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Abstract

:

Plants are exposed to numerous pathogens and fend off many of these with different phytohormone signalling pathways. Much is known about defence signalling in the dicotyledonous model plant Arabidopsis thaliana, but it is unclear to which extent knowledge from model systems can be transferred to monocotyledonous plants, including cereal crops. Here, we investigated the defence-inducing potential of Arabidopsis resistance-inducing compounds in the cereal crop barley. Salicylic acid (SA), folic acid (Fol), and azelaic acid (AzA), each inducing defence against (hemi-)biotrophic pathogens in Arabidopsis, were applied to barley leaves and the treated and systemic leaves were subsequently inoculated with Xanthomonas translucens pv. cerealis (Xtc), Blumeria graminis f. sp. hordei (powdery mildew, Bgh), or Pyrenophora teres. Fol and SA reduced Bgh propagation locally and/or systemically, whereas Fol enhanced Xtc growth in barley. AzA reduced Bgh propagation systemically and enhanced Xtc growth locally. Neither SA, Fol, nor AzA influenced lesion sizes caused by the necrotrophic fungus P. teres, suggesting that the tested compounds exclusively affected growth of (hemi-)biotrophic pathogens in barley. In addition to SA, Fol and AzA might thus act as resistance-inducing compounds in barley against Bgh, although adverse effects on the growth of pathogenic bacteria, such as Xtc, are possible.
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1. Introduction


Plants are constantly challenged with a plethora of pathogens, including herbivorous insects, fungi, oomycetes, bacteria and viruses [1]. To cope with these attacks, plants have evolved an effective immune system of pre-formed and inducible defence mechanisms. The former include morphological barriers, for instance the plant cell wall, cuticle, phytoanticipins, and antimicrobial proteins. Inducible defence mechanisms include processes like cell wall reinforcement by lignin and callose or the synthesis of phytoalexins and defence-related proteins or enzymes [1,2,3,4].



After the first contact between plant and pathogen, conserved structures such as bacterial flagellin or fungal chitin—so-called pathogen-associated molecular patterns (PAMPs)—encounter pattern recognition receptors on the cell surface. This triggers a first immune response termed PAMP-triggered immunity (PTI) [2,4,5]. During long-term evolution of plant–pathogen interactions, some pathogens developed effector proteins to suppress PTI. In response to this development, plants evolved resistance (R) genes, which encode proteins that directly or indirectly recognise effectors, and on recognition elicit so called effector-triggered immunity (ETI) [2,3,4,6].



Both PTI and ETI are associated with the induction of various cellular responses. These include the synthesis of antimicrobial compounds, the generation of reactive oxygen species, the activation of mitogen-activated protein kinases, transcriptional reprogramming, and the accumulation of phytohormones such as salicylic acid (SA) [2,3,4,7,8]. SA is known to affect the redox status of plants, thereby leading to transcriptional reprogramming and enhanced transcription of PATHOGENESIS-RELATED (PR) genes, which are thought to promote resistance [7,8,9,10,11]. Furthermore, SA not only helps the plant to defend itself against a present infection, it is also involved in the induction of a process protecting the plant in case of future pathogen challenge [4,6,8,12]. This response is termed systemic acquired resistance (SAR) and is usually triggered by a local, foliar infection. It elicits long-lasting, broad-spectrum resistance in systemic plant tissues (reviewed in [6,7,8,9,12]). Many signals and genes involved in SAR have been discovered in Arabidopsis thaliana. During SAR, SA levels in the infected and systemic tissues rise, and transcripts of PR as well as other defence-related genes accumulate. This establishes a status of heightened alert; the plant is “primed” to respond more quickly to a secondary infection [13,14]. SAR is most effective against pathogens fended off via SA-dependent responses [3,4,8].



