar1-1 mutant (Figures 4E,F and Supplementary Figure 2A). Taken together, our findings suggested that a higher Ile level in lib mutant improved its capacity to convert MeJA into JA-Ile and triggered JA signaling.

In summary, wound- and MeJA-triggered JA responses in lib mutant are significantly higher than WT, which demonstrated that the increase of Ile levels in lib leaves enhanced JA responses. These results provided a possibility that the increase of Ile level may improve plant resistance to other environmental stresses in addition to B. cinerea infection.



Increased Endogenous Ile Level Has No Effect on Aboveground Growth of Arabidopsis

The lib mutant exhibited similar JA-Ile contents with WT plants under resting conditions (Figure 4). Next, the effect of the increase of Ile contents in lib mutants on plant growth and development was investigated. First, we observed the development of the aboveground parts of lib plants at various stages. As shown in Supplementary Figures 3A,B, FW of the aboveground parts of lib mutants had no obvious difference compared with WT at the 18–, 23–, 28–, and 33-day-old stages. In addition, the morphology of flower, the dehiscence of anther, the main inflorescence, and seeds development did not exhibit an obvious difference between WT and lib plants (Supplementary Figure 3A). The number of mature siliques and the seed production also did not exhibit a significant difference between lib and WT plants (Supplementary Figures 3C,D). These results suggested that a proper increase of endogenous Ile level had no obvious effect on plant growth, development, and seed production.



Ile Application Broadly Improves Resistance to B. cinerea in Various Plants

Botrytis cinerea also infects various plants of economic interest, including lettuce, rose, and strawberries. Lettuce (Lactuca sativa, Compositae) is an annual and vitamin-rich leaf vegetable that can be damaged by B. cinerea and causes water-soaked, brownish-gray to brownish-orange symptoms (Shim et al., 2014). Rose (Rosa hybrida L., Rosaceae) is one of the most ornamental plants and is used as a food as well as in traditional medicines in China. Fresh cut roses are generally transported from farmers to customers. During long-distance transportation, gray mold disease caused by B. cinerea leads to the most serious postharvest loss of rose production (Cao et al., 2019). Strawberry (Fragaria × ananassa, Rosaceae) is a popular fruit worldwide and is also threatened by B. cinerea, which infects all aerial parts of the plant, especially flowers and fruits, and results in a greater than 50% yield loss (Petrasch et al., 2019). B. cinerea infection of these plants causes billions of dollars in loss (Qi et al., 2018; Cao et al., 2019). Therefore, we next explored whether the enhanced resistance caused by the Ile application is of universal significance in these plant species.

We applied 10 mM Ile to the leaves of lettuce, the flowers of white rose and red rose, and the fruits of strawberry for 2 days followed by inoculation with B. cinerea. Compared with control treatment (Mock), exogenous Ile application reduced the lesion size on lettuce leaves by 18%, on white rose by 11%, on red rose by 18%, and on strawberry by 14% (Figures 5A,B). These results demonstrated that the application of Ile moderately enhanced plant resistance to B. cinerea in horticultural plant species, suggesting a valuable approach to control B. cinerea in agriculture.
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FIGURE 5. Application of Ile improves plant resistance to B. cinerea in horticultural plants. (A,B) Representative phenotype (A) and lesion area (B) of lettuce, roses, and strawberry after B. cinerea infection. 10 mM Ile and 0.05% Tween 20 solution (Mock) were respectively sprayed on lettuce leaves, flowers (white rose and red rose), and strawberries for 2 days before inoculation. Then, the detached indicated parts of plants were inoculated with B. cinerea spores suspension (1.0 × 106 spores/ml), moisturized in 1% agar dishes, and incubated in the dark for indicated days. Lesion sizes were measured and analyzed after 2 days for white rose (n = 57–58), 3 days for lettuce (n = 54–57) and red rose (n = 24–26), and 4 days for strawberry (n = 32). Scale: 1 cm. Data are means ± SD. Asterisks indicate significant differences compared with Mock treatment (Student’s t-test, *p < 0.05). (C) Regulation model of B. cinerea resistance mediated by Ile through JA signaling. JA is synthesized from α-linolenic acid through serial key enzymes, such as Allene oxide synthase (AOS) and OPDA reductase 3 (OPR3). Threonine deaminase (OMR1) catalyzes the conversion of threonine into 2-oxobutanoate, which is the first and the committed step in Ile biosynthesis. JA-Ile is then synthesized by conjugating jasmonic acid (JA) with Ile via JA-amido synthetase JAR1. On B. cinerea infection, a high Ile level will contribute to stronger induction of JA-Ile biosynthesis and then lead to enhanced JA responses depending on JAR1 and COI1. Black arrows represent the schematic diagram of JA-Ile biosynthesis. Gray arrows represent that JA-Ile is recognized by receptor COI1, subsequentially activating signal transduction to defense against B. cinerea infection.





DISCUSSION

Botrytis cinerea causes gray mold disease, which leads to severe economic losses (Glazebrook, 2005). The risks of fungicide resistance and pesticide residues on fresh fruits and crops are the main problems for crop protection (AbuQamar et al., 2017). It is necessary to identify safer methods to protect crops from B. cinerea infection. This study identified Ile as an enhancer for plant resistance to the necrotrophic pathogen B. cinerea in Arabidopsis and other horticultural plants, such as lettuces, roses, and strawberries (Figures 1–3, 5). Many kinds of signals are involved in the defense against B. cinerea, including JAs, ethylene (ET), SA, abscisic acid (ABA), reactive oxygen species (ROS), and NO (Thomma et al., 1998; Audenaert et al., 2002; Adie et al., 2007; Abuqamar et al., 2008; L’Haridon et al., 2011; Beneloujaephajri et al., 2013; Song et al., 2014; AbuQamar et al., 2017). Among them, JA signaling is well known as one of the most important signals in the regulation of the defense against B. cinerea (Abuqamar et al., 2008; Song et al., 2013, 2014; AbuQamar et al., 2017). Moreover, Ile is involved in the biosynthesis of the bioactive JA molecule: JA-Ile (Staswick and Tiryaki, 2004; Kang et al., 2006; Yan et al., 2016). Using jar1-1 (defect in JA-Ile biosynthesis) and coi1-1 (defect in JA-Ile perception) mutants, we found that application of Ile enhanced plant resistance against B. cinerea in WT but not in jar1-1 and coi1-1 mutants (Figure 3). These findings demonstrate that Ile acts through JA signaling depending on COI1 and JAR1 to trigger plant defense against B. cinerea infection.

Previous study showed that 13C-labeled JA-Ile was greatly synthesized in the [13C6]Ile-treated leaves accompanied with wounding treatment, which was dramatically higher than that in [13C4]Thr-treated leaves (Kang et al., 2006), suggesting that Ile could directly conjugate with JA to form JA-Ile and the conjugation capacity is limited by substrate availability. Consistently, this study showed that the application of exogenous Ile greatly improved JA-Ile concentration and transcript level of defensive gene PDF1.2 triggered by B. cinerea infection (Figure 1). Furthermore, the increase of endogenous Ile level in lib mutant also elevated JA-Ile concentration and the transcript level of defensive gene PDF1.2 and JA biosynthetic gene OPR3 (Figure 2). Collectively, these findings indicate that increased Ile level could enhance plant resistance against B. cinerea infection via acting as a substrate to promote JA-Ile biosynthesis and activate JA signaling. In addition, Ile-triggered disease resistance and the acceleration of PDF1.2 gene expression level were not observed in jar1-1 and coi1-1 mutants on B. cinerea infection (Figure 3), further suggesting that Ile modulated plant resistance to B. cinerea depending on JA-Ile biosynthesis and perception through JAR1 and COI1 (Figure 5C). In addition JA is synthesized from α-linolenic acid under the catalysis of a series of enzymes in plastid and peroxisome, which is then exported to the cytoplasm, where it is conjugated with Ile to form bioactive JA-Ile under the catalysis of JAR1 (Huang et al., 2017). Hence, the application of exogenous Ile may enlarge the intracellular Ile pool and provide more available Ile to act as a substrate for JA-Ile biosynthesis under the catalysis of JAR1 in the cytoplasm. In summary, our findings provide a potential strategy for crop protection via increasing the supply of Ile, the precursor of JA-Ile, to improve plant resistance to B. cinerea.

It has been reported that wounded leaves showed enhanced resistance to B. cinerea infection via producing ROS, which depends on the ABA accumulation (L’Haridon et al., 2011; Beneloujaephajri et al., 2013). JAs could also promote ROS production (Suhita et al., 2004) and interact with ABA signaling pathway (Adie et al., 2007; Brossa et al., 2011; de Ollas et al., 2015; Aleman et al., 2016). Our findings showed that mechanical wounding treatment obviously induced JA-Ile accumulation and the expression of JA biosynthetic genes (such as OPR3) due to 1-fold increase in the Ile levels (Figures 4A,B). Thus, it would be interesting to further investigate whether the enhanced Ile level in lib leaves and Ile treatment affects ROS and ABA accumulation to regulate defense responses.

Nicotiana attenuata mutants with less Ile contents caused by the mildly silenced TD gene, a homolog of the OMR1 gene, are highly susceptible to the attack by Manduca sexta. Moreover, the resistance is restored via the application of JA-Ile or Ile (Kang et al., 2006). Together with our results that mechanical wounding enhanced JA-Ile biosynthesis and JA-responsive gene expression levels in lib leaves (Figures 4A,B), these findings indicate that increasing Ile level may have positive effects on plant defense against herbivore attack, but further studies need to be performed.

The application of MeJA on postharvest fruits could induce a plant defensive response and reduce the detrimental impact of pathogen infection (Yu et al., 2009; Jiang et al., 2015; Liu et al., 2016; Reyes-Diaz et al., 2016). In addition, preharvest and postharvest treatments of fruits with MeJA induced the accumulation of secondary metabolites, including anthocyanins and other antioxidant molecules, to prolong the storage period of fruits (Reyes-Diaz et al., 2016). This study reported that the increase of Ile level enhanced defensive responses to mechanical wounding or pathogen infection and MeJA-induced anthocyanin accumulation (Figures 1–4), suggesting the potential to increase secondary metabolites production and enhance plant resistance during fruit storage and transportation.

Chemical fungicide treatment is the most effective method to control B. cinerea, but repeated applications of fungicides increased the risk of fungicide resistance (Kretschmer et al., 2009; Rupp et al., 2016). Foliar fertilization is advantageous because it is applied at a relatively low concentration, with high efficiency in a uniform distribution, and plants respond to the application quickly (Kumar et al., 2016; Vishekaii et al., 2019). We revealed that Ile application enhanced plant resistance to B. cinerea in many species, including lettuce, rose, and strawberry (Figures 5A,B), which supports the potential to utilize water-soluble fertilizer containing Ile as a new efficient and safe strategy for B. cinerea control.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Arabidopsis thaliana mutants lib (Yu et al., 2013), coi1-1 (Xie et al., 1998), and jar1-1 (Staswick et al., 2002) were described previously. In all experiments, the Columbia-0 (Col-0) was used as WT plants. Meanwhile, coi1-1 homozygous seedlings were screened out via supplying JA in MS medium (Xie et al., 1998). Arabidopsis seeds were sterilized with 20% bleach, plated on Murashige and Skoog medium (MS; Sigma-Aldrich, United States), cooled at 4°C for 2 days, and then grown in a growth room under a 16-h light/8-h dark (21–23°C) photoperiod.



Application of Exogenous Amino Acids

L-Ala (A7469, Sigma-Aldrich, United States), L-Leu (L8912, Sigma-Aldrich, United States), L-Ile (I2752, Sigma-Aldrich, United States), L-Met (M5308, Sigma-Aldrich, United States), L-Phe (V900489, VETEC, United States), L-Pro (V900338, VETEC, United States), L-Trp (V900470, VETEC, United States), L-Val (V900465, VETEC, United States), L-Asn (900458, VETEC, United States), L-Cys (V900400, VETEC, United States), Gly (V900144, VETEC, United States), L-Gln (V900419, VETEC, United States), L-Ser (V900406, VETEC, United States), L-Thr (V900466, VETEC, United States), L-Tyr (V900426, VETEC, United States), L-Asp (V900407, VETEC, United States), L-Glu (V900408, VETEC, United States), L-Arg (V900343, VETEC, United States), L-His (V900459, VETEC, United States), and L-Lys (V9 00409, VETEC, United States) were dissolved in 0.05% (v/v) Tween 20 solution to prepare amino acid solutions at a certain concentration. Plants grown in a room under a 10-h light/14-h dark photoperiod (21–23°C) were sprayed with amino acid solution or 0.05% Tween 20 solution (Mock), and then continued to grow for another 2 days. Subsequently, the pretreated plants were inoculated with B. cinerea spore suspension.



Botrytis cinerea Infection Assay

Botrytis cinerea infection assay was based on an established method (Song et al., 2014). For leaf lesion size measurement assay, the 7th–9th rosette leaves were detached from 5-week-old plants grown under a 10-h light/14-h dark photoperiod (21–23°C), placed on 1% agar plates, inoculated with 5 μl B. cinerea spores (1.0 × 106 spores/ml) suspended in Potato Dextrose Broth (PDB) medium, and then cultured in the dark with high humidity for 2–3 days. Subsequently, infected leaves were photographed with a digital camera, and then the lesion area was measured by using Digimizer software (v3.1.2.0, Belgium, Germany).

For JA-Ile quantification, plants were grown under a 10-h light/14-h dark photoperiod (21–23°C) for 3–4 weeks, inoculated with B. cinerea spores suspension (1.0 × 106 spores/ml) or PDB (negative control) for 24 or 48 h under high humidity conditions. Subsequently, the 7th–9th rosette leaves were harvested for JA-Ile content quantification using LC-MS/MS as previously described (Yan et al., 2016). The experiment was performed by three biological replicates.



Quantification of Amino Acids

For quantification of amino acids, 15-day-old plants were used. Seeds were germinated on MS medium for 5 days, and then transferred to vertical MS medium (1.2% agar) plates and grown for 10 days. Leaves were harvested for the measurement of amino acids. Here, 100 mg tissue from each sample was used. Samples were ground with liquid nitrogen. Each sample was extracted overnight at –20°C with 800 μl precooled extraction buffer [MeOH:H2O:HCOOH is 15:4:1 (v:v:v)]. Samples were centrifuged at the highest speed for 20 min at 4°C. Supernatants were diluted 50 times with water containing 1 ng/μl lab AA mix algae extract containing 13C, 15N-labeled amino acids (Sigma-Aldrich, catalog number: 487910). Twenty amino acids including abundant and low amino acids were detected and analyzed by UHPLC–MS/MS based on an established method (Schafer et al., 2016). For the chromatographic separation, UHPLC system equipped with a Zorbax Eclipse XDB-C18 column was used with (A) 0.1% (v/v) ACN, 0.05% (v/v) HCOOH in water and (B) MeOH as the mobile phase in gradient mode with described settings (Schafer et al., 2016). Analysis was performed on an EvoQ Triple quad-MS.



Wound Treatment

Rosette leaves of 4-week-old plants were crushed with an hemostat. Three leaves per plant were treated. Each leaf was wounded thrice across the main leaf vein, which created a wounded area of approximately 40–50%. Each sample consisted of approximately 30 leaves from 10 plants. One hour after wounding treatment, the wounded leaves and unwounded leaves (from untreated plants) were collected for the measurement of JA-Ile content and real-time PCR. JA-Ile content was measured by using LC-MS/MS as previously described (Yan et al., 2016). The experiment was performed by three biological replicates.



MeJA Treatment

For JA-Ile content measurement, Arabidopsis seedlings grown in MS medium for 14 days were treated with MeJA (0, 20, and 100 μM) for 1 h and harvested for the extraction and quantification of JA-Ile. JA-Ile content was measured by using LC-MS/MS as previously described (Yan et al., 2016). For the gene expression analysis as shown in Figure 4D, the 7-day-old seedlings grown in MS medium were soaked into solvent (Mock) and 50 μM MeJA for 1 h. The experiment was performed by three biological replicates.



Anthocyanin Measurement

For the anthocyanin accumulation assay, Arabidopsis seedlings were grown in MS medium supplied with 0, 10, and 20 μM MeJA for 8 days, and then harvested for anthocyanin measurement and gene expression analysis. The phenotype and anthocyanin content were measured based on a previously described method (Song et al., 2013). Briefly, 8-day-old seedlings were photographed on a stereo microscope (Nikon), weighted, and collected in 1.5 ml tubes. We added 1 ml anthocyanin extraction buffer [N-propanol:H2O:HCl is 18:81:1 (v:v:v)] to the tube, which was boiled at 100°C for 5 min to extract anthocyanin in the dark at room temperature overnight. Anthocyanin contents are presented as (A535-A650)/g FW. The experiment was performed by three biological replicates.



Real-Time PCR

Total RNAs were extracted from the indicated materials via using TransZol reagent (ET101-01, TransGen Biotech, China) and reverse transcribed by using TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix (AH311-03, TransGen Biotech, China). Real-time PCR analysis was performed using Power SYBR Master Mix (A25778, ABI, United States) and the ABI7500 Real-Time PCR system. ACTIN8 was used as the internal control. The experiment was performed by three replicates. The primers used in this study are shown in Supplementary Table 2.



Statistical Analysis

Statistically significant differences were determined by using a two-tailed Student’s t-test.



Accession Numbers

AOS (AT5G42650), OPR3 (AT2G06050), JAZ1 (AT1G19180), JAZ5 (AT1G17380), JAZ10 (AT5G13220), GL3 (AT5G41315), MYB75 (AT1G56650), OMR1 (AT3G10050), PDF1.2 (AT5G44420), VSP1 (AT5G24780), and ACTIN8 (AT1G49240).
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Phytopathogenic members of the Sclerotinia genus cause widespread disease across a broad range of economically important crops. In particular, Sclerotinia sclerotiorum is considered one of the most destructive and cosmopolitan of plant pathogens. Here, were review the epidemiology of the pathogen, its economic impact on agricultural production, and measures employed toward control of disease. We review the broad approaches required to tackle Sclerotinia diseases and include cultural practices, crop genetic resistance, chemical fungicides, and biological controls. We highlight the benefits and drawbacks of each approach along with recent advances within these controls and future strategies.
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INTRODUCTION

Sclerotinia rot, also referred to as white mould on some crops, is a widespread fungal disease caused by phytopathogenic members of the Sclerotinia genus. In particular, S. sclerotiorum is considered one of the most destructive and cosmopolitan of plant pathogens (Bolton et al., 2006; Saharan and Mehta, 2008; Smolinska and Kowalska, 2018). Sclerotinia is widely distributed throughout temperate regions but also occurs in more arid areas. A lack of adequate host genetic resistance, the wide host range of the pathogen, and the general difficulty, both culturally and chemically, in managing the disease are the main drivers for Sclerotinia species causing extensive crop damage within both broad acre and horticultural farming sectors. Economic losses result from collapsed vegetable crops that are completely unmarketable, and in grain or oilseed crops as a reduction in seed number, weight, or quality (Bolton et al., 2006; Saharan and Mehta, 2008; Peltier et al., 2012; Derbyshire and Denton-Giles, 2016). Sclerotia, the resting stage of the fungus, can also contaminate harvested seed, reducing seed price because of the detection of foreign material in the product (Peltier et al., 2012).

Sclerotinia rots can be caused by three closely related species: S. sclerotiorum, Sclerotinia Trifoliorum, and Sclerotinia minor. Combined, they are known to infect over 500 plant species, mostly from Dicotyledonae but a few are from Monocotyledonae such as onion and garlic (Laemmlen, 2001; Saharan and Mehta, 2008; Willbur et al., 2019). S. sclerotiorum has a wide host range, and S. minor affects similar hosts but within a reduced range. The host range of S. trifoliorum is narrower, usually, only forage legumes such as clover and lucerne/alfalfa. Numerous broadleaf weeds such as wild clover, dandelion, capeweed, and wild radish are also hosts and play a role in carry-over of the disease and inoculum between crops. Although Sclerotinia diseases are typically a sporadic production problem, the disease has become a consistent issue in intensive cropping systems with short rotations. The drivers for increased disease emergence include favourable environmental/seasonal conditions such as reliable rainfall or irrigation, and the frequency of susceptible hosts in the cropping rotation, which build up levels of soil-borne sclerotia.

Economically important broad acre crops commonly affected by S. sclerotiorum include the oilseed crops canola and sunflower, and the legumes soybean, peanuts, chickpea, and several bean species, and its infection often leads to a significant loss in crop production (Agrios, 2005; Link and Johnson, 2007; Saharan and Mehta, 2008; Derbyshire and Denton-Giles, 2016). The incidence of Sclerotinia stem rot on canola is problematic worldwide and reported in most canola-producing regions of the world such as China, India, Europe, Australia, and North and South America (reviewed in Alkooranee et al., 2017; Zheng et al., 2020). In the United States, collective crop losses to S. sclerotiorum exceed US$200 million annually (Bolton et al., 2006). In 2010, the disease cost Canada an estimated US$600M in lost canola production (Dupont Pioneer Report, 2012). In smaller production areas such as Australia, losses estimated over AUS$59M have been recorded (Khangura et al., 2014). In canola, diseases can be widespread but highly sporadic, requiring specific environmental conditions to develop. As such, disease incidence can vary greatly from year to year, but is most damaging under prolonged wet conditions, particularly leading up to and during flowering and where the crop is grown intensively, resulting in a build-up of pathogen load, in the form of sclerotia, within the cropping system (Khangura et al., 2014, 2015; Derbyshire and Denton-Giles, 2016). Under conducive conditions, yield losses typically exceed 20–35%, but incidences of over 50 and up to 80–100% have been reported in some global markets (Markell et al., 2009; Dokken-Bouchard et al., 2010; Murray and Brennan, 2012; reviewed in Alkooranee et al., 2017). In Canada, it is predicted that for every 1% of canola crop infections, there is a 0.5% loss in potential yield results (Derbyshire and Denton-Giles, 2016).

In legumes, years that favour the development of Sclerotinia diseases are a significant cause of economic losses. The disease is considered “chronic to epidemic” on soybean throughout the world with the worst losses occurring in North and South America (Grau et al., 2004). For example, in a particularly bad year for Sclerotinia on soybean in the United States in which it ranked second out of 23 diseases, an estimated cost of US$560 million was reported (Peltier et al., 2012). It has been estimated that, in bad years, losses in peanut yield can reach US$1 million in North Carolina alone (Smith et al., 2008).

Despite the regular application of fungicides, Sclerotinia diseases are one of the major causes of losses in horticultural crops (Vallalta and Porter, 2004; Saharan and Mehta, 2008). This includes both leafy vegetables, such as vegetable brassicas, and root vegetables, such as potatoes and carrots. The fungus can cause losses in both the field and under storage conditions, although most plants become infected in the field (Dillard, 1987). Lettuce is reported as one of the crops that are most susceptible to Sclerotinia. Losses in field-grown lettuce in the United Kingdom are commonly 10%, but greater losses of up to 50% can occur under wet conditions (Young et al., 2004). S. Minor-induced losses in lettuce are reported to range from 10 to 45% in intensive lettuce-growing regions of Australia, despite the use of fungicide in spray programs (Vallalta and Porter, 2004).

Sclerotinia minor is less common than S. sclerotiorum but has a somewhat narrower host range (Willetts and Wong, 1980). It is a major concern for peanuts as the cause of Sclerotinia blight (Chenault Chamberlin et al., 2010). Losses in peanut crops in North Carolina alone due to Sclerotinia blight have been estimated at US$1–4 million/year (Smith et al., 2008). Other crops impacted by S. minor include soybean and common beans (Grau et al., 2004).

Of the Sclerotinia species, Sclerotinia trifoliorum has the narrowest host range, infecting mostly legumes (Willetts and Wong, 1980). It causes white mold, crown, and stem rot of forage legumes, such as lucerne/alfalfa and clovers, and cool season grain legumes (e.g., chickpea, lentil, faba beans) (Jellis et al., 1990; Njambere et al., 2014). All species that are infected by S. trifoliorum are also susceptible to S. sclerotiorum (Willetts and Wong, 1980; Njambere et al., 2014).



PATHOGEN EPIDEMIOLOGY AND DISEASE CYCLE


Sclerotinia Disease Development and Symptoms

As a necrotrophic fungal pathogen, the Sclerotinia fungus needs to kill plant cells in order to establish disease and obtain nutrients. It is such a destructive pathogen in agriculture, because it is able to infect plants at any growth stage including young seedlings, mature plants, and fruits in the field or in storage. In addition, when not infecting plants, the fungus may spend more than 90% of its life as sclerotia, its primary resting stage. Sclerotia are hard, melanised survival structures (Figure 1) that are resistant to desiccation and act as food storage reserves, allowing the fungus to survive in soil or stubble for up to 5 years or more (Agrios, 2005; Peltier et al., 2012; Young and Werner, 2012; Smolinska and Kowalska, 2018). These resting structures allow the pathogen to survive in the absence of a plant host and serve as a source of infection in subsequent crops (Agrios, 2005; Young and Werner, 2012). The sclerotia of S. sclerotiorum and S. trifoliorum are typically 2–5 mm in diameter but sometimes greater than 10 mm, while S. minor produces small sclerotia of 0.5–2 mm in diameter.
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FIGURE 1. Generalised Sclerotinia disease cycle. Image credits: Smith, 2018 CSIRO and Tian, 2020 CSIRO.


Both Sclerotinia sclerotiorum and Sclerotinia trifoliorum reproduce carpogenically by producing small (5–10 mm in diameter), tan, cup-shaped mushroom-like structures called apothecia (Figure 1) which contain sexual spores called ascospores (Willetts and Wong, 1980). Sclerotial germination and ascospore production are favoured by moist, cool soils with temperatures around 4–18°C; however, temperature requirements are variable depending on the origin of the Sclerotinia isolates (Willetts and Wong, 1980; Peltier et al., 2012; Smolinska and Kowalska, 2018). Cold-conditioned sclerotia within the top centimetres of soil typically begin to produce apothecia after 2–6 weeks at 15°C (Willetts and Wong, 1980; Young et al., 2004; Peltier et al., 2012; Clarkson et al., 2014). The apothecia-fruiting bodies burst, releasing thousands of ascospores that are readily spread by the wind throughout plant canopies and surrounding areas. S. sclerotiorum ascospores require certain environmental conditions in order to germinate and infect plants. Temperatures around 15–25°C and wetness or high humidity are required for >48 h (Young et al., 2004; Clarkson et al., 2014; Derbyshire and Denton-Giles, 2016; Willbur et al., 2019). Susceptible plant tissues such as flower petals and senescing leaves are typically infected first (Link and Johnson, 2007), serving as the nutrient source for Sclerotinia mycelium to grow and subsequently infect other plant tissues. In canola, for example, infected senescent petals are the predominant source of infection. They drop into the canopy and lodge onto leaf axils or stem branches, or stick to leaves and stems (reviewed in Derbyshire and Denton-Giles, 2016; Thatcher et al., 2017). Surveillance for infested petals is commonly performed to measure pathogen load in the field (reviewed in Derbyshire and Denton-Giles, 2016).

Infection can also occur myceliogenically by contact with hyphae from sclerotia onto plant tissues, or directly from contact with other diseased plants. This is a common infection route for S. minor, which rarely produces apothecia, but is relatively rare in S. sclerotiorum and S. Trifoliorum (Link and Johnson, 2007). The environmental drivers for differential carpogenic or mycelial germination of S. sclerotiorum or S. trifoliorum sclerotia are not well understood. A review of abiotic conditions promoting myceliogenic germination of S. sclerotiorum highlighted moisture availability and extremes in temperatures as key factors influencing myceliogenic germination (Lane et al., 2019).

Upon infection, typical Sclerotinia lesions first appear on the leaves and leaf axils as water-soaked spots or lesions with a pale greyish white or brownish white appearance caused by cell death and the action of pathogen pectolytic enzymes. The water-soaked lesions, particularly at nodes, can rapidly progress along and around the stem above and below the infected nodes. Infected leaves may also fall and lodge further down the canopy and spread the infection to other plants. Plants infested with Sclerotinia develop a white, cottony growth on the stems followed by the formation of sclerotia (Figure 1), which can occur inside or outside of stems, and pods of legumes such as soybean, or on canola pods if the weather is favourable (Fernando et al., 2004; Bolton et al., 2006; Kamal et al., 2016; Willbur et al., 2019). The infected part of the stem turns soft and greyish-white in colour. The lesions girdle the stem, cutting off vascular transport, causing infected stems to become bleached and stringy or shred, and plant tissues above the lesion wilt and die (Grau et al., 2004; Derbyshire and Denton-Giles, 2016; Willbur et al., 2019). Legume pods on infected plants may appear white in colour, smaller, and contain fewer seeds. They may also contain sclerotia. Other common symptoms include stunting, premature ripening, and lodging of plants (Willetts and Wong, 1980; Peltier et al., 2012). Sclerotia produced within infected stems can be distributed after harvest by equipment or may be harvested with the seed, causing contamination of seed lots. Therefore, it is important to screen seeds for contamination.

Infection by Sclerotinia sclerotiorum is often patchy across a field, and symptoms on row or broad acre grain and oilseed crops are generally only evident late in the season after the flowering stage (Grau et al., 2004; Derbyshire and Denton-Giles, 2016). Plants can be attacked at any growth stage, but infection by S. sclerotiorum generally occurs during flowering, because favourable weather conditions tend to coincide with a fully developed crop canopy supporting cool, moist, shaded conditions in soils, which encourage the development of apothecia and the release of ascospores (Willbur et al., 2019). Mist, dew, and fog are all potential sources of moisture. Disease development is dependent on sufficient moisture in the canopy and typically extended periods of leaf wetness. Losses tend to be greatest when cool (15–25°C), wet, humid conditions, combine with management practices that favour high yield potential such as high planting density, narrow row spacing, and high plant nutrition that support the development of dense canopies that can contain high humidity (Grau et al., 2004; Link and Johnson, 2007; Peltier et al., 2012). Crops grown by overhead spray irrigation will also favour disease development.

Sclerotinia sclerotiorum can infect vegetable crops at any growth stage. Infections typically occur on the stem or leaves at the base or from infection events on the top of densely grown crops (Dillard, 1987). Blossoms from weeds are a common source of nutrients for ascospores and, consequently, a source of fungal inoculum on nearby vegetable crops. Infection starts with water-soaked lesions that become infested with fungal mycelium. The host tissue becomes soft and watery, ultimately leading to complete crop failure, and sclerotes produced with the diseased tissues.

Sclerotinia minor infects through eruptive myceliogenic germination; therefore, infection below the canopy at roots, crowns, and leaves is observed. Disease symptoms of S. minor are similar to those of S. sclerotiorum but not necessarily coincide with flowering. Initially, water-soaked lesions appear on the stems or leaves. As the disease progresses, fluffy white mycelia may become visible, and then the lesions become bleached, and necrotic and infected stems become shredded and die (Smith et al., 2008).

Rots of forage legumes caused by Sclerotinia trifoliorum manifest as a soft rot of the crown and roots, which begins with the appearance of brown leaf lesions that then spread to stems and shoots. New growth on the infected plants begins to wilt, then dies. The dead tissues are often covered with white mycelium, particularly in wet, cool weather (Barbetti and You, 2014). While plants can be infected at all growth stages, losses tend to be most severe when infection occurs at the seedling stage (Kanbe et al., 2002).



Pathogenicity

An understanding of the cytological and molecular mechanisms of Sclerotinia colonisation and infection has increased in recent years thanks to advances in genomic sequencing, transcriptomic analysis, and functional gene characterisation. Recent findings show that the interactions between Sclerotinia and its wide range of hosts may be significantly more sophisticated than previously assumed, with the molecular mechanisms of infection and pathogenicity recently well reviewed (Mbengue et al., 2016; Liang and Rollins, 2018; Xia et al., 2020). Here, we summarise these findings and provide an overview of Sclerotinia pathogenicity, and in subsequent sections, we will detail how this knowledge could be exploited in new controls for disease suppression.


Host Infection

As a canonical necrotrophic fungus, Sclerotinia attacks and kills the cells of its host by secreting an arsenal of cell wall-degrading enzymes and toxins, and it consumes dead cells for energy (Mbengue et al., 2016; Xu et al., 2018; McCaghey et al., 2019; Wang et al., 2019a). It has been proposed that this pathogen exhibits a dynamic two-phased infection model in which it first evades or counteracts host defence, colonising the host and growing in apoplastic spaces (Kabbage et al., 2015; Liang and Rollins, 2018; Ding et al., 2021). Through the production of cell-degrading enzymes and toxins, the pathogen then progressively kills and degrades the host cells. It is further proposed that this phased infection process is not just defined at the temporal or spatial level, but rather the possibility that it isdefined through different sectors or developmental stages of the advancing fungal colony (Kabbage et al., 2015).

The initial colonisation of the host by Sclerotinia occurs via a compound appressoria (a modified hyphal tip), which penetrates the cuticle of the host via a penetration peg. Following initial penetration, the colonisation phase involves the growth and branching of sub-cuticular hyphae (Liang and Rollins, 2018). There is evidence that these subcuticular hyphae can spread several cell layers ahead of killed epidermal cells, in which the hyphae are interacting with healthy cells (Kabbage et al., 2015). Once the subcuticular hyphae are established, they branch into smaller, ramifying hyphae that grow inter- and intra-cellularly into the epidermal and mesophyll cells. Liang and Rollins (2018) noted that subcuticular and ramifying hyphae have distinct morphology and colonisation patterns, suggesting potential functional specialisation, and that subcuticular hyphae are likely to be more important in defence suppression and infection establishment, while ramifying hyphae are more important in initiating cell death and cell wall degradation.

Further evidence for the two-phase infection model in Sclerotinia was found in a study analysing sequential gene expression patterns during infection of Brassica napus (Seifbarghi et al., 2017). During the first 12 to 24 h post-infection period the expression of Sclerotinia effector-like genes (e.g., genes encoding the LysM domain protein and a cysteine rich protein) associated with suppression of the pathogen recognition and defence systems in the host was upregulated. At the later stage of infection (after 24 h) Sclerotinia genes associated with the induction of necrosis and programmed cell death were upregulated.

The secretion of a wide array of cell-wall-degrading enzymes facilitates the degradation of host cell walls, as well as numerous proteases and hydrolases, to macerate tissues and release nutrient sources (Mbengue et al., 2016; Xu et al., 2018; McCaghey et al., 2019; Wang et al., 2019a). These include proteinases, cutinase, cellulases, polygalacturonases, glucanases, and xylanases. It has been suggested that the diversity of enzymes produced by Sclerotinia may enhance its adaptability and therefore contribute to its wide host range (Ding et al., 2021).



Secreted Proteins and Host Defence Suppression

Important virulence components of Sclerotinia include secreted and effector-like proteins and are reviewed in detail by Derbyshire et al. (2017), Xu et al. (2018), McCaghey et al. (2019), Xia et al. (2020), and Shao et al. (2021). Historically, fungal effectors have been defined as small, secreted proteins that modulate the host cell to facilitate infection. More broadly, they encompass a wider array of proteins or molecules that function to establish and progress disease.

Bioinformatics approaches applied to the full genome sequence of S. sclerotiorum have identified a large number of genes encoding a range of virulence-related secretory effector proteins (Amselem et al., 2011). Secretome analyses have shown that S. sclerotiorum has the potential to produce 400 secreted proteins including nearly 80 virulence factor candidates (Guyon et al., 2014; Heard et al., 2015; Derbyshire et al., 2017). Of those characterised to date, manipulation of host salicylic acid, jasmonic acid, and ROS signalling are common themes to suppress or interfere with host defense responses (McCaghey et al., 2019; Wang et al., 2019a; Ding et al., 2021). For example, the S. sclerotiorum-secreted integrin-like protein SsITL suppresses host immunity at the early stage of infection (Mbengue et al., 2016; Tang et al., 2020). It interacts with the plant chloroplast-localised CAS (chloroplast-localised calcium-sensing receptor) protein that is a positive regulator of salicylic acid signalling and resistance against Sclerotinia. Manipulators of host cell death include the Sclerotinia Cu/Zn superoxide dismutase SsSOD1 and the Ca-binding SsCAF1 protein also involved in Sclerotinia development (reviewed in McCaghey et al., 2019; Xia et al., 2020). The chorismate mutase enzyme Ss-Cmu1 is predicted to be secreted and dampen host salicylic acid synthesis (Liang and Rollins, 2018). In another example, the S. sclerotiorum small, cysteine-rich secreted protein SsSSVP1 induces plant cell death and interacts with the plant QCR8, a subunit of the cytochrome b-c1 complex of mitochondrial respiratory chain, and disturbs the localisation of QCR8 in mitochondria (Lyu et al., 2016). Another strategy employed by S. sclerotiorum has been recently shown in the Sclerotinia-Brassica pathosystem. Chen et al. (2020) demonstrated that S. sclerotiorum was able to metabolise, via a hydrolase, toxic isothiocyanates produced by the plant and therefore was able to promote its growth and contribute to its virulence on glucosinolate-producing plants. Together, these examples highlight the multiple strategies employed by the Sclerotinia secretome to manipulate or avoid host cell processes and likely contribute to its broad host range and effectiveness as a destructive plant pathogen. Further functional characterisation of these and other Sclerotinia virulence-related secreted proteins may provide new targets for disease control targeting either the pathogen directly or through the modification of its host target.



The Roles of Oxalic Acid, ROS, and Host Cell Death

Sclerotinia also produces the non-selective phytotoxin, oxalic acid, that contributes to pathogenesis through acidification and suppression of host defence responses by manipulating the host redox environment (Williams et al., 2011; Smolinska and Kowalska, 2018). Evidence for the involvement of oxalic acid in plant infection has been demonstrated by the recovery of oxalate from infected tissues (Bateman and Beer, 1965; Maxwell and Lumsden, 1970; Marciano et al., 1983; Godoy et al., 1990) or by injection of oxalate into plants followed by the development of Sclerotinia disease-like symptoms (Bateman and Beer, 1965; Noyes and Hancock, 1981). In addition, it could be demonstrated that Sclerotinia mutant strains that were deficient in oxalate synthesis were non-pathogenic but regained normal virulence upon regaining their oxalate synthesis capacities (Godoy et al., 1990). Recent studies proposed that it is not oxalic acid specifically that is necessary for the ability of Sclerotinia to cause disease but rather its acidic pH (reviewed in Xu et al., 2018).

In neutral or alkaline environments, Sclerotinia grows slowly and produces acids such as oxalic acid to acidify its environment (Tourneau, 1979). The fungus increases its growth rate under acidic conditions (Maxwell and Lumsden, 1970) and initiates the production of sclerotia (Rollins and Dickman, 2001; Chen et al., 2004). Lytic and hydrolytic enzymes are expressed and secreted under acidic conditions, which are needed for optimal enzyme activity and are necessary for disease development (Cotton et al., 2003; Girard et al., 2004; Kasza et al., 2004; Li et al., 2004; Seifbarghi et al., 2017). If the ambient pH gets too low, Sclerotinia will be able to produce ammonia or oxalate decarboxylase that degrades oxalate, thereby raising the pH (Vega et al., 1970; Magro et al., 1988; Billon-Grand et al., 2012; Liang et al., 2015). A recent study compared the pathogenicity of different Sclerotinia isolates in canola and observed a correlation between pathogen aggressiveness and its ability to acidify its environment (Denton-Giles et al., 2018). The ability to sense and change pH in its environment enables Sclerotinia to survive under many different conditions and thereby makes it one of the most successful pathogens of plants.

In addition to its direct effect on cellular pH, oxalic acid has been shown to induce programmed cell death, and it is thought that the manipulation of host programmed cell death plays a crucial role in the pathogenicity of Sclerotinia (Kim et al., 2008; Mbengue et al., 2016). Oxalic acid induces increased levels of ROS in the host, which is also associated with programmed cell death. When ROS production is inhibited, apoptotic-like cell death due to oxalic acid is also inhibited (Kim et al., 2008). Kim et al. (2008) suggested that additional roles of oxalic acid include acting as a signalling molecule that induces programmed cell death. Sclerotinia also produces a range of other factors that induce the necrosis of host cells. Most are proteins or peptides such as ethylene-inducing peptides, endopolygalacturonases, and a cutinase (Liang and Rollins, 2018). Two small secretory proteins, Ss-SSVP1 and Ss-CP1, have been shown to induce cell death (Lyu et al., 2016; Yang et al., 2018).



Gene Silencing and sRNAs

A recent study by Derbyshire et al. (2019) showed that during infection, Sclerotinia produces at least 374 distinct small RNAs, many of which downregulate functional domains associated with plant immunity. These small RNAs induce gene silencing through RNA interference (RNAi) pathways (Mbengue et al., 2016).

A genome wide association (GWAS) study has shown that bioinformatically predicted targets of Sclerotinia small RNAs included functional domains associated with plant immunity and quantitative disease resistance (Derbyshire et al., 2019). Mutants of both plant and fungal RNAi components were found to have reduced silencing of host immunity genes and therefore reduced disease symptoms (Weiberg et al., 2013).




Foe to Most, Friend to Some?

While Sclerotinia sclerotiorum predominantly infects dicots, in a recent study, it was found to grow endophytically within several monocots including wheat, barley, oat, rice and maize (Tian et al., 2020). While it is not uncommon for fungal pathogens of a plant species to colonise another plant species and not cause disease, in the study by Tian, they found that S. sclerotiorum colonisation actually had a positive influence on the host. Endophytic growth within wheat reduced disease severity incited by the phytopathogenic fungal pathogens that cause Fusarium head blight and stripe rust, likely through manipulation of defence responses and hormone signalling. It is interesting that such a broad host range and highly destructive pathogen of dicots had a beneficial effect on monocots. These results have implications in the cultural management of Sclerotinia in farming systems where susceptible break crops such as canola and legumes are grown in rotation or in close proximity to cereals. Further studies are needed to determine if mycelium carry-over between seasons on monocot stubble can serve as an inoculum source for the following year.




DISEASE CONTROL

As with many diseases, there is no single treatment that can completely control Sclerotinia, so most growers employ an integrated management approach to reduce their risk of losses from disease. This involves combining several approaches including cultural practices, variety selection, and chemical and biological controls (Peltier et al., 2012). With limited genetically resistant cultivars available to growers and the broad host range of the pathogen, cultural and management practices, such as fungicide use, are the predominant approaches for control but provide variable protection depending on the timing of application. Growers, therefore, need to consider environmental variables, disease pressure, and risks when planning their management strategy (Figure 2).
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FIGURE 2. Sclerotinia disease management. Current strategies to control Sclerotinia diseases rely on integrated disease management, each with its pros and cons (blue panels) toward the desired outcome. This may involve a combination of management strategies suited to the host crop and requires consideration and monitoring of multiple factors to guide decision on best suited disease control tools (green panel).



Cultural Practices

Cultural and agronomic measures are an important part of disease management and can reduce disease severity but are not effective by themselves in controlling the disease. Cultural practices include crop rotation, reducing plant density, and practices to reduce ascospore production and release. Because Sclerotinia has a wide host range, many broad leaf crops and weeds support the disease, so weed management and careful selection of crops to rotate are required, as repeated cropping of susceptible crops increases sclerotial numbers in each subsequent crop. Small grain crops (maize, wheat, barley, oats, sorghum) are not susceptible to infection by Sclerotinia spp. and so are suitable rotation crops but a break of 2–3 years may be required to decrease the number of sclerotia in soil (Peltier et al., 2012). However, in light of the potential for these small grain crops to still be colonised by Sclerotinia (Tian et al., 2020), avoidance of infested or adjacent fields for 1–4 years could be considered the best management option if economically viable.

Canopy management, including wider row spacing or lower seeding rates, can be used to increase air flow and decrease humidity in the crop canopy. Studies on a range of different crops have shown that this can reduce numbers of apothecia and disease incidence (McDonald et al., 2013). Reducing fertilisers and delaying planting to manage vegetative growth should also be considered, as over-fertilising and early planting can result in tall, bulky crops at the time of flowering that will create denser canopies, and, with high rainfall, will put crops at higher risk of disease.

Stubble management practices to minimise the carry-over of viable sclerotia between seasons have demonstrated efficacy. These include burning crop residues or using irrigation to increase rotting of sclerotia. Other studies have suggested that there may be lower disease incidence in no-till systems (Kurle et al., 2001; Simpfendorfer et al., 2004) but these results are inconsistent (Peltier et al., 2012). It is speculated that sclerotia may be more likely to degrade in no-till systems because they are not buried and are more prone to attack by predators, desiccation, or exposure to UV in the upper soil layers (Peltier et al., 2012). It is also advisable not to keep seeds from infected crops for replanting, as this will also increase the risk of spreading infection into potentially previously clean areas.



Crop Resistance

For all crops that are susceptible to Sclerotinia species, it is generally advised that where partially resistant cultivars are available, they should be used as part of an integrated management approach to reduce the risk of yield losses and to decrease the load of inoculum in future seasons (Kurle et al., 2001; Grau et al., 2004; Smith et al., 2008).

There are ongoing efforts to breed Sclerotinia-resistant cultivars of a range of broad acre and horticultural crops (Kim and Diers, 2000; Arahana et al., 2001; Cruickshank et al., 2002; Lithourgidis et al., 2005; Vuong et al., 2008; Chenault Chamberlin et al., 2010; Barbetti and You, 2014; Taylor et al., 2015; Derbyshire and Denton-Giles, 2016; Bennett et al., 2018). In all cases, it is important to consider that the disease screening method is reflective of conditions experienced by crops grown under field conditions. For example, in canola, one of the most significant limitations in high throughput seedling assays is that plant disease resistance is not measured at the growth stage during which the disease is most likely to occur in the field, which means that plants should be grown at the flowering developmental stage (Derbyshire and Denton-Giles, 2016; Thatcher et al., 2017).

Molecular breeding is an important strategy in several crops for improving host resistance as an avenue for disease control. There is no genetic source of complete plant resistance to these broad-host range pathogens known to date, but partial resistance has been identified in several economically important crops (e.g., canola and soybean) (Mbengue et al., 2016; McCaghey et al., 2019). Resistance to Sclerotinia is polygenetic and made up of the complex interaction of numerous minor effect genes (Wang et al., 2019a). This results in quantitative disease resistance, in which a natural population of plants will display a continuum of resistance phenotypes from highly susceptible to partially resistant.

The current status of resistance mapping and breeding is well reviewed by Wang et al. (2019a) and Ding et al. (2021). Early studies screening for resistance loci in B. napus used quantitative trait loci (QTL) mapping. More recently, alternative approaches that include genome-wide association mapping studies using natural plant populations have been applied. This, paired with high-throughput sequencing, omics, and improved data analytics combined with an increased understanding of molecular mechanisms of plant defense against Sclerotinia have improved the identification of quantitative resistance gene/loci and of host genes or processes that can be targeted and manipulated for enhancing resistance or reducing susceptibility. For example, Ding et al. (2021) broadly categorised resistance responses into three types: (1) the activation of defence signaling pathways, (2) the production of secondary metabolites that kill Sclerotinia or inhibit growth and infection processes, and (3) the production of activating enzymes, proteins, or antimicrobial peptides that affect Sclerotinia cell wall integrity or block its pathogenicity factors. Wang et al. (2019a) noted that the GWAS studies on Sclerotinia resistance in B. napus predominantly linked loci-containing genes involved in downstream defence responses, ROS production, detoxification, oxidative protection, and secondary metabolite enzymes. These findings suggest that Sclerotinia resistance is likely a function of a variety of cellular processes and that this needs to be taken into account when breeding for crop varieties with enhanced resistance.


Natural Sources of Resistance or Non-GM Approaches

The fact that Sclerotinia tolerance in several species is controlled by multiple minor genes makes breeding resistant varieties difficult and costly, and raises the risk that undesirable traits can be inadvertently introgressed through the process of linkage drag (Wang et al., 2019a). In some cases, QTLs that are associated with physiological resistance to S. sclerotiorum have been reported (Grau et al., 2004). It is thought that the severity of disease caused by S. sclerotiorum is governed by a combination of physiological resistance (e.g., phytoalexin production) and disease escape mechanisms (e.g., open canopy architecture, lodging resistance, and timing of maturity) (Grau et al., 2004). This further complicates efforts to breed Sclerotinia-resistant varieties, as the disease tolerance phenotypes may not be suitable as breeding material.

There is a relatively large body of information on quantitative trait locus mapping data available for resistance to Sclerotinia in various hosts, but relatively little is known about the molecular basis for the quantitative trait loci. The advances in molecular breeding are likely to be made possible because of the work being done to increase the understanding of the molecular basis of host genetic resistance (Wang et al., 2019a). Using a GWAS approach analysing global B. napus germplasm, Gyawali et al. (2016) identified 669 polymorphic loci that were associated with Sclerotinia resistance including 21 alleles related to resistance and 13 related to susceptibility. A map of Sclerotinia resistance has been constructed in B. napus using 347 markers and integrated 35 QTLs that have been linked to disease resistance (Li et al., 2015). Similar studies in soybean have identified 103 QTLs that have been mapped to 16 and 11 loci that were significantly correlated with resistance in field and greenhouse by GWAS (Wen et al., 2018). It has been noted in both canola and soybean that resistance to Sclerotinia is conferred by minor QTLs, but each only makes a small contribution (typically less than 10%) to phenotypic variance (Wen et al., 2018; McCaghey et al., 2019).

In canola, the lack of complete genetic resistance has prompted researchers to screen close relatives of Brassica napus such as Brassica oleracea and also wild crucifers that lie outside the Brassica genus (reviewed in Derbyshire and Denton-Giles, 2016). Partial stem resistance has been identified through a variety of screening methods (Garg et al., 2008, 2010; Denton-Giles et al., 2018). The challenge will be to breed this material into elite cultivars. Avoiding petal infection is another option that has been explored. Apetalous B. napus plants develop less disease but are still equally infected by S. sclerotiorum as full-petalled cultivars (Young and Werner, 2012).

In soybean, there are no cultivars with complete resistance to Sclerotinia sclerotiorum, but there are partially resistant varieties available (Grau et al., 2004; McCaghey et al., 2019; Willbur et al., 2019). There are commercial varieties of peanut available that are resistant to S. minor and S. sclerotiorum. It has been estimated that the resistant peanut cultivars, Toalson, Tamspan 90, and Tamrun 98, save the United States peanut industry from ∼US$5 million in losses due to Sclerotinia annually (Bennett et al., 2018). There are ongoing efforts to breed elite varieties with S. sclerotiorum and S. minor resistance that are adapted to a wider range of environments (Cruickshank et al., 2002). There is evidence that resistance to S. trifoliorum exists within several forage and grain legumes such as alfalfa, clover, and faba beans, but there are currently no commercially available resistant cultivars, and breeding efforts are ongoing (Halimi et al., 1998; Kanbe et al., 2002; Lithourgidis et al., 2005; Mikaliuniene et al., 2015). Screening for S. sclerotiorum resistance in wild Cicer populations, with the aim to adopt this into commercial chickpea varieties, identified partial stem resistance (Mwape et al., 2021).



Genetic Modification

The lack of strong, major effect resistance in most crops makes classical breeding a challenging task. In crops where genetically modified (GM) varieties are already available for other traits, such as canola or soybean, transgenic or targeted genetic modification approaches for Sclerotinia resistance may be an economical option (Figure 3).
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FIGURE 3. New opportunities and tools for Sclerotinia control. New tools exist or are emerging that allow targeted manipulation of pathogen, host, or beneficial microbial populations that facilitate a reduction in Sclerotinia disease symptom development. These includes exogenous controls such as RNAi or biochemicals and biopesticides that can act directly on the pathogen (e.g., antifungal activity, fungal development) or indirectly by enhancing plant defense responses. Powerful endogenous controls such as crop genetic modification can provide durable resistance, but the process is costly, and not all crops are readily transformable or afford public acceptance. New knowledge of the pathogenicity and virulence of Sclerotinia species can be acquired through global omics studies on the pathogen infecting diverse crops of varying disease resistance, and this knowledge can be used to identify essential pathogen processes or weaknesses that can be targeted in new management tools.


The overexpression of oxalic acid degrading oxalate oxidase genes in a number of crops has enhanced resistance to S. Sclerotiorum (Lithourgidis et al., 2005; Yang et al., 2019; van Esse et al., 2020). In most cases, complete resistance is not observed but rather a delay in disease progression. This may, however, be sufficient in the field to provide a yield benefit or reduce the requirement for fungicide applications.

A general strategy to enhance plant resistance to pathogens is to upregulate the expression of key or master switches of defence responses such as transcription factors or mitogen-activated protein kinases (MPKs) (Thatcher et al., 2005; Amorim et al., 2017). The overexpression of specific WRKY transcription factors or MPKs in Arabidopsis and/or canola has been demonstrated to provide increased resistance against Sclerotinia (Chen et al., 2013; Liu et al., 2018; Wang et al., 2019b). Other approaches taken include the overexpression of downstream pathogen inhibiting defence genes, such as chitinase genes or polygalacturonase-inhibiting proteins, to slow down disease progression (Zarinpanjeh et al., 2016; Wang et al., 2018; Yang et al., 2020). More recently, plant-derived antifungal metabolites have shown a potential to inhibit Sclerotinia, and their expression could be manipulated for enhanced resistance. For example, Ranjan et al. (2019) demonstrated that metabolite extracts from the stems of enhanced resistance soybean lines had an antifungal activity and targeted pathogen ergosterol biosynthesis, disrupting enzymes involved in fungal lipid and sterol biosynthesis.

More recently, targeted gene editing of a Sclerotinia effector host target has shown potential as a new strategy to deliver increased resistance. In the study by Zhang et al. (2021), they found that Brassica napus has eight homologous copies of BnQCR8, the plant target of the Sclerotinia effector-like protein SsSSVP1 (Lyu et al., 2016). Using CRISPR/Cas9 to reduce the BnQCR8 copy number, they found that B. napus mutants with one or more edited copies displayed stronger resistance against S. sclerotiorum. The mutants also showed increased resistance to the related necrotrophic fungal pathogen Botrytis cinerea, which contains an SsSSVP1 homologue. This study highlights the power of editing host targets shared by pathogen effectors.

Numerous other genes have been implied in resistance responses against Sclerotinia, highlighting the arsenal of attack strategies employed by this pathogen over a diverse array of hosts (reviewed in Wang et al., 2019a). The challenge, therefore, if a targeted genetic manipulation approach is taken, is what host gene(s) will be the best targets, or, if the transgenic approach is undertaken, what transgenes will be the most effective. This may include the expression of antimicrobial proteins, the overexpression of specific defence pathways or key regulators, or employing RNA interference (RNAi) approaches to target key host or Sclerotinia processes (Andrade et al., 2016; McCaghey et al., 2019; van Esse et al., 2020; Xia et al., 2020).




Chemical Fungicides

In addition to cultural control, fungicides are widely used to control Sclerotinia. A range of fungicides are commercially available to prevent disease losses; however, the environmental drivers of disease can make the timing of application decisions difficult. The decision to apply a fungicide should also not only be made with the current harvest in mind but also aimed at reducing sclerotia load in the soil for future crops. The decision of whether to apply fungicides often becomes an economic trade-off between the cost of fungicide applications and the risk of disease (Figure 2).

Several different classes of fungicides with diverse modes of action are used globally to treat Sclerotinia on different crops. This includes anilinopyrimidines (inhibit methionine biosynthesis), methyl benzimidazole carbamates (MBCs) (inhibit cell division by disrupting microtubule formation), dicarboxamides (thought to inhibit osmotic signal transduction), demethylation inhibitors (DMIs) (inhibit membrane sterol biosynthesis and the development of functional cell walls), quinone outside Inhibitors (QoIs) or strobilurins (inhibit mitochondrial respiration), and succinate dehydrogenase inhibitors (SDHIs) (inhibit mitochondrial respiration) (reviewed in Peltier et al., 2012; Derbyshire and Denton-Giles, 2016). Not all are registered for use on all crops, and in some cases there are restrictions on the number of applications of certain fungicides per crop, per season. Several chemical classes have limited systemic movement in the plant, meaning they are not functional on non-treated plant tissues (Peltier et al., 2012).

In broad acre or flowering row crops such as canola or soybean, fungicides can reduce disease incidence, but the timing of application is critical and can be difficult to achieve. Plants typically become susceptible to infection once flowering commences. In most years, fungicides are targeted at the early flowering stage, but optimal timing varies depending on the season and is only economical when there is a moderate to high risk for Sclerotinia infection (Mueller et al., 2002; Peltier et al., 2012; Derbyshire and Denton-Giles, 2016; Willbur et al., 2019). The efficacy of fungicides greatly decreases if they are applied after symptoms become visible. Foliar fungicides applied during early flowering can provide some protection but are typically preventative rather than curative, and the decision to apply must be made early, before symptoms have developed (Peltier et al., 2012). The goals of fungicide application are to protect early petals, achieve maximum penetration of the product into the crop canopy, and protect potential infection sites. For regions with high disease levels or long-flowering periods, a second spray is often targeted at later flowering stages (Paulitz et al., 2015). Fungicide application during flowering constitutes a significant monetary investment, and because of the sporadic nature of the disease (variability in disease incidence from year-to-year, region-to-region, and field-to-field), routine prophylactic application of fungicides is uneconomical and undesirable. The long flowering time of canola in some growing regions such as Australia (up to 6 weeks) and the effective activity of preventative fungicides (up to 3 weeks) often necessitate more than one fungicide application. In some instances, high infection levels are observed in canola even after two foliar fungicide applications. This indicates the difficulty in controlling the disease and the importance of understanding the environmental triggers for more targeted controls.

Fungicides recommended for control of S. minor on peanut, for example, include aminopyridines, dicarboxamides, and SDHIs (Ryley et al., 2000; Smith et al., 2008). All the three compounds are considered preventive and therefore must be applied before the onset of disease. As with the control of S. sclerotiorum, several fungicide applications may be needed to provide continuous protection in years with conditions highly favourable to disease development (Ryley et al., 2000). For many growers, this is not economical, and most will make a maximum of two applications (Smith et al., 2008).

Several fungicides have been trialled for their ability to protect against Sclerotinia trifoliorum in pasture legumes but, similar to treatments for Sclerotinia sclerotiorum and Sclerotinia minor, they are often not considered cost-effective (Kandula et al., 2015). Controlling S. trifoliorum in alfalfa is problematic. Several studies have suggested that it can be controlled with monthly sprays of dicarboxamides (Hoveland et al., 1996; Sulc and Rhodes, 1997). More recently Frate and Long (2005) found that dicarboxamides reduced disease symptoms and increased biomass yields of alfalfa in fields with known disease risk.

In leafy vegetable crops such as lettuce, the accurate timing of fungicide application is needed for efficacious control. This has prompted the development of disease forecasting models (Clarkson et al., 2014). Strategic plant-targeted sprays of dicarboxamides can be effective in Sclerotinia control, resulting in 80–96% reduction in Sclerotinia lettuce drop disease (Vallalta and Porter, 2004). Drenching of plants at transplanting and fungicide applications at the early crop stage before canopy closure are critical for controlling mycelial growth and preventing lower leaf infections. However, in some countries, permitted fungicide options are limited, and the increasing pressure to produce vegetable crops with low pesticide inputs necessitates alternate options to be implemented. In lettuce, most of the other registered fungicide classes (MBCs, strobilurins, aminopyridines, DMIs) were found to be less effective than dicarboxamides under high disease pressure (Pung and O’Brien, 2001; Vallalta and Porter, 2004).

Because most major fungicide classes rely on a single mode of action, the chance for the development of resistance in pathogen populations might be considered high (Derbyshire and Denton-Giles, 2016). However, Sclerotinia appears to have a low propensity for resistance, as it is considered homothallic (the ability of a single spore to produce a sexually reproducing colony) or undergoes asexual reproduction (Aldrich-Wolfe et al., 2015). However, instances of resistance to MBCs and dicarboxamides have been reported globally, and strains with decreased sensitivity to SDHIs have been reported in France (Ma et al., 2009; Wang et al., 2015; Derbyshire and Denton-Giles, 2016; reviewed in Liu et al., 2021). It is, therefore, important to not rely on a single mode of action to control Sclerotinia. Furthermore, the selective pressure caused by the overuse of fungicides may create resistance in other non-target pathogen populations. Recently, Liu et al. (2021) assessed the DMI fungicide metconazole for its potential usefulness in Sclerotinia control. They found no cross-resistance between metconazole and representative fungicides of the MBC, dicarboxamide, and SDHI classes over the 22 S. sclerotiorum isolates they tested, concluding that metconazole, if registered, could be used in spray rotations.



Biological Control, Biopesticides, and Microbiome Manipulation

The high risk of losses as well as difficulty controlling Sclerotinia using traditional methods has driven research into alternative approaches. There is a significant body of research into potential biocontrols for Sclerotinia spp. Several different species of fungi, such as Coniothyriumminitans and Trichoderma spp., and bacteria, such as Pseudomonas fluorescens, Bacillus spp., and Streptomyces spp. are known to be antagonistic to Sclerotinia spp. (Whipps and Gerlagh, 1992; De La Fuente et al., 2004; Gorgen et al., 2009; Luduena et al., 2012; Zeng et al., 2012b; Chen et al., 2016b; Smolinska and Kowalska, 2018). Importantly, biocontrols offer new modes of action and can be interchanged with chemical fungicides, thereby reducing the reliance on chemicals whilst also aiding to prolong chemical modes of action and reducing the development of resistant pathogen populations (Figure 2).

While many studies show the antagonism of Sclerotinia spp. in vitro with a range of fungi and bacteria, the efficacy needs to be proven in-planta and, critically, in field trials where performance is strongly influenced by environmental factors (Boland, 1997). Many biocontrol candidates that appear promising in the lab fail to show sufficient efficacy in the field, as their efficacy can be highly influenced by environmental conditions (Chitrampalam et al., 2008). The key to their success will depend on correct delivery and ensuring durability under multiple environments. This was clearly articulated in a study of a commercial product for the biocontrol of S. sclerotinia. Nicot et al. (2019) found differences in the susceptibly of 75 S. sclerotiorum isolates, highlighting the need to test biocontrols against pathogen species diversity panels and the possibility of biocontrol selection pressure on pathogen populations, as commercial biocontrol products become more widely adopted by growers. For Sclerotinia control, several different biocontrol species have been commercialised, and there are ongoing efforts to develop other promising candidates. Several commercial examples are discussed below.


Beneficial Fungi

Of the range of potential biocontrol agents for Sclerotinia, the fungal parasite Coniothyrium minitans is the best studied and commercially established. C. minitans was first isolated from infected sclerotia of S. sclerotiorum in 1947 (Tribe, 1957). The fungal predator attacks and degrades sclerotia in the soil (de Vrije et al., 2001). The commercially available biocontrol formulation of C. minitans is Contans WG (Bayer CropScience, Cambridge, United Kingdom). Many other Coniothyrium spp. are necrotrophic plant pathogens, but C. minitans appears to have lost the ability to infect plants and become specialised in the infection of sclerotia in the soil as food source (Whipps and Gerlagh, 1992). Sclerotia attacked by C. minitans will not produce apothecia and, therefore, will not produce ascospores that initiate the onset of disease symptoms (de Vrije et al., 2001). The efficacy of C. minitans in controlling Sclerotinia disease has mostly been shown on high value crops such as canola, sunflower, lettuce, cucumber, beans, and peanuts (de Vrije et al., 2001; Jones and Whipps, 2002; Chitrampalam et al., 2008; McQuilken and Chalton, 2009; Ojaghian, 2010). In field trials of C. minitans to control S. sclerotiorum across multiple crops, reductions of 10–70% in disease symptoms have been reported (Whipps and Gerlagh, 1992; Zeng et al., 2012a; reviewed in Derbyshire and Denton-Giles, 2016; Smolinska and Kowalska, 2018). Reductions in sclerotia development by as much as 95% have also been reported [soybean (Zeng et al., 2012a)]. Glasshouse trials for the protective effect of Contans WG in combination with low doses of a range of fungicides on bean (Phaseolus vulgaris, L.) showed that Contans WG applied with a low dose of a dicarboximide fungicide completely eliminated the formation of symptoms in infected plants (Elsheshtawi et al., 2017), demonstrating the potential role of Contans WG in an integrated pest management system.

There is sufficient evidence supporting the efficacy of C. minitans in supressing Sclerotinia spp. that the commercially available formulation of Contans WG is recommended as part of an integrated pest management approach in some parts of the world. It can be applied as a soil drench or applied to heavily diseased crop debris post-harvest before they are ploughed into the soil to destroy sclerotia and reduce the risk of infestation in future crops (de Vrije et al., 2001; Yang et al., 2010). Despite several reports of C. minitans suppressing Sclerotinia, its efficacy in the field is also reported as inconsistent and may be linked to varying susceptibility of different Sclerotinia strains (reviewed in Derbyshire and Denton-Giles, 2016; Kamal et al., 2016; Nicot et al., 2019).

Another fungal biocontrol example is the use of Trichoderma strains where many studies have shown that several Trichoderma spp. interfere with hyphal growth of Sclerotinia spp., parasitise sclerotia, and reduce apothecia abundance in laboratory studies (Woo et al., 2014). There are over 100 commercially registered biofungicide and/or growth-promoting products based on various Trichoderma spp. (reviewed in Woo et al., 2014), and there is still a considerable research activity in biocontrol using Trichoderma spp. Reports on Sclerotinia field efficacy are, however, limited (Smolinska and Kowalska, 2018). Positive examples include disease control on cabbage and legumes with reductions in sclerotia levels and/or up to a 50–65% decrease in disease symptoms (Zeng et al., 2012a; Geraldine et al., 2013; Jones et al., 2014).



Beneficial Bacteria

It is known that several different species of bacteria, many commonly isolated from healthy plant tissues, rhizospheres or bulk soils, suppress pathogens and promote plant growth. Most of these bacteria directly antagonise pathogens through the production of antimicrobial compounds or lytic enzymes, directly out-compete pathogens or sequester nutrients from them, or induce systemic disease resistance within the plant, helping it to fight off pathogen attacks. Some beneficial bacteria also promote plant fitness by producing plant hormone-mimics and antioxidant compounds (Berg and Hallmann, 2006; Narayanasamy, 2013; Rey and Dumas, 2017).

There are numerous studies demonstrating the suppression of Sclerotinia by Bacillus in vitro and exploring the mechanism of suppression (Li et al., 2009; Tonelli et al., 2010; Luduena et al., 2012; Figueredo et al., 2014; Vinodkumar et al., 2017; Ansary et al., 2018; Lopes et al., 2018; Massawe et al., 2018). The efficacy of Bacillus spp. in preventing and treating Sclerotinia disease in planta and in the field is not as well demonstrated. Examples of field evaluation include B. subtilis (BY2) and B. megaterium (A6) protecting canola in field studies, leading to statistically significant increases in grain yield (Hu et al., 2013, 2014). In three field trials run over two seasons, Kamal et al. (2015) showed the protection of canola against S. sclerotiorum with a control efficacy of 71–80% with two foliar applications of B. cereus (SC1-1). Treatment of soybeans with B. subtilis strains SB01 or SB24 in field trials produced significant decreases in disease severity (Zhang et al., 2011). Vinodkumar et al. (2017) showed that several strains of B. amyloliquefaciens and B. cereus could decrease symptoms of root rot in carnation by up to 88% when applied as a root dip prior to transplanting. In pot studies, several Bacillus spp. significantly reduced the disease severity of S. sclerotiorum in common beans and mustard plants (Sabate et al., 2018). However, more field scale studies to prove the efficacy of Bacillus-based products are needed to support recommendations of commercial use. There are several Bacillus amyloliquefaciens/subtilis strains marketed as biofungicide treatments for a range of fungal diseases, such as Sclerotinia [e.g., Serenade Optimum, (Bayer CropScience, St. Louis, MO, United States), Cease, (Bioworks Inc., Victor, NY, United States), and Amplitude, (Marrone Bio Innovations Inc., Davis, CA, United States)]. These products are either formulations of Bacillus cells or Bacillus cells and their spent fermentation media, or a complex mixture of plant-supportive biochemicals that the bacteria produce. Together, these products are registered for applications of Sclerotinia control across leafy and root vegetables, legumes, and oilseed crops.

Actinobacteria, including Streptomyces spp., are known to produce a range of antimicrobial secondary metabolites, such as many antibiotics used in human and veterinary medicine, and play important roles in soil and rhizosphere ecology (Demain, 2000). Many Streptomyces spp. form associations with plants, either by living as endophytes in the tissues of the plant or closely associating within the rhizosphere. This makes them promising targets for the development of agricultural products for disease control and plant growth promotion (Palaniyandi et al., 2013; Rey and Dumas, 2017). The commercial products Actinovate (Novozymes BioAg Ltd. Saskatoon, Canada) and Mycostop (Verdera Oy, Espoo, Finland) are formulations of Streptomyces lydicus WYEC 108 and Streptomyces griseoviridis K61, respectively. Applications for the Actinovate control of S. sclerotiorum or S. minor include soil applications for disease control on Brassica head and stem vegetables, leafy vegetables, and legume vegetables. Mycostop is not registered for Sclerotinia control, but studies suggest that it may offer some protection. In a field trial testing for the efficacy of several different biocontrol products in controlling S. sclerotiorumin soybean, Zeng et al. (2012a) showed that S. lydicus (applied as a soil drench of Actinovate) reduced the disease severity index by 30.8% and t the number of sclerotia in harvested soybeans by 93.8% relative to diseased control plots. Chen et al. (2016b) compared the efficacy of two Streptomyces strains, S. exfoliatusFT05W and S. cyaneus ZEA17I against Streptomyces lydicusWYEC108, isolated from Actinovate, for the control of S. sclerotiorum in lettuce. Under growth chamber conditions, they reported that all three strains provided some level of protection against disease, with S. lydicus outperforming the others. However, under field conditions, S. exfoliates FT05W and S. cyaneus ZEA17I reduced the disease incidence, whereas S. lydicusWYEC108 did not. This highlights the need to conduct disease assays under field conditions but also highlights that several other Streptomyces strains may have a potential for commercialisation as biocontrol products for the control of Sclerotinia disease.



Mycoviruses

Mycoviruses, or viruses of fungi, also show potential as new biocontrol agents for crop fungal pathogens, such as Sclerotinia (Xie and Jiang, 2014; Zhang et al., 2020). Sclerotinia can host various mycoviruses, such as ssRNA, dsRNA, and single-stranded circular DNA viruses (reviewed in Xie and Jiang, 2014). The DNA mycovirus S. sclerotiorum hypovirulence-associated DNA virus 1 (SsHADV-1) can infect and confer hypovirulence on S. sclerotorium (Yu et al., 2013). When leaves of Arabidopsis thaliana or Brassica napus were sprayed with SsHADV-1 viral particles followed by inoculation with S. sclerotiorum, the leaves displayed reduced lesion development. Further research on this mycovirus found that it could convert pathogenic S. sclerotiorum into a beneficial plant endophyte by downregulating the expression of key S. sclerotinia virulence genes such as those encoding cell-wall degrading enzymes or effector-like genes, for example, Ss-Cmu1, SsITL, and SsSSVP1 (Zhang et al., 2020). Interestingly, the SsHADV-1 infection of S. sclerotiorum not only affected the expression of Sclerotinia genes, but when the viral-infected Sclerotinia colonised plant tissues it also caused increased the expression of B. napus defence- and hormone-associated genes, coupled with enhanced plant growth (Zhang et al., 2020). The viral infection system was also tested in the field. Spraying hyphal fragments of a SsHADV-1 infected S. sclerotiorum strain in B. napus plants during early flowering reduced Sclerotinia stem rot disease severity by 30–67% (Zhang et al., 2020).



Biocontrol Consortia and Microbiome Management

Biocontrols are typically sold and applied as single microbial inoculants. There is, however, an increasing interest in the delivery of consortiums of beneficial microbes to promote plant health (Czajkowski et al., 2020). Studies on Sclerotinia are scarce, but there is evidence of the potential for this approach in disease control. For example, in pea, the co-delivery of T. harzianum, B. subtilis, and Pseudomonas aeruginosa resulted in reduced mortality when challenged with S. sclerotiorum (Jain et al., 2015). In another example, Bahkali et al. (2014) found the C. minitans, T. viride, and T. hamatum, applied as soil drenches, were more effective than S. griseoviridis, B. subtilis, or Pseudomonas fluorescens alone in S. sclerotiorum disease suppression in beans. However, the best observed results (100% disease suppression) were achieved with the combination of either C. minitans + S griseoviridis or T. hamatum + S. griseoviridis. This highlights the possibility that combinations of biocontrol agents that have differing modes of action may be more effective than any single biocontrol applied alone. While promising, this is an area that requires more study, as there are currently few studies that show the impact of combinations of biocontrol organisms.

The concept of delivering microbial consortia for plant health is moving beyond applying a handful of microbes and toward the delivery of optimised synthetic communities (French et al., 2021; Trivedi et al., 2021). This research area is still in its early stages, but several studies show promise for disease control. The challenge for application to control Sclerotinia diseases will be the establishment of consortia, potentially over a range of plant tissues, and their persistence over sometimes long crop growing periods, as is the case for many row crops. An alternate approach is to manipulate the crop microbiome toward one that supports plant health. There is evidence this can be achieved by modifying farm management practices (e.g., reducing agrichemical use, increasing crop diversity) (French et al., 2021). Again, this area of research is also in its infancy, and significant research gaps are needed to be addressed before this approach becomes a reality.



Biochemicals and Biologically Derived Pesticide Products

There is a significant and growing body of research exploring the ability of biologically derived pesticide products to inhibit the growth of plant pathogens, such as Sclerotinia. This includes, for example, the fermentation and production or extraction of antimicrobial compounds or lytic enzymes, plant growth promoters, or induced systemic resistance (ISR) inducing compounds (Figure 3; Trejo-Estrada et al., 1998; El-Tarabily et al., 2000; Conn et al., 2008; Prapagdee et al., 2008; Baharlouei et al., 2010; Alam et al., 2012; Froes et al., 2012; Mathys et al., 2012; Wu et al., 2015; Chen et al., 2016a; Vergnes et al., 2020). At this time, the vast majority of these studies are in the in-vitro stage, with few examples of pot-scale, in-planta studies, and even fewer progressing to field studies. However, most of these reports describe promising candidates that have shown the ability to inhibit the germination and growth of Sclerotinia species.

Another promising area of research is ribonucleic acid interference approaches for the exogenous application of ribonucleic acid molecules for fungal pathogen control (Das and Sherif, 2020; Kuo and Falk, 2020). The foliar application of double-stranded RNAs to the leaf surface of canola or Arabidopsis significantly decreased S. sclerotiorum disease development (McLoughlin et al., 2018). There were, however, differences in the efficacy of some molecules over the two plant species. The authors suggest that the discrepancies may be due to differences in leaf morphology or cell structure characteristics.





FUTURE PERSPECTIVES

The severity of disease and crop losses across a broad range of horticultural and broad-acre farming sectors suggests that new and effective control measures need to be developed against Sclerotinia pathogens. This could include registration and/or development of fungicide chemistries with an increased window of preventative activity to minimise yield loss, and new modes of action to delay/prevent fungicide resistance. Increasing the understanding of how biocontrols work will facilitate optimisation of their formulation and delivery and provide insight into screening for more efficient/potent strains of commercial potential. Further, opportunities exist to combine chemical fungicides and biocontrols, or multiple biocontrols, to afford multiple modes of action and/or synergistic or additive effects. Together, these approaches can be incorporated with farming cultural practices in a coordinated attack on Sclerotinia. An understanding of how these approaches function together will be critical for durable disease control. Lastly, opportunities exist for the genetic modification of certain crops to attain complete disease resistance against Sclerotinia.
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Light Intensity Alters the Behavior of Monilinia spp. in vitro and the Disease Development on Stone Fruit-Pathogen Interaction
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The development of brown rot caused by the necrotrophic fungi Monilinia spp. in stone fruit under field and postharvest conditions depends, among others, on environmental factors. The effect of temperature and humidity are well studied but there is little information on the role of light in disease development. Herein, we studied the effect of two lighting treatments and a control condition (darkness) on: (i) several growth parameters of two Monilinia spp. (M. laxa and M. fructicola) grown in vitro and (ii) the light effect in their capacity to rot the fruit (nectarines) when exposed to the different lighting treatments. We also assessed the effect of such abiotic factors in the development of the disease on inoculated nectarines during postharvest storage. Evaluations also included testing the effect of fruit bagging on disease development as well as on ethylene production. Under in vitro conditions, lighting treatments altered colony morphology and conidiation of M. laxa but this effect was less acute in M. fructicola. Such light-induced changes under in vitro development also altered the capacity of M. laxa and M. fructicola to infect nectarines, with M. laxa becoming less virulent. The performance of Monilinia spp. exposed to treatments was also determined in vivo by inoculating four bagged or unbagged nectarine cultivars, indicating an impaired disease progression. Incidence and lesion diameter of fruit exposed to the different lighting treatments during postharvest showed that the effect of the light was intrinsic to the nectarine cultivar but also Monilinia spp. dependent. While lighting treatments reduced M. laxa incidence, they enhanced M. fructicola development. Preharvest conditions such as fruit bagging also impaired the ethylene production of inoculated fruit, which was mainly altered by M. laxa and M. fructicola, while the bag and light effects were meaningless. Thus, we provide several indications of how lighting treatments significantly alter Monilinia spp. behavior both in vitro and during the interaction with stone fruit. This study highlights the importance of modulating the lighting environment as a potential strategy to minimize brown rot development on stone fruit and to extent the shelf-life period of fruit in postharvest, market, and consumer’s house.

Keywords: necrotroph, brown rot, nectarine, photomorphogenesis, preharvest, postharvest, bagging, ethylene


INTRODUCTION

Species of Monilinia are responsible of brown rot disease on stone fruit both in the field and during postharvest. In particular, Monilinia laxa is found worldwide (Obi et al., 2018) and is the main causal agent of brown rot in Europe (Rungjindamai et al., 2014), while Monilinia fructicola is more virulent (Kreidl et al., 2015) and its presence has been increasing in Spanish orchards since 2006 (De Cal et al., 2009; Villarino et al., 2013). These pathogens are necrotrophic since they can colonize fruit tissues causing cellular death (Garcia-Benitez et al., 2016), rotting most parts of the tree, from buds to fruit (Villarino et al., 2010). Sources of inoculum can be primary [e.g., from mummified fruit (Gell et al., 2008)] or secondary [e.g., from infected fruit (Villarino et al., 2012)], resulting in a polycyclic disease (reviewed in Oliveira Lino et al., 2016).

Environmental conditions are critical for brown rot development. Temperature and wetness period are the most studied factors and are demonstrated to influence penetration and spread of both M. laxa (Gell et al., 2008) and M. fructicola (Luo and Michailides, 2001). Solar radiation, wind speed and rainfall factors also play an important role in the spread of M. laxa and M. fructicola (Gell et al., 2009) but detailed information is scarce. During plant-pathogen interactions, light quantity and quality (Idnurm and Crosson, 2009) and photoperiod (Tisch and Schmoll, 2010) not only influence the behavior of the pathogen, but also the interaction with its hosts (Carvalho and Castillo, 2018).

Fungi are able to adapt their metabolic pathways when perceiving light (Tisch and Schmoll, 2010; Corrochano, 2019) through a complex of photoreceptors and so regulate their behavior and development (Bahn et al., 2007), such as the development of sexual or vegetative reproductive structures and tropism of unicellular structure (Corrochano, 2019). The light alters gene expression patterns of Monilinia spp. (De Miccolis Angelini et al., 2018) and, in fact, some photoreceptors and related regulatory proteins (e.g., velvet regulatory family) have recently been described in M. laxa (Rodríguez-Pires et al., 2021). However, how the fungus perceives and modulates light responses needs further investigation. For instance, Botrytis cinerea, a species of the same family of Monilinia spp., produces sclerotia in constant darkness and conidia under the light, which is enhanced when growing under light-dark cycles compared to constant light (Schumacher, 2017). Hence, the presence of light but also its intensity, quality and photoperiod can alter fungal development both under in vitro conditions and on fruit. Thus said, little is known regarding how light can affect the infection process of phytopathogenic fungi, and only one study incubating M. laxa-inoculated stone fruit under different white light conditions and photoperiods have been conducted (Rodríguez-Pires et al., 2020).

Likewise, light regulates plant growth and development (Folta and Carvalho, 2015), including responses to biotic stresses (Roeber et al., 2020). Perception of light can control the establishment of the systemic acquired resistance, which would lead to an enhancement of disease resistance in several plant-pathogen interactions (Métraux, 2002; Roberts and Paul, 2006). When both the pathogen-host interaction and light conditions take place, plant circadian rhythm controls the pathogen host, leading to a daytime-dependent response (Griebel and Zeier, 2008). After an interaction, the host induces a hormone signaling cascade, which in turn, triggers defense mechanisms (Pandey et al., 2016). Ethylene is one of the multiple hormones which mediates the host response against necrotrophic pathogens (McDowell and Dangl, 2000), although it also modulates the response to numerous abiotic stresses (reviewed in Müller and Munné-Bosch, 2015). In fact, recent studies have demonstrated the link between the jasmonate/ethylene pathway and the photoreceptor-mediated light response, and its importance on the resistance to the pathogen B. cinerea (Xiang et al., 2020).

The solar radiation that fruit receives in the field varies along the year, being low at the beginning and higher at the end of the stone fruit season. Nowadays, growers are implementing some alternative practices to control pests and diseases during preharvest (Usall et al., 2015) in substitution to those based on chemicals. Among them, fruit bagging (Allran, 2017) has been proved to be effective in controlling brown rot incidence in peach and plum (Keske et al., 2011, 2014). However, these alternatives, together with the use of colored shade nets (Ilić and Fallik, 2017), have also an effect on the incidence of solar radiation that fruit receives during its development, altering many fruit physicochemical properties (Sharma et al., 2014; Ilić and Fallik, 2017; Zhou et al., 2019), which ultimately could impair the fruit response to pathogens.

Therefore, the understanding of the light effect on the pathogens but also on the capacity of fruit to respond properly to infections is critical to establish an optimal practice in the field but also along the postharvest in packinghouses and through the distribution chain. Thus said, this study aimed to understand the effect of the darkness (control) and two lighting treatments on the behavior of M. laxa and M. fructicola in vitro and during the interaction with nectarine fruit. In particular, we assessed the (i) effect of the three treatments on the ecophysiology of Monilinia spp. in vitro in two different culture media; (ii) effect of the three treatments in the capacity of the two species after being exposed to the lighting treatments to infect fruit; (iii) effect of fruit bagging on fruit susceptibility to brown rot at postharvest; (iv) effect of the three treatments in the ethylene production and the development of the disease of the inoculated fruit exposed to different lighting treatments.



MATERIALS AND METHODS


Fungal Material and Incubation Treatments

The species of Monilinia used in this study were single-conidia strains of M. laxa (ML8L) and M. fructicola (CPMC6), deposited in the Spanish Culture Type Collection (CECT 21100 and CECT 21105, respectively). Fungal cultures and conidial suspensions were maintained and prepared as described by Baró-Montel et al. (2019c). Fungal suspensions were prepared at 105 conidia mL–1 and used to inoculate plates or fruit depending on the experiment.

Both in vitro and in vivo experiments were conducted in a growth chamber with the following incubation and lighting treatments: (1) “Control”, at 20°C, 45–55 % RH and complete darkness; (2) “Treatment 1,” consisting of 4 fluorescents of low light intensity and incandescent white TL-D 36 W/827 (Ta = 2700 K, 3350 lm, 350 – 740 nm, 630 nm max) (Philips), and photoperiod of 12 h light (22 ± 1°C, 50 ± 10 % RH) / 12 h dark (20°C, 90 % RH); (3) “Treatment 2,” consisting of 4 fluorescents of high light intensity and cool white TL-D 58W/840 (Ta = 4000 K, 5000 lm, 300 – 740 nm, 550 nm max) (Philips), and photoperiod of 16 h light (21 ± 1°C, 50 ± 10 % RH) / 8 h dark (20°C, 90 % RH).



In vitro Ecophysiology

To evaluate the light effect on the two strains of Monilinia spp., Potato Dextrose Agar (PDA; Biokar Diagnostics, 39 g L–1) and/or PDA plates supplemented with 25 % tomato pulp (PDA-T) were inoculated with one drop of 10 μL of the conidial suspension (105 conidia mL–1) of each species on the center of Petri dishes. Plates were incubated under the three incubations treatments mentioned above. During and after 7 days under each treatment, ecophysiological parameters for both species were evaluated: growth parameters (including colony morphology, conidiation, conidia morphology, and growth rate), conidial viability and germination. All experiments consisted of three replicates per treatment, culture media and Monilinia spp. and each experiment was repeated twice.


Growth Parameters

Four growth parameters were investigated for each Monilinia spp. grown in PDA and PDA-T media. The colony growth rate, the total conidiation, a visual inspection of colony features according to EPPO standard PM 7/18 (3) (Bulletin OEPP/EPPO, 2020) and the conidia morphology of cultures were assessed. The colony growth rate (cm day–1) was determined as the slope of the lineal equation obtained from the individual measurements of the mean of the colony diameter in two perpendicular directions by plotting growth diameter (cm) vs. time (days). Conidiation was calculated by rubbing the conidia from the surface of the PDA-T plates with a known volume of sterile water containing 0.01 % Tween-80 (w/v), filtering through two layers of sterile cheesecloth and then titrating the conidia using a haemocytometer. The concentration of conidiation (conidia mL–1) was calculated and expressed as total conidiation in relation to control. Comparison of conidia morphology from plates subjected to different treatments was assessed by rubbing the PDA and PDA-T plates with sterile water containing 0.01 % Tween-80 (w/v) and filtering through two layers of sterile cheesecloth. Images at 40x magnification were taken in an optical microscope (Leica DM5000B, Leica Microsystems CMS GmbH, Germany). The images were acquired using a Leica color digital camera (Leica DFC 420).



Conidial Viability

To test the conidial viability (i.e., the ability of conidia to form new colonies) after exposing the Monilinia spp. grown in PDA-T media for 7 days under the different light regimes, colony-forming units (CFUs) were measured by performing serial ten-fold dilutions on PDA medium. Plates were incubated for 3 to 4 days at 20°C under darkness.



Germination of Conidia

Percentage of germinated conidia (%) was studied under optical microscopy, as described by Casals et al. (2010) with some modifications. Droplets (10 μL) of the conidial suspension (105 conidia mL–1) were placed around PDA plates, and immediately incubated under each treatment. Samplings were carried out each 30 min or 1 h until 6 h. To stop germination at each incubation time, 1 mL of 25 % ammonia was applied onto a filter paper placed on the cover of the Petri dish. Conidia were considered germinated when cell wall deformation forming a germ tube was observed.




Light Effect on the Ability of Monilinia spp. to Infect Fruit

To evaluate whether the capacity of Monilinia spp. to infect fruit was altered by treatments, an inoculation of nectarines with the two species previously exposed to the three treatments was conducted. Experiments were performed with two organically grown cultivars of nectarines [P. persica var. nucipersica (Borkh.) Schneider]. “Fantasia” and “Venus” cultivars were obtained from an orchard located in Alfarràs and Ivars de Noguera (Lleida, Catalonia, Spain), respectively. Fruit for analysis was further homogenized by using a portable DA-Meter (TR-Turoni, Forli, Italy), based on the single index of absorbance difference.


Fruit Inoculations

Cultures of Monilinia spp. exposed to each treatment were used to artificially inoculate nectarines. One drop (10 μL) of conidial suspensions (105 conidia mL–1) of M. laxa or M. fructicola was placed on PDA-T plates and cultures were maintained under each afore-mentioned treatment (section “Fungal material and incubation treatments”) for 7 days. Conidial suspensions of both species were prepared as described above (section “Fungal material and incubation treatments”). Non-wounded fruit was inoculated with one drop (10 μL) of conidial suspension (105 conidia mL–1). A total of 20 fruits per cultivar, species, and treatment were used. Fruit were stored in a growth chamber, inside plastic boxes with wet filter paper (distilled water), under darkness and controlled incubation conditions (20 ± 1°C, 97 ± 3 % RH).



Aggressiveness Parameters

Disease symptoms were examined to calculate incidence (percentage of fruit with brown rot symptoms) and severity (lesion diameter length in cm of rotted fruit) along 7 days after inoculation. The incubation period (number of days to the observation of the onset of brown rot symptoms) and the latency period (number of days to the observation of conidiation) were also recorded. In fruit inoculated with M. fructicola, the conidiation was determined on the fruit surface after 7 days post-inoculation (dpi) for each treatment. For that, peels of the infected area of 3–4 inoculated fruits were obtained, immersed in a sterile filter bag with 40 mL sterile water containing 0.01 % Tween-80 (w/v) and homogenized in a Stomacher (Seward, London, United Kingdom) set at 12 strokes s–1 for 120 s. The filtered volume was recovered and the conidia was counted using a haemocytometer. The concentration of conidia (conidia g fresh peel–1) was calculated as the mean of each group of 3–4 fruit.




Light Effect on the Monilinia spp.-Fruit Interaction

To evaluate the light effect on the interaction of Monilinia spp. with nectarine, inoculated fruit with both M. laxa and M. fructicola were incubated under each afore-mentioned treatment. For that, experiments were conducted with organically grown cultivars of nectarines; two early-mid (“Fantasia” and “Venus”) and two late (“Nectatinto” and “Albared”) cultivars, obtained from an orchard located in Alfarràs, Ivars de Noguera, Gimenells and Alfarràs (Lleida, Catalonia, Spain), respectively. The light effect was assessed on unbagged and bagged fruit, which was bagged with white paper bags at least one month before harvest. Bagged and unbagged fruit were harvested in the same sun-side of trees due to the influence of fruit canopy position to all fruit’s characteristics (Minas et al., 2018). Bags were removed just before conducting assays. Fruit for analysis was further homogenized by using a portable DA-Meter (TR-Turoni, Forli, Italy), based on the single index of absorbance difference.


Fruit Inoculations and Conidia Establishment

Inoculation was carried out by placing one drop (50 μL) of the conidial suspension (105 conidia mL–1) on the colored side of non-wounded fruit. A mock inoculation (mock) was performed by inoculating sterile water containing 0.01 % Tween-80 (w/v). Inoculated fruit was first incubated at high humidity conditions for 24 h for the establishment of conidia on the fruit surface. For that, fruit was placed on boxes covered with a wet paper and a plastic bag, and then stored in a growth chamber, at controlled conditions (20°C, 90 ± 3 % RH). After that, fruit were immediately placed under each lighting treatment.