During SAR, long-distance signals are generated in the infected leaves and travel to the systemic leaves, presumably via the phloem [12]. Recent evidence suggests that signal transmission also occurs via volatile compounds, in particular monoterpenes, which appear to be transmitted via the air [15]. In Arabidopsis, candidate long-distance SAR signals further include methyl salicylate [16], glycerol-3-phosphate (G3P) [17,18], the C9 dicarboxylic acid azelaic acid (AzA) [19], the diterpene dehydroabietinal [20], N-hydroxy-pipecolic acid [21,22], and the lipid-transfer proteins DIR1 (DEFECTIVE IN INDUCED RESISTANCE 1) and DIR1-like [23,24] (reviewed in [12,25,26]). Some of these compounds accumulate in the phloem after pathogen attack, among them SA, AzA, G3P, and pipecolic acid [19,27,28,29]. AzA and G3P were proposed to be symplastically loaded onto the phloem via plasmodesmata while SA appeared to be transported via an apoplastic route [29]. Only small proportions of SA and AzA are transported to the systemic tissue, and the majority of accumulation in systemic leaves thus appears to come from de novo synthesis [30,31,32]. Importantly, biosynthesis of the SAR-related compounds SA and pipecolic acid in systemic leaves is crucial for SAR establishment, questioning the biological relevance of the systemic mobility of these signals [18,33,34].



Most of the mobile metabolites induce SAR when exogenously applied to Arabidopsis plants. Local application of AzA, for example, induces a SAR-like state in the treated plants, protecting the systemic tissue against a subsequent infection with the hemi-biotrophic bacterium Pseudomonas syringae [19]. Additional SAR-inducing compounds include folate precursors or folic acid (Fol), which induces SA-mediated immunity in Arabidopsis, both locally and systemically, and in pepper (Capsicum annuum) [35,36].



In monocotyledonous plants, less is known about SAR and the signalling mechanisms involved. Key players in SA signalling, including NPR1 (NONEXPRESSOR OF PR GENES 1), the master regulator of SA signalling [7,9,10], several PR genes and SA-associated transcription factors are conserved between dicots and monocots, (reviewed in [37,38]). Most studies in this field focus on agronomically important plant species such as banana (Musa acuminata) [39], wheat (Triticum aestivum) [40,41,42], maize (Zea mays) [43], and rice (Oryza sativa) [38], in which important roles for SA signalling have been uncovered in resistance against pathogens including Fusarium oxysporum, Puccinia striiformis, Xanthomonas oryzae pv. oryzae and Magnaporthe oryzae. Treatments with the SA analogue benzothiadiazole (BTH) induce resistance in maize [44], wheat [45], and barley [46,47,48].



SA-associated immune responses in barley (Hordeum vulgare) often are studied in interaction with Blumeria graminis f. sp. hordei (Bgh), commonly named powdery mildew, an obligate biotrophic fungal pathogen that thrives on living host cells [49]. Since it causes reduced yield and serves as a model to study other mildews and obligate biotrophic pathogens [50], Bgh appeared on the list of the top 10 fungal pathogens by Dean et al. in 2012 [51]. In contrast to biotrophic pathogens of rice, Bgh inoculation does not result in SA accumulation in infected barley leaves [52,53,54]. Nevertheless, SA soil drench treatment of barley seedlings had a weak effect on Bgh infectivity [46,55], whereas soil drench treatment with BTH strongly enhanced barley resistance to Bgh [46].



Recently, Dey et al. [47] showed that in barley systemic resistance to the hemi-biotrophic bacterium Xanthomonas translucens pv. cerealis (Xtc) can be triggered by prior infiltration of a single barley leaf with the hemi-biotrophic bacterium Pseudomonas syringae pv. japonica. Unlike SAR in Arabidopsis, systemic immunity in barley was neither associated with SA nor with NPR1. In addition, local infiltration of SA or its functional analogue BTH did not induce systemic resistance to Xtc. Rather, local methyl jasmonate (MeJA) and abscisic acid (ABA) treatments, which in Arabidopsis induce systemic susceptibility to P. syringae [56] or antagonize SAR [57], respectively, triggered systemic resistance in barley to Xtc [47].