Aggressiveness Parameters and Ethylene Measurements

Fruit were daily examined to calculate brown rot incidence, severity and incubation period along 7 days, as described above (section “Aggressiveness parameters”). Experiments were conducted with 4 replicates of 5 fruits each per cultivar, bagging condition, treatment and Monilinia spp. Ethylene production of both mock-inoculated fruit and Monilinia spp. inoculated fruit was determined as described by Giné-Bordonaba et al. (2017). Measurements were conducted at four time points along the infection time course until 7 dpi. At each sampling point, fruit were placed in 3.8 L sealed flasks and left to incubate for 2 h. After ethylene measurements, fruit were placed back under each lighting treatment. Experiments were conducted with four replicates of three fruits each.




Statistical Analysis

Data were statistically analyzed with JMP software version 14.2.0 (SAS Institute Inc., Cary, NC, United States). Prior to the analysis, all data were checked for the assumptions of parametric statistics and transformed when needed. Data of in vitro assays (growth rate, total conidiation and conidial viability), conidiation on fruit surface and severity were used as original data. Incubation and latency period (dpi) were subjected to square root transformation. Data of ethylene production (μL kg–1 h–1) were subjected to Log transformation. All these data were subjected to analysis of variance (ANOVA). Conidia germination (%) was analyzed using the generalized linear model (GLM) based on a Poisson distribution and Log-link function. Brown rot incidence (%) was analyzed using the GLM based on a binomial distribution and logit-link function. When the analysis was statistically significant, orthogonal contrasts (P ≤ 0.05) were performed for means separation among treatments. When comparisons were conducted between two means (bagged vs. unbagged), Student’s T-test (P ≤ 0.05) was used. For means comparison of inoculated fruit (mock, M. laxa and M. fructicola), Tukey’s HSD test (P ≤ 0.05) was conducted.




RESULTS


Light Differentially Alters the Phenotype of M. laxa and M. fructicola

To evaluate the light effect on the in vitro behavior of Monilinia spp., we assessed several ecophysiological parameters after exposing M. laxa and M. fructicola to two lighting treatments and control condition (constant darkness) for 7 days (Figure 1). Under both treatments, colony features were very different from those grown under control condition, for each Monilinia spp. in both culture media (Figures 1A,B). The colonies of M. laxa in both culture media subjected to both lighting treatments showed more hazel colors if compared to those white and gray colors observed in the control condition. Monilinia laxa significantly grew faster under both lights than under control condition in both media. Monilinia fructicola grown on PDA-T and subjected to both lighting treatments presented lobed culture’s margin, while when growing under control condition, colonies presented entire margins. Only treatment 2 was able to significantly reduce its growth rate when growing on PDA but not in PDA-T medium. Conidia morphology examination showed that, except for M. laxa on PDA where few conidia were detected, both treatments altered conidia shapes of both M. laxa and M. fructicola (Figures 1A,B). While conidia from control condition cultures presented the typical ovoid and limoniform morphologies, lighting treatments induced an increase of irregular morphologies such as globose, cylindrical, or ellipsoidal (Figures 1A,B).
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FIGURE 1. In vitro ecophysiology of Monilinia spp. after exposure to treatments 1 and 2 and control condition (constant darkness). Images of Monilinia cultures, description of colony features, growth rate (cm day–1) and microscopy images (40×) of M. laxa (A) and M. fructicola (B) grown on PDA and PDA-T and incubated under each light condition. Data for growth rate represent the mean of replicates (n = at least 4) ± standard error of the means. Different letters indicate significant differences (P ≤ 0.05) among incubation conditions according to orthogonal contrasts. Scale bar for microscopy images is indicated (10 μm). Conidiation and conidial viability of M. laxa (C) and M. fructicola (D) grown on PDA-T incubated under each light condition. Data is represented relative to the control condition (control = 1). Different uppercase and lowercase letters indicate significant differences (P ≤ 0.05) of conidiation and conidial viability, respectively, among incubation conditions according to orthogonal contrasts. Germination (%) after 6 h of M. laxa (E) and M. fructicola (F) on PDA medium. Different letters indicate significant differences (P ≤ 0.05) among incubation conditions according to orthogonal contrasts. For panels (C–F), bars represent the mean of replicates (n = at least 4) and error bars represent the standard error of the means.


The visual inspection of Monilinia cultures demonstrated that M. laxa produced more conidia in PDA-T plates exposed to both treatments 1 and 2 (2.19 and 3.31-fold significantly higher, respectively) if compared to control condition (constant darkness) (Figure 1C). However, we were not able to observe M. laxa conidiation on the PDA medium incubated under control condition (Figure 1A). In fact, almost no conidia were visualized in microscopic inspections in PDA plates (Figure 1A) as exposed above. In contrast, conidiation of M. fructicola was significantly reduced in PDA-T plates exposed to both treatments 1 and 2 (0.59 and 0.71-fold, respectively) if compared to control condition (Figure 1D). Conidiation in PDA plates was like that on PDA-T plates, where both treatments 1 and 2 significantly reduced (0.43 and 0.29-fold, respectively) the number of conidia in illuminated plates compared to control condition. Regarding the conidial viability, results showed that treatment 2 significantly reduced the number of CFUs of M. laxa, although on treatment 1 it was slightly higher (1.12-fold) than on control condition (Figure 1C). In contrast, we did not observe any effect of lighting treatment on the conidial viability of M. fructicola (Figure 1D). Finally, exposition to light affected the germination’s capability of neither M. laxa (Figure 1E) nor M. fructicola (Figure 1F).



Contrary to M. fructicola, M. laxa Becomes Less Virulent Once Exposed to Lighting Treatment

To test how changes observed under in vitro ecophysiological parameters affected the capacity of both Monilinia spp. to infect fruit, we assessed the development of the disease on nectarines inoculated with M. laxa or M. fructicola which were previously grown under each lighting treatment. In ‘Fantasia’ nectarines inoculated with M. laxa, both treatments 1 and 2 significantly reduced incidence (55 and 61 %, respectively) and severity (2.4 and 2.0 cm, respectively) since the first time point compared to control condition (constant darkness) (90 % of incidence and 3.9 cm of severity) (Figure 2A). No differences in the incubation period were observed among treatments (Figure 2B). Only 10% of fruit inoculated with M. laxa which was grown under treatment 1 and control condition showed conidiation on the fruit surface. In line with these results, fruit inoculated with M. laxa grown under treatment 1 revealed a higher latency period (1.17-fold) than those inoculated with the pathogen held under control condition (Figure 2B). Besides, under the treatment 2, the fungal development did not even show any conidiation (Figure 2B). Thus, although both treatments improved the behavior of M. laxa in vitro, they made the pathogen impair and delay its capacity to infect and in consequence, made it less virulent.
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FIGURE 2. Light effect on the capacity of Monilinia spp. to infect fruit in “Fantasia” cultivar. Incidence (% of brown rot, bars) and severity (lesion diameter length in cm of rotted fruit, lines) of M. laxa (A) and M. fructicola (C) in “Fantasia” nectarines along the infection time course (dpi, days post-inoculation) after growing the fungi for 7 days under treatments 1 and 2 and control condition (constant darkness). Bars represent the mean of incidence on fruit (n = 20). Lines represent the mean of diameter length of rotted fruit. Different uppercase and lowercase letters indicate significant differences (P ≤ 0.05) of incidence and severity, respectively, among incubation conditions according to orthogonal contrasts at each time point. No letters indicate no significant differences. Incubation and latency periods (dpi) of M. laxa (B) and M. fructicola (D) in “Fantasia” nectarines after growing the fungi for 7 days under treatments 1 and 2 and control condition. Bars represent the mean of fruits with symptoms (n = 2 to 20) and error bars represent the standard error of the means. Different lowercase and uppercase letters indicate significant differences (P ≤ 0.05) of incubation and latency periods, respectively, among incubation conditions according to orthogonal contrasts.


Regarding M. fructicola, the incidence of fruit inoculated with M. fructicola grown under treatment 1 significantly peaked at early time points (up to 100 %), although such differences completely subsided through time (Figure 2C). Interestingly, only M. fructicola subjected to that treatment 1 was able to cause significantly higher lesion diameter on fruit (up to 11.8 cm) than that in the two other conditions (9.2 cm under control condition and 10.1 cm under treatment 2) (Figure 2C). In addition, both treatments accelerated the onset of disease symptoms. The incubation periods of fruit inoculated with M. fructicola exposed to treatment 2 and treatment 1 were significantly lower (1.25 and 1.65-fold, respectively) than when the pathogen was grown under control condition (constant darkness) (Figure 2D). Between 94 and 100% of inoculated fruit, irrespective of treatment in which the fungus was grown, presented conidiation on the fruit surface. However, the latency of M. fructicola under either lighting treatment significantly accelerated the onset of conidiation symptoms (between 4.6 and 4.8 days of average) compared to control condition (an average of 5.8 days) (Figure 2D). Finally, regarding the concentration of conidia in the fruit surface, treatment 1 induced M. fructicola to produce significantly more conidia on fruit (1.92-fold) compared to control condition, whereas treatment 2 was like control condition (Supplementary Figure 1). Hence, while lighting treatments seemed to make M. laxa lose virulence, it accelerated the onset of disease symptoms and conidiation of M. fructicola. All these experiments were also conducted in another nectarine cultivar (“Venus”) and results showed similar tendencies of fruit susceptibility to brown rot (Supplementary Figure 2).



Fruit Bagging Can Alter Its Susceptibility to Monilinia spp. in a Cultivar-Dependent Manner

To test the effect of fruit bagging on fruit susceptibility to brown rot, we conducted a disease evaluation of four different nectarine cultivars inoculated with M. laxa and M. fructicola and incubated under control condition (constant darkness). In inoculated fruit with either M. laxa or M. fructicola, results showed two tendencies of fruit susceptibility (Supplementary Table 1). Unbagged “Fantasia” nectarines were more susceptible to both Monilinia spp. than fruit that was bagged during preharvest (“bagged fruit”). However, the other cultivars (“Venus,” “Nectatinto” and “Albared”) showed that unbagged fruit was slightly more resistant to both Monilinia spp. than bagged fruit. Hence, results pointed out that the effect of fruit bagging in fruit susceptibility to brown rot could be cultivar-dependent.



Light Reduces M. laxa Disease in Nectarines but Enhance M. fructicola Development

To further investigate the light effect in brown rot progress at postharvest, we assessed some aggressiveness features after incubating the inoculated fruit under the lighting treatments. Results demonstrated that the effect of light on the host-pathogen interaction was cultivar-dependent. While we observed significant differences in incidence and severity of early-mid cultivars such as “Fantasia” (Figures 3A,C, 4A,C), we detected almost no differences in late cultivars such as “Nectatinto” and “Albared” (data not shown). The disease behavior on the later cultivars was similar among all lighting treatments. In addition, the incubation period was slightly higher in the early cultivars than in the late ones (data not shown).
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FIGURE 3. Light effect on the M. laxa-nectarine interaction. Incidence (% of brown rot, bars) and severity (lesion diameter length in cm of rotted fruit, lines) of M. laxa in unbagged (A) and bagged (C) “Fantasia” nectarines along the infection time course (dpi, days post-inoculation) incubated for 7 days under treatments 1 and 2 and control condition (constant darkness). Bars represent the mean of incidence on fruits (n = 20). Lines represent the mean of diameter length of rotted fruit. Different uppercase and lowercase letters indicate significant differences (P ≤ 0.05) of incidence and severity, respectively, among incubation conditions according to orthogonal contrasts at each time point. No letters indicate no significant differences. The incubation period (dpi) of M. laxa in bagged and unbagged “Fantasia” nectarines (B) after 7 days of incubation under treatments 1 and 2 and control condition. Bars represent the mean of fruits with symptoms (n = 2 to 20) and error bars represent the standard error of the means. Different uppercase and lowercase letters indicate significant differences (P ≤ 0.05) among incubation conditions in unbagged and bagged fruit, respectively, according to orthogonal contrasts.
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FIGURE 4. Light effect on the M. fructicola-nectarine interaction. Incidence (% of brown rot, bars) and severity (lesion diameter length in cm of rotted fruit, lines) of M. fructicola in unbagged (A) and bagged (C) “Fantasia” nectarines along the infection time course (dpi, days post-inoculation) incubated for 7 days under treatments 1 and 2 and control condition (constant darkness). Bars represent the mean of incidence on fruits (n = 20). Lines represent the mean of diameter length of rotted fruit. Different uppercase and lowercase letters indicate significant differences (P ≤ 0.05) of incidence and severity, respectively, among incubation conditions according to orthogonal contrasts at each time point. No letters indicate no significant differences. The incubation period (dpi) of M. fructicola in bagged and unbagged “Fantasia” nectarines (B) after 7 days of incubation under treatments 1 and 2 and control condition. Bars represent the mean of fruits with symptoms (n = 2 to 20) and error bars represent the standard error of the means. Different uppercase and lowercase letters indicate significant differences (P ≤ 0.05) among incubation conditions in unbagged and bagged fruit, respectively, according to orthogonal contrasts. Symbol (*) indicates significant differences between bagging conditions under control condition according to Student’s T-test (P ≤ 0.05).


Afterward, we selected the “Fantasia” cultivar for further analysis. Monilinia laxa incidence on unbagged nectarines maintained under control condition (constant darkness) was significantly higher (84 %) than that under treatment 1 and 2 (42 % and 35 %, respectively) (Figure 3A). The lesion diameter revealed the same tendency as incidence, although with no significant differences along time (Figure 3A). In the same line, the incubation period was significantly higher in inoculated unbagged fruit exposed to the treatment 2 than treatment 1 and control condition (1.5- and 1.8-fold, respectively) (Figure 3B). Regarding nectarines that were bagged during preharvest, there was no difference in neither incidence (ranging from 40 to 65 %) (Figure 3C) nor incubation period (between 2 and 3 days) among treatments (Figure 3B). However, the severity of M. laxa-inoculated fruit subjected to both control condition and treatment 1 was significantly higher than that under treatment 2 at 3 and 4 dpi (Figure 3C), although such differences subsided along the infection time course.

In ‘Fantasia’ unbagged nectarines inoculated with M. fructicola, the incidence at 2 dpi under treatment 2 (85 %) was significantly higher than those incidences under control condition and treatment 1 (65 % and 35 %, respectively). Treatment 2 also significantly increased severity (up to 12.6 cm) in unbagged fruit along time compared to that under control condition and treatment 1 (9.5 and 10.2 cm, respectively) (Figure 4A). However, the incubation period was similar among all treatments (Figure 4B). In bagged fruit, treatment 1 rose disease incidence (95 %) and was significant from 4 dpi onward, compared to the other treatments tested (65 % both). Contrary, treatment 2 significantly increased severity (12.7 cm) compared to that under control condition and treatment 1 (10.4 and 10.5 cm, respectively) (Figure 4C). No differences were observed among treatments when analyzing the incubation period of bagged or unbagged fruit (Figure 4B). Interestingly, the M. fructicola-incubation period of bagged fruit incubated under control condition was significantly lower (1.4- fold) than unbagged fruit at the same condition (Figure 4B). Overall, light seemed to negatively affect the disease incidence and severity of M. laxa whereas it caused the opposite effect for M. fructicola.



Ethylene Production in M. laxa-Fruit Interaction Is Bag and Lighting Treatment-Dependent

In addition, to assess the development of the disease in Monilinia spp.-inoculated nectarines, we also evaluated the ethylene production of the pathosystem under the different experimental treatments (Figure 5). Firstly, we determined the bagging effect on ethylene production in Monilinia-inoculated fruit incubated under control condition (constant darkness) (Figures 5A–C). Results denoted that while unbagged and bagged mock-inoculated fruit produced similar ethylene levels (Figure 5A), on M. laxa inoculated nectarines, the levels of ethylene produced by the unbagged fruit were significantly higher than those in the bagged fruit (Figure 5B). Contrary to M. laxa, M. fructicola induced a peak of ethylene at 6 dpi in both unbagged and bagged fruit and results only showed significant differences between bagging conditions at 2 dpi (Figure 5C).


[image: image]

FIGURE 5. Ethylene production of mock fruit, M. laxa- and M. fructicola-fruit interaction among bag and lighting treatments through time in “Fantasia” nectarines. Ethylene measurements of mock (A), M. laxa-fruit (B) and M. fructicola-fruit (C) along the infection time course (dpi, days post-inoculation) under control condition (constant darkness). Symbols (*) indicate significant differences between bagging conditions at each time point according to Student’s T-test (P ≤ 0.05). Ethylene measurements in mock fruit (D,G), M. laxa-fruit (E,H) and M. fructicola-fruit (F,I) in unbagged (D–F) and bagged conditions (G–I) along the infection time course (dpi) under each lighting treatment. Different letters indicate significant differences (P ≤ 0.05) among light conditions according to orthogonal contrasts at each time point. No letters indicate no significant differences. In all graphics, values represent the mean of ethylene measurements of each replicate (n = 4).


We further evaluated the light effect on both unbagged and bagged fruit inoculated with each species. Results demonstrated no significant differences in the ethylene production of mock-inoculated fruit among treatments regardless of the bagging condition in which come from Figures 5D,G. Ethylene levels of unbagged fruit inoculated with M. laxa were significantly higher at 7 dpi when incubated under control condition than when exposed to treatments 1 and 2 (4.5 and 2.7-fold, respectively) (Figure 5E). In contrast, bagged fruit inoculated with M. laxa and incubated under control condition displayed an opposite ethylene pattern (Figure 5H). Under lighting treatments, fruit inoculated with M. laxa slowly increased ethylene production of the pathosystem along time and was significantly higher than under control condition, resulting in a 10.9- and 4.9-fold increase under treatment 1 and 2, respectively. Regarding unbagged fruit inoculated with M. fructicola, all incubation treatments showed similar ethylene patterns, which peaked at 6 dpi. Only at 3 dpi, fruit incubated under treatment 1 significantly produced lower ethylene levels than the other treatments (Figure 5F). Bagged fruit inoculated with M. fructicola revealed a similar pattern to unbagged fruit. In that case, only ethylene levels of the M. fructicola-fruit interaction exposed to treatment 2 significantly peaked at 3 dpi (Figure 5I).

When comparing the ethylene emission pattern among mock-inoculated fruit and Monilinia spp. inoculated fruit on unbagged nectarines (Supplementary Figure 3), results clearly demonstrated that the ethylene pattern emitted by both Monilinia spp.-inoculated fruit incubated under control treatment was significantly higher than the one produced by mock fruit. The ethylene production of M. laxa-fruit interaction increased progressively along time, producing a similar pattern to mock fruit, although to a different extent, depending on the incubation treatment. In fact, M. laxa-inoculated fruit maintained under control treatment produced significantly higher levels (3.8-fold) than those of the mock fruit (Supplementary Figure 3A), while a slight difference of 1.8-fold between mock and M. laxa-inoculated fruit was observed under the treatment 1 at 7 dpi (not statistically different) (Supplementary Figure 3B). Conversely, the presence of M. fructicola stimulated an ethylene peak at 6 dpi that was 3.8, 1.5, and 1.6-fold higher under control treatment, treatment 1 and 2, respectively, if compared to mock-inoculated fruit (Supplementary Figure 3). Overall, both Monilinia spp. induced the ethylene levels of the pathosystem but in a lighting treatment-dependent manner.




DISCUSSION

Light is essential both in the preharvest period (i.e., solar radiation) and postharvest chain (i.e., artificial lighting) of fruit. The combination of light quality, intensity, and photoperiod constitute a source of information for the fruit but also to pathogens, and in turn, can influence the onset of symptoms of the development of the disease on the fruit surface. Scarce information regarding in vitro development of Monilinia spp. or brown rot infection on stone fruit under the effect of light is available. Some studies have been conducted with discrete sections of the spectrum such as long-wave UV (De Cal and Melgarejo, 1999), in other Monilinia spp. such as M. fructigena (Marquenie et al., 2003) and the effect of visible white light in M. laxa isolates (Rodríguez-Pires et al., 2020, 2021). However, a study aiming to decipher the effect of lighting treatments on the two main Monilinia spp. of stone fruit has never been conducted. Accordingly, we characterized for the first time, the effect of different lighting treatments on both the in vitro fungal development of M. fructicola and M. laxa, and during the interaction of Monilinia spp. – nectarine fruit, using similar artificial lighting treatment previously applied to M. laxa-stone fruit studies (Rodríguez-Pires et al., 2020).


Altered Conidia Morphology Impairs the Conidial Viability in a Monilinia spp.-Dependent Manner

Monilinia laxa demonstrated a broader photomorphogenesis response to light than M. fructicola under in vitro conditions. In this study, cultures grown on either PDA or PDA-T media and incubated under control condition (constant darkness) were similar to other M. laxa or M. fructicola isolates grown on similar conditions (Tran et al., 2020; Rodríguez-Pires et al., 2021). After exposure to both lighting treatments, but especially under treatment 2, M. laxa mycelia turned mainly hazel whereas the colony color of M. fructicola was not altered at any condition (Figures 1A,B). To regulate fungal biology, fungi sense light through photoreceptors and use it as an input of information (Tisch and Schmoll, 2010). One of the most common and long-term effects of light responses is the induction of pigment expression, such as carotenoid biosynthesis in many microorganisms (Fuller et al., 2015; Corrochano, 2019), and, in fact, the carotenoid production in the closely related organism B. cinerea has been suggested (Schumacher et al., 2014). In turn, carotenoids are highly implicated in protecting cells from reactive oxygen species (ROS) (Avalos and Limón, 2015). Light also induces the biosynthesis of other pigments such as melanin and mycosporines in several fungi (Fuller et al., 2015). The role of melanin in M. fructicola has been described on not only the protection against environmental stresses such as desiccation, UV irradiation, and temperature (Rehnstrom and Free, 1996), but also on the conidia turgor adjustment and full virulence to infect stone fruit (Yu et al., 2020). Visible light can cause oxidative stress in B. cinerea cells, which could be, in part, due to an alteration in the homeostasis of cellular ROS levels (Canessa et al., 2013). In fact, our results revealed how both treatments altered the morphology of conidia after 7 days of incubation under each light condition (Figures 1A,B) if compared to typically limoniform (or also cylindrical in the case of M. laxa) conidia shapes (Yin et al., 2015) observed under control condition. Therefore, these findings suggest that under these lighting treatments, conidia were submitted to stress that ultimately affected cell turgor. However, the impaired morphology could also rely on the result of the phototropism generated in response to light, which has been described in conidia, apothecia and conidial germ tubes of B. cinerea (Jarvis, 1972). Regarding conidial viability, studies on how light alters the ability to form new colonies of Monilinia spp. are nonexistence. We demonstrated that M. laxa, but not M. fructicola, increased its conidial viability under treatment 1 but reduced it under treatment 2 in relation to control condition (Figures 1C,D). In fact, Lafuente et al. (2018) already demonstrated that continuous blue light and complete darkness increased Penicillium digitatum cell viability in vitro compared to non-continuous light. These results are in line with what we observed for M. laxa, since the spectrum of lights used in this study do emit small wavelengths around blue. Alternatively, the altered conidia morphology could explain the reduction of M. laxa cell viability under treatment 2. Thus, the relation between turgor and the ability to form new colonies is a point of interest. Although some studies point out the role of light in controlling the conidial germination (Corrochano, 2019; Yu and Fischer, 2019), herein we did not observe an effect either on M. laxa or M. fructicola (Figures 1E,F).



Monilinia laxa Coped With Light Stress and Its in vitro Development Was Favored

Light altered the in vitro fungal expansion, especially in M. laxa. Under standard conditions (growing on PDA medium at 22–25°C and darkness), M. fructicola grows faster and produces more conidia than M. laxa (Villarino et al., 2016; Tran et al., 2020), like observed in the present study (Figure 1). However, lighting treatments made M. laxa to grow and produce more conidia (compared to control condition) than M. fructicola on PDA-T medium. Another reported light effect, widely described in B. cinerea (Schumacher, 2017), is that light can regulate biological responses, such as vegetative mycelial growth and the transition from sexual to asexual reproduction (conidiation) (Corrochano, 2019). In fact, the endogenous circadian clock also controls conidiation (Hevia et al., 2015). In this line, Canessa et al. (2013) reported that a photoperiod of cool white light and control condition reduced the growth rate and increased conidiation of a strain of B. cinerea. Our results suggest that M. laxa and M. fructicola behaved similarly to B. cinerea in terms of conidiation and growth rate, respectively. Botrytis cinerea perceives and reacts to the entire visible spectrum and beyond, and several fungal biological responses have been described for each monochromatic section of the spectrum (Schumacher, 2017; Veloso and van Kan, 2018). Green light (around 540 nm) represses mycelial growth (Zhu et al., 2013), whereas blue (around 450 nm) and red (around 650 nm) light restrain conidiation (Tan, 1975). Both treatment 1 and 2 tested herein emit three wavelength peaks around 440, 550, and 630 nm. Remarkably, the orange/red wavelength of treatment 1 is higher than the treatment 2 one. Hence, although M. laxa is able to sense and express green light photoreceptors (Rodríguez-Pires et al., 2021), its growth was increased rather than repressed. Zhu et al. (2013) found that under green light, B. cinerea cells showed deformed mitochondria and enlarged central vacuoles, probably as a result of the vacuoles’ action to eliminate cell structures damaged due to the light stress (Shoji et al., 2010), and in consequence, the growth rates of B. cinerea were retarded. However, under such light stress, M. laxa could be coping with it through autophagy of damaged organelles structures to support mycelial growth, as has been demonstrated when nutrient availability is limited (Shoji et al., 2010). A contrary effect was observed for M. fructicola which suggests the different ability of both species to sense and respond to light. The mechanisms underlying such differences are encouraged. An example pathway of interest related to light is the light-responsive transcription factor (LTF1), which controls development but also is required for maintenance of the redox homeostasis in mitochondria and full virulence in B. cinerea (Schumacher et al., 2014). Overall results showed that growth rate was in line with conidial viability and the reviewed results evidence the different ability of both Monilinia spp. to cope with lighting treatments.

Blue and red light have been described to repress conidiation in B. cinerea (Tan, 1975). Thus, although M. laxa is able to sense and express blue and red-light photoreceptors (Rodríguez-Pires et al., 2021), it increased its conidiation, whereas the conidia production of M. fructicola seemed to be affected by these sections of the spectrum (Figures 1C,D). Recent studies have shown that red light drastically increases conidiation of M. laxa compared to control condition (constant darkness) while does not affect or alter M. fructicola conidiation when compared to control condition (Verde-Yáñez et al., unpublished). Conidiation is regulated by light-responsive transcription factors, such as FL (fluffy) for undifferentiated mycelia, and it is induced by blue light through the blue-light photoreceptor WHITE COLLAR COMPLEX in the fungal model Neurospora crassa (Olmedo et al., 2010). However, our results revealed a fluffy phenotype of M. laxa when growing on PDA-T medium and incubated under control condition. Hence, other transcription factors should be responsible for the increased conidiation in M. laxa and in-depth studies should be conducted. Blue light has also been shown to act as an antimicrobial agent (Kahramanoğlu et al., 2020), which could, in part, explain the reduced conidiation observed in M. fructicola, highlighting again the different ability of both species to respond to light.



The Light-Induced Impaired Fungal Development Ultimately Alters Their Capacity to Infect Fruit

Light also affects the ability of pathogens to infect and rot fruit, such as described in several pathosystems (Islam et al., 1998; Lafuente et al., 2018). Among the aspects of fungal behavior and development that light can govern, light can regulate secondary metabolism, also related to the balance between sexual development toward conidia (Tisch and Schmoll, 2010; Schumacher, 2017). Our results demonstrated that after incubating M. laxa and M. fructicola under each lighting treatment for 7 days prior to fruit inoculation, both treatments reduced the ability of M. laxa to infect fruit, whereas only treatment 1 seemed to increase the virulence of M. fructicola (Figure 2). The colored phenotype and/or the altered conidia morphology observed in M. laxa grown on PDA-T medium maintained under lighting treatments could in part, explain its reduced capacity to infect. Similar results and hypotheses have been described for the P. digitatum-orange pathosystem. In line with spore viability, continuous blue light (450 nm) and complete darkness exposition of P. digitatum cultures lead to increased capability to infect oranges if compared to cultures submitted to non-continuous light (Lafuente et al., 2018). The authors suggested that the anomalous morphology of spores was more responsible for the lower capacity to infect fruit rather than the other parameters evaluated (metabolic activity and ethylene production). Alternatively, mutants of B. cinerea producing conidia in either light or darkness are associated with reduced virulence in primary leaves of French bean (Schumacher et al., 2012). However, how these altered features ultimately impair viability and capacity to infect fruit needs further investigation. Interestingly, fruit inoculated with M. laxa, previously incubated under treatment 1, showed conidia on fruit surface only after 7 dpi, slightly later than under control conditions (constant darkness) (6 dpi) and no conidiation was observed under treatment 2 (Figure 2B). In the line with what observed in P. digitatum, opposite incubation conditions (continuous light vs. complete darkness) can induce similar fungal phenotypes and responses, such as those observed herein regarding M. laxa. Contrary to M. laxa, in M. fructicola, the effect of light was mainly observed at the beginning of the infection course, showing the highest diameter length, accelerating the appearance of the onset of brown rot symptoms, and inducing more conidia on the fruit surface (Figures 2C,D and Supplementary Figure 1). Overall, results suggest that altered conidia morphology and reduced in vitro conidiation could positively impair its virulence on the fruit surface. Studies regarding the effect of light in photoreceptors related to conidiation (blue and red) and their signaling cascade would be interesting to be evaluated prior to and after fruit infection.



The Development of the Disease Relays on the Pathogen’s Light Effect Rather Than on the Fruit Itself

Plants are continuously exposed to a variety of abiotic stresses, which could drive to a modulation of the plant phenotype. Light is one of the major and influential inputs for their physiology and is perceived through plant photoreceptors (Folta and Carvalho, 2015). For that reason, in response to light, the mechanisms to face biotic stresses can also be altered. When Monilinia spp.-inoculated unbagged fruit were incubated under each treatment (Figures 3A,B, 4A,B), results revealed a comparable fungal development than the one observed when the pathogens were previously incubated under each lighting treatment prior to fruit inoculation. Both lighting treatments reduced M. laxa incidence, whereas control condition (constant darkness) reduced M. fructicola in unbagged fruit, elucidating that the fruit responses were Monilinia spp. dependent rather than dependent on light conditions. In Arabidopsis thaliana plants inoculated with B. cinerea, constant light and a photoperiod of light/dark considerably reduced the lesion areas compared to constant darkness (Canessa et al., 2013), in concordance with what we observed in M. laxa. Similar to that described in fungi, plant photoreceptors also perceive narrow-bandwidth wavelengths, which in turn activate specific internal responses (Folta and Carvalho, 2015). For instance, Zhu et al. (2013) demonstrated that white and green light decreased lesion diameter in B. cinerea-inoculated grapes and only green light reduced diameter in B. cinerea-inoculated tomatoes. Herein, we demonstrated that light had a major effect on Monilinia spp. rather than on fruit integrity, suggesting that pathogens are differentially modulating fruit responses.



Preharvest Fruit Conditions Influence the Disease Plant Response

Preharvest conditions are also crucial for fruit integrity and in turn, in its capacity to face any stress. Fruit bagging is an emerging agricultural practice mainly down to reduce the amount of fungicide on fruit surface. Bagging the fruit alters the solar radiation that irradiates fruit, and hence, influencing internal quality parameters (Sharma et al., 2014) skin color (Zhou et al., 2019) and marketable yield at harvest (Allran, 2017). Therefore, fruit bagging may result in changed defense response against pathogens. Herein, while bagged “Fantasia” cultivar was less susceptible to brown rot, bagged fruit of the other cultivars were more susceptible to both Monilinia spp. under control condition (Supplementary Table 1). Hence, findings point out that different solar radiation received by the unbagged and bagged fruit can differentially affect the fruit defense mechanisms in front of brown rot in a cultivar-dependent manner. Several studies conducted to test the bagging effect have also shown contradictory results when comparing cultivars, and fruit- and cultivar-specific responses have been suggested as one of the main causes (Sharma et al., 2014). In fact, fruit have different intrinsic characteristics depending on the stone fruit cultivar that leads to a different brown rot susceptibility (Baró-Montel et al., 2019a; Obi et al., 2019). Out of the responses of the host to counteract the pathogen’s intrusion, fruit activates stress responses through activating the antioxidant metabolism such as glutathione and redox-related amino acids (Balsells-Llauradó et al., 2020). Hence, analyzing intrinsic properties differing among cultivars such as quality parameters and fruit antioxidant metabolism, could ultimately be correlated with brown rot development, and thus, could shed light on the incidence differences among cultivars. In addition to that, fruit bagging can also affect to microclimate around the fruit, increasing temperature and humidity and in turn, affecting to transpiration, respiration and cuticle in peel cells (Ali et al., 2021).

The development of Monilinia spp. in bagged fruit, incubated under each incubation treatment (Figures 3C, 4C), was slightly different from the one observed in unbagged fruit. Hence, preventing the fruit from solar radiation may have caused not only an impact on the fruit’s intrinsic characteristics but also on the response to face the pathogens. Therefore, results highlight not only the importance of the light effect in preharvest (solar radiation), but also its effect in postharvest (artificial lighting). Solar light comprises a broad range of electromagnetic waves. The red light fraction of the spectra is of interest since not only was suggested to alter the behavior of Monilinia spp. (Section “Altered conidia morphology impair the conidial viability in a Monilinia spp.-dependent manner” and “Monilinia laxa coped with light stress and its in vitro development was favored”), but it can also have a positive effect on fruits in front of M. laxa, but not in front of M. fructicola. For instance, the previous incubation of strawberry leaves under red light significantly increased its resistance to B. cinerea (Meng et al., 2019). Further from the visible light, UV-C irradiation can induce resistance in several fruit and vegetables (reviewed in Romanazzi et al., 2016). Light quality can strongly modulate phenolic compounds, flavonoids, carotenoids, and anthocyanins (reviewed in Ilić and Fallik, 2017), being chlorophyll and carotenoids directly activated by photons. In particular, the activation of phenylpropanoids biosynthesis is enhanced by light in Xanthomonas oryza-treated rice leaves (Guo et al., 1993) and by the combination of red and blue light in lettuce (Heo et al., 2012). In addition, the expression of the zeaxanthin epoxidase, a flavoprotein from the carotenoid biosynthesis, that is active under light (Latowski et al., 2000), is upregulated in inoculated-fruit with M. laxa compared to healthy fruit along time (Balsells-Llauradó et al., 2020). Accordingly, future studies aiming to unravel the different fruit properties such as secondary metabolites in response to light would contribute to a better understanding of the fruit’s capability to face the pathogens.



Ethylene Production in the Host-Pathogen Interaction Is Mainly Influenced by Monilinia spp. Rather Than the Bag and Light Effect

Ethylene has been implicated in modulating the plant response not only to abiotic stresses but also to necrotrophic pathogens (McDowell and Dangl, 2000; Müller and Munné-Bosch, 2015). Hence, ethylene modulations induced by fruit bagging, lighting treatments and Monilinia spp. were assessed on the nectarine-Monilinia spp. interaction. Several studies have described that light affects ethylene levels and other hormones (e.g., cytokinins) and suggest a crosstalk among light and both hormones (reviewed in Zdarska et al., 2015), influencing plant development. However, our results showed that the ethylene produced by mock-inoculated fruit was affected by neither the bag nor the lighting treatments analyzed (Figures 5A,D,G). Specifically, ethylene emission increased along time, following the production pattern of a climacteric fruit until ripening (Oetiker and Yang, 1995). In other crops, such as grapes, lighting treatment does neither induce ethylene compared to dark (Zhu et al., 2012). Only Gong et al. (2015) found that blue light can induce changes in ethylene production to accelerate postharvest ripening in peaches, although the lighting treatments tested herein only emit a short intensity of blue light wavelength. Hence, ‘Fantasia’ cultivar was not affected by these abiotic conditions in terms of ethylene production.

Some fungi can also produce ethylene although its function in fungal development or as a virulence factor is inconclusive (Chague, 2010). Recently, white and blue lights have been shown to significantly increase the ethylene production rate of several fungi (such as B. cinerea) under in vitro conditions compared to dark, and that even B. cinerea could be the ethylene producer in an interaction with A. thaliana seedlings (Guo et al., 2020). However, the ethylene production by Monilinia spp. has not been deciphered to date. Herein, overall changes in the ethylene pattern of the pathogen-fruit pathosystem were due to the interaction with the pathogen and to bagging and lighting treatments. Among all the host responses that plant ethylene mediates (McDowell and Dangl, 2000), this hormone is also implicated in ripening and senescence processes, which can be conducive to disease susceptibility (Liu et al., 2015; Pandey et al., 2016). In fact, a different ethylene pattern was observed for both pathogens in interaction with fruit (Figure 5 and Supplementary Figure 3), pointing out to either a different response of the host to cope with the two Monilinia spp. or a different Monilinia species-dependent modulation to avoid the ethylene-mediated defense response. Other studies also reported a different modulation of ethylene production by both Monilinia spp.-fruit interaction in artificially inoculated peaches (Baró-Montel et al., 2019b) and peach petals (Vall-llaura et al., 2020). Although several hypotheses have been suggested, its role in promoting defense or susceptibility is still controversial (van Loon et al., 2006). In addition, results highlighted that the incubation under lighting treatments and the presence of the bag did alter the ethylene production, especially in M. laxa-inoculated fruit. These results could in turn explain the altered fruit’s capability to respond to these species (Figures 5B,E,H and Supplementary Figures 3A,B). Accordingly, unbagged fruit incubated under control condition demonstrated an increased M. laxa incidence and a lower incubation period (Figure 3), revealing that this species took advantage of the increased ethylene production. However, in M. laxa-inoculated bagged fruit both lighting treatments significantly induced ethylene production, such as the ethylene-induced in the B. cinerea-grapes pathosystem (Zhu et al., 2012). In addition to the plant ethylene role in biotic interactions, Xiang et al. (2020) suggested that the main downstream regulators of phytochromes (the phytochrome-interacting factors, PIFs) acted upstream of the ethylene response factor 1 (ERF1) to negatively regulate the resistance to B. cinerea in A. thaliana. With that, those authors suggested that the PIF-mediated defense against the pathogen is closely related to the jasmonate/ethylene signaling pathway. Thus, molecular studies related to the signaling downstream phytochromes need further investigation to understand the dual ethylene responses occurring during the nectarine-Monilinia spp. interaction under light conditions.




CONCLUDING REMARKS

To avoid or delay the appearance of brown rot symptoms and conidiation on the fruit surface and hence, reduce economic losses driven from contamination through conidia spreading along the postharvest chain, environmental light conditions should be considered. Our study highlights the different behavior of M. laxa and M. fructicola in both in vitro and in vivo development and further studies aiming to investigate the differences that underlie the impaired photomorphogenesis due to lighting treatments, such genes related to conidiation, of both species is encouraged. White lighting treatment has not only impaired the fungal development but also the host response to the pathogen attack. Light received for the fruit during preharvest modifies its intrinsic properties that ultimately would influence its capability to prevent or overcome the infection caused by Monilinia spp. During postharvest, light incidence also affected the nectarine-Monilinia spp. interaction since fungal development was altered in a species-dependent manner. Thus, deciphering the light-dependent modulation of the fruit properties that will give rise to improved defense response, but also the light-effect that triggers fungal development, will allow contributing to the development of new strategies to control brown rot at both preharvest and postharvest.
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Supplementary Figure 1 | Conidiation of M. fructicola on “Fantasia” cultivar surface. The concentration of conidia is represented relative to control condition (dark). Different letters indicate statistically differences among treatments according to orthogonal contrasts (P < 0.05).

Supplementary Figure 2 | Light effect on the capacity of Monilinia spp. to infect fruit in “Venus” cultivar. Incidence (% of brown rot, bars) and severity (lesion diameter length in cm of rotted fruit, lines) of M. laxa (A) and M. fructicola (C) in “Venus” nectarines along the infection time course (dpi, days post inoculation) after growing the fungi during 7 days under control and treatments 1 and 2. Bars represent the mean of incidence on fruit (n = 20). Lines represent the mean of diameter length of rotted fruit. Different uppercase and lowercase letters indicate significant differences (P ≤ 0.05) of incidence and severity, respectively, among treatments according to orthogonal contrasts at each time point. No letters indicate no significant differences. Incubation and latency periods (days) of M. laxa (B) and M. fructicola (D) in “Venus” nectarines after growing the fungi during 7 days under control and treatments 1 and 2. Bars represent the mean of fruits with symptoms (n = 1 to 20) and error bars represent the standard error of the means. Different lowercase and uppercase letters indicate significant differences (P ≤ 0.05) of incubation and latency periods, respectively, among treatments according to orthogonal contrasts. Conidiation of M. fructicola on fruit surface (E). The concentration of conidia is represented relative to control (dark). Different letters indicate statistically differences among treatments according to orthogonal contrasts (P < 0.05).

Supplementary Figure 3 | Ethylene production of mock-inoculated fruit, M. laxa and M. fructicola-inoculated fruit on unbagged nectarines. Ethylene measurements of mock, M. laxa, M. fructicola-inoculated fruit incubated during 7 days under control condition (A) and treatments 1 (B) and 2 (C). Different letters indicate significant differences among inoculums at each time point according to Tukey’s HSD test (P ≤ 0.05). No letters indicate no significant differences. In all graphics, values represent the mean of ethylene measurements of each replicate (n = 4).

Supplementary Table 1 | Monilinia spp. incidence (%) on unbagged and bagged fruit from different cultivars after 7 days of incubation under control condition (dark). No significant differences between bagging conditions were found according to generalized linear model (GLM).
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Lasiodiplodia theobromae is one of the primary causal agents in peach gummosis disease, leading to enormous losses in peach production. In our previous study, a redox-related gene, LtAP1, from the fungus was significantly upregulated in peach shoots throughout infection. Here, we characterized LtAP1, a basic leucine zipper transcription factor, during peach gummosis progression using the CRISPR-Cas9 system and homologous recombination. The results showed that LtAP1-deletion mutant had slower vegetative growth and increased sensitivity to several oxidative and nitrosative stress agents. LtAP1 was highly induced by exogenous oxidants treatment in the L. theobromae wild-type strain. In a pathogenicity test, the deletion mutant showed decreased virulence (reduced size of necrotic lesions, less gum release, and decreased pathogen biomass) on infected peach shoots compared to the wild-type strain. The mutant showed severely reduced transcription levels of genes related to glutaredoxin and thioredoxin in L. theobroame under oxidative stress or during infection, indicating an attenuated capacity for reactive oxygen species (ROS) detoxification. When shoots were treated with an NADPH oxidase inhibitor, the pathogenicity of the mutant was partially restored. Moreover, ROS production and plant defense response were strongly activated in peach shoots infected by the mutant. These results highlight the crucial role of LtAP1 in the oxidative stress response, and further that it acts as an important virulence factor through modulating the fungal ROS-detoxification system and the plant defense response.

Keywords: AP1 transcription factor, fungal virulence, Lasiodiplodia theobromae, oxidative stress response, peach gummosis disease, plant defense response


INTRODUCTION

The necrotrophic fungus, Lasiodiplodia theobromae, is geographically widespread in the subtropical and tropical regions and is known to attack approximately 500 plant species, including crops and woody trees (Alves et al., 2008; Cipriano et al., 2015). This fungus has been regarded as a latent pathogen or an opportunistic pathogen leading to dieback, canker, or fruit rot diseases in many economically important woody crops (Slippers and Wingfield, 2007; Ali et al., 2019). In southern China, L. theobromae is also a causal agent of peach gummosis, one of the most devastating diseases of peach (Prunus persica), annually causing considerable quantity and quality losses (Beckman et al., 2003; Wang et al., 2011). A better understanding of the molecular mechanisms of the peach-L. theobromae interaction is necessary for effective control of peach gummosis.

To establish successful infections, pathogens need to overcome both preformed and induced host defenses (Qi et al., 2017). During pathogen attacks, one of the major and fastest plant defense responses is a rapid accumulation of reactive oxygen species (ROS) at the invasion site (Scheler et al., 2013). ROS, primarily superoxide ([image: image]) and hydrogen peroxide (H2O2), are produced by plasma membrane-localized NADPH oxidases, also known as respiratory burst homologs (RBOH), at the inoculation site (Suzuki et al., 2011). Due to the toxicity, ROS can cause oxidative stress and damage to biomolecules, such as DNA mutation, lipid peroxidation, and protein oxidation, eventually causing cell death of the pathogens (De Gara et al., 2003).

Additionally, as a class of signaling molecules, ROS play crucial roles in plant-pathogen interactions. Plant-derived ROS act as signaling molecules to mediate various important responses of plant cells to fight against pathogen infection and enhance plant resistance by inducing plant defense-related gene expression and activating related enzyme activity (Torres and Dangl, 2005; Baxter et al., 2014). Our previous study demonstrated that the infection by L. theobromae caused a ROS burst, and transcripts of pathogenesis-related (PR) genes were markedly induced, potentially contributing to the restriction of disease development (Zhang et al., 2020).

To survive and colonize under harsh conditions, pathogens have developed ROS scavenging systems to efficiently reclaim excess ROS (Segal and Wilson, 2018). Scavenging enzymatic and non-enzymatic compounds, either preformed or induced, include superoxide dismutase (SOD), catalases (CAT), peroxidases (POD), glutaredoxins, and thioredoxins (Kawasaki et al., 1997; Lanfranco et al., 2005; Ma et al., 2018). The glutaredoxin system has glutathione, glutathione peroxidase (GPX), glutathione reductase (GLR), and NADPH. The thioredoxin machinery includes thioredoxin peroxidase [equal to thiol-specific antioxidant protein (TSA)], thioredoxin reductase (TRR), thioredoxins (TRX), and NADPH (Ma et al., 2018; Zhang et al., 2019). In fungal pathogens, transcription factor-mediated ROS detoxification through the regulation of antioxidant genes expression is vital in plant-pathogen interactions. One of the critical regulators mediating ROS detoxification is the Activating Protein 1 (AP1) class of basic leucine zipper (bZIP) family (Segal and Wilson, 2018). AP1 is a key transcriptional activator in response to oxidative stress in yeasts and filamentous fungi (Reverberi et al., 2008; Lin et al., 2018; Segal and Wilson, 2018). In our previous study, the LtAP1 gene was consistently and highly expressed in the infection stage of L. theobromae on peach shoots, implying that LtAP1 may play a crucial role in the pathogenicity of L. theobromae (Zhang et al., 2020).

Saccharomyces cerevisiae YAP1 serves as one of the most critical determinants of yeast to oxidative stress response, which is responsible for transcriptional activation of various ROS detoxification-related genes (Mendoza-Martínez et al., 2020). Subsequently, YAP1 homologs in several fungal pathogens were identified and characterized, and found to have conserved roles in oxidative stress response and tolerance, but differed in virulence. YAP1-mediated ROS detoxification has been identified as being an essential virulence determinant in the necrotrophic fungus Alternaria alternata (Lin et al., 2009), the hemibiotrophic rice blast fungus Magnaporthe oryzae (Guo et al., 2011), and the biotrophic maize pathogen Ustilago maydis (Molina and Kahmann, 2007). However, YAP1-assisted ROS detoxification is associated with avirulence in the animal pathogen Aspergillus fumigatus (Lessing et al., 2007), the necrotrophic plant pathogen Cochliobolus heterostrophus (Lev et al., 2005), or the hemibiotrophic plant pathogen Fusarium graminearum (Montibus et al., 2013). Although many studies have examined YAP1 homologs in other fungi, their function in L. theobromae during pathogenesis remains poorly understood, particularly for canker or gummosis disease in woody fruit trees. Understanding the role of the LtAP1 gene in L. theobromae may lead to new tools to develop novel, sustainable disease management strategies against peach gummosis.

In this study, transcription factor LtAP1 was isolated and functionally characterized through genetic transformation. We examined the effects of deletion of the LtAP1 gene on mycelial growth, sensitivity to oxidative and nitrosative stresses, and pathogenicity. This study shed some light on the function of the LtAP1 gene for ROS detoxification, virulence, and suppression of plant defense responses during L. theobromae and peach interaction, which could deepen our knowledge of the role of fungal YAP1s in plant diseases.



MATERIALS AND METHODS


Fungal Strains, Culture Conditions, and Chemical Treatments

Lasiodiplodia theobromae pathogenic strain JMB122, obtained from a peach tree with gummosis in Hubei Province, China (Wang et al., 2011), was used as a recipient host for transformation experiments. Both JMB122 and its derivatives were cultured on PDA medium (200gL−1 potato, 20gL−1 dextrose, and 15gL−1 agar) in a growth chamber at 28°C for 36h under a 12h-light/12h-dark cycle to assess growth and colony characteristics.

To test stress treatments, the wild type (WT) and genetic transformants of JMB122 were cultured on PDA plates (diameter 9cm) containing various chemical reagents. The integrity of cell walls and cell membranes was examined on PDA supplemented with calcofluor white (CFW; 0.05mgml−1), Congo red (2.5mgml−1), or sodium dodecyl sulfate (SDS; 0.02%). For oxidative stress, PDA was amended with H2O2 (1 or 2.5mm), tert-butyl-hydroperoxide (TBHP; 0.5mm), cumene H2O2 (0.68mm), or menadione (0.1mm). For nitrosative stress, PDA was amended with sodium nitroferricyanide dihydrate (SNP; 5mm). PDA was supplemented with glucose (1M) or KCl (1 M) for osmotic stress. PDA without amendments was used as control. Mycelial plugs (5mm diameter) were removed from the edge of 2-day-old colonies of each isolate and placed hyphal side down into the center of PDA plates. After 36h, the colony diameter was measured using a digital caliper, with four measurements from each plate. The growth inhibition rate (%) was calculated using the following formula: (diameter of untreated colony grown on PDA – diameter of colony grown on PDA with inhibitor treatment)/ diameter of untreated colony grown on PDA×100%.

As for the NADPH oxidase inhibitor diphenylene iodonium (DPI), the L. theobromae-inoculated shoots were treated with 5ml of DPI [dissolved in dimethyl sulfoxide (DMSO) and then diluted with water] at a concentration of 0.4μm at 12 and 24h after inoculation. Some inoculated peach shoots were mock treated with 0.04% DMSO. All the assays were independently performed in triplicate.



RNA Extraction, cDNA Synthesis, and Gene Expression

RNA extraction, cDNA synthesis, and gene expression were conducted following Zhang et al. (2020). The two genes, translation elongation factor 2 (PpTEF2; Gao et al., 2016; Zhang et al., 2020) and tubulin (LtTUB; Zhang et al., 2020), were used as internal standards to normalize gene transcripts of L. theobromae and peach, respectively. The primers used for quantitative real-time PCR (qRT-PCR) are detailed in Supplementary Table S1. The relative expression was calculated using the comparative 2−ΔΔCT method (Livak and Schmittgen, 2001) and expressed as means ± SD. The experiments were conducted with three independent biological replicates, each with four technical replicates.



Gene Cloning and Identification

For cloning and identification of LtAP1, the strain JMB122 was cultured on PDA plates for 36h, and then the hyphae were collected for genomic DNA extraction following Wang et al. (2011). The putative LtAP1 protein sequences were obtained using orthologs of AP1 protein sequences of S. cerevisiae (Kuge and Jones, 1994) and M. oryzae (Guo et al., 2011) as BLASTP queries against the L. theobromae genome assembly (Félix et al., 2019), and one putative LtAP1-encoding gene was obtained from the genome assembly of L. theobromae. To confirm the presence of LtAP1 in JMB122, the full length of LtAP1 was amplified by PCR with primers FD120/FD121 (Supplementary Table S1). Open reading frames (ORF) and exon/intron positions in LtAP1 were determined by comparison with LtAP1 genomic DNA and cDNA sequences.

The predicted LtAP1 protein sequences from JMB122 were used to find orthologs in GenBank. The protein sequences of LtAP1 and its orthologs from various fungal species were aligned using Clustal X 1.81 (Thompson et al., 1997), and then, a phylogenetic tree was constructed using the neighbor-joining method with 1,000 bootstrap replications in MEGA 6.0 software (Tamura et al., 2013).



Targeted Gene Disruption

The LtAP1 knockout transformants were obtained using homologous recombination and the CRISPR/Cas9 approach (Ma et al., 2018; Zhang et al., 2020). The upstream (1,688bp) and downstream (1,722bp) fragments of the LtAP1 gene of strain JMB122 and a fragment of the hygromycin B resistance phosphotransferase gene (HPH, 1,423bp) cassette in the pBHt2 vector were amplified separately. As illustrated in Supplementary Figure S1, a 5′ fragment of LtAP1 (1,722bp) amplified with primers 1F/1R was fused with an HY/g (917bp) fragment amplified with primers 2F/2R to generate a construct 5′LtAP1::HY/g; meanwhile, a 3′ fragment of LtAP1 (1,722bp) amplified with primers 4F/4R was fused with a h/YG (966bp) fragment amplified with primers 3F/3R to produce a construct h/YG::3′LtAP1. As shown in Supplementary Figure S2, the pmCas9 empty vector was digested with Esp3I FastDigest (Thermo scientific, United States). A 20bp fragment ahead of NGG in the exon region of LtAP1 was selected for single-guide RNA (sgRNA) design, and its specificity was tested against the L. theobromae genome assembly. The sgRNA sequence was synthesized using primers adapted with sticky ends at the 5′ end (Supplementary Table S1), then inserted into the digested pmCas9 vector by T4 DNA ligase (Thermo Scientific, United States). The inserts in plasmids were then confirmed by sequencing.

Subsequently, two constructs (5′LtAP1::HY/g and h/YG::3′LtAP1) and pmCas9-LtAP1 were mixed and co-transformed into protoplasts prepared from JMB122 using the polyethylene glycol method to create LtAP1 deletion mutant ΔLtap1. The transformants were recovered from a regeneration medium (342gL−1 sucrose, 1gL−1 yeast extract, 1gL−1 casein hydrolysate, and 20gL−1 agar) containing 150μgml−1 hygromycin B (Roche, Switzerland). The ΔLtap1 transformants were continuously selected on hygromycin B plates for two generations and verified by PCR.



Genetic Complementation

The complementation strains were obtained using homologous recombination (Ma et al., 2018). As displayed in Supplementary Figure S1, the full-length ORF of LtAP1 carrying its native promoter region (1,500bp genomic sequence upstream of the ATG start codon) but without stop codon was amplified with primers 8F/8R from genomic DNA of strain JMB122 and used for genetic complementation of ΔLtap1. The amplified PCR fragment was fused with a neomycin resistance gene (NEO) cassette under the control of the Aspergillus nidulans trpC promoter and terminator, conferring resistance to G418 from plasmid pCETNS. The LtAP1::NEO construct was transformed into protoplasts prepared from the mutant ΔLtap1-8. The resultant transformants were recovered from the medium amended with 100mgml−1 G418 (Sigma, United States) and screened by PCR with primers 5F/5R.



Virulence Assay

The virulence assay was conducted as previously described (Zhang et al., 2020). The lesion sizes were recorded 5days post-inoculation (dpi). Green bark tissues within 0.5–1.0cm of a wound site were sampled, and immediately placed in liquid nitrogen and stored at −80°C until further analysis. Relative amounts of fungal DNA represented by cycle threshold of L. theobromae internal transcribed spacer 1 (LtITS1) were compared to peach-derived elongation factor 1α (PpEF1α, reference gene) using the comparative cycle threshold (2−ΔΔCT) method (Svetaz et al., 2017). The primers are shown in Supplementary Table S1. Each treatment was tested on 15 peach shoots, and the virulence assay was independently repeated three times.



Measurement of Superoxide Anion and Hydrogen Peroxide

Absorbance was measured on a spectrophotometer (UV-2450, Shimadzu, Japan). The amount of superoxide anion ([image: image]) and H2O2 was measured following Zhang et al. (2020). Absorbance at 530nm was recorded to calculate the [image: image] content expressed in nmol g−1 FW. The absorbance levels of H2O2 (mmolg−1 FW) were recorded at 415nm.



Statistical Analysis

Data were subjected to ANOVA at p <0.05. The student’s t-test was used to test for significant differences of two-sample treatments at p <0.05 or p <0.01. Duncan’s multiple range test (p <0.05) was used to separate means when there were more than three treatments, and a significant difference was found in the ANOVA.




RESULTS


Cloning and Identification of LtAP1, a YAP1 Homolog in Lasiodiplodia theobromae

The LtAP1 genomic DNA and cDNA sequences were obtained using primer set FD120/FD121 with the genomic DNA and cDNA of strain JMB122 as templates. The results showed that the LtAP1 gene contained a 1,945bp coding sequence with a 47bp intron. The LtAP1 gene (deposited in GenBank with accession number MN933613.1) was predicted to encode a 612 amino acid-long protein that displayed 46 and 43% overall identity with ScYAP1 and MoAP1, respectively. Multiple sequence alignment revealed that AP1s had widely conserved domains: an N-terminal bZIP DNA-binding domain and a nuclear export signal (NES) embedded in a C-terminal cysteine-rich domain (c-CRD; Supplementary Figure S3). Phylogenetic analysis (Supplementary Figure S4) demonstrated that AP1-like proteins were evolutionarily conserved among filamentous fungi and separated from the ScAP1 clade. The LtAP1 amino acid sequence had 56% identity with the AP1 homolog in Alternaria alternata (Supplementary Figure S4).



Generation of LtAP1 Deletion and Complementation Strains

To investigate the biological function of LtAP1, we knocked out the gene. The mutants were confirmed by PCR. The primers 6F/6R and 7F/7R amplified two DNA fragments of 2,747 and 2,714bp, respectively, from genomic DNA of the obtained ΔLtap1 transformants, while no fragment was obtained from the WT strain, indicating that the LtAP1 gene was successfully deleted and replaced by the HYG gene in the ΔLtap1 transformants (Supplementary Figure S5). Furthermore, the authenticity of transformants was screened by PCR with primers 5F/5R, and no fragment was amplified, indicating that these transformants were positive deletion mutants. We obtained seven positive transformants, and two (ΔLtap1-8 and -10) were analyzed further.

A 1,178 fragment was amplified from the genomic DNA of complemented strains using primer set 5F/5R, while no fragment was obtained from the knockout transformants, indicating that the WT allele could be re-introduced into the ΔLtap1 transformants to generate complemented strains (Supplementary Figure S5). We obtained six strains, and strain ΔLtap1/AP1 was used in further analyses.



The Role of LtAP1 in Mycelial Growth

The mycelial growth rate of ΔLtap1 mutant lines was reduced by 30% compared to the WT strain (Figure 1C). As well, the ΔLtap1 mutant showed apparent defects in radial growth and aerial hyphal (Figures 1A,B). In contrast, both phenotypes were recovered in the ΔLtap1/AP1 strain. The result indicated that the loss of LtAP1 impaired the vegetative growth of L. theobromae.
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FIGURE 1. Effect of LtAP1 deletion on the mycelial growth of Lasiodiplodia theobromae. Morphological visualization of fungal colony (A), aerial hyphae growth (B), and diameter quantification (C) of the colony growth of WT (wild type), two ΔLtap1 deletion mutants (ΔLtap1-8 and -10), and the ΔLtap1/AP1 complementary strain after 36h at 28°C in darkness. Different letters on top of bars represent a statistically significant differences at p<0.05. Bars show mean growth averaged across three biological replicates, and error bars represent standard deviation.




Effect of LtAP1 on Response to Different Exogenous Stresses

To evaluate whether LtAP1 can mediate adaptation to exogenous stress, we inoculated mycelial plugs of different genotypes on PDA plates containing cell wall damaging agents (Congo red or CFW), osmotic stress agents (KCl, sorbitol, or glucose), and a cell membrane damaging agent (SDS). After 36h, the mycelial growth in ΔLtap1 mutants was significantly reduced in Congo red-, KCl-, sorbitol-, glucose-, and CFW-treated plates, while the diameter of ΔLtap1 mutants was significantly increased in sorbitol- and glucose-amended PDA plates compared to the WT (Figure 2). No significant difference was observed for sensitivity to SDS between ΔLtap1 mutants and the WT (Figure 2). In all cases, the mycelial morphology and colony diameter of ΔLtap1/AP1 under exogenous stress treatments were restored to the WT level (Figure 2).
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FIGURE 2. Mycelial growth of the L. theobromae WT and mutants in response to stress treatments. (A) Cultures of the WT, two ΔLtap1 deletion mutants and the ΔLtap1/AP1 strain, grown on PDA media supplemented with 2.5mgml−1 Congo red, 1M KCl, 0.02% SDS, 1M sorbitol, 1M glucose, and 0.05mgml−1 calcofluor white (CFW) or water (mock) at indicated concentrations after 36h. (B) Percent growth inhibition of WT and mutants on PDA with the inhibitors. Different letters on top of bars represent a statistically significant differences at p<0.05. Bars show mean inhibition of growth rate averaged across three biological replicates, and error bars represent standard deviation.


When exposed to H2O2, cumene H2O2, TBHP, and menadione treatments, the ΔLtap1 mutants were much more sensitive to 2.5mm H2O2, 0.68mm cumene H2O2, 0.5mm TBHP, and 0.1mm menadione than the WT (Figures 3A,B). The ΔLtap1 mutants showed a substantial growth reduction compared to the WT at 36hpi, with more than 90% reduction in H2O2 and TBHP treatments, and approximately 60% reduction in cumene H2O2 and menadione treatments (Figure 3B). In the ΔLtap1/AP1 strain, the stress resistance of strain JMB122 was rescued to the WT level (Figure 3). Further, we tested the transcriptional change of LtAP1 in WT to exogenous oxidants H2O2 and TBHP treatment. When compared with untreated mycelia at the initial time point, exposure to 2.5mm H2O2 increased the transcripts of LtAP1 quickly at 15min, peaking at 45min, followed by a sharp reduction to the end of monitoring (120min; Figure 3C). Similarly, the expression of LtAP1 was upregulated rapidly but peaked at 30min under 0.5mm TBHP treatment (Figure 3D).
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FIGURE 3. Defects of LtAP1 on the response of L. theobromae to oxidative stress. (A) Mycelial growth of WT, two deletion strains and the complementary strain ΔLtap1/AP1, cultured on PDA media amended with oxidants 2.5mm H2O2, 0.68mm cumene H2O2, 0.5mm tert-butyl-hydroperoxide (TBHP), and 0.1mm menadione or water (mock) at the indicated concentrations after 36h. (B) Inhibition rate of fungal growth on PDA with oxidants compared with PDA without stress exposure. Different letters on top of bars represent a statistically significant differences at p<0.05. Bars show mean inhibition of growth rate averaged across three biological replicates, and error bars represent standard deviation. (C,D) Time-course response of LtAP1 transcripts to H2O2 or TBHP exposure. Transcript levels were normalized with reference gene LtTUB and are displayed relative to the transcript level in samples at time zero (which was therefore set to one). Asterisks indicate the significant difference relative to the initial point (0min) at p<0.01. Values are means ± SD of three biological and three technical replicates.


Additionally, we also tested the involvement of LtAP1 in nitrosative stress tolerance. The mycelial growth of the ΔLtap1 strain was significantly reduced in the SNP treatment compared with the WT (Figure 4). Moreover, the growth inhibition of the ΔLtap1 mutant was higher in the treatments with SNP and H2O2 together than in the single treatments with SNP or H2O2 (Figure 4).
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FIGURE 4. Involvement of LtAP1 of L. theobromae in response to nitro-oxidative stress. (A) Fungal growth of WT and the deletion mutant strain ΔLtap1 cultured on PDA stressed with 1mm H2O2 and/or 5mm Sodium nitroferricyanide dihydrate (SNP), or water (mock) at the indicated concentration after 36h. (B) Inhibition rate of fungal growth on PDA with stress treatment in relation to the mock. Values are means ± SD of three biological replicates. Different letters on top of paired bars represent a statistically significant difference at p<0.05.




Pathogenicity of the LtAP1 Mutant Strain on Peach Shoots

Pathogenicity assays on detached current-year peach shoots revealed that the ΔLtap1 strains caused small brown necrotic lesions and invisible gum release at the site of fungal inoculation, when compared with the WT at 5 dpi, the last observation time (Figure 5A). The ΔLtap1/AP1 induced necrotic lesions at a rate and magnitude comparable to the WT (Figure 5A). Quantitative analysis demonstrated that the size of lesions induced by the ΔLtap1 mutants was about 43% of that caused by the WT (Figure 5B). Furthermore, the relative fungal biomass (as revealed by qPCR) in infected peach shoots of the ΔLtap1 mutants was significantly less than that of the WT (Figure 5C). The lesion sizes and fungal biomass in the ΔLtap1/AP1 strain-inoculated peach shoots were rescued to WT levels (Figures 5B,C).
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FIGURE 5. Virulence test of the LtAP1 mutants into peach shoots. (A) Peach gummosis progression in the detached shoots inoculated with different genotypes of L. theobromae (WT, two deletion mutants, and the complementary strain ΔLtap1/AP1) at 5 dpi. Bar represents 5mm. (B) Quantification of lesion size on inoculated peach shoots. (C) Quantitative real-time PCR (qRT-PCR) analysis of L. theobromae amounts in the infected peach shoots. In panels, different letters on top of bars indicate statistically significant differences at p<0.05.




Effect of LtAP1 Deficiency on ROS Accumulation in Infected Peach Shoots

To test the involvement of LtAP1 in scavenging ROS, [image: image] and H2O2 contents were measured in peach shoots infected by ΔLtap1 mutant or WT at 5 dpi. Both [image: image] and H2O2 contents were significantly increased, respectively, with 1.1- and 2.6-fold higher levels in the ΔLtap1 mutant-inoculated shoots than the controls (Figures 6A,B). Furthermore, we tested whether LtAP1 was involved in the regulation of ROS production during infection. The transcripts of core ROS production-related genes, PpRBOHs, were examined. Our data showed that the expression levels of both PpRBOHD and PpRBOHF were significantly higher in shoots inoculated with ΔLtap1 mutant than the WT (Figures 6C,D).
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FIGURE 6. Effect of LtAP1 deficiency on ROS generation and its related genes transcripts in infected peach shoots. (A,B): Accumulation of superoxide anion and hydrogen peroxide in peach shoots inoculated with L. theobromae WT or ΔLtap1 mutant at 5 dpi. (C, D): Transcript abundance of ROS production-related genes PpRBOHD and PpRBOHF in infected peach shoots at 5 dpi. Relative transcript levels of genes compared with that of the control using reference gene PpTEF2 for normalization. All data are means ± SD of three biological replicates. Asterisks indicate the significant difference between two genotypes for the same parameter comparison at p<0.01.




Effects of Prevention of ROS Generation on Pathogenicity of the LtAP1 Mutants

To elucidate the role of LtAP1-modulating oxidative stress tolerance in fungal pathogenicity, an NADPH oxidase inhibitor, DPI, was used in virulence testing of the ΔLtap1 mutants. We observed that the ΔLtap1 mutants induced much larger brown necrotic lesions and more visible gum release in the DPI-treated shoots than the mock-treated ones at 5 dpi (Figures 7A,B). Moreover, in the DPI-treated shoots, the size of lesions induced by the ΔLtap1 mutants was only about 79% of that caused by the WT (Figure 7B).
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FIGURE 7. Impact of diphenylene iodonium (DPI) on pathogenicity of LtAP1 mutants. (A): Symptom of different genotypes of L. theobroame-inoculated peach shoots was treated with 0.4μm DPI [dissolved in dimethyl sulfoxide (DMSO) and then diluted with water; an NADPH oxidase inhibitor] or not (mock, 0.04% DMSO) at 5 dpi. Bar represents 5mm. (B) Quantification of lesion size in infected shoots. All data are means ± SD of three biological replicates. Different letters indicate the significant difference at p<0.05.




Role of LtAP1 in the Expression of ROS Detoxification-Related Genes in L. theobromae

To identify genes regulated by LtAP1, the transcripts of genes related to antioxidants (glutaredoxin and thioredoxin) were analyzed in the WT and the ΔLtap1 mutant exposed to 2.5mm H2O2 or distilled water for 1h. Relative transcripts of the core genes of both the glutaredoxin system (LtGPX3 and LtGLR1) and the thioredoxin system (LtTRX2, LtTSA1, and LtTRR1) were significantly lower in the ΔLtap1 mutant in the absence of H2O2 (Figure 8A). Under H2O2 treatment, the expression of all tested genes was consistently and significantly further decreased to 68 to 100% in the ΔLtap1 mutant, as compared to the WT (Figure 8B).

[image: Figure 8]

FIGURE 8. qRT-PCR analysis of the glutaredoxin and thioredoxin systems genes in the WT, LtAP1 deletion mutant under H2O2 treatment and in infected peach shoots. Mycelial samples of WT and the deletion mutant ΔLtap1 treated with water (A) and 2.5mm H2O2 (B) were collected after 1h culture at 28°C in darkness. (C) RNA samples were collected from the border of L. theobromae-colonized peach shoots at 5 dpi. The transcript levels were normalized with LtTUB and are displayed in relation to the transcript levels in the corresponding WT samples (which was therefore set to one). The values are means ± SD of three biological replicates. Asterisks indicate significant differences for genes between two genotypes, with *p<0.01 and **p<0.05.


To further elucidate the possible mechanism behind the impairment of oxidative stress response and pathogenicity in the ΔLtap1 mutant, transcript levels of genes in the glutaredoxin and thioredoxin systems were assayed for ΔLtap1 or WT infected tissues. Indeed, the inactivation of LtAP1 led to significant reductions of all tested genes expression, ranging from 49 to 90% in the shoots inoculated with ΔLtap1 relative to the WT at 5 dpi (Figure 8C).



Effect of LtAP1 Deletion on Plant Defense Response

ROS often act as signaling molecules to activate defense-related genes, such as pathogenesis-related (PR) genes, to enhance plant defense response (Camejo et al., 2016). To further assess whether PR genes were activated by the ΔLtap1 mutant inoculation, transcripts of several PR genes, including PpPR1a, PpPR8, PpPR10-1, PpPR10-4, PpDFN1 (Defensin 1, PR12 family), and PpLTP1 (Lipid-transfer protein 1, PR14 family), were examined at 5 dpi in the peach shoots inoculated with the ΔLtap1 mutant or WT. The transcripts of all tested PR genes were significantly higher in shoots inoculated with ΔLtap1 than WT (Figures 9A–F). Notably, the transcripts of PpPR10-4 and PpLTP1 were 2.7- and 4.0-fold higher, respectively, in tissues inoculated with the ΔLtap1 than the control (Figures 9D,F). In addition, the transcripts of plant defense-related gene PpPAL1 (Phenylalanine ammonia lyase 1) were also significantly induced and were 2.0-fold higher in the ΔLtap1-inoculated shoots than those with the control (Figure 9G). The transcripts of PpICS1 (isochorismate synthase 1) and PpNPR1 (nonexpressor of pathogenesis-related gene 1), which were required for SA biosynthesis and signal transduction, were also significantly upregulated in the peach shoots inoculated with the ΔLtap1 mutant than the WT (Figures 9H–I).
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FIGURE 9. Impact of LtAP1 deficiency on the transcripts of defense-responsive genes in infected peach shoots. RNA samples were collected from peach shoots inoculated with L. theobromae WT or ΔLtap1 mutant at 5 dpi. (A–F): The relative expression of pathogenesis-related (PR) genes, including PpPR1a, PpPR8, PpPR10-1, PpPR10-4, PpDFN1, and PpLTP1. (G–I): Expression pattern of SA biosynthetic (PpPAL1 and PpICS1) and signaling (PpNPR1) genes. Relative transcript levels of genes compared with that of the control using reference gene PpTEF2 for normalization. Values are means ± SD of three biological replicates. Asterisks indicate a significant difference between two genotypes for genes at p<0.01.





DISCUSSION

The peach gummosis pathogen, L. theobromae, is a destructive threat to peach harvests (Wang et al., 2011), and infection events at the molecular level need deeper investigation. In a previous study, L. theobromae infection caused an oxidative burst in peach shoots and promoted expression of LtAP1 and other genes associated with the ROS scavenging system (Zhang et al., 2020). Subsequently, we attempted to uncover how plant infection is regulated by an oxidative stress regulator, YAP1, in L. theobromae.

Eukaryotic microorganisms have stress-protective functions against a variety of adverse conditions. We first compared the growth performance of the ΔLtap1 mutant and the WT grown on media supplemented with different exogenous chemicals to mimic environmental stresses. Our results suggest that in L. theobromae, LtAP1 was involved in response to various stresses. Deletion of LtAP1 led to decreased sensitivity to osmotic and cell wall inhibitors, indicating that LtAP1 negatively regulated the sensitivity to osmotic pressure and the maintenance of cell wall integrity in L. theobromae (Figure 2). Likewise, in C. gloeosporioides, ΔCgap1 mutants had higher resistance to sorbitol than the WT (Li et al., 2017). However, in F. graminearum, the Fgap1-deficiency mutant exhibited increased sensitivity to sorbitol or NaCl-induced stresses (Montibus et al., 2013). In addition, our oxidative stress tests indicated that ΔLtap1 mutants were hypersensitive to H2O2, cumene H2O2, and TBHP, as well as menadione (Figures 3A,B). These results suggest that LtAP1 plays a vital role in the regulation of fungal response to oxidative stress. This is consistent with studies on M. oryzae (Guo et al., 2011), F. graminearum (Montibus et al., 2013), A. alternata (Lin et al., 2009), and C. gloeosporioides (Sun et al., 2016), where the mycelial growth of the respective mutant was severely reduced by oxidative stress compared to their respective WT. Moreover, the expression levels of LtAP1 were significantly upregulated under the oxidant treatments (Figures 3C,D). A similar finding was observed in C. gloeosporioides (Sun et al., 2016) and Monilinia fructicola (Yu et al., 2017). The results suggest that the fungal YAP1s transcription factors are highly conserved for oxidative stress response in different species.

Interestingly, the ΔLtap1 mutant showed a significant reduction of mycelial growth with the SNP treatment. The growth suppression of the ΔLtap1 mutant after treatment with SNP plus H2O2 was higher than of either SNP or H2O2 alone (Figure 4), which showed an additive effect between SNP and H2O2. ROS can react with nitric oxide and generate toxic reactive nitrogen species (RNS), such as peroxynitrite (Marroquin-Guzman et al., 2017). Hence, LtAP1 is likely an essential player in oxidative and nitrosative stress adaptation.

Pathogenicity tests revealed that the ΔLtap1 mutant induced smaller necrotic lesions, less gum release, and decreased pathogen biomass than WT (Figure 5), suggesting that LtAP1 is essential for growth and virulence of the necrotrophic fungus L. theobromae on peach shoots. Similarly, in the biotrophic U. maydis and necrotrophic A. alternata, deletion of AP1 failed to incite necrotic lesions (Molina and Kahmann, 2007; Lin et al., 2009). In the hemibiotrophic pathogen M. oryzae, Moap1 is essential to the growth of invasive hyphae for successful infection (Guo et al., 2011). In hemibiotrophic C. gloeosporioides, ΔCgap1 mutant showed severely attenuated virulence on poplar leaves (Sun et al., 2016) and could not induce lesions on mango fruits (Li et al., 2017). However, in necrotrophic B. cinerea (Temme and Tudzynski, 2009) and F. graminearum (Montibus et al., 2013), the deletion of AP1 did not show noticeable effects on pathogenicity, indicating that YAP1 homologs are not necessary for virulence in all pathogenic fungi studied. This might be because fungal virulence associated with YAP1 differs in the types of associations established between specific fungi and plant hosts. A better and deeper understanding of the mechanisms of pathogen virulence associated with YAP1 homologs is needed.

It is well known that a major mechanism of plant defense is the production of ROS against pathogens attack. Therefore, fungal pathogens need robust strategies for ROS scavenging, which involves YAP1 homologs (Segal and Wilson, 2018). In the L. theobromae-infected peach shoots, the expression of LtAP1, the glutaredoxin system genes (LtGPX3 and LtGLR1), and the thioredoxin system genes (LtTRX2, LtTSA1, and LtTRR1) was markedly upregulated, which was perhaps to scavenge ROS derived from the host (Zhang et al., 2020). In this study, we found higher ROS accumulation at the inoculation site with the mutant than with the WT (Figures 6A,B). Moreover, the ΔLtap1 mutants were hypersensitive to exogenous oxidative stress (Figures 3A,B). This suggested that LtAP1-modulating oxidative stress tolerance might play a crucial role in fungal pathogenicity. To further investigate the link between LtAP1 modulation of oxidative stress tolerance and fungal pathogenicity, we used an NADPH oxidase inhibitor, DPI, to prevent ROS generation. The results clearly showed that the DPI treatment increased necrotic lesion size and enhanced gum release in the shoots inoculated with the ΔLtap1 mutants as compared to the mock control, suggesting that the pathogenicity of ΔLtap1 mutants was partially restored (Figures 7A,B). Overall, LtAP1 modulation of oxidative stress tolerance, at least in part, contributed to the pathogenicity of L. theobromae. Similarly, the ΔAaAP1 mutant of necrotrophic A. alternata was hypersensitive to oxidants, and its pathogenicity was rescued by the NADPH oxidase inhibitor treatment (Lin et al., 2009). In biotrophic U. maydis, H2O2 was markedly accumulated at sites inoculated with the Umap1 mutant, and inhibition of the plant NADPH oxidase decreased ROS accumulation and restored the virulence of the mutant, suggesting that Umap1 acts in neutralizing the ROS generated by the maize NADPH oxidase (Molina and Kahmann, 2007).

In filamentous fungi, YAP1 homologs are major regulators of the antioxidant response, but YAP1 homologs involve a wide array of processes by regulating genes involved in ROS scavenging (Mendoza-Martínez et al., 2020). The expression of such genes, such as the core glutaredoxin system genes (LtGPX3 and LtGLR1) and thioredoxin system members (LtTRX2, LtTSA1, and LtTRR1), was dramatically downregulated in the ΔLtap1 mutant treated with water or H2O2 (Figures 8A,B), indicating that LtAP1 acts as a major regulator in the antioxidant system. Similarly, the transcription factor AaAP1 could activate glutaredoxin (AaGPX3 and AaGLR1) and thioredoxin systems (AaTSA1 and AaTRR1) to cope with oxidative stress (Yang et al., 2016; Ma et al., 2018). The thioredoxin MoTrx2 was found to be a target of the transcription factor MoAP1 in M. oryzae, and ΔMotrx2 mutant displayed higher ROS levels and lower POD and laccase activities (Wang et al., 2017). However, in F. graminearum, the expression of three CAT- and two Cu/ZnSOD-encoding genes was downregulated in the Fgap1 mutant (Montibus et al., 2013). Likewise, EfAP1 in Epichloe festucae was required for expression levels of the CAT gene (Cartwright and Scott, 2013). As a whole, it suggests that YAP1 homologs could regulate/target different antioxidant system-related genes to overcome oxidative stress in different fungi.

During infection, the transcript levels of genes in glutaredoxin and thioredoxin systems were significantly downregulated in the ΔLtap1 mutant (Figure 8C). Concomitantly, the contents of [image: image] and H2O2 and transcripts of PpRBOHs were markedly higher in shoots inoculated with the ΔLtap1 mutant, demonstrating a reduced ability of the ΔLtap1 mutant to scavenge overproduced ROS during the interaction (Figure 6). It is speculated that LtAP1 is likely to modulate glutaredoxin and thioredoxin systems to scavenge host-derived ROS. Similarly, AaAP1 could also modulate glutaredoxin and thioredoxin systems to cope with oxidative stress (Lin et al., 2009; Yang et al., 2016; Ma et al., 2018).

ROS serving as the primary signaling molecule during pathogens attack can activate an array of defense responses, such as induction of defense-related genes (Qi et al., 2017; Segal and Wilson, 2018). We observed significantly higher expression levels of PR genes, such as PpPR1a, PpPR8, PpPR10-1, PpPR10-4, PpDFN1, and PpLTP1, in the ΔLtap1 mutant-infected shoots in comparison with the WT treated (Figures 9A–F). Furthermore, the transcripts of SA biosynthesis and signaling-related genes (PpPAL1, PpICS1, and PpNPR1) were also significantly upregulated after ΔLtap1 mutant inoculation than the WT (Figures 9G–I). The accumulation of PR proteins and SA-mediated plant defense response might assist in limiting disease development, which was reflected by the reduced lesion size, gum release, and fungal biomass at inoculation sites with the ΔLtap1 mutant (Figure 5). Similarly, the thioredoxin MoTrx2 regulated by MoAP1 played an essential role in the ROS scavenging during host invasion and in the suppression of the rice defense response, in which the transcript levels of plant defense genes were markedly higher in rice cells infected with the ΔMotrx2 mutant than the control (Wang et al., 2017). The rice cells inoculated with the ΔModes1 mutant exhibited strong defense responses accompanied by the accumulation of ROS and PR genes transcript in neighboring tissues, indicating that DES1 is required to suppress the host basal defenses (Guo et al., 2011). Taken together, we propose that the restricted expansion of the ΔLtap1 mutant in peach shoots is partly caused by the defect in active suppression of peach defense response.

In summary, we cloned and characterized the LtAP1 gene, which encodes a homolog of yeast YAP1. Our experiments demonstrated that LtAP1 was valuable for mycelial growth, stress response, and pathogenicity. We found that LtAP1 was a key regulator of oxidative stress response, acting in activating fungal glutaredoxin and thioredoxin systems, and suppressing plant defense responses during infection. The prevention of ROS production could partially restore pathogenicity of ΔLtap1 mutant. LtAP1 plays a central role in adjusting ROS homeostasis between fungal pathogen and plant host and is necessary for full virulence of L. theobromae. This study advances our understanding of the link between oxidative stress response, ROS detoxification, and virulence in L. theobromae. Given the critical roles of LtAP1 in L. theobromae-induced peach gummosis, it would be urgent to identify its potential targets in the downstream network, which would be helpful for future disease management.
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Alternaria brassicae is an important necrotrophic pathogen that infects the Brassicaceae family. A. brassicae, like other necrotrophs, also secretes various proteinaceous effectors and metabolites that cause cell death to establish itself in the host. However, there has been no systematic study of A. brassicae effectors and their roles in pathogenesis. The availability of the genome sequence of A. brassicae in public domain has enabled the search for effectors and their functional characterization. Nep1-like proteins (NLPs) are a superfamily of proteins that induce necrosis and ethylene biosynthesis. They have been reported from a variety of microbes including bacteria, fungi, and oomycetes. In this study, we identified two NLPs from A. brassicae viz. AbrNLP1 and AbrNLP2 and functionally characterized them. Although both AbrNLPs were found to be secretory in nature, they localized differentially inside the plant. AbrNLP2 was found to induce necrosis in both host and non-host species, while AbrNLP1 could not induce necrosis in both species. Additionally, AbrNLP2 was shown to induce pathogen-associated molecular pattern (PAMP)-triggered immunity in both host and non-host species. Overall, our study indicates that AbrNLPs are functionally and spatially (subcellular location) distinct and may play different but important roles during the pathogenesis of A. brassicae.

Keywords: Alternaria brassicae, necrotroph, NLP, necrosis, effectors


INTRODUCTION

Plant pathogens secrete various proteins, secondary metabolites, and other small molecules to colonize the host by suppressing host defenses (Kamoun, 2006; Lindeberg et al., 2008). In contrast, many pathogens also produce proteins that trigger cell death and associated responses in the host. Various filamentous fungal and oomycetes pathogens can induce cell death in the plants through the secretion of cell death inducing proteins/effectors (Torto et al., 2003; Gijzen and Nurnberger, 2006; Amaro et al., 2017). Cell death plays a central role in plant-pathogen interactions either by restricting pathogen growth (apoptotic-like cell death in case of biotrophs) or by providing a nutrient source for the proliferation of the pathogen (necrotic cell death in case of necrotrophs). Many well-known necrotrophic pathogens such as Botrytis cinerea, Sclerotinia sclerotiorum, Alternaria brassicae have been shown to induce necrotic cell death in the host and effective induction of necrotic cell death leads to susceptibility (Lyu et al., 2016; Zhu et al., 2017; Mandal et al., 2018).

The genus Alternaria contains many important plant pathogens causing diseases in agronomically important cereal, vegetable, oilseed, and fruit crops. These species are known to be one of the major producers of host-specific toxins and metabolites that cause necrotic cell death and help in disease progression. Alternaria spp. produce chemically diverse secondary metabolites that range from low molecular weight secondary metabolites to peptides. These toxins can be host-specific as well as non-specific. Tenuazonic acid, tentoxin, and brefeldin A are some examples of non-specific toxins secreted by Alternaria spp., which are phytotoxic in nature (Meronuck et al., 1972; Fujiwara et al., 1988). Host-specific toxins (HSTs) such as AK-toxin, AF-toxin, ACT-toxin, AM-toxin, AAL-toxin are secreted by various pathotypes of A. alternata (Tanaka and Tsuge, 2000; Hatta et al., 2002; Thomma, 2003). HSTs have been shown to be the major pathogenicity factors in A. alternata and disruption of the genes coding for these HSTs leads to loss of pathogenicity. However, very little is known about the molecular mechanisms underlying pathogenesis of other Alternaria species such as Alternaria brassicae and Alternaria brassicicola. Destruxin B was considered to be an HST of A. brassicae, but later studies proved that Destruxin B only aids in the infection process of A. brassicae (Parada et al., 2008). Recent studies have revealed that necrotrophic pathogens also secrete small proteinaceous effectors that can function as pathogenicity factors. Some prominent examples of proteinaceous necrotrophic effectors that induce necrotic cell death include PtrToxA, SnToxA, BcCFEM1, BcXYG1, and the NEP-like proteins in various necrotrophs (Ciuffetti et al., 2010; Dallal Bashi et al., 2010; Arya et al., 2020).

Nep1-like proteins (NLPs) are a group of proteins identifiable by the presence of a common necrosis-inducing NPP1 domain (Fellbrich et al., 2000, 2002). NLPs constitute a superfamily of proteins, which are present in both prokaryotes and eukaryotes (Pemberton and Salmond, 2004; Bae et al., 2006; Gijzen and Nurnberger, 2006). The founding member of this family is a 24-kDa protein (Nep1) that was identified in Fusarium oxysporum that could cause necrosis and induce ethylene biosynthesis in dicots (Bailey, 1995). The NPP1 domain present in all NLPs is characterized by a conserved heptapeptide motif—GHRHDWE, and N-terminal conserved cysteine residues. Based on the number of cysteine residues, NLPs are classified as type I (two conserved cysteine residues) or type II (four conserved cysteine residues) (Gijzen and Nurnberger, 2006). Most NLPs identified in oomycetes and fungi trigger cell death and also act as pathogen-associated molecular patterns (PAMPs), thereby activating PAMP-triggered immunity (PTI) (Veit et al., 2001; Qutob et al., 2002, 2006). However, the role of NLPs in virulence is conflicting with NLPs being dispensable for virulence in Zymoseptoria tritici and B. cinerea and known to accelerate disease and pathogen growth in Colletotrichum coccodes, Phytophthora capsici and Pythium species (Motteram et al., 2009; Cuesta Arenas et al., 2010; Feng et al., 2014). However, there have been no studies on the identification or functional characterization of NLPs from the genus of Alternaria.

The current study was undertaken to identify and functionally characterize the NLPs in A. brassicae, a notorious necrotrophic pathogen that mainly infects the Brassicaceae family and also some plant species from other families (Ansari et al., 1990). Specifically, we aimed to: (1) identify the NLPs in A. brassicae and their phylogenetic relationship with other known NLPs, (2) study the temporal expression pattern in the natural host—Brassica juncea, (3) determine their ability to cause necrosis in host as well as non-host species, (4) identify their subcellular localization, and (5) analyze if the NLPs in A. brassicae also acted as PAMPs and induced PTI in the host.



MATERIALS AND METHODS


Fungal Strains, Plants, and Culture Conditions

The fungal strain, A. brassicae J3 (Rajarammohan et al., 2017) was used for the infection assays in the expression analysis. The strain was grown on potato dextrose agar (PDA, pH adjusted to 7.0 using 1 N NaOH) plates (90 mm) at 22°C for 15 days under 12-h/12-h light/dark cycle. For the transient expression assays, Nicotiana benthamiana wild type plants grown at 25°C with photoperiod of 10 h/14 h light/dark were used. Similarly, B. juncea var. Varuna was grown at 25°C with photoperiod of 10 h Light/14 h dark and used for the infection and infiltration assays. A 5–6 week old plants of N. benthamiana and B. juncea were used for all the experiments.



Identification and in silico Analysis of Alternaria brassicae Nep1-Like Proteins

NLP genes in A. brassicae were identified by a BLAST search of the A. brassicae proteome using the NPP1 domain (Pfam: PF05630) as a query. Signal peptides were predicted using SignalP 5 (Almagro Armenteros et al., 2019). Phylogenetic analysis was performed using MEGA X (Kumar et al., 2018). Since A. brassicae belongs to the class of Dothideomycetes and the division of Ascomycota, protein sequences of other Ascomycetes members were retrieved using a similar BLAST search as described above against the nr database (Supplementary Table 1). Protein sequences were aligned using MUSCLE and outliers with too many gaps were removed from the analysis. The WAG + G substitution model was selected since it had the least Bayesian Information Criterion (BIC) value among the 56 amino acid substitution models tested. A phylogenetic tree was constructed using the WAG + G model in MEGA X and the final tree was visualized in iTOL (Letunic and Bork, 2021).



Gene Expression Analysis

Fungal cultures were established and plant infection assays were carried out as described earlier (Mandal et al., 2018). Briefly, 15-day old PDA plates were used to prepare spore suspension for drop inoculations. A 15 μl droplets of the spore suspension (concentration of 3 × 103 conidia/ml) was placed on the leaves of 5–6-week old B. juncea plants. The plants were then maintained at > 90% relative humidity to enable infection. Leaves were collected at two and 4 days post inoculation (2 and 4 dpi). Fifteen-day old A. brassicae mycelia growing on PDA was also harvested (in vitro sample). Total RNA was extracted from 2–3 leaves collected from three individual plants in each experiment using the RNeasy plant mini kit according to the manufacturer’s recommendation (Qiagen, Gaithersburg, MD, United States). First-strand cDNA was synthesized from 1 μg of total RNA using PrimeScript 1st-Strand cDNA Synthesis Kit (Takara Bio, Japan) as per manufacturer’s protocol. PCRs were carried out using the standard setting in a CFX Connect Real-Time PCR System (BIO-RAD, CA, United States). The housekeeping gene AbrActin was used as the endogenous control. Further, to calculate the relative expression levels, the dCt values of the infected samples were normalized to the in vitro sample (A. brassicae mycelia on PDA). Relative expression values were calculated using the delta delta Ct method (Pfaffl, 2001). All expression experiments were carried out in three biological replicates. Every biological replicate also consisted of three technical replicates. Sequences of primers used in qPCR have been listed in Supplementary Table 2.