In plant immunity, cross talk between phytohormones is important and is believed to help achieve the best possible (defence) outcome. In phytohormone cross talk, an interaction is never defined by a single hormone, but rather by a complex network of interdependent positive and negative interactions [58,59,60]. The result of these interactions leads to responses in the plant, which allow it to appropriately respond to an invading pathogen. Pathogens of different lifestyles have different demands on their hosts and, therefore, must be combatted using different mechanisms; while biotrophs feed on living cells, necrotrophs acquire their nutrients from degraded and dead tissue. Several phytohormones are involved in plant defence responses against pathogens. The traditional three main players are SA, jasmonic acid (JA) and ethylene (ET), but recent evidence hints at the additional contribution of other hormones [58,59,60]. Mostly synergistic interactions are reported for JA and ET, which mainly promote defence against necrotrophic pathogens and insects [3,59,60,61]. SA and JA signalling pathways are interdependent; there is substantial cross talk between the two, comprising synergistic as well as antagonistic interactions, depending on the defence situation [3,59,62]. Biotrophic pathogens are mostly opposed using SA signalling, whereas necrotrophic pathogens are combatted using JA/ET-dependent pathways [3,59,60,62]. Because SA–JA cross talk is often antagonistic, SA-induced resistance against biotrophs can enhance susceptibility against necrotrophs and vice versa [60,63]. In Arabidopsis, for example, SA and Fol induce resistance against hemi-biotrophic bacteria and at the same time enhance susceptibility to the necrotrophic fungal pathogen Alternaria brassicicola [35,63]. Here, we query if such antagonistic cross talk between responses to biotrophic and necrotrophic pathogens also occurs in barley by using a barley pathogen from the necrotrophic side of the spectrum, the fungus Pyrenophora teres. P. teres is the causal agent of net and spot form net blotch, a major disease in many barley-growing areas, which can lead to severe yield loss, underlining the fungus’ economic importance [64].



We want to study the possible effects of Arabidopsis SAR-associated compounds on barley defence responses. Therefore, we will investigate the influence of different chemical compounds, including SA, on the propagation of barley-specific pathogens. We will employ pathogens of different lifestyles, namely the hemi-biotrophic bacterium Xtc, the biotrophic fungus Bgh and the necrotrophic fungus P. teres. In addition to SA, we will include Fol, which induces an SA-dependent defence response in Arabidopsis [35]. Also, we will include AzA, a SAR signal, which in Arabidopsis primes SA accumulation, inducing a faster and stronger response after pathogen attack compared to that in unprimed plants [19]. The data shed light upon the possible transferability of signalling intermediates related to SAR from Arabidopsis to barley. As we detected differences and similarities in the responses of these plants interacting with (hemi-)biotrophic and necrotrophic pathogens, the data reinforce the necessity of studying metabolite-induced resistance in cereal crops.




2. Materials and Methods


2.1. Plants and Growth Conditions


Barley (Hordeum vulgare L. cultivar ‘Golden Promise’ (GP)) seeds were sterilized in 1.2% sodium hypochlorite for 3 min with 25 inversions per minute. Subsequently, seeds were rinsed 3 times with water for 10 min with 25 inversions per minute and then sown (Einheitserde classic CL-T, Bayerische Gärtnereigenossenschaft). Plants for Xtc infections were either grown in a greenhouse with additional lights HQI-TS 400W/D (Osram) using a day-night cycle of 12 h with 24 °C during the day and 20 °C during the night or in a climate chamber with 16 h light and 8 h darkness at a temperature of 20 °C (day)/16 °C (night). Chamber-grown plants inoculated with Xtc were transferred to a climate chamber with 14 h light and 10 h darkness at a temperature of 29 °C (day)/19 °C (night). Plants for Bgh infections were grown in climate chambers with 16 h light and 8 h darkness at a temperature of 20 °C (day)/16 °C (night). Plants for P. teres infections were grown in the green house as described above.