Yeast Secretion Trap Assay

Experimental validation of the secretory nature of the AbrNLPs was done using yeast secretion trap (YST) assay (Plett et al., 2011). The pSUC2-GW vector carries a truncated invertase (SUC2) lacking its signal peptide. The AbrNLP and AvrPiz-t cDNAs were cloned upstream (in-frame) of the truncated SUC2 gene. Yeast strain YTK12, which is SUC2 negative, was transformed using the Fast Yeast Transformation kit (G-Biosciences, MO, United States). All transformants were selected on a yeast minimal medium without tryptophan (6.7 g/L Yeast Nitrogen Base without amino acids, 0.7 g/L tryptophan dropout supplement, 20 g/L glucose, 15 g/L agar, pH 5.6). To check for secretion, a 10-fold serial dilution of overnight yeast cultures were made. Three dilutions (100, 10–1, and 10–2) of each construct and SUC2– cells were plated onto YPSA medium (1% yeast extract, 2% peptone, 2% sucrose and 1 μg/ml antimycin A after autoclaving, pH 6.5). The untransformed YTK12 strain, which is unable to grow on a sucrose medium, was used as a negative control.



Transient Expression of AbrNLP1 and AbrNLP2


Molecular Cloning and Sequencing

The AbrNLP genes (with signal peptide and without stop codon) were amplified from cDNA of A. brassicae infected leaves of B. juncea and cloned in the pENTR entry vector. The entry clone was then Sanger sequenced to confirm the cDNA sequences of AbrNLPs. The entry clones were then transferred to different destination vectors using LR clonase II (Gateway cloning technology) for functional assays. Three destination vectors were used viz. pGWB408, pGWB441, and pDEST17. Positive clones of the destination vectors were confirmed using colony PCR and restriction digestion. The confirmed vectors were then mobilized into the Agrobacterium tumefaciens GV3101 strain.



Cell Death Assays

Agroinfiltration assays were carried out as described earlier (Kanneganti et al., 2007). Primary cultures of pGWB408-AbrNLP1 and pGWB408-AbrNLP2 grown overnight were used for inoculating secondary cultures, which were grown till they reached an OD600 of 0.8–1. The pellets from the secondary cultures were resuspended in the resuspension solution (MES—10 mM, MgCl2—10 mM, and Acetosyringone—200 μM). The resuspended cultures were incubated at room temperature (25°C) for 3–4 h prior to infiltration in 5–6 weeks old Nicotiana benthamiana and B. juncea leaves. The experiments were repeated at least three times with 4–6 leaves infiltrated in each experiment for each construct. Cell death was observed visually 3–4 days post infiltration.



Subcellular Localization

The AbrNLPs were cloned into the pGWB441 vector to have a C-terminal yellow fluorescent protein (YFP) fusion using Gateway Cloning. Primary cultures of pGWB441-AbrNLP1 and pGWB441-AbrNLP2 grown overnight were used for inoculating secondary cultures, which were grown till they reached an OD600 of 0.8–1. The pellets from the secondary cultures were resuspended in the resuspension solution (MES—10 mM, MgCl2—10 mM, and Acetosyringone—200 μM). The resuspended cultures were incubated at room temperature (25°C) for 3–4 h prior to infiltration in 5–6 weeks old N. benthamiana leaves. The subcellular localization of YFP-tagged proteins was examined 2–3 days post infiltration using a Carl Zeiss confocal microscope (LSM880). For visualization of the nucleus and cell wall, the leaves were immersed in 4′,6-diamidino-2-phenylindole (DAPI) solution (10 μg/ml) and Propidium Iodide solution (10 μg/ml) sequentially for 15 min in each solution before imaging. Excitation of the corresponding leaf areas took place at 514 nm for YFP (Filter Set 38 HE, Carl Zeiss AG), at 405 nm for DAPI (Filter Set 49 HE, Carl Zeiss AG), and at 561 nm for PI (Filter Set 43 HE, Carl Zeiss AG).



Heterologous Expression and Purification

For protein expression, the entry clone was mobilized into the pDEST17 destination vector. The pDEST17 vector is an expression vector with a N-terminal 6xHis tag and a T7 terminator region flanking the attR1 and attR2 Gateway recombination sites. Positive clones were transformed into BL21(DE3)pLysS competent cells. The cultures were induced with 0.4 mM IPTG at 22°C. Following expression, the cells were harvested and cell lysis was carried out by chemical, enzymatic and mechanical treatment. For chemical lysis, cells were suspended in a lysis buffer (containing 100 mM NaCl, 50 mM Tris buffer of pH8.0, 200 μl Barry’s buffer and 2 mM PMSF). The cell suspensions were then subjected to lysis with 200 μg/g lysozyme for 30 min followed by treatment with DNase I for 1 h at room temperature. The lysates were then sonicated with 40% amplitude, 10 s ON/30 s OFF cycle for 3 min on ice using a Sonics Vibra-cell (VC505) sonicator, followed by centrifugation at 10,000 g for 40 min at 4°C. The supernatant was then subject to Ni-NTA purification using Ni Sepharose High-Performance resin (Cytiva Lifesciences, Marlborough, MA, United States). The eluted purified protein was desalted to remove excess imidazole using centrifugal filter columns with a 3 kDa cutoff (Amicon Ultra-0.5 ml Centrifugal filters, Merck). The purified protein was further used for cytotoxicity and secreted peroxidase (sPOX) assays.



Cytotoxicity of AbrNLP2 and Secreted Peroxidase Assay

Purified AbrNLP2 was directly infiltrated into the leaves of 5–6-week old N. benthamiana and B. juncea plants to check for cytotoxicity. The sPOX assay was carried out as described earlier with minor modifications (Mott et al., 2018). Briefly, 5 mm leaf disks were excised from N. benthamiana and B. juncea plants and washed with distilled water for 2 h with agitation in a 96 well plate. After washing, water was carefully removed out while minimizing the damage to the leaf disks. 100 μl of purified AbrNLP2 protein was added in the designated wells while remaining wells filled with buffer and incubated for 20 h with agitation. After incubation, the leaf disks were carefully removed from the wells and 50 μl of 5-aminosalicylic acid (1 mg/ml) supplemented with 0.01% H2O2 was added in each well. After 3 min, 20 μl of 2N NaOH was added to each well to stop the reaction and absorbance was measured at OD600 in a SpectraMax i3x spectrophotometer (Molecular Devices). A heteroscedastic (between two samples of unequal variances) single tailed t-test was conducted to determine if there were significant differences in the sPOX activities of the buffer-treated samples and AbrNLP2-treated samples.



RESULTS


The Genome of Alternaria brassicae Encodes Two Nep1-Like Proteins

To identify NLPs in the genome of A. brassicae, we searched the whole protein dataset using the NPP1 domain as a query. We found two genes that contained the NPP1 domain viz. ABRSC02.1105 and ABRSC02.949 (hereafter referred to as AbrNLP1 and AbrNLP2 respectively) (GenBank accession numbers: MZ783062 and MZ783063). The two AbrNLPs identified were highly diverged sharing only ∼40% similarity (Figure 1A). Additionally, both the AbrNLPs contained the two conserved cysteine residues and the heptapeptide motif (GHRHDWE), which classified them as a type I NLP (Gijzen and Nurnberger, 2006). In order to reconstruct the relationship between AbrNLPs and the NLPs identified in other Ascomycetes, a phylogenetic analysis was carried out. As expected the AbrNLP1 clustered along with NLP1 homologs from other Alternaria species, while AbrNLP2 clustered together with the NLP2 homologs (Figure 1B).
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FIGURE 1. Sequence characteristics of AbrNLPs and their phylogenetic relationship. (A) Multiple sequence alignment of NLPs from A. brassicae, the two conserved cysteines and conserved regions I and II that classify AbrNLPs as type I NLPs, are highlighted in red. (B) Phylogenetic relationship of AbrNLP1 and AbrNLP2 compared to the NLPs of other pathogens was inferred by using the Maximum Likelihood method. The bootstrap consensus tree was inferred from 1,000 replicates. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates were collapsed. A discrete Gamma distribution was used to model evolutionary rate differences among sites [5 categories (+ G, parameter = 1.4565)]. All positions with less than 95% site coverage were eliminated, i.e., fewer than 5% alignment gaps, missing data, and ambiguous bases were allowed at any position.




AbrNLP1 and AbrNLP2 Both Are Induced Upon Infection in Brassica juncea

The expression of AbrNLP1 and AbrNLP2 was studied in vitro (on PDA plates) and over the course of inoculation in the natural host of A. brassicae i.e., B. juncea. Previous studies on the infection of A. brassicae have identified two critical time points viz. 2 and 4 days post inoculation wherein it represented the time points before and after the mycelia penetrates the host tissue (Mandal et al., 2019). Therefore, we studied the expression of AbrNLP1 and AbrNLP2 at these time points. We found that both AbrNLP1 and AbrNLP2 are expressed in vitro i.e., in growing fungal mycelia on solid media. However, they are both upregulated during the infection process at 2 dpi and thereafter are downregulated at 4 dpi when infection is established (Figure 2).
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FIGURE 2. Expression of AbrNLPs during infection of B. juncea. Relative expression analysis of AbrNLP1 and AbrNLP2 in infected B. juncea (natural host) leaves 2 and 4 days post inoculation with respect to plate-grown fungi (in vitro). AbrACTIN was used as an endogenous control. The mean values (± standard deviation) of three biological replicates are shown. *P < 0.05 by Mann–Whitney U-test.




AbrNLP1 and AbrNLP2 Contain Bonafide Signal Peptides and Are Secreted Outside the Cell

Both the proteins, AbrNLP1 and AbrNLP2 were predicted to have an N-terminal signal peptide and most likely to be secreted (Figure 3A). Further, AbrNLP1 and AbrNLP2 were predicted to be effectors by the EffectorP 2.0 tool (Sperschneider et al., 2018a). In order to confirm the secretion of AbrNLP1 and AbrNLP2, a yeast invertase secretion assay was carried out. Colonies that contain the invertase fusion proteins with a functional signal peptide will only be able to grow on the selection media. A serial dilution of the liquid cultures was plated on the sucrose selection medium wherein constructs expressing both AbrNLP1 and AbrNLP2 fusion proteins grew, indicating that the N-terminal signal peptide resulted in the secretion of these proteins outside the cell (Figure 3B). Additionally, we also plated the SUC2– cells as a negative control (that did not grow or showed only minimal growth at highest dilution) and AvrPiz-t, a known secretory protein from Magnaporthe oryzae (Park et al., 2012) as a positive control, which grew on the selection medium (Figure 3B).
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FIGURE 3. AbrNLP1 and AbrNLP2 are secreted proteins as determined by the YST assay. (A) Schematic diagram of AbrNLP1 and AbrNLP2 indicating the signal peptides, NPP1 domains, and nlp24 and nlp27 conserved regions containing the heptapeptide motif GHRHDWE. (B) Yeast strain SUC2– was transformed with AbrNLP1:Invertase, AbrNLP2:Invertase, and AvrPiz-t:Invertase, and a serial dilution of overnight cultures of the transformed strains were plated on medium containing sucrose with antimycin (1 μg/ml). Untransformed SUC2– was used as a negative control. AvrPiz-t, a known secretory protein from M. oryzae, was used as a positive control for the assay.




AbrNLP2 Induces Necrotic Cell Death While AbrNLP1 Induces Only Chlorosis in Nicotiana benthamiana and Brassica juncea

To check AbrNLPs for their ability to induce necrosis, the full-length genes (along with their signal peptide) were transiently expressed in N. benthamiana and B. juncea (natural host). BAX (Bcl2-associated X), known to induce cell death in plants, was used as a positive control. AbrNLP1 could not induce cell death in N. benthamiana or B. juncea even after 5–7 days of agroinfiltration. However, N. benthamiana leaves infiltrated with AbrNLP1 developed chlorosis after 3 days of infiltration, which was absent in the regions infiltrated with empty vector controls (Figure 4). AbrNLP2 induced necrotic cell death 2 days after agroinfiltration in N. benthamiana and B. juncea.
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FIGURE 4. Agroinfiltration of AbrNLP1 and AbrNLP2 in N. benthamiana and B. juncea. Transient expression of AbrNLP1 and AbrNLP2 in both host and non-host species. BAX was used as a positive control for induction of cell death and empty vector (pGWB408) was used as a negative control.




Differential Localization of AbrNLP1 and AbrNLP2 in Nicotiana benthamiana

AbrNLP1 was predicted to be localized in the apoplast, while AbrNLP2 was predicted to be non-apoplastic by the ApoplastP tool (Sperschneider et al., 2018b). In order to experimentally determine the subcellular localization of AbrNLP1 and AbrNLP2, these proteins were transiently expressed in N. benthamiana with a C-terminal YFP tag. Full-length YFP under the 35S promoter was used as a positive control. Additionally, the leaves were stained using DAPI and PI to visualize the nucleus and plant cell wall. The AbrNLP1-YFP fusion proteins accumulated at the membrane or boundaries of the cell, and co-localized with PI, which stains the cell wall (Figure 5). Therefore, we can conclude that AbrNLP1 is localized at the plasma membrane/apoplastic space between the cell junctions. However, the AbrNLP2-YFP fusion proteins accumulated both within the cell and also at the plasma membrane. The YFP signals co-localized with both DAPI (staining the nucleus) and PI (staining the cell wall) indicating that AbrNLP2 is localized both within the cell and also in the membrane/apoplastic space (Figure 5).
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FIGURE 5. Subcellular localization of YFP-tagged AbrNLP1 and AbrNLP2 in N. benthamiana. Confocal microscopy images of transiently expressed C-terminal YFP-tagged AbrNLPs in N. benthamiana 72 hpi. Full-length YFP was used as a positive control. The leaf sections were stained with DAPI and PI to visualize the nucleus and plant cell wall respectively. Scale bar = 20 μm.




AbrNLP2 Induces PAMP-Triggered Immunity Responses in Nicotiana benthamiana and Brassica juncea

Nep1-like proteins from various pathogens have been shown to be both cytotoxic as well as an inducer of PTI. Therefore, to check if AbrNLPs could also induce PTI responses in the host, we heterologously expressed AbrNLPs in E. coli and purified them (Figure 6A). However, AbrNLP1 was consistently found in the inclusion bodies in all the conditions and hence could not be purified. AbrNLP2 was purified and was used for both cytotoxic assays and a secreted peroxidase assay, which is an indicator of PTI response (Mott et al., 2018). The purified AbrNLP2 was used for the sPOX assay, wherein AbrNLP2 treated leaf disks of N. benthamiana and B. juncea had significantly higher sPOX activity than the buffer treated leaf disks (Nb: p-value = 0.00587, t-stat = −3.38; Bj: p-value = 0.0103, t-stat = −2.97) indicating that AbrNLP2 is also capable of inducing PTI (Figure 6C). Additionally, we also checked for the induction of the defense response gene PDF1.2 in leaf disks treated with AbrNLP2. We found that AbrNLP2 could significantly induce PDF1.2 expression in both B. juncea and N. benthamiana in comparison to the buffer treated leaf disks (Figure 6B). Purified AbrNLP2 protein could also induce necrotic cell death in both N. benthamiana and B. juncea within 2 days of infiltration (Figure 6D).
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FIGURE 6. AbrNLP2 induces necrotic cell death and PTI responses. (A) Ni-NTA based purification of AbrNLP2. (B) Relative expression of PDF1.2 in AbrNLP2 and buffer treated leaf disks of N. benthamiana and B. juncea. TIPS41 was used as an endogenous control. *P < 0.05 by Mann–Whitney U-test. (C) %sPOX activity of N. benthamiana and B. juncea in response to purified AbrNLP2 as compared to water (control). (D) Cell death induced by purified AbrNLP2 in N. benthamiana and B. juncea.




DISCUSSION

An emerging number of studies have shown that cell death-inducing proteins/effectors are required for pathogenicity, or contribute to the virulence of necrotrophic pathogens (Gijzen and Nurnberger, 2006; Ciuffetti et al., 2010; Lyu et al., 2016; Amaro et al., 2017; Zhu et al., 2017). Proteinaceous necrotrophic effectors have received less attention due to the gamut of earlier studies focusing on secondary metabolite toxins as the major pathogenicity factors in many of the necrotrophic pathogens (Cessna et al., 2000; Tanaka and Tsuge, 2000; Thomma, 2003). Recent genome sequencing efforts and functional studies have shown that proteinaceous effectors of necrotrophic pathogens have a larger role to play in the pathogenicity than previously surmised (Lyu et al., 2016; Derbyshire et al., 2017; Rajarammohan et al., 2019).

NLPs are a superfamily of proteins found in pathogenic bacteria, fungi, and oomycetes and have been implicated in their virulence and disease pathogenesis (Gijzen and Nurnberger, 2006). In the current work, we identified and characterized the NLPs in A. brassicae, an important pathogen belonging to the genus of Alternaria. We found that most species contained only two copies of the NLP genes within the genus of Alternaria, while some endophytes have only one (Supplementary Table 3). This is in contrast with oomycetes pathogens, which have an expanded repertoire of NLPs reaching up to 33 copies in P. sojae (Dong et al., 2012). Additionally, we found no correlation between the presence of the NLP proteins and the lifestyle of the fungal pathogens. However, most broad range necrotrophs such as B. cinerea, S. sclerotiorum, and A. brassicae possess only two copies of NLPs (Schouten et al., 2008; Oome et al., 2014).

Both the NLPs of A. brassicae were upregulated in the initial stages of infection, suggesting that AbrNLP1 and AbrNLP2 may have a role in pathogenesis. However, AbrNLP1 did not induce cell death in N. benthamiana or B. juncea. Moreover, AbrNLP1 did induce clear chlorosis in N. benthamiana, which may be due to weak induction of PTI in response to AbrNLP1. Most NLPs that have been identified in necrotrophs have a strong ability to induce necrosis. However, many non-cytotoxic NLPs have been found in hemibiotrophic and biotrophic pathogens (Oome et al., 2014). Therefore, it is possible that certain NLPs have a role that is independent of cytotoxicity. One such plausible role can be attributed to NLPs by its structural similarity to lectins (Ottmann et al., 2009). Lectins are defined by their ability to bind various carbohydrates such as β-1-3-glucans that are present in the cell wall of filamentous pathogens. Therefore, NLPs being structurally similar to lectins, may bind to cell wall glucans and thereby suppress the recognition of the pathogen by the host surveillance systems. However, this possibility needs further investigation.

Both the AbrNLPs contained bonafide signal peptides and were demonstrated to be secretory in nature using a yeast secretion trap assay. However, their subcellular localization in N. benthamiana was contrasting. While AbrNLP1 was associated with the plasma membrane and the apoplastic space, AbrNLP2 was found not only in the plasma membrane but also in the cytoplasm and nucleus. It is interesting to note that variation in the localization of NLPs within the same species has not been reported to date. However, different NLPs from different pathogens have been shown to have different subcellular locations. For example, NLPs from B. cinerea were associated with the nucleus and nuclear membrane (Schouten et al., 2008). A type II NLP from F. oxysporum was also localized to the cytoplasm using an immunogold-labeling technique (Bae et al., 2006). NLPs from the obligate biotroph Plasmopara viticola were also found to be localized within the cytoplasm and nucleus as is the case of AbrNLP2 (Schumacher et al., 2020). However, we could not distinguish whether AbrNLP2 is transported into the nucleus or it accumulates at the nuclear membrane (due to its membrane binding affinity). Moreover, the subcellular localization of the NLPs could not be correlated to the cell death inducing ability, since NLPs from B. cinerea and A. brassicae have been shown to cause cell death in the host even though they localize to both the membrane/apoplastic space and in the nucleus and cytoplasm. In contrast, NLPs from P. viticola localize intracellularly but do not cause any cell death.

AbrNLP2 was also shown to induce PTI in both non-host (N. benthamiana) and host (B. juncea) using the secreted peroxidase assay. The quantum of PTI was higher in the non-host, N. benthamiana, which is concordant with the literature that PTI responses against a pathogen are stronger in a non-host vs. a natural host (Mysore and Ryu, 2004; Lee et al., 2017). Previous studies have demonstrated that NLPs from various fungi, bacteria, and oomycetes act as potent activators of PTI in plants (Oome et al., 2014; Oome and Van den Ackerveken, 2014). Further, they have shown that a 24 aa peptide (nlp24) from a conserved region in the NPP1 domain is essential for triggering immune responses. The 24 aa peptide region is highly conserved and is retained in its functional form in AbrNLP1 and AbrNLP2. Recent studies in Arabidopsis have shown that RLP23 contributes to resistance against B. cinerea via recognition of BcNLP1 and BcNLP2 (Ono et al., 2020). However, they also showed that RLP23 is not essential for resistance against Alternaria brassicicola, since the NLP from A. brassicicola is not expressed at early stages of infection. Therefore, there may be other RLP proteins that may be responsible for the recognition of NLPs from the Alternaria species.

In conclusion, we identified two NLPs from A. brassicae and functionally characterized their necrosis inducing ability. AbrNLP1 and AbrNLP2 are the first NLPs from the Alternaria genus to be functionally characterized. We showed that AbrNLP2 could induce necrosis and PTI effectively in both host and non-host species. Our work has shown that AbrNLPs are functionally and spatially (localization) distinct and may play different but important roles during the pathogenesis of A. brassicae.



DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the NCBI GenBank repository, accession numbers: MZ783062 and MZ783063.



AUTHOR CONTRIBUTIONS

SR conceived and designed the study with inputs from TS. DD and RJ performed the cloning and transient expression experiments. SG contributed to the cloning experiments and carried out the peroxidase assays. DD performed the protein expression and purification experiments with inputs from RS. SR wrote the first draft of the manuscript. All authors contributed to the revision of the subsequent versions and approved the final manuscript.



FUNDING

This study was supported by grants from the Department of Science and Technology through the DST-INSPIRE Faculty program to SR and a Core Research Grant from the Science and Engineering Research Board (SERB Grant No. CRG/2020/001731).



ACKNOWLEDGMENTS

We would like to thank Aakriti Mehra for the help with the confocal experiments. We would also like to thank the Executive Director, NABI for his continuous support in providing infrastructural facilities.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.738617/full#supplementary-material



REFERENCES

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

Amaro, T. M., Thilliez, G. J., Motion, G. B., and Huitema, E. (2017). A Perspective on CRN Proteins in the Genomics Age: evolution, Classification, Delivery and Function Revisited. Front. Plant Sci. 8:99. doi: 10.3389/fpls.2017.00099

Ansari, N. A., Khan, M. W., and Muheet, A. (1990). Host-range of Alternaria brassicae. Acta Bot. Indica 18, 104–105.

Arya, G. C., Srivastava, D. A., Pandaranayaka, E. P. J., Manasherova, E., Prusky, D. B., Elad, Y., et al. (2020). Characterization of the Role of a Non-GPCR Membrane-Bound CFEM Protein in the Pathogenicity and Germination of Botrytis cinerea. Microorganisms 8:1043. doi: 10.3390/microorganisms8071043

Bae, H., Kim, M. S., Sicher, R. C., Bae, H. J., and Bailey, B. A. (2006). Necrosis- and ethylene-inducing peptide from Fusarium oxysporum induces a complex cascade of transcripts associated with signal transduction and cell death in Arabidopsis. Plant Physiol. 141, 1056–1067. doi: 10.1104/pp.106.076869

Bailey, B. A. (1995). Purification of a protein from culture filtrates of Fusarium oxysporum that induces ethylene and necrosis in leaves of Erythroxylum coca. Phytopathology 85, 1250–1255. doi: 10.1094/Phyto-85-1250

Cessna, S. G., Sears, V. E., Dickman, M. B., and Low, P. S. (2000). Oxalic acid, a pathogenicity factor for Sclerotinia sclerotiorum, suppresses the oxidative burst of the host plant. Plant Cell 12, 2191–2200. doi: 10.1105/tpc.12.11.2191

Ciuffetti, L. M., Manning, V. A., Pandelova, I., Betts, M. F., and Martinez, J. P. (2010). Host-selective toxins, Ptr ToxA and Ptr ToxB, as necrotrophic effectors in the Pyrenophora tritici-repentis-wheat interaction. N. Phytol. 187, 911–919. doi: 10.1111/j.1469-8137.2010.03362.x

Cuesta Arenas, Y., Kalkman, E. R. I. C., Schouten, A., Dieho, M., Vredenbregt, P., Uwumukiza, B., et al. (2010). Functional analysis and mode of action of phytotoxic Nep1-like proteins of Botrytis cinerea. Physiol. Mol. Plant Pathol. 74, 376–386. doi: 10.1016/j.pmpp.2010.06.003

Dallal Bashi, Z., Hegedus, D. D., Buchwaldt, L., Rimmer, S. R., and Borhan, M. H. (2010). Expression and regulation of Sclerotinia sclerotiorum necrosis and ethylene-inducing peptides (NEPs). Mol. Plant Pathol. 11, 43–53. doi: 10.1111/j.1364-3703.2009.00571.x

Derbyshire, M., Denton-Giles, M., Hegedus, D., Seifbarghy, S., Rollins, J., van Kan, J., et al. (2017). The complete genome sequence of the phytopathogenic fungus Sclerotinia sclerotiorum reveals insights into the genome architecture of broad host range pathogens. Genome Biol. Evol. 9, 593–618. doi: 10.1093/gbe/evx030

Dong, S., Kong, G., Qutob, D., Yu, X., Tang, J., Kang, J., et al. (2012). The NLP toxin family in Phytophthora sojae includes rapidly evolving groups that lack necrosis-inducing activity. Mol. Plant Microbe Interact. 25, 896–909. doi: 10.1094/MPMI-01-12-0023-R

Fellbrich, G., Blume, B., Brunner, F., Hirt, H., Kroj, T., Ligterink, W., et al. (2000). Phytophthora parasitica elicitor-induced reactions in cells of Petroselinum crispum. Plant Cell Physiol. 41, 692–701. doi: 10.1093/pcp/41.6.692

Fellbrich, G., Romanski, A., Varet, A., Blume, B., Brunner, F., Engelhardt, S., et al. (2002). NPP1, a Phytophthora-associated trigger of plant defense in parsley and Arabidopsis. Plant J. 32, 375–390. doi: 10.1046/j.1365-313x.2002.01454.x

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

Fujiwara, T., Oda, K., Yokota, S., Takatsuki, A., and Ikehara, Y. (1988). Brefeldin A causes disassembly of the Golgi complex and accumulation of secretory proteins in the endoplasmic reticulum. J. Biol. Chem 263, 18545–18552.

Gijzen, M., and Nurnberger, T. (2006). Nep1-like proteins from plant pathogens: recruitment and diversification of the NPP1 domain across taxa. Phytochemistry 67, 1800–1807. doi: 10.1016/j.phytochem.2005.12.008

Hatta, R., Ito, K., Hosaki, Y., Tanaka, T., Tanaka, A., Yamamoto, M., et al. (2002). A conditionally dispensable chromosome controls host-specific pathogenicity in the fungal plant pathogen Alternaria alternata. Genetics 161, 59–70.

Kamoun, S. (2006). A catalogue of the effector secretome of plant pathogenic oomycetes. Annu. Rev. Phytopathol. 44, 41–60. doi: 10.1146/annurev.phyto.44.070505.143436

Kanneganti, T.-D., Huitema, E., and Kamoun, S. (2007). “In planta Expression of Oomycete and Fungal Genes” in Plant-Pathogen Interactions: methods and Protocols. ed. P. C. Ronald (Totowa: Humana Press), 35–43.

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: molecular Evolutionary Genetics Analysis across Computing Platforms. Mol. Biol. Evol. 35, 1547–1549. doi: 10.1093/molbev/msy096

Lee, H. A., Lee, H. Y., Seo, E., Lee, J., Kim, S. B., Oh, S., et al. (2017). Current Understandings of Plant Nonhost Resistance. Mol. Plant Microbe Interact. 30, 5–15. doi: 10.1094/MPMI-10-16-0213-CR

Letunic, I., and Bork, P. (2021). Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree display and annotation. Nucleic Acids Res. 49, W293–W296. doi: 10.1093/nar/gkab301

Lindeberg, M., Myers, C. R., Collmer, A., and Schneider, D. J. (2008). Roadmap to new virulence determinants in Pseudomonas syringae: insights from comparative genomics and genome organization. Mol Plant Microbe Interact 21, 685–700. doi: 10.1094/MPMI-21-6-0685

Lyu, X., Shen, C., Fu, Y., Xie, J., Jiang, D., Li, G., et al. (2016). A Small Secreted Virulence-Related Protein Is Essential for the Necrotrophic Interactions of Sclerotinia sclerotiorum with Its Host Plants. PLoS Pathog. 12:e1005435. doi: 10.1371/journal.ppat.1005435

Mandal, S., Rajarammohan, S., and Kaur, J. (2018). Alternaria brassicae interactions with the model Brassicaceae member Arabidopsis thaliana closely resembles those with Mustard (Brassica juncea). Physiol. Mol. Biol. Plants 24, 51–59. doi: 10.1007/s12298-017-0486-z

Mandal, S., Rajarammohan, S., and Kaur, J. (2019). ROS accumulation and associated cell death mediates susceptibility to Alternaria brassicae in Arabidopsis accessions. Physiol. Mol. Plant Pathol. 107, 51–59. doi: 10.1016/j.pmpp.2019.06.001

Meronuck, R. A., Steele, J. A., Mirocha, C. J., and Christensen, C. M. (1972). Tenuazonic acid, a toxic produced by Alternaria alternata. Appl. Microbiol. 23, 613–617. doi: 10.1128/am.23.3.613-617.1972

Mott, G. A., Desveaux, D., and Guttman, D. S. (2018). A High-Sensitivity, Microtiter-Based Plate Assay for Plant Pattern-Triggered Immunity. Mol. Plant Microbe Interact. 31, 499–504. doi: 10.1094/MPMI-11-17-0279-TA

Motteram, J., Kufner, I., Deller, S., Brunner, F., Hammond-Kosack, K. E., Nurnberger, T., et al. (2009). Molecular characterization and functional analysis of MgNLP, the sole NPP1 domain-containing protein, from the fungal wheat leaf pathogen Mycosphaerella graminicola. Mol. Plant Microbe Interact. 22, 790–799. doi: 10.1094/MPMI-22-7-0790

Mysore, K. S., and Ryu, C. M. (2004). Nonhost resistance: how much do we know? Trends Plant Sci. 9, 97–104. doi: 10.1016/j.tplants.2003.12.005

Ono, E., Mise, K., and Takano, Y. (2020). RLP23 is required for Arabidopsis immunity against the grey mould pathogen Botrytis cinerea. Sci. Rep. 10:13798. doi: 10.1038/s41598-020-70485-1

Oome, S., Raaymakers, T. M., Cabral, A., Samwel, S., Bohm, H., Albert, I., et al. (2014). Nep1-like proteins from three kingdoms of life act as a microbe-associated molecular pattern in Arabidopsis. Proc. Natl. Acad. Sci. U. S. A. 111, 16955–16960. doi: 10.1073/pnas.1410031111

Oome, S., and Van den Ackerveken, G. (2014). Comparative and functional analysis of the widely occurring family of Nep1-like proteins. Mol. Plant Microbe Interact. 27, 1081–1094. doi: 10.1094/MPMI-04-14-0118-R

Ottmann, C., Luberacki, B., Kufner, I., Koch, W., Brunner, F., Weyand, M., et al. (2009). A common toxin fold mediates microbial attack and plant defense. Proc. Natl. Acad. Sci. U. S. A. 106, 10359–10364. doi: 10.1073/pnas.0902362106

Parada, R. Y., Sakuno, E., Mori, N., Oka, K., Egusa, M., Kodama, M., et al. (2008). Alternaria brassicae produces a host-specific protein toxin from germinating spores on host leaves. Phytopathology 98, 458–463. doi: 10.1094/PHYTO-98-4-0458

Park, C.-H., Chen, S., Shirsekar, G., Zhou, B., Khang, C. H., Songkumarn, P., et al. (2012). The Magnaporthe oryzae Effector AvrPiz-t Targets the RING E3 Ubiquitin Ligase APIP6 to Suppress Pathogen-Associated Molecular Pattern–Triggered Immunity in Rice. Plant Cell 24, 4748–4762. doi: 10.1105/tpc.112.105429

Pemberton, C. L., and Salmond, G. P. (2004). The Nep1-like proteins-a growing family of microbial elicitors of plant necrosis. Mol. Plant Pathol. 5, 353–359. doi: 10.1111/j.1364-3703.2004.00235.x

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 29:e45. doi: 10.1093/nar/29.9.e45

Plett, J. M., Kemppainen, M., Kale, S. D., Kohler, A., Legue, V., Brun, A., et al. (2011). A secreted effector protein of Laccaria bicolor is required for symbiosis development. Curr. Biol. 21, 1197–1203. doi: 10.1016/j.cub.2011.05.033

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

Qutob, D., Kemmerling, B., Brunner, F., Kufner, I., Engelhardt, S., Gust, A. A., et al. (2006). Phytotoxicity and innate immune responses induced by Nep1-like proteins. Plant Cell. 18, 3721–3744. doi: 10.1105/tpc.106.044180

Rajarammohan, S., Kumar, A., Gupta, V., Pental, D., Pradhan, A. K., and Kaur, J. (2017). Genetic Architecture of Resistance to Alternaria brassicae in Arabidopsis thaliana: qTL Mapping Reveals Two Major Resistance-Conferring Loci. Front. Plant Sci. 8:260. doi: 10.3389/fpls.2017.00260

Rajarammohan, S., Paritosh, K., Pental, D., and Kaur, J. (2019). Comparative genomics of Alternaria species provides insights into the pathogenic lifestyle of Alternaria brassicae - a pathogen of the Brassicaceae family. BMC Genomics 20:1036. doi: 10.1186/s12864-019-6414-6

Schouten, A., Van Baarlen, P., and Van Kan, J. A. L. (2008). Phytotoxic Nep1-like proteins from the necrotrophic fungus Botrytis cinerea associate with membranes and the nucleus of plant cells. N. Phytol. 177, 493–505. doi: 10.1111/j.1469-8137.2007.02274.x

Schumacher, S., Grosser, K., Voegele, R. T., Kassemeyer, H. H., and Fuchs, R. (2020). Identification and Characterization of Nep1-Like Proteins From the Grapevine Downy Mildew Pathogen Plasmopara viticola. Front. Plant Sci. 11:65. doi: 10.3389/fpls.2020.00065

Sperschneider, J., Dodds, P. N., Gardiner, D. M., Singh, K. B., and Taylor, J. M. (2018a). Improved prediction of fungal effector proteins from secretomes with EffectorP 2.0. Mol. Plant Pathol. 19, 2094–2110. doi: 10.1111/mpp.12682

Sperschneider, J., Dodds, P. N., Singh, K. B., and Taylor, J. M. (2018b). ApoplastP: prediction of effectors and plant proteins in the apoplast using machine learning. N. Phytol. 217, 1764–1778. doi: 10.1111/nph.14946

Tanaka, A., and Tsuge, T. (2000). Structural and functional complexity of the genomic region controlling AK-toxin biosynthesis and pathogenicity in the Japanese pear pathotype of Alternaria alternata. Mol. Plant Microbe Interact. 13, 975–986. doi: 10.1094/MPMI.2000.13.9.975

Thomma, B. P. (2003). Alternaria spp.: from general saprophyte to specific parasite. Mol. Plant Pathol. 4, 225–236. doi: 10.1046/j.1364-3703.2003.00173.x

Torto, T. A., Li, S., Styer, A., Huitema, E., Testa, A., Gow, N. A., et al. (2003). EST mining and functional expression assays identify extracellular effector proteins from the plant pathogen Phytophthora. Genome Res. 13, 1675–1685. doi: 10.1101/gr.910003

Veit, S., Worle, J. M., Nurnberger, T., Koch, W., and Seitz, H. U. (2001). A novel protein elicitor (PaNie) from Pythium aphanidermatum induces multiple defense responses in carrot, Arabidopsis, and tobacco. Plant Physiol. 127, 832–841.

Zhu, W., Ronen, M., Gur, Y., Minz-Dub, A., Masrati, G., Ben-Tal, N., et al. (2017). BcXYG1, a Secreted Xyloglucanase from Botrytis cinerea, Triggers Both Cell Death and Plant Immune Responses. Plant Physiol. 175, 438–456. doi: 10.1104/pp.17.00375


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 © 2021 Duhan, Gajbhiye, Jaswal, Singh, Sharma and Rajarammohan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.








 


	
	
ORIGINAL RESEARCH
 published: 08 November 2021
 doi: 10.3389/fmicb.2021.743776






[image: image2]

Distinct Transcriptional Programs Underlie Differences in Virulence of Isolates on Host Plants in a Fungal Pathogen, Colletotrichum gloeosporioides
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Susceptible host plants challenged by fungal pathogens can display different types of lesions, which can be attributed to environmental factors affecting the nature of interactions between the host and pathogen. During our survey of apple anthracnose in Korea, two distinct types of disease symptoms, designated as progressive (PS) and static symptoms (SS), were recognized. PS is a typical, rapidly enlarging symptom of apple anthracnose, while SS is a small, dark speck that does not expand further until the harvesting season. Isolation and genotyping of pathogens from disease lesions suggested that all of them belong to Colletotrichum gloeosporioides, a well-known causal agent of apple anthracnose. Two types of isolates were comparable in growth on media, spore germination and appressorium formation, virulence test on fruits at various temperature conditions. Furthermore, they were analyzed at the molecular level by a phylogenetic tree, RNA-seq, and expression of virulence gene. However, the SS isolates were defective in appressorium-mediated penetration into the underlying substratum. RNA-seq analysis of PS and SS isolates showed that distinct transcriptional programs underlie the development of different types of anthracnose symptoms in host plants. One downregulated gene in SS encoded isocitrate lyase is essential for disease development via its involvement in the glyoxylate cycle. It partly explains why SS is less virulent than PS on host plants. Overall, our work challenges the traditional view on the development of different lesion types and provides valuable insights into variations that exist in the pathogen population.
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INTRODUCTION

The genus Colletotrichum contains a large number of species. Many members of this genus are necrotrophic plant pathogens that cause major losses to economically important crops, fruits, vegetables, and ornamentals (Guarnaccia et al., 2021). Colletotrichum species are currently listed as the top 10 most important groups of pathogenic fungi because of their scientific and economic impacts (Dean et al., 2012). They typically cause a disease known as anthracnose in a broad range of host plants, including apples, peaches, avocados, strawberries, and peppers (Baroncelli et al., 2017; Zakaria, 2021). Anthracnose disease occurs in both developing and mature plant tissues, resulting in pre- and post-harvest losses (Bailey et al., 1992). Considering that most crops grown worldwide are susceptible to at least one or more species of Colletotrichum (Gomes et al., 2021).


Colletotrichum gloeosporioides is considered the most prevalent pathogen on apples (Moreira et al., 2019). Currently, C. gloeosporioides is recognized as a species complex with several subspecies, such as C. asianum, C. fructicola, and C. gloeosporioides (Weir et al., 2012). The fungus causes and spreads anthracnose disease in warm and humid environments (Saxena et al., 2016). It infects host plants primarily through wounded sites or soft tissue and produces conidia by developing small asexual fruiting bodies called acervuli. Conidia are usually disseminated by rain splash or overhead irrigation, leading to secondary infection of the host plants. Conidium that lands on the host plant germinates and develops appressorium, a specialized infection structure (Deising et al., 2000; Weir et al., 2012). Within the appressorium, enormous turgor pressure accumulates and is used to drive a narrow penetration peg into plant tissue at the base of the appressorium (Eseola et al., 2021). Upon entry into the host plant, the fungus quickly colonizes the plant tissue, eventually leading to tissue necrosis. As colonization continues, sunken and water-soaked spots that rapidly expand on infected plant tissues become visible, which is typically described as anthracnose symptoms (Weir et al., 2012; Boddy, 2016).

However, a large variation exists in the symptoms produced by C. gloeosporioides between different hosts (Nguyen et al., 2009). Furthermore, different types of disease symptoms have been recorded, even within a host plant (Kee et al., 2020). Between-host and within-host variations in anthracnose symptom development are usually ascribed to environmental factors based on the famous “disease triangle” concept in plant pathology. The disease triangle concept states that for a disease to occur, a susceptible host plant, a virulent pathogen, and favorable environmental conditions are required, as there is no disease in conditions where any of these three factors is lacking (Scholthof, 2007; Velásquez et al., 2018). The corollary of this is that the interactions between pathogens and plants are dependent on environmental variables, such as temperature and humidity. Under an environmental condition that is not optimal for disease, there would be a deviation from “disease optimum” in terms of both the number and development of disease symptoms.

Apple (Malus domestica Borkh.) is one of the most important fruit crops globally. Among the many apple cultivars in Korea, 22 are grown as major cultivars (Ban et al., 2014). Apple production in Korea covers approximately 31,620ha, with a total annual yield of 582,845 tons, of which 60.8% of the total area and 63.9% of the total yield, respectively, are accounted for by apple production in Gyeongbuk Province [Korean Statistical Information Service (KOSIS), 2015]. Currently, the predominant cultivar is “Fuji” (72.4%), which was introduced from Japan in 1967 (Kim et al., 2007). Apple is susceptible to a wide range of diseases affecting fruit quality and yield. Anthracnose, caused by Colletotrichum spp., is one of the most important fungal diseases of apple causing significant yield losses to the apple producers in Korea (Oo et al., 2018) and worldwide (Peres et al., 2005). Genus Colletotrichum is one of the most important pathogenic fungi causing economically significant diseases on a wide range of subtropical, tropical, and temperate fruit crops (Cannon et al., 2012; Jayawardena et al., 2016). There were a few reports on the existence of two or more different types of diseases caused by different pathogens on the same fruits, for example, a recent study by Khodadadi et al. (2020) reported that two different species of Colletotrichum, such as C. chrysophilum and C. noveboracense, cause bitter rot disease on apple fruits with varying lesion sizes; similarly, a previous report demonstrated that two species of C. gloeosporioides and C. acutatum caused bitter rot disease on apple fruit (González et al., 2006).

From 2013 to 2015, we surveyed the occurrence of diseases in apple orchards in the northern Gyeongbuk Province of Korea. During our survey, we noticed anthracnose disease symptoms on apples caused by C. gloeosporioides presented as two different types on the same apple fruit at various orchards. However, it is not clear why such a difference in symptoms exists. Therefore, in this study, we aim to (i) identify the two types of the pathogens associated with anthracnose symptoms in detail at the molecular and phenotypic levels; (ii) investigate the differences in virulence ability between progressive symptom (PS) and static symptom (SS) isolates of C. gloeosporioides that cause anthracnose in apples; (iii) analyze the effect of ethephon treatment and cellophane membrane (CM) on mycelial growth of PS and SS of C. gloeosporioides; and (iv) analyze the transcriptome of C. gloeosporioides isolates to gain insight into the possible underlying differences in virulence using transcriptome analysis.



MATERIALS AND METHODS


Survey of Major Disease Occurrences on Apple at Various Orchards in the Northern Gyeongbuk Province in Korea

A survey was conducted over 3years (from 2013 to 2015) on the occurrence of major apple diseases at several apple orchards (Youngju, Bonghwa, Andong, Uiseong, Cheongsong, Yeongyang, Mungyeong, and Yecheon) in the northern Gyeongbuk Province of Korea. For the disease survey, three apple orchards were randomly selected per location (Figure 1A). The locations were as follows: Chunyang-myeon, Bongsung-myeon and Beopjen-myeon from Bonghwa; Sunheung-myeon, Bonghyun-myeon, and Anjeong-myeon from Youngju; Yongmun-myeon, Yecheon-eup, and Gamcheon-myeon from Yecheon; Mungyeong-eup, Maseong-myeon, Sanbuk-myeon from Mungyeong; Angye-myeon, Bian-myeon, and Bongyang-myeon from Uisung; Hyeonseo-myeon, Budong-myeon, and Pacheon-myeon from Chungsong; Bukhu-myeon, Waryong-myeon, and Imha-myeon from Andong. Disease occurrence was recorded in three main apple cultivars: Fuji, Yoko, and Hongro during the months of late June to early October at 20-day intervals. For the disease survey analysis, 25 trees were randomly selected from each orchard and the percentage (%) of diseased fruits was recorded for anthracnose based on the disease index of each plant. The diseases were identified based on diagnostic symptoms following the guidebook by Choi et al. (2012). The common name and scientific name were written based on the list of plant diseases in Korea (The Korean Society of Plant Pathology, 2009).
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FIGURE 1. Disease occurrences in apple orchards in Korea over 3years. (A) Distribution of disease occurrences in apple orchards at various locations of the northern Gyeongbuk Province of Korea. (B) Typical progressive symptoms (PS) of anthracnose appear as round, brown, shrivelled, and sunken spots, with orange conidial masses on the surface of the matured fruits. A longitudinal section of the fruit shown at the corner represents the disease spread as “V” shape inside the fruit. (C) An apple fruit showing both types of progressive symptoms (PS) and static symptoms (SS) of anthracnose disease caused by Colletotrichum gloeosporioides on the apple fruit in field conditions. (D) Occurrence of disease incidence (%) of anthracnose as PS and SS on apple fruits at different locations in the northern Gyeongbuk Province of Korea over 3years, 2013, 2014, and 2015. From each location, 20 samples were collected. Bars with the same letters do not differ statistically from each other, according to the least significant difference (LSD; p<0.05).




Isolation of Pathogenic Fungi From the Apple Orchards and Microscopy

The progressive (PS) and static (SS) pathogenic fungal isolates of pathogen C. gloeosporioides used in this study were originally isolated from “Fuji” apples in Korea. The fungi were maintained on potato dextrose agar (PDA; Difco, United States) at 25°C. To prepare spore suspensions, symptomatic tissues were cut from the apple fruits and subjected to surface sterilization using 1% sodium hypochlorite (NaOCl) solution for 1min and 70% ethanol for 30s and then rinsed twice with sterile distilled water (SDW). After sterilization, the tissues were dried on sterile filter paper, placed onto PDA plates, and incubated at 25°C for 7days. Conidial suspensions of pathogenic fungi were prepared by suspending mycelia scraped from a 7-day-old PDA culture plate with SDW. The resulting suspensions were filtered through double-layered cheesecloth, and their concentrations were adjusted to 105 conidia/ml using a hemocytometer (Eckert and Brown, 1986). For microscopic analysis, conidia from the mycelial growth of the fungi were mounted on glass slides and observed under a ProgRes speedXT core3 Imager microscope using differential interference contrast illumination.



Molecular Identification

Genomic DNA from PS and SS fungal mycelia of C. gloeosporioides was extracted by cell lysis method as previously described by Chi et al. (2009): In brief, 10–20mg of both fungal mycelia grown on PDA media for 2–3days were taken into Eppendorf tubes containing extraction buffer, and the fungal cells were pulverized with an electric grinder. Cell lysates were centrifuged at 5,000×g for 10min, and the supernatant was transferred into fresh Eppendorf tubes containing 300μl of 2-propanol. The lysate was mixed with 2-propanol by inverting the tubes several times for the DNA precipitation and then centrifuged at 12,000×g for 10min. This time the supernatant was discarded completely and washed with EtOH and allowed to evaporate. The pellet was mixed with 50μl 1× TE buffer (1M KCl, 100mM Tris-HCl, and 10mM EDTA) to dissolve the DNA. For amplification of multilocus sequence analysis (MLSA) of the actin (ACT), internal transcribed spacer (ITS) rDNA, and β-tubulin (Tub2), the genomic DNA was amplified in a thermocycler (MyGenie 96/Therma Block, Bioneer, Korea) using primer pairs ACT-521F/ACT-783R, ITS1/ITS4, and T1/T2, respectively (White et al., 1990). The conditions for polymerase chain reaction (PCR) amplification were 95°C for 5min, 35cycles of 94°C for 45s, 60°C for 30s, 72°C for 45s, and final 72°C for 5min. The product size was approximately 575bp, which was visible on a 1.2% agarose gel under UV light. The PCR product was purified using a PCR purification kit (Biofact, Biofactory, Korea) according to the manufacturer’s instructions. The PCR product was sequenced by Solgent services (Solgent Inc., Daejeon, Korea). The above primers were also used for this purpose. The sequence was compared with the reference species of fungal pathogens in a genomic database using the NCBI BLAST tool. Sequence alignment and phylogenetic tree construction were performed in MEGA 7.0 (Biodesign Institute, Tempe, Arizona, United States).



Media Optimization for the Development of Fungal Mycelia

The PS and SS pathogens of C. gloeosporioides were inoculated on different media to identify the best medium for growth and sporulation. In this experiment, four different media, such as PDA, glucose-peptone agar (GPA, glucose 10g, peptone 2g, KH2PO4 0.5g, MgSO4-7H2O 0.5g, agar 15g, Water 1L), carrot juice agar (CJA, carrot juice 125–750ml, Streptomycin 100mg, agar 15g, water 1L, pH 5.1–5.5), and malt extract agar (MEA, Difco), were used. Mycelial discs (5mm diameter) cut from the growing margins of the fresh fungal culture were placed at the center of each Petri plate. The diameter (mm) of the mycelial colonies was measured 5days after incubation at 25°C.



Sporulation and Appressorium Formation Assay

Each of the 20 C. gloeosporioides isolates possessing PS and SS was inoculated onto PDA plates and incubated at 25°C for 15days in the dark under in vitro conditions. To each plate, 3ml SDW was added to obtain conidial suspensions and a hemocytometer was used to determine their concentration. For the percentage of germination assays, conidia suspensions at the concentration of 1.5×105 conidia/ml were used for each isolate. Conidial suspensions (100μl) were spread onto PDA plates at a concentration of 1.5×105 conidia/ml. After 24h of incubation at 25°C in darkness, 100 conidia from each replicate were evaluated under a light microscope (BX400; Olympus, Tokyo, Japan) for the determination of conidial germination (%), and the width and length of the conidia after germination were measured using a light microscope. Further, the appressorium formation from the conidia by primary hyphae, followed by germ tube formation, was observed 48h after incubation at 25°C.



Assay for Testing Effects of Fruit Ripeness and Temperature on Virulence

The PS and SS isolates of C. gloeosporioides from the symptomatic tissues were tested for their virulence in three different states (ripe fruits, unripe fruits, and fruit cross section) by artificial inoculation. A 10μl conidial suspension (105 conidia/ml) was placed on surface-sterilized apple fruits that had been wounded by piercing with a pin to a depth of 1–2mm. Inoculation of apple fruits with SDW served as a control. After inoculation, fruits were incubated at 25°C under a 12-h light/12-h dark cycle for different durations. Disease symptoms were evaluated 7days after inoculation by measuring the symptoms in diameter (mm). To determine the effect of various temperatures on the symptom development of PS and SS of C. gloeosporioides, the surface-sterilized apple fruits were artificially inoculated at a range of temperatures (15, 20, 25, 30, and 35°C) under the same light/dark conditions as described above. Disease symptoms were recorded 7days after inoculation by measuring the symptoms in diameter (mm). Each treatment consisted of five replicates (fruits).



Microscopic Observation

For scanning electron microscopy (SEM) analysis, the tissues were prepared following the method of Ge and Guest (2011) with minor modifications. Samples were collected at 1, 2, 3, and 4days after inoculation. Apples inoculated with pathogenic conidial suspensions were incubated for different durations (1–4days). Small portions of the inoculated apple area were cut and dried for 30min at 45°C. The dried samples were directly subjected to a gold coating in an ion coater. The prepared specimens were observed using the SEM (Hitachi S-2500C, Jeol Co. Japan) at 10, 15, and 20kV.



Effect of Ethephon Treatment on PS and SS of Colletotrichum gloeosporioides

To determine the effect of ethephon treatment for disease induction of PS and SS on apples, surface-sterilized mature apple fruits artificially inoculated with 10μl conidial suspensions (105 conidia/ml) were treated with ethephon (10μM) that had been wounded by piercing with a pin to a depth of 1–2mm. Inoculation of apple fruits with conidial suspensions served as a control. After inoculation, fruits were incubated at 25°C under 12-h light/12-h dark cycle for different durations (1–7days). Disease symptoms of both PS and SS were evaluated for 7days after inoculation by measuring the symptom length in diameter (mm). Each treatment consisted of five replicates (fruits).



Assay for Appressorium-Mediated Penetration Ability

To test the penetration ability of germinated conidia through the CM, a sheet of sterile CM (4×4cm) was placed on top of PDA plates. Then, 10μl spore suspensions (105 conidia/ml) of PS or SS isolates were mixed either with water or ethephon (10μM) and then placed at the center of the CM. CM was removed after 1–3days and observed for the growth of PS and SS isolates 48h after incubation at 25°C. Each treatment contained three replicates, and each experiment was performed at least twice.



In vitro Comparison of Penetration Hyphae of PS and SS of Colletotrichum gloeosporioides

Conidia germination and appressorium formation from PS and SS of C. gloeosporioides were tested on a cover glass surface in ethephon (10μM) following the method described previously (Flaishman and Kolattukudy, 1994; Kim et al., 1998). Briefly, conidia from cultures grown on PDA for 3–5days were harvested and washed twice with ice-cold SDW. Conidia (105 conidia/ml) were suspended in ethephon (10μM), and 10μl of the suspension was dropped onto the cellophane membrane attached to the glass slide. Conidial germination and formation of appressorium and primary hyphae in PS and SS upon treatment with ethephon were assessed during different durations (4, 8, 16, and 20h) of incubation at 25°C. At least 50 measurements per structure were measured with a ProgRes speedXT core3 Imager microscope using differential interference contrast illumination.



RNA Isolation and Library Preparation for RNA-Seq

Total RNA was extracted from various fungal mycelia using TRIzol reagent (Invitrogen, Carlsbad, CA, The United States) and RNeasy® plant mine kits (QIAGEN, United States). Harvested mycelia of C. gloeosporioides were ground vigorously using a mortar and pestle in liquid nitrogen, and the mycelia powder was transferred into a DEPC-treated mortar and ground well with 2ml of TRIzol® reagent for 2min. This suspension was centrifuged at 14,000×g for 10min at 4°C, and the supernatant was transferred to an RNeasy mini spin column. Total RNA was extracted using RNeasy plant mini kits, according to the manufacturer’s instructions. RNA was dissolved in RNase-free water and converted to cDNA immediately or stored at −80°C. A total of 18 samples from the two lanes were used for sequencing reactions. RNA sequencing libraries were prepared using an Illumina TruSeq RNA sample prep kit (Illumina San Diego, CA), according to the manufacturer’s protocol. Sequencing was performed on an Illumina HiSeq2000 instrument using the reagents provided in the Illumina TruSeq PE Cluster Kit (Illumina San Diego, CA).



Analysis of RNA-Seq Data

The genome sequence of C. gloeosporioides was obtained from the NCBI genome database.1 The accession code of the sequence was NC_014483.2. In this study, we analyzed 14,000 annotated genes of C. gloeosporioides. After sequencing, the enrichment mRNA raw reads were mapped onto the reference genome of E681 using the BWA program. Sequence alignment map (SAM) files generated by mapping were converted to BAM files in a binary format and then sorted by chromosomal coordinates using the SAMtools program available (Cock et al., 2015). Mapped reads per annotated gene were counted using the Bam2readcount. To analyze the gene expression levels of PS and SS of C. gloeosporioides, the relative transcript abundance was measured in reads per kilobase of exon per million mapped sequence reads (FPKM; Mortazavi et al., 2008). The log2 ratios of the FPKM values were used to identify the differentially expressed genes (DEGs). Subsequently, DEGs were identified using the DEGseq package in R language (Wang et al., 2010). To determine the differences in pathogenicity among the three isolates of C. gloeosporioides, several known pathogenicity genes corresponding to DEG were obtained from the NCBI GenBank (Supplementary Table S1). Among these, the isocitrate lyase (ICL) gene which is involved in the penetration process from the appressorium in plant pathogenic fungi, such as Colletotrichum and rice blast fungus, was unusually downregulated. Therefore, ICL is one of the key enzymes in the glyoxylate cycle.



Gene Ontology Enrichment

Gene Ontology (GO) terms were downloaded from the VertiGO database of MicrosOnline.2 The significance of enrichment for total GO terms was calculated by Fisher’s exact test, and the obtained values of p were adjusted for multiple hypotheses testing by q-value (Storey and Tibshirani, 2003). For constructing pathway databases, we used a python code script and the “WGET” program of the LINUX operating system. The pathway database was downloaded from the Kyoto Encyclopedia of Genes and Genomes (KEGG).3




Quantitative Real-Time PCR

To validate the transcription level from RNA-seq analysis, cDNA was generated using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, United States) with a random hexamer. DNase-treated total RNA was used as a starting material to generate cDNA according to the manufacture’s protocol. Quantitative real-time PCR (qRT-PCR) was performed using a CFX Connect Real-Time PCR Detection System (Bio-Rad), with 18S rRNA used as a reference gene. For qRT-PCR, the reaction mixture contained 10ng cDNA, 5pmol each of forward and reverse primers, and SsoAdvanced SYBR Green Supermix (Bio-Rad). All primers used in this study were designed using the PrimerQuest algorithm on the Integrated DNA Technologies (IDT) website (Supplementary Table S2).4 Thermal cycling conditions were as follows: denaturation at 95°C for 3min for polymerase activation, followed by 40cycles at 95°C for 10s, and 60°C for 30s. After the last reaction cycle, melting curves were obtained through a temperature ramp from 65°C to 95°C, with 0.5°C/s increments, to exclude nonspecific products. Each PCR run included a “no template” sample, and all tests were performed in triplicate. The cycle threshold (Ct) value relative to the control sample was considered for the calculation of ΔΔCt (difference between ΔCt values calculated from the difference between the Ct of the target and the reference gene) for the samples. The constitutively expressed 16S ribosomal RNA gene was used as a control for normalization (Yu et al., 2015).



Growth of Fungal Pathogens on Minimal Media

The minimal medium consisted of 6gL−1 NaNO3, 0.52gL−1 KCl, 0.52gL−1 MgSO4·7H2O, 1.52gL−1 KH2PO4, 0.001% thiamine, and 0.1% trace elements supplemented with 10gL−1 glucose. The acetate medium contained 50mM sodium acetate and agar (1.5%) as a solidifying agent. The fungal mycelial disk (6mm in diameter) was taken with a sterile cork borer and inoculated onto freshly prepared solid media, followed by incubation for 10days at 25°C.



Statistical Analysis

The data were subjected to analysis of variance (ANOVA) using SAS JMP software (SAS Institute, Cary, NC, 1995). Differences among treatment means were assessed using the least significant difference (LSD) test, and significance was established at p<0.05. All experiments were performed at least twice. For each experiment, the data were analyzed separately, and the results of one representative experiments are presented.




RESULTS


Two Distinct Types of Anthracnose Disease Symptoms in Apple Orchards

To assess the occurrence of anthracnose disease in apples, a survey was conducted from 2013 to 2015 on apple orchards at eight different locations within Gyeongbuk Province in Korea (Figure 1A; Supplementary Figure S1). The typical disease symptoms on apple fruits were initially observed as small, slightly sunken, circular, light brown to dark brown lesions, and later became conspicuously sunken as they enlarged (Figure 1B; Supplementary Figure S1A). When the lesions grew to be 1–3cm in diameter, the formation of acervuli was found in concentric rings around the point of infection, resulting in the production of a large number of conidia on the surface of infected fruit. The spore masses appeared to be creamy and salmon-colored. In cross section, the lesions were V-shaped (Figure 1B, inset) and acervuli were found just beneath the cuticle of the fruit, which was ruptured by the growth of conidiophores.

Together with these typical anthracnose symptoms, we noticed that a significant portion of initial lesions (small and dark specks on apple fruits) remained small until the harvesting season (Figure 1C; Supplementary Figure S1B). Upon recognition of two distinct types of symptoms, which we designated as “progressive symptom” (PS) and “static symptom” (SS), disease incidence was monitored separately for PS and SS each year (Figure 1D). Except for Uiseong in 2013, the incidence of PS was higher in all regions and years than that of SS. However, the incidence of SS is comparable to that of PS in many regions. Considering that the high incidence of SS negatively affects the marketability of apples, it is pivotal to understand the etiology of the two distinct symptoms.



Colletotrichum gloeosporioides as a Causal Agent of PS and SS Through Molecular Identification

During our survey, fungi were isolated from PS and SS lesions for identification and comparison. ITS sequencing of 139 isolates showed that they all belonged to C. gloeosporioides. Additional sequencing analysis of actin and β-tubulin for 18 randomly selected isolates corroborated the ITS sequencing results. To investigate whether there was a difference between PS and SS isolates at the genotype level, a phylogenetic tree was constructed using ITS sequences from our isolates that were representative of each lesion type in terms of sampling time, regions, and host varieties, together with sequences retrieved from GenBank (Figure 2).
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FIGURE 2. The phylogenetic tree of internal transcribed spacer (ITS) sequences of 40 isolates of C. gloeosporioides along with other isolates of Colletotrichum spp. from NCBI was inferred using the maximum likelihood method (MEGA 7.0). The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (100 replicates) is shown below the branches. The scale bar indicates 0.05 substitutions per nucleotide position.


Our phylogenetic analysis showed that PS and SS isolates are a part of the C. gloeosporioides species complex including C. fructicola, while they are more distantly related to species, such as C. acutatum and C. tabaci, which do not belong to the C. gloeosporioides species complex. Interestingly, PS and SS isolates tended to form closely related but distinct clades in our phylogenetic tree, although two PS isolates were found in SS clades, and vice versa. These results suggest that C. gloeosporioides is responsible for both PS and SS lesions in apples and that there are two subgroups within the C. gloeosporioides population in apple orchards of Gyeongbuk Province. The 40 fungal pathogenic isolates of Colletotrichum spp. Showed 98–100% similarity with the representative reference C. gloeosporioides isolates published in the NCBI GenBank database. Phylogenetic analysis of these isolates was clustered with reference C. gloeosporioides isolates (accession No. AF411769, DQ084497, and DQ084498) from NCBI GenBank with high bootstrap support (100%). Furthermore, 20 isolates and clustered with C. gloeosporioides (accession No. AY177315, KC913203; Figure 2).



Comparison of PS and SS Isolates in Growth and Microscopic Observation

Upon recognition of the two subgroups, each corresponding to PS and SS isolates, we set out to compare the phenotypes of these isolates. In addition, the growth rate of SS isolates, measured as colony diameter, was comparable to that of the PS isolates (Figure 3A). When grown on different media, colonies of both PS and SS isolates exhibited almost identical morphologies and pigmentation on different media (Figure 3B). Furthermore, microscopic observations revealed that the conidia of PS and SS germinated and developed appressoria on hydrophobic surfaces in vitro at different durations (Figure 3C). The conidial germination percentage ranged from 50 to 70 in both PS and SS conidia of C. gloeosporioides under a light microscope (Supplementary Table S3). Germ tubes were emerged from the PS conidium to develop an appressorium at 12h, while the germ tube was initiated by the conidium of the SS pathogen. The appressorium was formed from conidial germination by producing a shorter germ tube in PS than in SS after 24h of incubation. At this stage, conidia appeared in the two-celled stage. The primary hyphae were formed from the appressorium in the PS of the pathogen at 48h, while there was no formation of primary hyphae in the SS of the pathogen. The average size of appressoria was 6.7–14.3μm×5.3–8.7μm (length×width) in PS of the pathogen, while in SS the appressoria measured 6.5–12.0μm×5.0–6.9μm (length×width). Most appressoria were irregularly shaped, with dark brown, ovate, clavate, sometimes lobed, and thick walls in both types.

[image: Figure 3]

FIGURE 3. Effect of different media on mycelia growth and morphological characteristics of fungal pathogens. (A) Growth of mycelial colony (in diameter) of progressive (PS) and static (SS) fungal pathogens of C. gloeosporioides in different media was observed as similar in both cases. (B) Representative photographs of mycelial growth and characteristics of fungal mycelia of C. gloeosporioides as progressive and static on different media. Images were photographed 10days after incubation at 25°C. (C) Microscopic observation of appressoria formation and primary hyphae in water-treated conidia suspensions of PS and SS of C. gloeosporioides at different durations (0, 12, 24, and 48h). Bar=10μm. Ap, Appressorium; Cn, Conidium; Gt, Germ tube; Ph, primary hyphae.




Comparison of PS and SS Isolates for Their Virulence on Apples

To test the ability of the two isolates to cause anthracnose symptoms on apples, we artificially inoculated apples with PS and SS isolates. Although SS isolates were indistinguishable from PS isolates on different media, our pathogenicity assay repeatedly showed that SS isolates were not as capable of causing symptoms similar to ripe apples as PS isolates were under laboratory conditions (Figure 4). In contrast to PS isolates causing enlarging lesions with the formation of acervuli, SS isolates caused small lesions that did not grow large enough to develop acervuli.
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FIGURE 4. Virulence test of PS and SS on ripe and unripe apple fruits (cv. Fuji). Progressive symptoms (PS) of anthracnose appear as sunken lesions on ripe apples, with concentric circles of conidia. Static symptoms (SS) of anthracnose were not enlarged on ripe fruits after 7days of incubation at 25°C. Each treatment contains five replicates (fruits), and the experiment was performed twice.


Next, we investigated whether the virulence of PS and SS isolates could be altered by other factors such as the degree of apple ripeness and temperature. When unripe apples were used for pathogenicity assay, changes in lesion formation were observed in apples inoculated with PS, while essentially no difference was found for SS isolates between ripe and unripe fruits (Figure 4). Lesions formed by PS isolates on unripe apples were slightly smaller and light brown in color, compared to larger, dark brown lesions with acervuli at their center on ripening apples, suggesting that there is a link between ripeness and lesion development by PS isolates. In line with this result, inoculation with PS isolates following treatment of apple fruits with ethephon, a plant growth regulator helped fruits reach ripeness more quickly and enhanced disease development (Supplementary Figure S2). Unlike PS, ethephon had no effect on the development of SS lesions.

The effect of the temperature on lesion formation was examined in addition to ripeness. Our data showed that temperature can modulate lesion formation in PS isolates (Supplementary Figure S3). Low (15–20°C) and high temperatures (35°C) led to smaller lesion sizes than mid temperatures of 25–30°C in apples inoculated with PS isolates. However, the temperature had no effect on lesion development in SS isolates and our results strongly suggest that there is an intrinsic difference in virulence between PS and SS isolates, although environmental and host conditions can impact the course of lesion development.



Sporulation, Germination, and Appressorium Formation in PS and SS Isolates

To identify what underlies the observed difference in virulence between PS and SS isolates, sporulation, conidial germination, and appressorium formation were examined. When spores were harvested from the culture plates and enumerated, we found that the PS and SS isolates produced a similar number of spores. In addition, spores of both isolates were able to germinate and form appressorium without any delay under laboratory conditions, suggesting that they are both capable of pathogenic development (Supplementary Figure S4).

Without apparent defects in asexual and pathogenic development, we then checked whether the appressoria of PS and SS isolates were functional by placing a drop of spore suspension on a transparent CM, which was placed on top of the media. If spores developed functional appressoria, they would penetrate the CM into the underlying media, leading to the formation of a fungal colony. We found that PS isolates showed colony formation on the media regardless of the presence of CM, while the SS isolate showed colony formation only on media without CM, suggesting that SS isolates are defective in appressorium-mediated penetration of the underlying substratum (Supplementary Figure S5).



Effect of Ethephon Treatment on Conidial Germination and Appressorium Formation From PS and SS of Colletotrichum gloeosporioides Under in vitro Conditions

Ethephon-treated conidia of PS and SS on CM placed onto PDA plates responded similarly to water-treated conidia (Supplementary Figure S6A). However, ethephon-treated conidia from both isolates resting on the hard glass surface showed drastically enhanced germination and appressorium formation levels when compared to the water-treated conidia. These showed that the induction of appressorium formation varied in both PS and SS pathogens (Supplementary Figure S6B). Ethephon-treated conidia incubated on a hard surface at the required concentrations showed rapid germination at 4h in PS, while there was no germination in the SS pathogen at 4h in ethephon-treated conidia. Conidia of PS germinated and formed appressorium after 8h of incubation, but in the SS pathogen, the germ tube was only induced from conidium. Even at 8h, there was no formation of appressorium in SS, but many appressoria were observed in PS at 8h after ethephon treatment. After 20h, penetration hyphae were formed in PS, while no penetration hyphae were formed in SS; instead, the germ tube was elongated, resulting in delayed disease spread on apple fruits.



Comparative RNA-Seq Analysis of PS and SS Isolates

To expand our observations, we compared the transcriptomes of PS and SS isolates using RNA-seq. Total RNA was extracted from fungal cultures grown on PDA media. For each isolate, three independent samples were obtained (in total, six samples) and subjected to RNA sequencing. The transcriptomes tended to be similar among the within-isolate samples, while those of PS and SS were quite distinct from one another (Figure 5A). Hierarchical clustering of genes was performed based on the expression ratio ranks of the two different anthracnose symptomatic pathogens, PS and SS, which C. gloeosporioides. As a result, 14,000 genes were grouped into clusters (Figure 5B). Analysis of PS and SS transcriptomes showed that approximately 31% of genes (n=3,993) were differentially expressed in the SS isolate, compared to the PS isolate, with statistically significant differences and a two-fold expression change cutoff. Among the DEGs, approximately 45.2% (n=1,804) and 54.8% (n=2,189) were upregulated and downregulated, respectively, in the SS isolate (Supplementary Tables S4 and S5). RNA-seq results were validated through the qRT-PCR analysis of genes (n=20) randomly chosen from DEGs and non-DEGs (Figure 6A). Following qPCR, the log2 fold changes in the relative gene expression of PS relative to SS samples were calculated, and the results were compared to RNA-seq data by scatter plotting. The log2 fold changes detected for each gene from RNA-seq analysis were similar to the results of qPCR, with a correlation coefficient (R2) as high as 0.84 (Figure 6B). Overall, similar patterns were found between RNA-seq and qRT-PCR (Pearson correlation coefficient=0.92), indicating that we accurately detected changes in gene expression between PS and SS.
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FIGURE 5. Dendrogram and heat map analysis between PS and SS of anthracnose caused by C. gloeosporioides on apples. (A) Dendrogram showing the expression values (FPKM) of each gene calculated by the Pearson correlation coefficient as a distance between the two samples and the distance between the replicates within each sample that is much closer compared to other samples. The variation within samples is much smaller than the variation between samples. (B) Genome-wide analysis of differentially expressed genes (DEGs) of PS and SS from apple anthracnose, using heat map analysis based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway mapper. Relative expression profiles of PS genes compared to those of the SS genes. Hierarchical clustering of genes based on the expression ratio ranks between PS and SS. As a result, the 3,353 genes were grouped into four clusters. The fold change is represented by color (see the color bar scale).


[image: Figure 6]

FIGURE 6. Validation of RNA-seq results using quantitative real-time PCR (qPCR). The relative expression levels of randomly selected genes were analyzed by qPCR to validate RNA-seq results. Each fold change was calculated by qPCR using the 2−∆∆Ct method, and the log2 ratio of the obtained values was compared with the log2 ratio of RNA-seq results, which were based on normalized in vivo FPKM to FPKM by DEGseq. (A) Correlation of fold change measured between RNA-seq (x-axis) and qPCR (y-axis). (B) Log2 fold change measured by qPCR. Error bars represent standard deviation.




Altered Expression Profile of SS Isolates, Compared to PS Isolates

To gain insight into transcriptomic changes that might underlie differential virulence of PS and SS isolates, we performed gene ontology term analysis to quantify the enrichment of genes associated with biological processes. Our GO term analysis revealed interesting trends among DEGs: (i) DEGs were generally enriched with genes involved in a wide range of metabolic processes, (ii) upregulated genes in SS isolates showed enrichment of functions involved in the regulation of gene expression, RNA processing, and ribosome-related processes, whereas (iii) downregulated genes in the SS isolate displayed enrichment with genes implicated in response to oxidative stress, mitochondria-related processes, and transmembrane transport (Figure 7A; Supplementary Figure S7).
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FIGURE 7. Gene ontology, expression of virulence gene, and expression of isocitrate lyase gene. (A) Gene ontology analysis for downregulated genes in both SS and PS in biological process based on functional categories. (B) Expression of the pathogenicity gene using RNA-seq analysis and comparison with other known virulence genes from NCBI. Isocitrate lyase gene expression in the PS pathogen at a greater level (upregulation) in comparison with SS strains. (C) The gene expression was greater in PS than in SS strain of C. gloeosporioides. (D) Mycelial growth of PS and SS of C. gloeosporioides in two different media [minimal medium (MM) and acetate medium (AM)]. SS was unable to utilize acetate as the sole carbon source for its growth. Bars with the same letters do not statistically differ from each other, according to the least significant difference (LSD) at p<0.05.


Although both upregulated and downregulated gene sets are enriched with functions in metabolic processes, the types of metabolic processes that are found in upregulated genes were different from those in downregulated genes. Upregulated genes are implicated in processes, such as primary metabolic processes, nitrogen compound metabolic processes, and nucleic acid metabolic processes (Supplementary Figure S7). In contrast, downregulated genes were found more frequently in processes, such as ribose phosphate metabolic process and purine ribonucleotide metabolic process, suggesting dramatic differences in the transcription of metabolism-related genes between PS and SS isolates.

To determine why the SS isolate is less virulent than PS, we used a list of known pathogenicity genes in Colletotrichum species and checked their expression in our data set. Among 36 known pathogenicity genes, 23 had corresponding orthologs in the genome of C. gloeosporioides. Of those, we found five genes were differentially expressed between the PS and SS isolates. Genes encoding putative cAMP-dependent protein kinase subunit, ammonium transporter Mep2, and nitrogen response regulator were upregulated, while laccase and ICL genes were downregulated in SS isolate (Figure 7B). ICL, one of the principal enzymes in the glyoxylate cycle, has been reported as a pathogenic gene in many pathogens (Dunn et al., 2009). The qRT-PCR analysis confirmed significant downregulation of the ICL gene in the SS isolate compared to PS (Figure 7C). Since the glyoxylate cycle is required for the utilization of fatty acids and/or lipids through the conversion of acetyl-CoA to succinate for the synthesis of carbohydrates, we hypothesized that SS isolates should be compromised in their ability to utilize carbon sources, such as ethanol, acetate, or oleic acid. Therefore, we tested the ability of PS and SS isolates to grow on minimal media (MM) with acetate as the sole carbon source (Figure 7D). On basic MM, the growth of the SS isolate was comparable to that of the PS isolate. However, the SS isolate showed a significant reduction in radial growth when acetate was the sole carbon source in the MM, suggesting that the SS isolate was not able to use acetate as efficiently as the PS isolate. This may explain the delay in penetration hyphae formation from the appressorium in the SS pathogen.




DISCUSSION

Symptoms or lesions are visible changes that occur in host plants in response to pathogen infection. The presence of different lesion types, caused by a particular pathogen on a single host plant tissue, is well-known; however, they are usually attributed to differences in microenvironments (Kruger et al., 2002; Rosenberg et al., 2007; Surico, 2013). In this study, we investigated two distinct types of anthracnose disease lesions and found on apple fruits, which were designated as PS and SS. A 3-year survey of apple orchards showed that small specks, which do not expand over time (static symptoms), are almost as prevalent as typical enlarging anthracnose symptoms (progressive symptoms). Isolation of fungal pathogens from the lesions and ITS sequencing indicated that both PS and SS isolates belonged to the anthracnose pathogen C. gloeosporioides. Species identification was corroborated by the sequencing of the actin and tubulin genes. The C. gloeosporioides species complex comprises more than 20 subspecies, based on a strongly supported clade within the Colletotrichum ITS gene tree (Weir et al., 2012; Yokosawa et al., 2017). Although PS and SS isolates formed different clades in our phylogenetic analysis, they appeared to be C. gloeosporioides sensu stricto, with branch lengths between the clades too short to support separation at the subspecies level.

Our pathogenicity assay using PS and SS isolates recapitulated progressive and static lesions, respectively. Furthermore, changes in temperature and degree of fruit ripeness did not affect the outcome of pathogen infection, either by PS or by SS. These results indicate that differences in virulence of PS and SS isolates appear to be intrinsic to each isolate, rather than being determined by environmental factors. When the sporulation, germination, and appressorium formation were monitored, few differences were detected between the two isolates. However, we found that SS isolate was not able to penetrate the cellophane membrane, suggesting some defects in the appressorium-mediated infection process. However, such defects do not fully account for the formation of small specks on apple fruits, since there is no infection at all if the SS isolate is completely incapable of penetration.

To explain why the SS isolate developed static symptoms, we performed a comparative analysis of the transcriptomes. Our RNA-seq experiments showed that approximately one-third of the genes were differentially expressed between the PS and SS isolates. Detailed analysis of DEGs revealed that differences in transcript abundance were found primarily in genes involved in diverse metabolic processes. These results strongly suggest that distinct transcriptional programs leading to differences in metabolic capacity underlie differences in symptom development. In line with this, we found that a gene encoding putative isocitrate lyase (CgICL1) was highly downregulated in the SS isolate, compared to the PS isolate. ICL is a key enzyme in the glyoxylate cycle that catalyzes the cleavage of isocitrate to succinate and glyoxylate. The glyoxylate cycle provides a means for cells to convert two acetyl-CoA units, generated by various catabolic processes into C4 units (succinate), which can be used to replenish the TCA cycle or to serve as precursors for the biosynthesis of amino acids and carbohydrates (Ensign, 2006; Kunzea et al., 2006; Schneider et al., 2012). In many plant fungal pathogens, of plants including Magnaporthe oryzae and Colletotrichum lagenarium, it has been demonstrated that genes encoding ICL are required for full virulence (Xue et al., 2002; Wang et al., 2003; Asakura et al., 2006). Taken together, our data suggest that genome-wide changes in the transcription pattern of metabolic genes, including CgICL1, between two isolates of C. gloeosporioides might be responsible for the observed difference in disease symptom development.

Although we claimed, based on sequencing of multiple markers, that both PS and SS isolates belong to C. gloeosporioides, it is not clear how identical they are at the genome level. Sequencing and comparative analysis of whole genomes may yield some insights into this knowledge gap. It should also be noted that epigenetic factors, such as DNA methylation and/or histone modifications, might contribute to differences between PS and SS isolates. However, the fact that they all are C. gloeosporioides raises the question of why and how the expression patterns of metabolic genes have diverged so much between PS and SS. During host-pathogen interactions, efficient nutrition of pathogens is a prerequisite for successful colonization of host plants (Casadevall and Pirofski, 1999; Divon and Fluhr, 2007; Selin et al., 2016; Araz et al., 2017). In fungal pathogens of plants, the ability to adapt to exploit nutrients from host cells must have developed within the context of host physiology and metabolism (Baarlen et al., 2007; Bellincampi et al., 2014; Zeilinger et al., 2016). Therefore, it may be that the SS isolate is adapting to different host plants other than apples. One observation made during our survey on apple orchards, which may be relevant to the origin of the SS isolate, is that false acacia trees (Robinia pseudoacacia) are commonly found around apple orchards and their leaves are often heavily infected with C. gloeosporioides (data not shown). Thus, one possibility is that the static symptoms of apple anthracnose are caused by spores of C. gloeosporioides dispersed from the false acacia trees. Further studies should focus on clarifying the relationship among PS, SS, and acacia isolates.

In summary, we have shown that different symptoms in apple fruit can be caused by two sub-populations of C. gloeosporioides, which are distinct in their transcriptional program. It is not clear whether sub-populations are a general phenomenon for fungal pathogens in plants. The reasons for this degree of transcriptional divergence within the same species remain enigmatic, but our study supports that seemingly identical populations in the field may consist of different sub-populations at the transcriptome level. This finding may have ramifications for molecular studies using a single, representative isolate of the pathogen, as well as ecological studies aimed at understanding the population dynamics of pathogens.
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Peroxisomes are essential organelles that play important roles in a variety of biological processes in eukaryotic cells. To understand the synthesis of peroxisomes comprehensively, we identified the gene FgPEX22-like, encoding FgPEX22-like, a peroxin, in Fusarium graminearum. Our results showed that although FgPEX22-like was notably different from other peroxins (PEX) in Saccharomyces cerevisiae, it contained a predicted PEX4-binding site and interacted with FgPEX4 as a rivet protein of FgPEX4. To functionally characterize the roles of FgPEX22-like in F. graminearum, we performed homologous recombination to construct a deletion mutant (ΔPEX22-like). Analysis of the mutant showed that FgPEX22-like was essential for sexual and asexual reproduction, fatty acid utilization, pathogenicity, and production of the mycotoxin deoxynivalenol. Deletion of FgPEX22-like also led to increased production of lipid droplets and decreased elimination of reactive oxygen species. In addition, FgPEX22-like was required for the biogenesis of Woronin bodies. Taken together, our data demonstrate that FgPEX22-like is a peroxin in F. graminearum that interacts with PEX4 by anchoring PEX4 at the peroxisomal membrane and contributes to the peroxisome function in F. graminearum.

Keywords: Fusarium graminearum, FgPEX22-like, FgPEX4, pathogenicity, peroxisome


INTRODUCTION

Fusarium head blight (FHB), caused by F. graminearum (teleomorph Gibberella zeae), is an acute disease of wheat and barley worldwide. In addition to causing severe crop yield losses, F. graminearum produces deoxynivalenol (DON), a mycotoxin that also acts as a virulence factor to facilitate wheat infection, and is a menace to the health of humans and animals (Desjardins et al., 1993; Pestka and Smolinski, 2005; Dean et al., 2012).

Peroxisomes are single-membrane-bound organelles present in most eukaryotic organisms and are relevant to multifarious metabolic conversions. For instance, in eukaryotic cells, peroxisomes are involved in methanol oxidation, disposal of ROS, and utilization of carbon sources (Lazarow and Fujiki, 1985; Wanders, 2004; Gould et al., 2010). In yeasts, peroxisomes are the unique sites of fatty acid β-oxidation (Hiltunen et al., 2003), whereas in plants, they are essential for host resistance, embryo development, synthesis of phytohormones, and the glyoxylate cycle (Hu et al., 2012; Shabab, 2013). In addition, peroxisomes are involved in several physiological processes in mammals, such as the synthesis of cholesterol, plasmalogens, and bile acids (Wanders and Waterham, 2010). Zellweger syndrome (ZS), a prototypic peroxisome biogenesis disorder (PBD) with the most severe phenotype in humans, may result in the absence of functional peroxisomes (Wanders, 2004; Faust et al., 2005).

Proteins related to peroxisomal biogenesis are termed peroxins and are encoded by PEX genes. So far, more than 30 PEXs have been identified in various organisms (Distel et al., 1996; Pieuchot and Jedd, 2012). As peroxisomes do not contain any genetic material, their peroxisomal membrane proteins (PMPs) and matrix proteins are encoded in the nucleus, synthesized in the cytoplasm, and then imported into the peroxisomes. For example, PEX5 is a cycling receptor for the import of PMPs containing the peroxisomal targeting signal type 1 (PTS1). The PEX5 import cycle involves the following steps: protein containing PTS1 is recognized by PEX5 in the cytosol, the PEX5–cargo complex docks at the peroxisomal membrane, the cargo is translocated into the peroxisomal lumen, and after dissociation PEX5 is recycled back to the cytosol for a new import cycle (Albertini et al., 1997; Wang et al., 2003; Stanley et al., 2006; Platta et al., 2007, 2008; Meinecke et al., 2010). During the last step, PEX5 must be mono-ubiquitinated by the ubiquitin-conjugating enzyme PEX4 and its membrane-anchor PEX22 (Collins et al., 2000; Zolman et al., 2005). We previously showed that PEX4 is indispensable for peroxisome function in F. graminearum and its pathogenesis (Zhang et al., 2019b). More attention has been paid to the function of peroxins in fungi that are pathogenic to plants. There are several peroxins in F. graminearum involved in the peroxisome life cycle that have been characterized. For instance, FgPEX1, FgPEX2, FgPEX4, FgPEX5, FgPEX6, FgPEX7, FgPEX10, FgPEX12, FgPEX13, FgPEX14, and FgPEX33 are involved in mycotoxin biosynthesis, pathogenicity, and pexophagy (Min et al., 2012; Chen et al., 2018; Zhang et al., 2019a,b; Wang et al., 2020). In Magnaporthe oryzae, MoPEX5, MoPEX6, MoPEX7, MoPEX14, MoPEX19, and MoPEX11 family peroxins are involved in matrix protein import and peroxisomal fission processes (Deng et al., 2013; Wang et al., 2013, 2015; Li et al., 2014). Peroxisome studies in other filamentous fungi, such as Neurospora crassa, Colletotrichum orbiculare, and Aspergillus nidulans, are becoming more common (Hynes et al., 2008; Fujihara et al., 2010; Managadze et al., 2010).

In S. cerevisiae, PEX22 plays a key role in tethering the PEX4, a ubiquitin-conjugating enzyme, to the peroxisome and is associated with PEX5 receptor recycling (Williams et al., 2012). Previous studies have shown that most of the PEX genes was contained in filamentous fungi, but except for PEX15, PEX17, PEX18, PEX21, and PEX22 (Heinemann et al., 2004). Until the functions of FAM1 in C. orbiculare were described, functions similar to those of PEX22 was discovered (Kubo et al., 2015). However, whether a similar protein exists in F. graminearum and whether it would possess PEX22 function is unclear.

Herein, we identified FgPEX22-like, which encodes a peroxin FgPEX22-like, which is the functional ortholog of the PEX22 of Saccharomyces cerevisiae. FgPEX22-like was able to interact with FgPEX4 and was essential for the subcellular localization of FgPEX4. Functional analysis provided evidence that FgPEX22-like plays important roles in sexual and asexual reproduction, carbon source utilization, pathogenicity, and cell wall integrity. Importantly, FgPEX22-like was essential for the biosynthesis of Woronin bodies.



MATERIALS AND METHODS


Fungal Strains and Growth Conditions

For performing mycelial growth assays, the WT F. graminearum strain PH-1, FgPEX4 deletion mutants, and other transformants generated in this study were grown on potato dextrose agar (PDA) medium in a 25°C incubator. For the aerial hyphal growth assay, all strains were inoculated into test tubes (1.5 cm diameter) containing 5 mL PDA medium and grown at 25°C for 5 days. To study the integrity of cell membranes and cell walls, all strains were grown as previously reported on CM medium supplemented with 0.01% SDS as a cell membrane-damaging agent and 0.2% Congo red as a cell wall-damaging agent (Gavric et al., 2007; Chayakulkeeree et al., 2008; Qin et al., 2015).



Yeast Two-Hybrid Assay and Co-immunoprecipitation

The Y2H assay was performed using the Matchmaker GAL4 Two-Hybrid System 3 (Clontech) according to the manufacturer’s instructions. Full-length complementary DNA (cDNA) of FgPEX22-like and FgPEX4 was PCR amplified using the primer pairs P22-AD-F/22R and P4-AD-F/R, respectively. The resulting PCR products were cloned into pGADT7 and pGBKT7 which were digested with XholI to create FgPEX22-like-AD and FgPEX4-BD as the prey vector and bait vector, respectively. A similar method was used to generate FgPEX4-AD and FgPEX22-like-BD. The resulting bait and prey vectors were confirmed by sequencing and co-transfected as pairs. To explore the key action regions of FgPEX4 and FgPEX22-like, truncated cDNA of FgPEX4 and FgPEX22-like were amplified with their respective primers (Supplementary Table 2). These shorter PCR products were cloned into pGADT7 to construct different FgPEX22-like (a–b)-ADs as the prey vector. The same method was used to create FgPEX4 (c–d)-BDs as bait vectors. The truncated bait and prey vectors were also confirmed by sequencing and were co-transfected into yeast in various combinations (Supplementary Table 2). The interaction between pGBKT7-53 (BD-3) and pGADT7-T (AD-1) was used as a positive control.

For co-immunoprecipitation assays, the intracellular region of FgPEX4 and FgPEX22-like were PCR-amplified with the primer pairs 4-GFP-F/R and 22-Flag-F/R (Supplementary Table 2), and then inserted into the vector pFL2 and pFL7 which were digested with Xhol I respectively. The resulting fusion constructs PEX4-GFP and FgPEX22-like-3 × FLAG were verified by DNA sequencing. Constructs PEX22-like-3 × FLAG and PEX22-like-3 × FLAG with PEX4-GFP were transfected into strain PH-1. For transformant selection, G418 (Geneticin) was added at a final concentration of 200 mg/mL. Total proteins were extracted and incubated with GFP beads as previously reported (Li et al., 2017). Total proteins and proteins eluted from the GFP beads (elution) (Kangti Life Technology Co., Ltd., KTSM1334) were analyzed by western blotting using monoclonal anti-FLAG antibody (Abimate medical technology (Shanghai) Co., Ltd., PA9020S) and anti-GFP antibody (Abimate medical technology (Shanghai) Co., Ltd., PA9056S), accordingly. The results were visualized using the enhanced chemiluminescent (ECL) detection system.



Generation of FgPEX22-Like Gene Deletion and the ΔPEX22-Like Complementation Strain

The mutants were generated using the split-marker method (Wang et al., 2011). For the FgPEX22-like gene (FGSG_11970), the sequence was obtained from the F. graminearum database. The upstream (931 bp) and downstream (855 bp) regions flanking the gene were PCR-amplified using primer pairs AF/AR and BF/BR, respectively (Supplementary Table 2). The plasmid pCB1003 harbored hygromycin B resistance gene (HPH) and the primer pair HPH-F/HPH-R was used to amplify HPH (Supplementary Table 2). A fusion cassette containing the FgPEX22-like flanking sequences and the HPH gene was transfected into protoplasts of PH-1 to generate the ΔPEX22-like mutant (Catlett et al., 2003). Southern blot assay for FgPEX22-like deletion mutants was performed using the digoxigenin (DIG)-labeled probe and the High Prime DNA Labeling and Detection Starter Kit I (Roche Diagnostics, Mannheim, Germany), as instructed by the manufacturer. Hybridization was performed using a DIG-labeled specific probe (Supplementary Figure 1).

To prepare the complementation strain, a 2,674 bp fragment containing the full-length FgPEX22-like gene sequence and its promoter sequence was PCR-amplified using the primer pair 22CF/22CR (Supplementary Table 2) and then amplimer inserted into pYF11 using the yeast in vivo recombination approach (Bruno et al., 2004; Zhou et al., 2011). The recombinant plasmid pYF11-PEX22-like was transfected into protoplasts of theΔPEX22-like mutant to produce ΔPEX22-like complementation (ΔPEX22-like -C) strains, which were identified by PCR analysis (Supplementary Figure 1).

To generate the FgPEX22-like and FgPEX4 double-knockout mutants, a FgPEX22-like gene replacement construct was generated with the G418 amplified from pFL2 (Zhou et al., 2011) and transfected into the FgPEX4 mutant ΔPEX4 (Table 1). Transformants resistant to both hygromycin and G418 were screened by PCR analysis (Jiang et al., 2015).


TABLE 1. Conidiation, conidial germination, DON production and relative expression level of TRI genes in PH-1, ΔPEX22-like and ΔΔPEX4/22-like mutants.

[image: Table 1]


Conidiation, Germination, and Sexual Reproduction Assays

For conidiation assays, strains were inoculated into CMC medium as previously described (Hou et al., 2002). The chemical compound 4′,6-diamidino-2-phenylindole (DAPI, 10 μg/mL) and calcofluor white (CFW, 1 μg/mL) were used to stain nuclei and septa of conidia, respectively. After staining, images were captured using a fluorescence microscope (Eclipse 90i, Nikon). To determine the germination rate of conidia, freshly harvested conidia were transferred to the sterile YEPD medium (yeast extract, 10.0 g; peptone, 20.0 g; glucose, 20.0 g; and distilled water to make up the volume to 1,000 mL) for 6 h and observed under a fluorescent microscope (Eclipse 90i, Nikon). For sexual reproduction assays, 7-day-old aerial hyphae growing on specific sporulation medium were compressed in 1 mL sterile 2.5% Tween 60 solution as previously described (Bowden and Leslie, 1999; Jenczmionka et al., 2003). Perithecium formation was examined after 2–3 weeks of incubation at 25°C.



Plant Infection and Deoxynivalenol Production Assays

Plant infections were assayed on wheat heads and corn silks. Susceptible wheat cultivar Jimai 22 was used in wheat infection assays and was sprayed with a conidial suspension (2 × 105 spores/mL) collected from 5-day-old liquid CMC medium (Qin et al., 2015). Wheat heads were photographed and assayed 14 dpi. Fresh corn silks were infected with hyphal plugs, incubated at 25°C, and examined at 5 dpi (Seong et al., 2005; Gale et al., 2007). To determine DON production, we inoculated three mycelial plugs from each strain into 5 g healthy and aseptic rice grains. After incubating at 25°C, DON was extracted at 20 dpi as described previously and quantified using a liquid chromatography-mass spectrometer/mass spectrometer (HPLC–MS/MS) system (AB Sciex 5500) as previously described (Mirocha et al., 1998).



Analysis of Fatty Acid Utilization

The carbon source utilization was evaluated using minimal medium containing various carbon sources in lieu of sucrose. The following concentrations were used: 2.5 mM myristic acid (C14), 2.5 mM palmitic acid (C16), 2.5 mM oleic acid (C18), and 2.5 mM erucic acid (C22) as previously described (Leslie and Summerell, 2007). Emulsifier NP40 was added to the minimal medium containing palmitic acid, oleic acid, and erucic acid. Colony diameters were measured after 3.5 days incubation at 25°C.



Light Microscopy and Transmission Electron Microscopy Observations

Lipid droplets (LD) in hyphae were stained using Nile red (50 μg/mL) as reported previously (Lu et al., 2009). Hyphae grown on PDA plates at 25°C for 3 days were collected and subjected to ultrastructural analysis. The collected fungal mass was treated and examined by transmission electron microscopy (TEM) (JEM-1400 Plus, JEOL, Tokyo, Japan).

For subcellular localization of FgPEX4, peroxisome membrane protein 70 (PMP70), and Woronin body protein hex1 (HEX1), coding sequences of FgPEX4, FgPMP70, and FgHEX1 were PCR-amplified using the primer pair 4-GFP-F/R, PMP70-GFP-F/R, and HEX1-GFP-F/R, respectively (Supplementary Table 1). The amplimers were then inserted into pYF11 using the yeast in vivo recombination approach (Bruno et al., 2004; Zhou et al., 2011). The recombinant plasmids were transfected into protoplasts of the WT and mutant strains. The transformants were verified by PCR analysis using the appropriate primers. Transformants were observed using a fluorescence microscope.



ROS Detection

The ROS generated in the hyphae of PH-1 and ΔPEX22-like strains was assessed using NBT (nitroblue tetrazolium chloride) following the growth of the strains on CM at 25°C for 3 days. Each plate was then stained with 20 mL of 0.2% NBT solution and incubated in the dark at 28°C for 45 min. The liquid stain was drained from the plates, which were then washed with ethanol. The plates were incubated again for 45 min in the dark at 28°C prior to imaging.



Quantitative Real-Time PCR

Total RNA was isolated from hyphae of the WT, mutant, and complementation strains using TransZol Up (TransGen Biotech, Beijing, China). The quantitative real-time PCR (qRT-PCR) experiments were performed as the manufacturer’s instructions (Vazyme Biotech Co., Jiangsu, China). The glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene of F. graminearum was used as the internal control. Relative expression levels for each gene were calculated using the 2–ΔΔCT method (Livak and Schmittgen, 2001).



Statistical Analysis

Each experiment was performed in three individual replicates. Data are presented as mean ± standard error values and the differences among variables were analyzed using Duncan’s multiple range test. Results with p < 0.05 were considered statistically significant.




RESULTS


Identification of FgPEX22-Like in Fusarium graminearum

The homologs of PEX22 (FGSG_11970) were identified using the Fusarium genome database1. The predicted gene was 1,631 bp, encoding 363 amino acids. FgPEX22-like shared only 14.34% identity with C. orbiculare and 17.93% identity with S. cerevisiae PEX22. Therefore, we named the gene FgPEX22-like. SMART-PFAM analysis revealed the protein encoded by PEX22-like contained a transmembrane domain and a possible PEX4 interacting region similar to that in C. orbiculare and S. cerevisiae (Supplementary Figure 1A). The deduced FgPEX22-like protein was distributed in one branch in the phylogenetic tree along with other fungal PEX22 proteins (Supplementary Figure 1B).



FgPEX22-Like Interacted With FgPEX4 in Yeast Two-Hybrid and Co-immunoprecipitation Assays

To investigate whether FgPEX22-like interacted with FgPEX4 in F. graminearum, a yeast two-hybrid assay was used. Yeast transformants expressing binding domain (BD)-FgPEX4 as the bait and the activation domain (AD) pGADT7 alone as the prey, could not grow on the Sabouraud dextrose (SD)-Leu-Trp-His-Ade plates, excluding the possibility of self-activation. This was also true for the reverse situation. The sets of interacting pairs, BD-FgPEX4 and AD-FgPEX22-like or AD-FgPEX4 and BD-FgPEX22-like, were found to bind with each other (Figure 1A).
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FIGURE 1. Interaction of FgPEX4 and FgPEX22-like. (A) Y2H assays were performed to detect interactions between FgPEX4 and FgPEX22-like. All constructed yeast transformants were tested for growth on SD-Leu-Trp-His-Ade and evaluated for β-galactosidase (LacZ) activity. The interaction of AD-1 and BD-3 was used as the positive control. All transformants were diluted to different concentrations (cells/ml) and plated onto SD-Leu-Trp-His-Ade media. 22 and 4 referring to FgPEX22-like and FgPEX4 respectively. (B) Co-immunoprecipitation assays. Total proteins were extracted from transformants co-expressing PEX4–GFP and PEX22–3 × FLAG constructs. The proteins were then eluted from the anti-GFP M2 beads (elution). The immunoblots were incubated with monoclonal anti-FLAG or anti-GFP antibody, as indicated.


To further verify these results, the intracellular region of FgPEX4 was fused with pFL2 [PEX4-green fluorescent protein (GFP)] and co-transfected into F. graminearum strain PH-1 with the FgPEX22-like-3 × FLAG fusion construct. In western blot analysis of total proteins from the strain containing PEX22-3 × FLAG, a 40-kDa band was detected using the anti-FLAG antibody, while the elution proteins were not detected. This showed the beads had been washed prior to protein elution and that there were no other contaminants, confirming the subsequent results were reliable. In the transformants co-expressing FgPEX22-like-3 × FLAG and FgPEX4-GFP, 19-kDa and 40-kDa bands were detected using the anti-FLAG and anti-GFP antibodies, respectively (Figure 1B). Therefore, FgPEX22-like interacted with FgPEX4 in F. graminearum. Taken together, these results demonstrated the two proteins could interact directly with each other.

Based on the predicted secondary structure and domain structure, we explored the key functional regions of FgPEX4 and FgPEX22-like. FgPEX22-like contained an N-terminal transmembrane (TM) fragment and a large region spanning an unknown fold that was exposed in cytosol. Several truncated variants of FgPEX22-like were established and their interactions with FgPEX22-like and FgPEX4 were evaluated using the yeast two-hybrid system. Our results showed that the region spanning residues 102–282 was essential for FgPEX4 binding; moreover, residues were part of the soluble region of FgPEX22-like. Meanwhile, we also discovered that the first 11 amino acids of FgPEX4 were not necessary for FgPEX22-like binding (Supplementary Figure 2).



FgPEX22-Like Acted as a Rivet Protein of FgPEX4

To further understand the relationship between the two proteins, we compared the subcellular localization of wild-type (WT) FgPEX4 to that of mutant strains. Interestingly, the results showed that a deficiency of FgPEX22-like could result in abnormal subcellular localization of FgPEX4. FgPEX4-GFP fusions was distributed in punctate patterns in transformed PH-1, but were dispersed in the cytoplasm of the PEX22-like deletion mutant ΔPEX22-like (Figure 2). These results indicated FgPEX22-like was necessary for the location of FgPEX4 and that it functioned as a rivet of FgPEX4.
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FIGURE 2. Subcellular localization of FgPEX4 in F. graminearum. Mycelium of all the strains were collected from 5-day-old complete medium (CM) plates and observed using confocal fluorescence microscopy. observe, but FgPEX4-GFP in ΔPEX22-like exhibited a completely cytoplasmic distribution. Bar = 5 mm.




FgPEX22-Like Was Involved in Sexual and Asexual Reproduction

To elucidate the biological functions of FgPEX22-like in F. graminearum, we generated the single-gene knockout mutant ΔPEX22-like and the double-gene knockout mutant ΔΔPEX4/22-like by split-marker polymerase chain reaction (PCR) and protoplast transformation. A schematic diagram depicting the strategy used to create the FgPEX22-like gene deletion mutant and molecular analysis of ΔPEX22-like is shown in Supplementary Figure 3. The pYF11-PEX22-like complementation construct was generated by PCR amplification using the primer pair 22hfF/22hfR (Supplementary Table 1), followed by transformation of ΔPEX22-like mutant protoplasts to produce the ΔPEX22-like complementation strain ΔPEX22-like-C.

No obvious vegetative growth or colony morphology defects were observed for ΔPEX22-like compared to that of the WT strain. The FgPEX4 and FgPEX22-like double mutants exhibited a significant reduction in growth rate compared to that of the FgPEX22-like single mutant and produced compact colonies with limited aerial hyphae (Figures 3A–D). These results suggested FgPEX22-like was not involved alone in the regulation of hyphal growth of F. graminearum.
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FIGURE 3. Effects of FgPEX22-like on hyphal growth in F. graminearum. (A) Growth of F. graminearum strain PH-1, ΔPEX22-like, ΔPEX22-like-C, and ΔΔPEX4/22-like strains on potato dextrose agar (PDA) plates. The four strains were imaged after 3 days. (B) Colony growth by PH-1, ΔPEX22-like, ΔPEX22-like -C, and ΔΔPEX4/22-like strains cultured on PDA plates. (C) Height of aerial mycelium produced by PH-1, ΔPEX22-like, ΔPEX22-like-C, and ΔΔPEX4/22-like strains. The four strains were culture in transparent test tubes containing PDA medium and imaged after 5 days. (D) Colony height of PH-1, ΔPEX22-like, ΔPEX22-like -C, and ΔΔPEX4/22-like strains cultured in tubes.


When assayed for conidiation in carboxymethyl cellulose (CMC) medium cultures, ΔPEX22-like and ΔΔPEX4/22-like were reduced by 25.0 and 82.3%, respectively, compared with that of the WT strain (Table 1). In addition, conidia of the mutants exhibited normal conidium morphology, displaying conidia that lacked intracellular content and devoid of nuclei (Figure 4A). Phialides of the ΔPEX22-like and ΔΔPEX4/22-like mutants were rarely clustered together, unlike those of PH-1 (Figure 4B), which may have been directly responsible for reduced conidiation in the ΔPEX22-like mutant. When incubated in yeast extract peptone dextrose (YEPD) medium, the conidium germination of ΔPEX22-like and ΔΔPEX4/22-like at 6-h post-incubation was reduced by 26.2 and 31.2%, respectively, compared with that of PH-1 and the germ tubes were shorter than those of PH-1 (Figure 4C and Table 1). The ability of the FgPEX22-like mutants to undergo sexual reproduction was also investigated. We found the number of perithecia for ΔPEX22-like and ΔΔPEX4/22-like were reduced by 65.0 and 56.6%, respectively, compared with that of the WT strain at 2-wk post-fertilization, and the ascocarp is no difference between them (Figure 4D). Together, these results demonstrated that FgPEX22-like played vital roles in conidiation, conidial germination, and sexual reproduction.
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FIGURE 4. The ΔPEX22-like and ΔΔPEX4/22-like mutants exhibit defects in conidial morphology, conidiogenesis, germination, and sexual reproduction. (A) Conidia of F. graminearum strain PH-1, ΔPEX22-like, and ΔΔPEX4/22-like were incubated in CMC medium without any agar for 3 days and observed using differential interference contrast (DIC) and fluorescence microscopy. Conidia were stained with 1 μg/mL calcofluor white (CFW) and 10 μg/mL of DAPI. Bar = 10 μm. (B) Conidiogenesis of PH-1, ΔPEX22-like, and ΔΔPEX4/22-like. C, conidium; P, phialide. Bar = 20 μm. (C) Conidial germination of PH-1, ΔPEX22-like, and ΔΔPEX4/22-like. Conidia were incubated in YEPD without agar and germination was imaged 6 h post incubation. Bar = 10 μm. (D) Defect of ΔPEX22-like and ΔΔPEX4/22-like in sexual reproduction.




FgPEX22-Like Was Important for Virulence and Deoxynivalenol Production

The pathogenicity assays were performed to ascertain the effect of ΔPEX22-like on flowering wheat heads and corn silks. Wheat heads inoculated with either PH-1 or the ΔPEX22-like -C strain presented typical scabs, spreading from the inoculated spikelets to almost the entire head by 14 days post inoculation (dpi). In contrast, wheat heads inoculated with the ΔPEX22-like mutant presented scabs mainly on or near the inoculated spikelets (Figure 5A). The disease index of ΔPEX22-like and ΔΔPEX4/22-like exhibited approximately a 71.9 and 74.0% reduction, respectively, compared with that of PH-1 (Figure 5B). In corn silk infection, the extended length of brown lesions caused by PH-1 and the ΔPEX22-like-C strain were longer than those of ΔPEX22-like and ΔΔPEX4/22-like. The ability of ΔPEX22-like or ΔΔPEX4/22-like to infect corn silk was only 1/5 that of the WT strain at 5 dpi (Figures 5C,D).
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FIGURE 5. Pathogenicity defects in the FgPEX22-like deletion mutant. (A) Typical symptoms caused by F. graminearum strain PH-1, ΔPEX22-like, ΔPEX22-like-C, and ΔΔPEX4/22-like on wheat heads. Each inflorescence of wheat cultivar Jimai 22 was inoculated with 10 μL conidial suspension (2 × 105 conidia/mL) and pathogenesis was recorded at 14 days post inoculation (dpi). (B) Disease indices of three strains determined at 14 dpi. More than 30 wheat heads were examined in each replicate. The error bars represent the standard errors of the means. (C) Brown necrosis caused by ΔPEX22-like, ΔPEX22-like -C, and ΔΔPEX4/22-like on corn silks. Mycelial plugs were placed on one side of the corn silks, which were arrayed on wet filter paper to maintain high humidity. Photographs were taken 5 dpi at 25°C. (D) Length of brown necrotic tissue infected by three strains were determined 5 dpi. More than 30 corn silks were examined in each replicate.


We also assayed ΔPEX4 and ΔΔPEX4/22-like for DON production. We found that infected rice seeds inoculated with the ΔPEX22-like mutant produced significantly less DON than that of PH-1 or the ΔPEX22-like-C strain (Table 1). These results indicated FgPEX22-like had an important role in pathogenicity and DON production.



FgPEX22-Like Deficiency Caused Abnormal Organelle Development

To determine the effect of FgPEX22-like on F. graminearum organelles, the ultrastructure of PH-1 and ΔPEX22-like was evaluated using TEM. Spherical peroxisomes were observed in the periphery of mycelial cells of PH-1, but not ΔPEX22-like. In addition, Woronin bodies, which were present around the mycelial septum in the WT strain, were absent in the ΔPEX22-like mutant (Figure 6A). Besides, Compared with WT strain, ΔPEX22-like accumulated more lipid droplets. And Nile Red staining revealed that the WT strain degraded most of the lipid droplets, while mutant strains still contained numerous bright lipid droplets (Figure 6B).
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FIGURE 6. Ultrastructure and lipid droplets in F. graminearum and the ΔPEX22-like deletion mutant. (A) Ultrastructure of F. graminearum strain PH-1 and mutants ΔPEX22-like and ΔΔPEX4/22-like. CW, cell wall; M, mitochondria; S, septum; P, peroxisome; W, Woronin body; LD, lipid droplet. Hyphae grown on PDA plates for 3 days were analyzed by TEM. Bar = 1 μm. (B) Accumulated LDs in hypha and conidium of the ΔPEX22-like mutant were stained using Nile red. Images were acquired using a laser scanning confocal microscope. Bar = 10 μm.


To confirm the existence of peroxisome and Woronin body, GFP fusion constructs with the Woronin body protein HEX1 or PMP70 were transfected into the WT and mutant strains and evaluated using laser-scanning confocal microscopy. For PMP70-GFP, ΔPEX22-like displayed a green punctate distribution in hyphal cells similar to that in the WT strain (Figure 7). However, the fusion of GFP with the Woronin body protein HEX1 resulted in a punctate distribution in the WT strain while being dispersed in the cytoplasm of ΔPEX22-like (Figure 7). These results indicated FgPEX22-like was indispensable for maintaining Woronin bodies, but not peroxisomes.
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FIGURE 7. Subcellular localization of FgPMP70 and FgHEX1 in F. graminearum. Subcellular localization of FgPMP70 and HEX1. Mycelium of all the strains were harvested from 5-day-old complete medium (CM) plates and detected using confocal fluorescence microscopy. GFP-PMP70 was predominantly present in a punctate pattern (peroxisomal distribution) in the wild-type and ΔPEX22-like. Bar = 5 mm. GFP-HEX1 was bimodally distributed in a punctate pattern (peroxisomal distribution) in the wild-type, but GFP-HEX1 in ΔPEX22-like was completely cytoplasmically distributed. Bar = 10 mm.


In addition, based on the TEM observations, the mutant accumulated more lipid drops, indicating the utilization rate of cellular lipid drops in ΔPEX22-like was slower than that in PH-1. Further verification was carried out by performing Nile red staining. Brighter and larger lipid droplets were observed in ΔPEX22-like compared to that of the WT strain. This was consistent with the TEM findings.



Deletion of FgPEX22-Like Altered the Cell Wall Integrity of Fusarium graminearum

To investigate whether FgPEX22-like participated in environmental stress responses, we examined the sensitivity of mutants to the cell wall-damaging agent Congo red and the cell membrane-damaging agent sodium dodecyl sulfate (SDS). We found that ΔPEX22-like exhibited increased sensitivity to both SDS and Congo red compared to that of PH-1 (Supplementary Figures 4A,B). To verify these results, hyphae were treated with lysozyme and driselase. After incubation at 30°C for 30 min, hyphae of the ΔPEX22-like mutant were almost completely digested and had released abundant numbers of protoplasts, whereas few protoplasts were observed among hyphae of the PH-1 and ΔPEX22-like -C strains (Supplementary Figure 4C). Together, these results illustrated that deletion of FgPEX22-like resulted in reduced cell wall integrity in F. graminearum.



FgPEX22-Like Mutant Was More Sensitive to ROS and Involved in Lipid Metabolism

To investigate whether FgPEX22-like was involved in the response to oxidative stress, the tolerance of ΔPEX22-like to ROS was measured. The radial growth of ΔPEX22-like and ΔΔPEX4/22-like were inhibited by 60.0 and 56.8%, respectively, when exposed to 20 mM H2O2, which was greater than that of PH-1 at 42.7% (Supplementary Figures 5A,B). Cellular ROS production in the hyphae was qualitatively analyzed by staining with nitroblue tetrazolium (NBT). The assay showed that the staining of ΔPEX22-like and ΔΔPEX4/22-like hyphae were darker than those of PH-1 (Supplementary Figure 5C). Taken together, these results demonstrated the capacity of ΔPEX22-like and ΔΔPEX4/22-like to eliminate ROS was decreased.

To determine the effect of deleting FgPEX4 on fatty acid utilization, vegetative growth was assessed using minimal medium with different fatty acids as sole carbon sources. The fatty acids tested included long-chain fatty acids myristic acid (C14), palmitic acid (C16), and oleic acid (C18), and very long-chain fatty acid erucic acid (C22). After incubation with the particular fatty acids for 3 days, the radial growth of the mutants was significantly reduced on the media containing the long-chain fatty acids and very long-chain fatty acids as the sole carbon sources (Figures 8A,B). These results indicated that deletion of FgPEX22-like in F. graminearum resulted in a defect in fatty acid metabolism.
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FIGURE 8. Relative mycelial growth of strains on different carbon sources. (A) F. graminearum strain PH-1, ΔPEX22-like, ΔPEX22-like-C, and ΔΔPEX4/22-like were cultured for 3.5 days on minimal medium (MM) containing 2.5 mM myristic acid (C14), 2.5 mM palmitic acid (C16), 2.5 mM oleic acid (C18), or 2.5 mM erucic acid (C22) as the sole carbon source. (B) Relative mycelial growth of PH-1, ΔPEX22-like, ΔPEX22-like-C, and ΔΔPEX4/22-like on MM with different carbon sources.





DISCUSSION

Previous studies have analyzed the whole-genome sequences of 17 fungal species and found that PEX22 is less conserved than that of most peroxins (Kiel et al., 2006). In the current study, we identified a new peroxin in F. graminearum, FgPEX22-like, which has a PEX4-binding site and can directly interact with FgPEX4. Deletion of FgPEX22-like resulted in mislocation of FgPEX4. In addition, we found that FgPEX22-like was involved in the regulation of development, carbon source utilization, cell wall integrity, and pathogenicity of F. graminearum. To our knowledge, this is the first report of a PEX22 homolog playing an important role in F. graminearum.

A previous study found that yeast pex22 mutant can be fully complemented by FAM1, which is a functional ortholog of PEX22 in C. orbiculare (Kubo et al., 2015). The peroxin described in this study shared 14.34% identity with C. orbiculare and named FgPEX22-like. Although there is low sequence similarity between FgPEX22-like, FAM1 and ScPEX22, FgPEX22-like is structurally similar to other PEX22 proteins with a single predicted TM domain near the N terminus and a possible PEX4 binding interface near the C terminus. In S. cerevisiae and Arabidopsis, PEX4 and PEX22 can interact with each other directly (Zolman et al., 2005; Williams et al., 2012). To determine whether FgPEX22-like functioned similar to that of PEX22 in S. cerevisiae and Arabidopsis, a yeast two-hybrid system and immunoprecipitation were employed. The results showed that FgPEX22-like could interact directly with FgPEX4 in F. graminearum.

To explore the relationship between FgPEX22-like and FgPEX4, the subcellular localization of FgPEX4 in the WT and FgPEX22-like gene deletion strain was evaluated. We found FgPEX4 in the FgPEX22-like deletion strain mislocated, which suggested that FgPEX22-like anchored FgPEX4 on the peroxisomal membrane and acted as a rivet protein for PEX4. These results were consistent with PEX22 in Pichia pastoris in which PEX4 is unstable in a ΔPEX22 strain (Koller et al., 1999). The results illustrated that FgPEX22-like is the homologous protein of PEX22 in F. graminearum and is an important peroxin at the peroxisomal membrane that recruits and holds PEX4 at this location.

In S. cerevisiae, PEX22 plays an important role in many developmental processes (Negoro et al., 2018). In this study, we evaluated FgPEX22-like, the FgPEX22-like mutant ΔPEX22-like, and the FgPEX4 double-knockout mutant ΔΔPEX4/22-like. The results showed that FgPEX22-like on its own lacked any notable phenotype regarding hyphal growth, but it enhanced PEX4 mutant defects. This suggested that FgPEX4 and FgPEX22-like interact with each other at the molecular level and FgPEX22-like contributes to peroxisome function.

Herein, the ΔPEX22-like mutant exhibited defects in sexual and asexual reproduction, producing less perithecium and conidiation formation and abnormal conidiation morphologies. Similar results show that mutants with deletion of any of seven other FgPEX genes, FgPEX1, FgPEX2, FgPEX4, FgPEX5, FgPEX6, FgPEX7, and FgPEX12, form normal perithecia with mature ascospores; however, the production of perithecia in these mutants is reduced compared to that in the WT strain (Min et al., 2012; Zhang et al., 2019a; Wang et al., 2020). In contrast, in Podospora anserine, mutants with PEX1, PEX4, PEX6, PEX8, PEX22, or PEX26 deleted are sterile (Suasteolmos et al., 2018). Taken together, we can conclude that FgPEX22-like contributes to the development of F. graminearum.

Peroxisome functions are important factors in plant infections. In C. orbiculare, FAM1, which encodes a woronin-body-associated PEX22, plays important roles in appressorium development and pathogenicity (Kubo et al., 2015). In this study, the ΔPEX22-like mutant showed a significant reduction in disease severity. In addition, similar to FgPEX1, FgPEX2, FgPEX3, FgPEX4, FgPEX10, FgPEX12, FgPEX13, FgPEX14, and FgPEX33, we found that toxin production, which is known to be essential for the virulence of F. graminearum (Desjardins et al., 1993; Chen et al., 2018; Kong et al., 2019; Zhang et al., 2019a,b; Wang et al., 2020), was obviously reduced in the FgPEX22 deletion strain. Similarly, most peroxins in M. oryzae, except for PEX5, have critical roles in virulence (Wang et al., 2007, 2019; Goh et al., 2011; Chen et al., 2016; Li et al., 2017). In Alternaria alternata and Colletotrichum gloeosporioides, peroxisomes are also important for the biosynthesis of AK-toxin and plant infection (Imazaki et al., 2010; Zhao et al., 2020). These results indicate that different peroxins have different regulatory mechanisms in regulating pathogenicity, and FgPEX22-like is an important pathogenic factor of F. graminearum.

Interestingly, the results of electron microscopy showed the microstructure of ΔPEX22-like displayed an abnormal morphology in the following four aspects. First, the peroxisome structures were absent in the FgPEX22-like deletion mutant. In humans, mutations in the AAA-complex PEX26, PEX1, and PEX6 result in a decrease in peroxisome number and function (Law et al., 2017). To verify the presence or absence of peroxisome structures in the FgPEX22-like deletion mutant, we determined the localization in the mycelia of a known peroxisomal membrane protein, PMP70. The results showed that PMP70-GFP in the ΔPEX22-like mutant displayed a punctate distribution in hyphal cells, similar to that in PH-1, indicating that the deletion of FgPEX22-like had no effect on the existence of peroxisomes.

Second, Woronin bodies were also absent in the FgPEX22-like deletion mutant. To verify this result, we determined the localization of the Woronin body protein HEX1 in the mycelia. The results showed that HEX1-GFP was dispersed uniformly in the cytoplasm of ΔPEX22-like. This phenotype was in agreement with the functions of FgPEX1, FgPEX2, and FgPEX10 in the biogenesis of Woronin bodies. In addition, MoPEX11, MoPEX19, and MoPEX14/17 are also essential in M. oryzae for the biogenesis of Woronin bodies (Li et al., 2014, 2017). Woronin body, which is derived from peroxisomes, is a characteristic organelle specifically present in filamentous ascomycetes. Woronin bodies can plug septa into intact growing hyphae to maintain hyphal heterogeneity in a fungal mycelium by impeding cytoplasmic continuity (Liu et al., 2008).

Third, deletion of FgPEX22-like resulted in reduced cell wall integrity, displaying considerable leakage of hyphae and conidia. This result showed that the absence of FgPEX22-like influenced F. graminearum cell wall integrity. This finding was further confirmed by the sensitivity measurement of PH-1 and ΔPEX22 to cell wall-damaging agents and degrading enzymes. Similar results were obtained for FgPEX2, FgPEX4, MoEX5, MoPEX6, MoPEX14, MoPEX17, and MoEX19, indicating they too are essential for cell wall integrity in F. graminearum and M. oryzae, accordingly (Li et al., 2014, 2017; Zhang et al., 2019b; Wang et al., 2020). Studies have shown that the fungal cell wall glucan and chitin are derived from acetyl-CoA, which is a product of β-oxidation in peroxisomes (Ramospamplona and Naqvi, 2006). Thus, we conjectured that the damaged cell wall was related to decreased acetyl-CoA. In addition, damaged cell walls of spores and mycelia may have confirmed the functional disorders in Woronin bodies, which serve as a plug to impede cytoplasmic continuity when the mycelium is damaged to maintain hyphal heterogeneity (Tenney et al., 2000). Taken together, FgPEX22-like plays a crucial role in regulating F. graminearum cell wall integrity.

Finally, based on TEM observations, lipid droplets accumulated and increased in both quantity and size in the ΔPEX22-like mutant. Nile red staining further verified this result. Previous studies have emphasized that peroxisomes maintain a close association with lipid bodies, which constitute the intracellular storage sites of triacylglycerol and cholesterol ester (Binns et al., 2006; Farese and Walther, 2009; Beller et al., 2010). In M. oryzae, F. graminearum, and Aspergillus flavus, the translocation and degradation of lipid droplets are also damaged by the deletion of MoPEX1, FgPEX1, FgPEX2, and AflPex5 (Deng et al., 2016; Zhang et al., 2018, 2019a; Wang et al., 2020). The deletion of PEX6 in Colletotrichum lagenarium abrogates its ability to use long-chain fatty acids (Matsuzono et al., 1999). When cultured on medium using long-chain fatty acids or very long-chain fatty acids as sole carbon sources, the ΔPEX22-like mutant exhibited slower growth rates, indicating FgPEX22-like was involved in utilizing long-chain and very long-chain fatty acids. Taken together, these results indicate that deletion of FgPEX22-like results in a deficiency in the utilization of lipids and long-chain fatty acids. Combining these results, we suggest that FgPEX22-like plays essential roles in maintaining normal organelle development in F. graminearum, which probably accounts for the loss of pathogenicity in the FgPEX22-like mutant.

Herein, we show that FgPEX22-like encodes a peroxin protein in F. graminearum that interacts directly with FgPEX4 and acts as a rivet protein of FgPEX4, and the loss of FgPEX22-like leads to the abnormal subcellular localization of FgPEX4 protein. Moreover, FgPEX22-like is involved in the regulation of asexual and sexual reproduction, pathogenicity, cell wall integrity, oxidative stress, and organelle integrity. Our study has established, for the first time, the comprehensive biological functions of a homologous protein of PEX22 in F. graminearum.
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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.

Keywords: Rhizoctonia, tomato, defense, salicylic acid, jasmonic acid, priming, necrotroph, hemibiotroph


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:
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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).


[image: image]

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).


[image: image]

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 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.
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Ability to infect leaves

Isolate Origin Host Collection Date References V. vinifera P. vulgaris Sporulation Sclerotia Response Mating Type
formation  to light

B05.10 Unknown Germany Buttner et al (1994) Yes Yes Yes Yes Yes MAT 1-1
B116 Rueda (Spain) V. vinifera 10/08/2002  Acosta Morel et al. No Yes Yes No No MAT 1-2
(Tempranillo) (2019)
B217 San Roman de V. vinifera 8/28/2007 Acosta Morel et al. No No No No No MAT 1-2
Hornija (Spain) (Tempranillo) (2019)
B286  Aldeadavila de la V. vinifera (Juan 10/09/2007 This work No No No No No ND
Ribera (Spain) Garcia)
B350  Aranda de Duero V. vinifera 10/08/2007 This work No No No No No ND
(Spain) (Tempranillo)
B371 Aranda de Duero V. vinifera 10/08/2007  Acosta Morel et al. No No No No No MAT 1-2
(Spain) (Tempranillo) (2019)
B448 Roa (Spain) V. vinifera (Garnacha) 10/08/2007  Acosta Morel et al. Yes Yes Yes Yes Yes MAT 1-1
(2019)
B459  Aranda de Duero V. vinifera 10/08/2007  Acosta Morel et al. No No No No No MAT 1-2
(Spain) (Tempranillo) (2019)
B468  Aranda de Duero V. vinifera 10/08/2007 This work No No No No No ND
(Spain) (Tempranillo)
B471 Aranda de Duero V. vinifera 10/08/2007  Acosta Morel et al. No No No No No MAT 1-1
(Spain) (Tempranillo) (2019)

The phenotypes in relation to their ability to infect leaves of two host species, to sporulate, to produce sclerotia and to respond to light are summarized. The mating type
is indicated (ND: not determined).





OPS/images/fpls-12-663870/fpls-12-663870-t002.jpg
Position

1251759
1251838
1253843

Type of mutation

SNP
SNP
SNP

Nt change

C(G) to T(A)
A(T) to G(C)
C(G) to T(A)

Genome
B371
B448
B448 B371

Gen

Bcin04g03490
Bcin04g03490
Bcin04g03490

Region

CR
CR
CR

aa change

G722R
16951
E44K

Impact

MODERATE
LOW
MODERATE





OPS/images/fpls-12-663870/fpls-12-663870-g005.jpg
1 1000

200 400 600 800

| : . ; 1200 1400 1600 1800 20100 2200 2400 2600 2800 3200 3400 3600 3800 4200

3000 4000

Bcin04g03490 )

03490.1
03490.2* MRNA
03490.3
03490.1 . D S
03490.2* C——— e, e CDS
03490.3 R e — R e R aa
M'[ 5 H ] protein
B05.10 [
| l | | | | | l | | | | | | | | | l | | |
1 100 200 300 400 5QQ 600 700 800 900 4QQQ 1100 1200 1300 1400 1500 1600 1700 1800 1900 200Q 2100 2200 2315
GAL4 PRE._RESOE LbH_MAT_GAT
pfam00172 pfam16628
E44K Silent
(G130A) (T2135C)
ad48 ( — )
E44K Silent C330Y Silent
(G130A) (ce7e)  (GOS9AIRY (Tt ZE)
a2l7 ( —1 )
E44K Silent Y633D
(G130A) (C678T) (T1947G)
a286 ( LT l
E44K G722R
(G130A) (G2214A)
a350 ( —1 )
E44K G722R
(G130A) (G2214A)
a371 ( — ]
STOP Silent
E44K
(G130A) (cs@‘ F’LC’G_78T)
ad59 | L :
E44K STOP
(G130A) (C427T)
a468 ( — )
E44K Silent STOP Silent
(G130A) (C678T) (C1128T) (T2039C)

ad71 | — J






OPS/images/fpls-12-663870/fpls-12-663870-g006.jpg
a371 a448 a217 a459 a471 al116






OPS/images/fmicb-12-741842/fmicb-12-741842-g002.jpg
oo wr
=ALtept-8
o Al tap1-10
Bltapt/AP1

ahbé ﬁh;a

g2

"
Conao red

L
SDS.

1
"Sorbitol

" 1
Glucose  CFW





OPS/images/fmicb-12-741842/fmicb-12-741842-g001.jpg
Colony diameter (mm)
3 &

Atapt-8

Altapt-10

Altap1/AP1






OPS/images/fmicb-12-741842/crossmark.jpg
©

2

i

|





OPS/images/fpls-12-666985/fpls-12-666985-g005.jpg
i 35 Mock
—~ 30| |—®— Unbagged
:i: - - Bagged
9 29 |
= 20
-
o 15}
o
= 10}
£
w 5 _
1 2 3 4 5 6
Time (dpi)
Mock - unbagged
D 35
~ 30| |—*— Control
- O T1
o 29[ |-v- T2
-
). ‘LY
>
o 15¢
&
01
£
w
2 3 4 5 6
Time (dpi)
Mock - bagged
G 35
~ 30} |—* Control
- O T1
o B[ [~ T2
-
= 20t
=
o 15
&
> 10}
£
w

- 35 M. laxa
= 30¢ -
5 *
9 251
TR0
=
o 15t .
2 10}
S o
w
oo Qme===—- :—--(3---0
Time (dpi)
M. laxa- unbagged
E 35 99
= .30}

N
O,

10}

Ethylene (uL kg-'h-!
o

L
w
&

Ethylene (uL kg-'h-1)

oS O

2 3 4 5 6 T
Time (dpi)

M. laxa- bagged

a a

'.'0. ....... O

a % o
- -

...... A &

2 3 4 5 6 7

Time (dpi)

M. fructicola

w
()

Ethylene (UL kg-'h-1)

N W
0 O

10+

a)
W W
S &

Ethylene (uL kg-'h-')

w
(&)

w
o

i
(&)

Ethylene (uL kg-'h-")

Time (dpi)

M. fructicola- unbagged

N
o,

10}

2 3 4 5 6 7

Time (dpi)

M. fructicola- bagged

N N
o O,

ol
o

2 3 4 5 6 7
Time (dpi)






OPS/images/fpls-12-666985/fpls-12-666985-g004.jpg
A M. fructicola on unbagged fruit ]

Time (dpi)

16
100
@ —e— Control 114 mm Unbagged
S +-O+ T1 A L - i ar c—Bagged
80 - CJ-v- T2 i - 142
al| gum b a
PN A — T2
°\° AB 4 110 E - A
B X > b O
@ 60 . bl g ;
— — i a
O 40 +F B / >
&) al 4~ 14 9
p= f:, ) B .
20 - o b 2 g 137 IS A K
@ O
b 10
0 . , ' v
1 2 3 4 6 7 0 1 2 3 4
Time (dpi) Time (dpi)
C M. fructicola on bagged fruit 16
100 +
@ —e— Control — A Fis i 114
3«0 T1 — a
-y LV
T e i {12
b
X B blB 110 €
o 60} ik o
: 182
o) =
3 40 ° 3
= 4 9
20 1 2
0
0 , . . ' ,
1 3 4 6 7





OPS/images/fpls-12-666985/fpls-12-666985-g003.jpg
Incidence (%)

Incidence (%)

100

M. laxa on unbagged fruit

100

G -0 T1
C-w- T2

m=m —e— Control

A -
A
B —
B B ;
—1
":’o'l" Od"; o -
3 4 6 7
Time (dpi)

M. laxa on bagged fruit

60 |-

40 +

20

@ —e— Control
=3 -0 T1
) ==t

al » )
ab ... B©
o y
bl | _

3 4 6 7

Time (dpi)

O O N O®

Severity (cm)

Severity (cm)

-t
b

Control

mm Unbagged
—Bagged

1

2 3 4
Time (dpi)






OPS/images/fpls-12-666985/fpls-12-666985-g002.jpg
Incidence (%)

Incidence (%)

120

b
o
o

Qo
o

®))
o

ECN
o

N
o

120

100

80

60

40

20

M. laxa =
16
== —e— Control 414
3 O T1
CI-v- T2 A 112
o T2
A 10 g
B {18 =
= 2T 2 T1
B 16 o
A 1 )
A & : 14 @ 5
A o b |5
ot = By 12 )
\»z bl B b b =
b 10
. b
1 2 3 4 6 7
Time (dpi)
M. fructicola D
16
@ —e— Control 414
3 0 T1 A
Cl-+- T2 ro g +19
bl —~ |
4110 £ i |-
: b LA
J 18 >
: =
leg O T1
&
A o -
=
a 42 o
EH b .. O
b 40
2

Time (dpi)

M. laxa

= Incubation period
1 Latency period

W

0: % 2 '3 4 5§ 6 T 8
Time (dpi)

M. fructicola

@ Incubation period
1 Latency period

- B

-

|

H A

O 2F 22 3 & 8§ B T /8
Time (dpi)





OPS/images/fpls-12-666985/fpls-12-666985-g001.jpg
PDA M. laxa PDAT

Control Control

Colony features

Color of the culture: Grey, white Hazel, grey Hazel, cream Grey, cream Hazel, grey Olivaceous, hazel
Culture's margin: Lobed rosetted Lobed Lobed Lobed Lobed Entire
Conidiation: No Sparse Sparse Sparse Abundant Abundant
g‘?gg:mgfi;mg Yes Yes Yes Yes Yes Yes
I;am;{gra%gack Rare Abundant Yes No Rare Rare
Growth rate (cm day'1): 0.65+0.02B 0.89+0.03A 0.80+0.05A 119+ 0.04B 133+ 0.01A 1.32+0.02A

Morphology
of conidia:

PDA M. fructicola PDA.T

12 Control T1 i B

Control

Colony features

Color of the culture: Olivaceous Cream, hazel  Cream, olivaceous Olivaceous  Hazel, olivaceous Hazel, olivaceous
Culture's margin: Entire Entire Entire Entire Lobed Lobed
Conidiation: Abundant Abundant Sparse Abundant Abundant Abundant

ng gg:?(:g%;mg Yes Yes Yes Yes Yes Yes
5322?;{3{2?23:'“" Abundant Abundant Abundant Rare Abundant Abundant
Growth rate (cm day"): 1.27 £+ 0.02A 1.26 £+ 0.01A 1.09+£0.02B 1.15+0.06 A 1.15+£0.14A 1.14£0.07A

Morphology
of conidia:
C M. laxa D 4 M. fructicola E M. laxa F M. fructicola
120 120
S |- Conidiation A B == Conidiation ’
£ || Viability T £ || Viability 100+ 100 A A A
83 83 3 Al g
8 8 = 807 ] = 80|
Q () O o
2 2 - =
%2 § 2 g 60 g 60
~— ~ E
o o A a 2 a @ 407 ‘g’ 40t
o1 °1; B B O (0]
é § 20 20|

0 0 - - 0L— v
Control T1 T2 Control T1 12 ControlT1 T2 ControlT1 T2





OPS/images/fpls-12-628611/fpls-12-628611-g003.jpg
KFol race 1 - SIX1, SIX3, SIX4

* Fol race 2 - SIX1, SIX3

* Fol race 3 - SIX1, ASIX3

* Focub race 1 - SIXI (2 seq. variants)

* Focub race 4 - SIXI (4 seq. variants)

* Focub race TR4 - SIX8 (4 seq. variants)
* Focub race STR4 - SIX8 (2 seq. variants)
v Fov - SIX6

B

r

Race discrimination and Formae
speciales identification

/
]

Avirulence factors

\,

/

* Fol - SIX1 (AVR3)

* Fol - SIX3 (AVR2)

* Fol - SIX4 (AVRI)

* Fol - SIX5

* Fol - SIX6 (Unknown AV'R)

\_

Secreted
In Xylem
(SLX)

genes

4 )

* Fol - SIX1, SIX3, SIX4 (not essential for
complete virulence), SIX3, SIX6

e Focub - SIX1, SIXS8

» Focon - SIX1, SIX4

* Fo-5176 - SIX4

 Forc - SIX6
Effectors / Role in virulence
Host specificity

* Fol - SIX1, SIX3, SIX4, SIX5, SIX6
» Fon - SIX6

 Fophy - SIX1b

*Fom - FomAvr2

\_ J






OPS/images/fpls-12-628611/fpls-12-628611-t001.jpg
F. oxysporum formae SIX Role in Role in host  Avirulence Resistance Type of Source of resistance References
speciales gene virulence specificity gene gene resistance gene
gene
Arabidopsis-infecting SIX4 Yes NK NK NK NK NK Thatcher et al., 2012
Fo-5176
SIX8 Yes NK NK NK NK NK Ayukawa et al., 2020
lycopersici SIX1 Yes Yes Avr3 -3 SRLK Wild tomato Solanum Scott and Jones, 1989;
pennellii Rep et al., 2004; Catanzariti
etal, 2015
SIX3 Yes Yes Avr2 -2 CC-NB-  Wild tomato Stall and Walter, 1965;
LRR S. pimpinellifolium Simons et al., 1998;
Houterman et al., 2008,
2009; Ma et al., 2015
SIx4 No Yes Avrl I LRR-RLP  Wild tomato Bohn and Tucker, 1939;
S. pimpinellifolium Houterman et al., 2008;
Thatcher et al., 2012;
Catanzariti et al., 2017
SIX5 Yes Yes NK NK NK NK Ma et al., 2015
SIX6 Yes NK NK NK NK NK Gawehns et al., 2014
NK NK Yes Avr7 -7 LRR-RLP  Wild tomato S. pennellii McGrath et al., 1987; Lim
et al., 2006;
Gonzalez-Cendales et al.,
2016
conglutinans SIX1 Yes NK NK NK NK NK Lietal, 2016
SIx4 Yes NK NK NK NK NK Kashiwa et al., 2013
cubense SIX1 Yes MK NK NK NK NK Widinugraheni et al., 2018
SIX8 Yes NK NK NK NK NK An et al., 2019
melonis NK NK Yes Fom- g14035 NK NK NK Li et al., 2021
NK Yes Yes FomAVR2 Fom-2 NB-LRR  Melon cultivar CH17187 Joobeur et al., 2004;
Schmidt et al., 2016
niveum SIX6 Yes Yes NK NK NK NK Niu et al., 2016
physalis SIX1b Yes Yes NK NK NK NK Simbagueba et al., 2018
radlicis-cucumerinum SIX6 Yes NK NK NK NK NK van Dam et al., 2017

SIX, Secreted in Xylem; NK, not known; Avr, avirulence gene; I, immunity gene; SRLK, S-receptor-like kinase; CC-NB-LRR, coiled-coil nucleotide-binding leucine-rich
repeat; LRR-RLP, leucine-rich repeat receptor-like protein; NB-LRR, nucleotide-binding leucine-rich repeat.
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Host Plant

Sorghum

Groundnut

Jute

Medicago truncatula

Arabidopsis thaliana

Potato

Soybean

Study

Susceptible and resistant
cultivars.

Genotypes screening for disease
tolerance.

Evaluation of resistance level in a
recombinant inbred line (RIL)
population.

Identification of known and novel
microRNAs in resistant RIL line.

Host-pathogen interaction at the
molecular level. Treatment with
methyl jasmonate (MJ) or
ethylene (ET).

Global gene expression profile at
initial entry and colonization
stages.

Defense response

Semi-in vitro assay system to
study Arabidopsis/M. phaseolina
interaction

Evaluation of transgenic potato
plants overexpressing
Thaumatin-like proteins (TLPs)
gene of Camellia sinensis
(CsTLP).

Evaluation of susceptible (S) or
moderately resistant (MR)
genotypes under irrigated and
nonirrigated and under fungal
infested and noninfested
conditions.

Genetic architecture of
resistance and identification of
causal genes.

Defense response under in vitro
conditions

Transgenic soybean with
suppressed synthesis of
isoflavones.

Tools For Study

Gene expression analysis

Gene expression analysis

Transcriptomic profile and miRNA
analysis

In silico analysis

Gene expression analysis

Transcriptomic profile

Growth parameters. Gene
expression analysis.

Transcriptomic profile

Gene expression analysis.

Analysis of total phenoalics, lignins,
total and cell wall boron and
isoflavones in seed.

Genome-wide association studies
(GWAS).

Transcriptomic profile.

Molecular and biochemical
characterization.

Results

Induction of chitinase and stilbene synthase
genes

Induction of chitinase and -1,3-glucanase
genes

Induction of SA/MeJA1/ABA pathway genes

Nine novel microRNAs identified. Known
microRNAs viz. miR-845b and miR-166
superfamily were abundantly expressed, and
provide NBS-LRR and ROS mediated
defense.

Genes involved in flavonoid and isoflavonoid
biosynthesis were up-regulated in the shoot.
Genes in jasmonates (JAs) or ethylene (ET)
pathways were not strongly induced in
infected root tissue. Treatment with MJ or ET
induced partial resistance.

Regulation of genes involved in jasmonic acid
and ethylene pathways. Regulation of genes
involved in auxin homeostasis, polar auxin
transport and auxin signalling. Treatment with
exogenous auxin conferred partial resistance.

Reduction in shoot length, root length,
photosynthetic pigments, relative water
content and increase in sugar and proline
contents in leaves. The expression of
mitogen-activated protein kinases and
thaumatin proteins increased while chitinase
and beta-1,3-glucanase showed little
increase compared with control plants.

ET or JA mutants showed an enhanced
susceptibility to M. phaseolina.

Increase in transcripts of StPAL, StLOX, and
StTLP genes involved in phenylpropanoid,
lipoxygenase, and general defense response
pathway.

Significantly higher levels of phenolics, seed
coat lignin, isoflavones, sugars, and total
boron were observed in MR genotype than in
S genotype seeds under irrigated and
nonirrigated and under experimental

M. phaseolina infested and noninfested
conditions, indicating a possible association
of these substances with resistance to
toxin-mediated infection.

Five and eight loci were reported for field and
greenhouse screening, respectively, which
were associated with candidate genes
involved in controlling the plant defense
response. No overlap of markers or genes
was observed between field and greenhouse
screenings.

Induction of in secondary metabolism,
hormone metabolism, stress, and signaling
related genes.

Reduced root capacity to produce glyceolliin
and increased susceptibility to pathogen
infection.
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Management Host Plant Disease Experiment Type References
Strategies Condition
1. Genetic
resistance
Soybean Charcoal Rot Pot / Field Genotypic analysis, Reznikov et al., 2018;
experiment Histopathology, Hemmati et al., 2018;
QTL mapping da Silva et al., 2019
Strawberry Charcoal Rot Pot experiment Cultivar evaluation Gomez et al., 2020
Sesame Charcoal Rot In vitro Cultivar evaluation Chowdhury et al., 2014
Sorghum Stalk rot In silico / Pot QTL mapping Srinivasa Reddy et al.,
experiment 2007; Mahmoud et al.,
2018
Cowpea Damping-off / Pot / Field QTL mapping Muchero et al., 2011
ashy stem experiment
blight
Castor Charcoal Rot Field experiment QTL mapping Tomar et al., 2017
2. Chemical control
Soybean Charcoal Rot In vitro / Field Fungicide Tonin et al., 2013;
experiment Reznikov et al., 2016
Strawberry Charcoal Rot Field experiment Fungicide Chamorro et al., 2015a
Green gram Root Rot In vitro / Pot Fungicide Igbal and Mukhtar,
and black gram experiment 2020
In vitro Fungicide Cohen et al., 2012
In vitro Fungicide Parmar et al., 2017
In vitro Fungicide Lokesh et al., 2020
In vitro Fungicide Swamy et al., 2018
In vitro Nanofungicide Kumar et al., 2016
3. Agronomic
practices
Strawberry Charcoal Rot Field experiment Biosolarization Chamorro et al., 2015b
Soybean Charcoal Rot Field experiment Irrigation Kendig et al., 2000
Soybean Charcoal Rot Field experiment Crop Rotation Francl et al., 1988
Soybean Charcoal Rot Field experiment Tillage system Perez-Brandéan et al.,
2012
Soybean Charcoal Rot Pot experiment Fertilization Spagnoletti et al., 2018;
Spagnoletti et al., 2020
Field experiment Irrigation / Soil Lodha et al., 1997
amendment
Soybean / Charcoal Rot Pot experiment Irrigation Jordaan et al., 2019
Sunflower
4. Biological control
4.1 Fungi
Groundnut Charcoal Rot Pot experiment AMF Doley and Jite, 2013
Cowpea Charcoal Rot Pot experiment AMF Oyewole et al., 2017
Soybean Charcoal Rot In vitro / Pot AMF Marquez et al., 2018;
experiment Spagnoletti et al., 2017;
Spagnoletti et al., 2020
Sunflower Charcoal Rot AMF + PGPY Nafady et al., 2019
In vitro Trichoderma spp. Gajera et al., 2012
In vitro Trichoderma spp. Sridharan et al., 2020
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Bibliographic
references

(Tekauz, 1963;
Porta-Puglia et al.,
1986)

(Campbell et al
1999)
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1993; Jalli and
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Afanasenko et al,
2007)

(Campbell et al.,
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etal., 2004:
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2009; Lartey et al.,
2012)
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Species

Alternaria alternata
Botrytis Cinerea

Clarireedia Jacksonii
Colletotrichum acutatum
Gibberella pulicaris
Grosmannia clavigera
Magnaporthe grisea

Zymoseptoria tritici

Nectria haematococca

Penicillium digitatum

Gene name

AaMFS54
BCcAtrA
BcAtrB
BcAtrD
BcAtrF
BcAtrG

Bmr1
Bmr3
mfsG
Bemfs1
Bemfs2
Bemfs4
ShPDR1
CaABC1
Gpabc1
GcABC-G1
ABCT1
ABC2
ABC4
MgAtr1
MgAtr2
MgAtr4
MgAtrs
MgMFS1
NhABC1
PEP5
PMR1

PMR5
PdMfs1
PAMFS1
PAMFS2

Transporter type

MFS
ABC
ABC
ABC
ABC
ABC
ABC
ABC
MFS
MFS
MFS
MFS
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
MFS
ABC
MFS
ABC

ABC
MFS
MFS
MFS

Putative substrate/ligand

Diverse range of xenobiotics
Cycloheximide, catechol, eugenol

Diverse range of xenobiotics

DMI fungicides, cycloheximide, eugenol
Resveratrol

Cycloheximide, tomatin, multiple phenolics
Multiple fungicide classes, resveratrol
Multiple fungicide classes, resveratrol
Isothiocyanates

Camptothecin, DMI fungicides
Cycloheximide, tomatin

Cycloheximide, psoralen, multiple phenolics
Multiple fungicide classes

Multiple fungicide classes, Hygromycin
Rishitin

Monoterpenes

Unknown

DMI fungicides, Camptothecin, cycloheximide
Resveratrol, miconazole, cycloheximide
Diverse range of xenobiotics

Diverse range of xenobiotics

Diverse range of xenobiotics

Berberine, camptothecin

Azoles, plant alkaloids, mycotoxins
Pisatin, Rishitin

Unknown

DMI fungicides, phloretin, camptothecin,
oligomycin

Diverse range of xenobiotics

DMI fungicides, Plant metabolites suspected
Prochloraz

Prochloraz

PCV?

Yes
No
Yes
No
NT
NT
NT
NT
Yes
No
NT
NT
NT
NT
Yes
Yes
Yes
No
Yes
No
No
Yes
No
No
Yes
Yes
No

No
Yes
Yes
Yes

Accession

CP061877
XM_001558433
XM_024696626
XM_001555199
AAF64440
CAB92309
XM_001561290
XM_024693911
XM_024693262
AF238225
XP_024546409
XM_024691536
KJ128076
KM264299
AJ306607
EFX05787
XM_003717474
AB091269
XM_003717966
XM_003857588
XM_003848105
XM_003848300
XM_003852443
XM_003850512
HM106507
XM_003044178
AB010442

ABO60639
AM412556
GU124565
GU228489

PCV, positively correlated with virulence.
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Class Compound Fungal species Conversion product GEC Citation

Cyanide Cyanide L. maculans Formamide Sexton and Howlett, 2000
Gloeocercospora sorghi Formamide Wang and Van Etten, 1992;

Wang et al., 1999

Stemphylium loti Formamide - Nazlya et al., 1983
F. moniliforme Formamide — Nazlya et al., 1983
C.graminicoal Formamide — Fry and Evans, 1977
Helminthosporium Formamide — Fry and Evans, 1977
maydis race T
H. turcicum Formamide — Fry and Evans, 1977
Macrophomina phaseoli Formamide - Fry and Evans, 1977
Mycoleptodiscus Formamide — Fry and Evans, 1977
terrestris
Phoma spp. Formamide — Fry and Evans, 1977

Saponins Avenacoside A

Avenacoside B

Stagonospora avenae
Septoria avenae
Stagonospora avenae
Septoria avenae

Deglycosylated derivative
Deglycosylated derivative
Deglycosylated derivative
Deglycosylated derivative

Morrissey et al., 2000
Wubben et al., 1996
Morrissey et al., 2000
Wubben et al., 1996

Avenacin A-1 Gaeumannomyces Deglycosylated derivative Bowyer et al., 1995
graminis vat. tritici
a-tomatine B. cinerea S-1-Tomatine Quidde and Peter, 1999
F. oxysporum f. sp. Tomatidine + Roldan-arjona et al., 1999
lycopersici
F. solani Tomatidine — Lairini and Ruiz-rubio, 1998
S. lycopersici p-2-Tomatine + Martin-Hernandez et al., 2000;
Sandrock and Van Etten, 2001
A. alternata Unknown product Oka et al., 2006
Corynespora Unknown product Oka et al., 2006
cassiicola
C.coccodes Unknown product Sandrock and Van Etten, 2001
a-Solanine G. pulicaris y -Solanine Weltring et al., 1997
a-Chaconine G. pilicaris f-2-Chaconine Weltring et al., 1997
Soyasaponin | Neocosmospora Soyasapogenol B Watanabe et al., 2004
vasinfecta var. Triose
vasinfecta
Soyasaponin Il N.vasinfecta var. Deglycosylated derivative Watanabe et al., 2004
vasinfecta
Benzoxazinoids 2-Benzoxazolinone (BOA) Fverticilloides N-(2-hydroxyphenyl) Glenn et al., 2002

6-Methoxy-2-
benzoxazolinone
(MBOA)

ITCs Benzyl isothiocyanates
Allylisothiocyanates
4-methylsulfinyloutyl ITC
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malonamic acid (HPMA)

S-glutathionylated product
S-glutathionylated product

4-Methylsulfinylbutyl
acetamide
4-MethylsulfinylbutylN-
acetylcysteine

Baldwin et al., 2019

Kettle et al., 2015

Friebe et al., 1998

Friebe et al., 1998

Glenn et al., 2002

Kettle et al., 2015

Friebe et al., 1998

Sellam et al., 2006
Sellam et al., 2006
Chen et al., 2020

Chen et al., 2020
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savBGL1
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Protein type
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Kievitone Hydratase

Pisatin Demethylase (CYP450)
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Putative localizations predicted using SignalP and DeeplLoc softwares.

*Genetic information for this protein is unavailable, but protein characterization points toward secretion into extracellular space (Turbek et al., 1992).
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Pedras and Hossain, 2006
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(4)-6a-Hydroxymaackiain
(+)-6a-Hydroxymaackiain
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6a-Hydroxymaackiain
6a-Hydroxymaackiain
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6a-Hydroxy derivative
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8-Hydroxydaidzein
8-Hydroxygenistein
4-Hydroxyphenylacetic
1,3,56-Trihydroxybenzene
Resveratrol trans-dehydrodimer
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Muconoid-type derivatives
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Pathogen name Effector Class/Domain Function References

Cochliobolus carborum HC-toxin Secondary metabolite Disrupt plant histone deacetylaces Brosch et al., 1995; Walton, 2006
Colletotrichum graminicola Cdfl Metalloprotease Degrade plant chitinases ?; Sanz-Martin et al., 2016
Sclerotinia sclerotiorum SsITL Integrin-like domain protein Disruption of calcium signaling, Nomura et al., 2012; Tang et al., 2020
induce SA/suppress JA signaling
Oxallic acid Elicitor Suppress ROS burst and callose Williams et al., 2011
deposition
SsEWCA Chitinase Suppress chitin-triggered immunity Martinez-Cruz et al., 2021
Botrytis cinerea Bc-siR3.1 Small RNA Reduce expression of key immune Weiberg et al., 2013
signaling genes
Bc-siR3.2 Small RNA Reduce expression of key immune Weiberg et al., 2013
signaling genes
Bc-siR5 Small RNA Reduce expression of key immune Weiberg et al., 2013
signaling genes
Bc-siR37 Small RNA Reduce expression of key immune Wang et al., 2017
signaling genes
BcEWCA Chitinase Suppress chitin-triggered immunity Martinez-Cruz et al., 2021
Rhizoctonia solani RsLysM LysM containing protein Chitin binding Wibberg et al., 2016; Ddlfors et al., 2019
RsRIpA Lipoprotein Protease inhibition Charova et al., 2020
RsEWCA Chitinase Suppress chitin-triggered immunity Martinez-Cruz et al., 2021
Valsa mali VmEP Unknown Unknown Lietal, 2015
Verticillium dahilae VdPDS1 Chitin deacetylase Modify chitin to non-immunogenic Gao et al.,, 2019

chitosan
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Pathogen name

Sclerotinia sclerotiorum

Botrytis cinerea

Botrytis elliptica

Colletotrichum higginsianum

Heterobasidion annosum
Rhizoctonia solani

Effector

SsNep1
SsNep2
SsCP1
BcSp1
BcGs1
BeXyn11A
BeXyll
BcXYGH
BcCrht
BclEB1
BeNEP1
BeNEP2
ChNLP1
ChNLP2
HaCPL2
AGLIP1

Protein domain/function

necrosis and ethylene-inducing peptides (NEP)

NEP

Cerato-platanin protein
Cerato-platanin protein
glucan 1,4-alpha-glucosidase
Xylanase

Xylanase

xyloglucanase

Congo red hypersensitivity transglycosylase
IgE binding protein

NEP

NEP

NEP

NEP

Cerato-platanin protein

lipase domain

Plant target

unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
osmotin

unknown
unknown
unknown
unknown
unknown
unknown

References

Dallal-Bashi et al., 2010
Dallal-Bashi et al., 2010

Yang G. et al., 2018

Frias et al., 2011

Zhang et al., 2015

Noda et al., 2010; Frias et al., 2019
Yang Y. et al,, 2018

Zhu et al., 2017

Bi et al., 2020

Frias et al., 2016; Gonzélez et al., 2017
Staats et al., 2007

Staats et al., 2007

Kleemann et al., 2012

Kleemann et al., 2012

Chen et al., 2015

Lietal., 2019
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Pathogen name

Pyrenophora tritici-repentis

Parastagonospora nodorum

Cochliobolus heterostrophus

Cochliobolus sativus; (Bipolaris sorokiniana)
Corynespora cassiicola

Cochliobolus victoriae

Effector

PtrToxA

PtrToxB

SnToxA

SnTox1
SnTox2
SnTox3
SnTox4
SnTox5
SnTox6
SnTox7
SnTox8
ChToxA
BsToxA
cassiicolin
victorin

Protein domain/function

arginine-glycine-aspartic acid
(RGD) motif

N/A

arginine-glycine-aspartic acid
(RGD) motif
N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Plant susceptibility gene or locus

Tsn1

Tsc2

Tsn1

Snni
Snn2
Snn3
Snn4
Snn5
Snn6
Snn7
Snn8
unknown
Tsn1
unknown
Vb in oat, LOV1 in Arabidopsis

References

Manning and Ciuffetti, 2005,
2015; Manning et al., 2007;
Faris et al., 2010

Friesen and Faris, 2004;
Figueroa et al., 2015

Friesen et al., 2006

Liu et al., 2004, 2012, 2016
Friesen et al., 2007

Liu et al., 2009
Abeysekara et al., 2009
Friesen et al., 2012
Gao et al., 2015

Shi et al., 2015

Faris et al., 2007
Luetal., 2015
McDonald et al., 2018
de Lamotte et al., 2007

Wolpert et al., 1985; Lorang
et al., 2007
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Primers

Gene ID
Indel size
PCR size
B. cin
B.cinB
B. cin Iris
B. fabae
B. pseud
B. calthae

Bcal9-fw
Bcal9-rv

Bcin16902210
9 bp
64/55 bp
del
del
del
del
del
ins (17)*

Bps24-fw
Bps24-rv

Bcin09g02270
24 bp
136/112 bp
ins
ins
ins
ins
del (69)*
ins

Bfab122-fw
Bfab122-rv

Bcin13g02260
122 bp
355/233 bp
ins
ins
ins
del (31)*
ins
ins

mrr1-18-fw
mrr1-18-rv

Bcin05g01790
18b
200/182 bp
ins/del
ins
ins

BcB15-fw
BcB15-rv

Bcin11g00620
15 bp
99/84 bp
ins
del (39)*

mrr1-21-fw
mrr1-21-rv

Bcin05g01790
21 bp
149/128 bp
ins/del
ins/del
ins
ins
del
ins

Text in bold, indicating the diagnostic state of the Botrytis species or B. cinerea group to be identified. In parentheses: Number of isolates tested.

Bclris6-fw
Bclris6-rv

Bcin01g05500
6 bp
85/79 bp
ins
ins
del (21)*
ins
ins
ins
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Isolate Mycel. color mrr1indel mrr1 PIRA PCR* Bcin01g05500 indel Bikaverin genes Mating type Haplotype**

bcbik1  bcbik2  bcbik3  bebik5

PCR size (bp) - 149/128 76 85/79 679 711 1278 797 - -
D12_E_IL1 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-1 1
D12_E L2 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-1 1
D12_E_IL4% Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-2 5
D12_E_IL6% Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-1 1
D12 E I8 Pink ins 62 +14 bp del yes yes yes yes MAT1-2 2
D13_E_IF1 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-1 1
D13_E_IF5 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-2 2
D13_E_IF8 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-1 1
D13_E_IL1 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-2 2
D13_E_IL2 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-1 4
D13_E_IL3 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-2 2
DA 3_E_IL4$ Gray ins 62 + 14 bp del no no no no MAT1-2 3
D13_E_IL5 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-2 2
D13_E_IL6 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-2 2
D13_E_IL7S Pink ins 62 +14 bp del yes yes yes yes MAT1-2 2
D13_E_IL8 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-2 2
D13_E_IL9 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-2 2
D13_E_IL1 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-2 2
D13_E_IL11 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-1 1
D13_F_|L128:& Pink ins 62 + 14 bp del yes yes yes yes MAT1-2 5
D13_E_IL13 Pink ins 62 + 14 bp del yes n.a. n.a. n.a. MAT1-2 2
BpsD13_E_IF2 Gray del No product ins n.a. n.a. n.a. n.a. n.a. .
BpsD13_E_IF4 Gray del No product ins n.a. n.a. n.a. n.a. n.a. -
V1750 Pink ins 76 bp ins yes yes yes yes n.a. -
B05.10 Gray del 76 bp ins no yes yes yes MAT1-1 -
B. cinerea® Gray ins/del 76 bp ins no n.a. n.a. n.a. n.a. =
B. fabae G12 Gray del 76 bp ins no n.a. n.a. n.a. n.a. =
B. pseud VD110 Gray del No product ins no n.a. n.a. n.a. n.a. -

*Products after digestion with Accl. **Based on data in the table and MLST or mrr1 sequencing data. S Randomly chosen B. cinerea non-Iris isolates (n = 20). $Used for
MLST sequencing. &Used for mrr1 sequencing. n.a.: not analyzed.
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Code Gene ID (name)*

MLSTA Bcin01g07220

MLST2 Bcin05g07690

MLST3 Bcin06g01710

MLST4* Bcin09g03030 (Bedpb2)
MLST5 Bcin11g01310

MLST6 Bcin15g03910

MLST7 Bcin16g03460

MLST8* Bcin12g03020 (ms547/Bcdbp?)
MLST9* Bcin02g07770 (Becnep2)
MLST10* Bcin04g02090 (fg7020/Bcufd2)

*Gene names were taken from http://fungi.ensembl.org/Botrytis_cinerea/, and from Marthey (2008).

Predicted function

ATP pheromone transporter
Glycoside hydrolase
Aromatic amino acid decarboxylase
DNA polymerase ¢ subunit B
Protease
Palmitoyl protein thicesterase
20G-Fe(ll) oxygenase
ATP-dependent RNA helicase
Necrosis-inducing protein 2
Ubiquitin fusion degradation protein

CDS size (bp)

4551
1769
1695
3347
1701
1148
968
2634
845
3788

Fragment sizes (bp)

First PCR

1258
1100
1019
1011
921
971
833
935
842
910

Second PCR

1350
1192
1111
1108
1013
1063
925

1027
934

1002
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Strain Conidiation* Germination (%)** DON Relative expression level®

(10° conidia/mL) Production (ppm)’ Tri5 Tri6
PH-1 21.334+0.922 95.07 £ 0.272 314.1 £10.12 1.00+0.032 1.00 £0.032 1.0C
APEX22-like 16.00 £ 0.29° 70.20 £0.87° 202 +36° 0.51 £0.02° 0.16 £0.01° 0.52
A APEX4/22-like 3.78 +0.26° 65.38 +0.47° 235+2.9° 0.57 £0.03° 0.18 £0.02° 0.4€

*Number of conidia in 100 mL of carboxymethylcellulose (CMC) cultures were examined after incubation for 5 days.

**Conidia were incubated in YEPD medium at 25°C for 6 h.

THPLC-MS/MS analysis of DON produced in the PH-1 and mutants.

*Expression levels of several genes at the level of transcription. The relative expression level of GAPDH gene was used as an internal control. The gene expression in PH-1
was set to 1.0 (P < 0.05).

The different letter on the bars for each treatment indicates significant difference at P < 0.05 by Duncan’s multiple range test.
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74
75
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7
78
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84
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86
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88
89
90
91
92
93
94
95
96
97
98
99
100

D14_Ki11
D14_Ki12
G09_S04
G09_S33
G11_MG1_E5
G11_MG1_E7
G11_MG1_E22
G13_EBio4
N11_K W02
N11_K_WO03
N11_K_WO06
N11_K_ W08
N11_K W11
N11_K_W14
N11_S_E08
N11_S_E09
N11_S_E10
N11_S_E15
SA12_Ro
SAS405
U10_SC_BRO1
U11_M_E1
U11_SC_BR02
V1750
2230
2235
2240
11001
11002
D12_B_B02
D12_B_B28
G12
G12_B03B
D0O8_H_8_15
D11_KL_cal2
D11_M_E27
D11_T_B18
D11_T_EO1
D12_E_cal1l0
D13_E_IF4
N11_K_W15
N11_S_E06
VD110
VD184
VD256
MUCL2830
Pael14
GBc_5

Bein
Bcin B
Bcin
Bcin “S™*
Bcin
Bcin
Bein
Bcin
Bcin
Bcin B
Bcin B
Bcin
Bcin “S™*
Bcin
Bein “S™*
Bcin B
Bcin B
Bcin
Bcin
Bcin
Bcin
Bcin B
Bein
Bcin
B. fabae
B. fabae
B. fabae
B. fabae
B. fabae
B. fabae
B. fabae
B. fabae
B. fabae
B. pseud
B. pseud
B. pseud
B. pseud
B. pseud
B. pseud
B. pseud
B. pseud
B. pseud
B. pseud
B. pseud
B. pseud
B. calthae
B. paeoniae
B. sinovitic.

2014
2014
2009
2009
2011
2011
2011
2013
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2012
<1990
2010
2011
2011

S S )

?
2012
2012
2012
2012
2008
2011
2011
2011
2011
2012
2013
2011
2011
2007
2007
2007
1961
2013
2010

Cherry
Cherry
Strawberry
Strawberry
Strawberry
Strawberry
Strawberry
Strawberry
Grapevine
Grapevine
Grapevine
Grapevine
Grapevine
Grapevine
Strawberry
Strawberry
Strawberry
Strawberry
Rooibush
Grapevine
Strawberry
Strawberry
Strawberry
Cucumber
Broad bean
Broad bean
Broad bean
Broad bean
Broad bean
Broad bean
Broad bean
Broad bean
Broad bean
Strawberry
Caltha palustris
Strawberry
Broad bean
Strawberry
Caltha palustris
Iris pseudacorus
Grapevine
Strawberry
Grapevine
Blackberry
Grapevine
Caltha palustris
Peony
Grapevine

GER, Jork
GER, Jork
Greece
Greece
Greece, Manolada
Greece, Manolada
Greece, Manolada
Greece
Norway, Kvelland
Norway, Kvelland
Norway, Kvelland
Norway, Kvelland
Norway, Kvelland
Norway, Kvelland
Norway, Segne
Norway, Segne
Norway, Segne
Norway, Segne
South Africa
[taly
United States, South Carolina
United States, North Carolina
United States, South Carolina
Japan
France
France
France
France
France
GER, Bonn
GER, Bonn
Greece
Greece
GER, Vechta
GER, Kaiserslautern
GER, Meckenheim
GER, Trier
GER, Trier
GER, Kaiserslautern
GER, Kaiserslautern
Norway, Kvelland
Norway, Segne
France, Courteron
France, Courteron
France, Courteron
Canada, Quebec
GER, Wonsheim
China, Xinjiang

R. Weber
R. Weber
Leroch et al., 2013
Leroch et al., 2013
G. Karaoglanidis
G. Karaoglanidis
G. Karaoglanidis
G. Karaoglanidis
This work
This work
This work
Leroch et al., 2013
Leroch et al., 2013
This work
Leroch et al., 2013
This work
This work
Leroch et al., 2013
L. Mostert
Faretra et al., 1988
G. Schnabel
G. Schnabel
G. Schnabel
Schumacher et al., 2013
A.S. Walker, INRA
A.S. Walker, INRA
A.S. Walker, INRA
A.S. Walker, INRA
Leroch et al., 2013
M. Heupel
M. Heupel
G. Karaoglanidis
G. Karaoglanidis
Leroch et al., 2013
This work
This work
This work
This work
This work
This work
This work
Leroch et al., 2013
Walker et al., 2011
Walker et al., 2011
Walker et al., 2011
Leroch et al., 2013
This work
Zhou et al., 2014

MLST
MLST
MLST
IT; fullseq
MLST
MLST
MLST
MLST
MLST
MLST
IT; MLST
MLST
IT; MLST
IT; MLST
IT; MLST
IT, MLST
IT; MLST
IT; MLST
MLST
IT; MLST
MLST
MLST
MLST
T
[T, MLST
IT; MLST
IT; MLST
IT
IT; fullseq
MLST
MLST
IT; fullseq
MLST
MLST
MLST
IT; MLST
IT; MLST
MLST
MLST
MLST
IT; MLST
[T, MLST
IT; fullseq
IT
MLST
MLST
MLST
MLST

*Strains marked as Bcin “S” have been described to belong to “Botrytis group S,” based on sequencing of mrr1, hsp60, fg1020, nep2, and ms547 (Leroch et al., 2013).
?2 means unknown.
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33
34
35
36
37
38
39
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41
42
43
44
45
46
47
48
49
50
51
52

Name

B05.10
T4
C12_S E1. 5
C12_S E7 2
C12_S_E7_4
CH14_ES_11_1
CH14_ES_11_5
D06_1_30
D0O8_H_8_3
D08 _H_8_4
D0O8_H_8_6
D09_Bc11
D09_K_2_3
D09_K_4_1
D09_K 4 2
D10_B_F1_6
D10_B_F3_5
D10_B_S3_16
D10_B_S6_1
D10_K_S11_6
D10_MR_S19
D10_K_S12_13
D11_H_R3_7
D11_KL_tax4
D11_M_EO1
D11_M_EO7
D11_M_W04
D11_T_B09
D11_T_B14
D11_T_B25
D11_T_B45
D11_T_E12
D11_T_E15
D11_T_E18
D11_T_WF43
D11_T_WHO08
D12_E_cal13
D12_BH20_4
D12_H_BioH1
D12_Peppert
D13_MR_S9
D13_B_KF1_25
D13_MR_S11
D13_E_IL12
D13_E_IL4
D13_E_IL7
D13_MR_S2
D13_MR_S1
D13_MR_S4
D13_MR_S14
D13_MR_S29
D14 Heid15

Species

Bcin
Bcin
Bcin
Bcin
Bein
Bcin
Bein
Bein
Bcin
Bcin “S™*
Bcin B
Bcin
Bcin
Bcin “S™
Bcin B
Bcin “S™
Bcin “S™
Bcin B
Bcin B
Bcin B
Bcin
Bcin
Bcin B
Bcin
Bcin
Bein
Bcin
Bcin
Bein
Bcin B
Bcin
Bcin B
Bcin B
Bcin B
Bein
Bcin
Bcin
Bein
Bcin
Bcin
Bein
Bcin
Bcin
Bein |
Bein |
Bein |
Bcin
Bcin
Bcin
Bcin
Bcin
Bcin B

Year

1994
2005
2012
2012
2012
2014
2014
2006
2008
2008
2008
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Random effects:

Groups Name (Intercept) Variance
Year 0.38747
Residual 5.61418

Number of obs: 10368, groups: year, 2

Type lll analysis of variance with Satterthwaite’s method. P-value < 0.05.

Standard deviation
0.62247
2.36943

Terms are as follows: be, the 12 B. elliptica isolates tested; group, the seven lily hybrid groups tested; season, early or late spring time period where the disease

assays were conducted.

In addition, interactions of these factors were tested (:). The degrees of freedom and p-values are shown. The experiment tests the random effect of four independent

replicate experiments.
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Isolate code Year of isolation Sampling location

Be9174! 1991 Unknown
Be9401":2:3 1994 Lisse (NL)
Be9605' 1996 Lisse (NL)
Be9610! 1996 Bergentheim (NL)
Be9612! 1996 Anerveen (NL)
Beg714! 1997 Elsloo (NL)
Beg7321-2:3 1997 Lisse (NL)
Be0006"23 2000 Rutten (NL)
Be254-21 Unknown Unknown
Be254-8! Unknown Unknown
Be254-11" Unknown Unknown

Be748! Unknown Unknown
Bcin_B05.102 1995 Miinster (Germany)

Be, Botrytis elliptica; Bc, Botrytis cinerea.

1Fungal isolates used for disease assays in leaves.

2Fungal isolates used for disease assays on flowers and leaves.
3Fungal isolates used for production of culture filtrate samples.
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Lily hybrid group Genotype

Asiatic (A) A11.23 A218 A312
Longiflorum (L) LA L2h28 L3123
Oriental (O) 01123 02'3 03'?
Longiflorum x Asiatic (LA) LA 11:23 LA 213 LA 3":2
Longiflorum x Oriental (LO) LO 112 LO 2123

Oriental x Asiatic (OA) OA'"S

Oriental x Trumpet (OT) oT 118 oT 212 OT 31:2:3

1Lily genotypes used for disease assays in leaves.
21 jly genotypes used for disease assays in flowers and leaves.
3Lily genotypes used for leaf infiltration with culture filtrate samples.
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Leaf damage

Total phenolic

Treatment area Fv/Fm compounds SA JA

F P F P F P F P F P
Endophyte (E) 74.75 <0.001 117.088 <0.001 43.264 <0.001 0.007 0.934 79.429 <0.001
Pathogens (P) 7.573 0.009 213.647 <0.001 108.609 <0.001 442.789 <0.001 17.663 <0.001
E*P 2.692 0.110 52.973 <0.001 13.973 <0.001 1.151 0.333 1.035 0.370

Significant P-values (P < 0.05) are shown in bold font.
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GO information Brassinin 0.5 h Brassinin 2 h

GO term Description o FDR NG FDR NG
G0:0000027  Ribosomal large subunit assembly BP . 3eoEO4 7
G0:0042254  Ribosome biogenesis BP - -

G0O:0000054  Ribosomal subunit export from nucleus BP 1.00E-02 5

G0:0006448  Regulation of translational elongation BP 6.30E-03 5 - -
G0:0016282  Eukaryotic 43S preinitiation complex CC 2.80E-02 3 3.60E-02 3
G0:0033290  Eukaryotic 48S preinitiation complex CC 2.80E-02 3 3.60E-02 3
G0:0003743  Translation initiation factor activity MF 7.50E-03 7 2.30E-02 I
GO:0006396 RNA processing BRP 2.20E-03 21 - -
G0:0034660 ncRNA metabolic process BRP 9.40E-03 nf7d - -
G0:0016072  rRNA metabolic process BP 1.40E-08 14 - -
G0:0006383  Transcription from RNA polymerase Ill promoter BP 1.70E-03 8 - -
G0O:0005736  DNA-directed RNA polymerase | complex CC 1.40E-03 4 - -
GO:0051169  Nuclear transport BP - -

G0:0030490 Maturation of SSU-rRNA BP - -

G0:0009123  Nucleoside monophosphate metabolic process BP - -

G0:0008135  Translation factor activity, nucleic acid binding MF - -

G0:0032268 Regulation of cellular protein metabolic process BP - -

G0O:0006457  Protein folding BP - -

G0:0006144  Purine nucleobase metabolic process BP - -

G0:0019843  rRNA binding MF - -

G0:0051246  Regulation of protein metabolic process BP - -

G0:0009259  Ribonucleotide metabolic process BP - - 2.60E-03 iy
G0:0006526  Arginine biosynthetic process BP - - 6.40E-03 4
G0:0016882  Cyclo-ligase activity MF - - 7.00E-03 3
G0:0050658 RNA transport BP - - 7.20E-03 8
G0O:0046040  IMP metabolic process BP - - 1.30E-02 4
G0O:0005852  Eukaryotic translation initiation factor 3 complex BP - - 1.00E-02 4
G0:0072528  Pyrimidine-containing compound biosynthetic process BP - - 1.10E-02 o
GO:0006446  Regulation of translational initiation BP = = 1.10E-02 {5}
G0:0072521  Purine-containing compound metabolic process BP - - 1.90E-02 16
G0:0046394  Carboxylic acid biosynthetic process BP - - 2.00E-02 i

The number of genes (NG) and P-values of the false discovery rate (FDR) are shown. O, ontologies; BR, biological process; CC, cellular component; and MF,
molecular function.
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GO information Brassinin 0.5 h Brassinin 2 h Brassinin 6 h

GO term Description o FDR NG FDR NG FDR NG
G0:0032126  Eisosome Co = = - -
GO:0016192  Vesicle-mediated transport BP = - - _
GO:0006897  Endocytosis BP = - - _
G0O:1900180  Regulation of protein localization to nucleus BP - - - -
GO:0006623  Protein targeting to vacuole BP - - - _
GO:0006629  Lipid metabolic process BP - - - _
GO:0016042  Lipid catabolic process BP — — = =
G0O0006644  Phospholipid metabolic process BP - - - -
GO:0071072  Negative regulation of phospholipid biosynthetic process BP - - - -
G0:0045936  Negative regulation of phosphate metabolic process BP - - - -
G0:0006650  Glycerophospholipid metabolic process BP - - - -
GO:0005546  Phosphatidylinositol-4,5-bisphosphate binding MF - - - -
GO:0035091  Phosphatidylinositol binding MF = — - _
GO:0010876  Lipid localization BP - _
GO: 0006869 Lipid transport BP - - - -
G0:0015918  Sterol transport BP = - - _
G0O:0015850  Organic hydroxy compound transport BP  2.80E-C - _ - —
GO:0051666  Actin cortical patch localization BP - - = =
GO:0019774  Proteasome core complex CC = - - - - =
G0:0006457  Protein folding BP - - - -

GO:0005783  Endoplasmic reticulum cC ~ = ~ =

GO:0030150  Protein import into mitochondrial matrix BP - - - -

G0:0016023  Cytoplasmic membrane-bounded vesicle CC - - - -

G0:0016459  Myosin complex CC - = = =

GO:0045009  Chitosome CcC = = - -

The number of genes (NG) and P-values of the false discovery rate (FDR) are shown. O, ontologies; BR biological process; CC, cellular component; and MF,
molecular function.
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Orchard cultivar 1998 2001 2004 2005

Granon@ Ig® PP BD-x (P)° BBD-z (P)4 Iy P BD-x (P) BBD-z(P) Ig P BD-x (P) BBD-z (P) Ig P BD-x (P) BBD-z(P)
Picual 455 < 0.001 <0.001 < 0.001 440 < 0.001 <0.001 < 0.001 2.83 < 0.001 0.001 < 0.001 2.61 < 0.001 0.230 < 0.001
Ancla®

Picual 9.25 < 0.001 0.025 < 0.001 10.70 < 0.001 0.001 < 0.001 6.10 < 0.001 0.001 < 0.001 5.34 < 0.001 0.018 < 0.001
Orchard cultivar 2006 2008 2010

Granon Ig P BD-x (P) BBD-z (P) Ig P BD-x (P) BBD-z(P) Ig P BD-x (P) BBD-z(P)

Picual 2.71 < 0.001 0.034 < 0.001 2.83 < 0.001 0.227 < 0.001 2.87 < 0.001 0.486 < 0.001

Frantoio 1.33 0.054 0.025 0.053 1.38 0.035 0.048 < 0.001 1.30 0.073 0.340 0.075

Ancla

Picual 5.87 < 0.001 0.002 < 0.001 510 < 0.001 <0.001 < 0.001 5.49 < 0.001 0.002 < 0.001

aGranon orchard was managed with an Integrated Disease Management (IDM) strategy by increasing planting density with cv. Frantoio, chemical weed control, and replantation of the dead trees with cv. Frantoio after
soil solarization. Ancla orchard was traditionally managed by plowing and replanting dead trees with cv. Picual. PA large Index of Dispersion (Is) > 1 combined with a small probability (P < 0.05) suggests aggregation
of Verticilium-dead olive trees. °Probability no-fitting to binomial (BD) distribution (i.e., randomness of Verticilium-dead olive trees) according to y2-test. 4Probability fitting to beta-binomial (BBD) distribution (i.e.,
aggregation of Verticillium-dead olive trees) according to standard z-value.
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Pathogen Asexuality Mating type No. host No. host ROS pH modulation'™"t  Host antimicrobialsttftt

structure’ families’™ genera modulation’'t
Rhizoctonia solani Prevalen Het. 169 823 G Acid. Camalexin, cyclobrassinin, sakuranetin
Botrytis cinerea Limited Het. 146 593 G Acid. + Alk. Glucosinolates, camalexin, a-tomatine, avenacin, avenacosides,
digitonin, terpinolene, resveratrol, pterostibene
Alternaria alternata Prevalen Het. 117 407 G Acid. + Alk. a-tomatine
Sclerotinia sclerotiorum Prevalen Hom. 88 357 G Acid. + Alk. Glucosinolates, camalexin
Fusarium graminearum Limited Hom. 28 93 ND ND Benzoxazinoids
Alternaria brassicicola Prevalen Het. 12 28 G Acid. Glucosinolates, camalexin, isalexin.
Monilinia fructicola Prevalen Het. 9 19 G Acid. ND
Pyrenophora tritici-repentis Limited Hom. 2 21 HS ND ND
Zymoseptoria tritici Limited Het. 2 8 ND ND ND
Pyrenophora teres Limited Het. 1 19 HS ND ND
Parastagonospora nodorum Limited Het. 1 HS ND BOA
Dothistroma septosporum Limited Het. 1 ND ND ND
Ascochyta rabiei Prevalent Het. 1 4 ND ND edicarpin, maackiain

THet. = heterothallic; Hom. = homothallic.

TtNumber of host families and genera was derived from the United States Department of Agriculture Agricultural Research Service accessible at https://nt.ars-grin.gov/fungaldatabases/at time of writing.
T HS = host-specific; G = general; ND = not documented.

1t Acid. = acidification; Alk. = alkalinization.

111t Referring to breakdown of by pathogen.
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Orchard?/cv June 2012 October 2012 April 2013

Granon? n Mortality? Incidence? piied Severity®? Mortality Incidence DIl Severity Mortality Incidence [b]] Severity
Frantoio 336 0.30b 1.79a 0.04b 2.00b 0.30b 1.79a 0.04b 2.00b 0.30b 1.79 0.04b 2.42b
Picual 257 1.17b 7.00b 0.24b 3.38ab 1.17b 7.00b 0.20b 2.91b 1.95b 8.95b 0.25b 2.75b
Ancla

Picual 200 21.00a 38.50c 1.71a 4.44a 32.50a 42.00c 2.15a 5.12a 32.50a 45.00c 2.22a 4.93a
Orchard/cv June 2013 October 2013

Granon n Mortality Incidence [»]]] Severity Mortality Incidence DIl Severity

Frantoio 336 0.60b 1.79a 0.05b 2.75b 0.60b 2.08a 0.06b 2.71b

Picual 257 3.11b 10.89b 0.31b 2.84b 3.11b 12.06b 0.33b 2.77b

Ancla

Picual 200 34.00a 45.50c 2.33a 5.12a 41.50a 60.00c 2.94a 4.90a

aGranon orchard was managed with an Integrated Disease Management (IDM) strategy by increasing planting density with cv. Frantoio, chemical weed control, and replantation of the dead trees with cv. Frantoio
after soil solarization. Ancla orchard was traditionally managed by plowing and replanting dead trees with cv. Picual. ®Means with the same letter are not significantly different according to Zar's test of comparison of
proportions at P < 0.05. °Means with the same letter are not significantly different according to Dunn all-pairwise comparisons after Kruskal-Wallis test at P < 0.05. YMeans of diseases severity (0-6) of all the evaluated

(symptomatic and non-symptomatic) olives.
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Logit model’s parameters

Orchard?® Height (m) Cultivar Year Constant Height P R2
Ancla Picual 1998 2.672 —-0.117 0.001 0.220
260-312 2001 2.391 —0.010 0.001 0.203
2004 0.953 —0.004 0.068 0.064
2005 2.945 —0.011 < 0.001 0.238
2006 2.969 —0.010 < 0.001 0.285
2008 2.362 —0.007 0.001 0.188
2010 2217 —0.006 0.007 0.138
Granon Picual 1998 16.840 —0.065 < 0.001 0.695
264-284 2001 13.966 —0.053 < 0.001 0.629
2004 12.643 —0.047 < 0.001 0.574
2005 13.476 —0.502 < 0.001 0.668
2006 13.368 —0.049 < 0.001 0.623
2008 14.906 —0.054 < 0.001 0.584
2010 14.744 —0.054 < 0.001 0.581
Granon Frantoio 2006 —8.789 0.026 0.098 0.211
264-284 2008 —3.635 —0.008 0.531 0.029
2010 0.774 —0.007 0.528 0.022

aGranon orchard was managed with an Integrated Disease Management (IDM) strategy by increasing planting density with the moderately resistant cv. Frantoio, chemical
weed control, and replantation of the dead trees with cv. Frantoio after soil solarization. Ancla orchard was traditionally managed by plowing and replanting dead trees
with cv. Picual. ®Logit model according to the equation Logit (P/1 - P) = Constant + b x height (m), where P = accumulated mortality. We used the number of olive trees
at each height (m) as a weight variable
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