2.2. Chemicals and Treatments


Stock solutions of each chemical compound were freshly prepared for each experiment. SA (Roth, Karlsruhe, Germany) was dissolved at 4 M in 100% methanol (MeOH; Merck, Darmstadt, Germany), Fol (Roth, Karlsruhe, Germany) was dissolved at 1 M and AzA (Sigma-Aldrich, St. Louis, MO, USA) at 2 M in 50% MeOH. For plant treatments, the substances were diluted to 1 mM SA [35,45], 50 or 500 µM Fol [35], and 1 mM AzA [19,31] in 10 mM MgCl2 (Roth, Karlsruhe, Germany). 0.025% MeOH in 10 mM MgCl2 served as the mock treatment. To monitor systemically induced resistance, the first true leaves of 3-week-old barley plants (6 plants per treatment) were infiltrated with the different compounds or the mock solution using a needleless syringe. Five days after the primary treatment, the second leaves of the treated plants were infected with either Xtc, Bgh, or P. teres (see below). To monitor local induced resistance against Xtc, 4-week-old barley plants were sprayed with 1 mM SA, 500 µM Fol, 1 mM Aza, or 0.05% MeOH (as mock treatment) in 0.01% Tween-20 (Calbiochem, San Diego, CA, USA). To monitor local induced resistance against Bgh, 1 mM SA, 500 µM Fol, and 1 mM AzA in 10 mM MgCl2 were syringe-infiltrated into the first true leaves of 3-week-old barley plants. 0.025% MeOH in 10 mM MgCl2 served as the mock treatment. To monitor local induced resistance against P. teres, the second true leaves of 3-week-old barley plants were syringe-infiltrated with the compounds. The treated leaves were inoculated with Xtc 1 day after treatment, with Bgh 5 days after treatment, or with P. teres 1 day after treatment.




2.3. Xanthomonas Translucens pv. Cerealis (Xtc) Infection


Xanthomonas translucens pv. cerealis (Xtc) strain LMG7393 was obtained from the Laboratory of Microbiology UGent (LMG) collection of the Belgian Coordinated Collections of Microorganisms. For infection, Xtc was grown on LMG medium (15 g/L tryptone, 5 g/L soya peptone, 5 g/L NaCl, and 18 g/L agar-agar (Roth, Karlsruhe, Germany); pH adjusted to 7.3) over night at 28 °C. Bacteria were subsequently resuspended in 1 mL 10 mM MgCl2 (Roth, Karlsruhe, Germany). The concentration of the bacterial suspension was adjusted to ~105 colony forming units (cfu)/mL in 10 mM MgCl2 using a photometer (assuming the formula: OD600 of 0.2 equals ~108 cfu/mL). Leaves of 3–5 barley plants were subsequently inoculated with the resulting Xtc suspension by infiltration using a needleless syringe. The infected plants were covered with a plastic hood and kept in the green house for 4 days. The resulting in planta Xtc titres were determined as previously described [47,65].




2.4. Blumeria Graminis f. sp. Hordei (Bgh) Infection


Blumeria graminis f. sp. hordei (Bgh) Swiss field isolate CH4.8 was obtained from Dr. Patrick Schweizer (Leibniz-Institut für Pflanzengenetik und Kulturpflanzenforschung, Gatersleben, Germany). Bgh propagation and inoculation was performed essentially as described in [66]. In short, a pot containing 12 10-day-old seedlings was infected with Bgh one week prior to each experiment. Six hours prior to the start of an experiment, these plants were shaken in order to remove old conidia and provide a uniform inoculum for the experiment [67]. Compound- or mock-treated plants were subsequently inoculated with spores from the prepared Bgh-infected plants in an inoculation tower [66] at an inoculation density of ~30 spores/mm2. The inoculated plants were placed back in the climate chamber for 6 days. Subsequently, 4 leaf discs (6 mm) were cut out of the distal halves of each first (local/compound-treated) and second (systemic) true leaf of the treated plants. The discs were incubated with 5 µM DAF-FM-DA (4-amino-5-methylamino-2’,7’-difluorofluorescein diacetate; Sigma-Aldrich, St. Louis, MO, USA or Santa Cruz Biotechnology, Dallas, TX, USA) in MES buffer (2-(N-morpholino)ethanesulfonic acid, 50 mM MES-KOH pH 5.7 (Roth, Karlsruhe, Germany), 1 mM CaCl2 (Merck, Darmstadt, Germany), 0.25 mM KOH) for 45 min in the dark and then vacuum-infiltrated. Subsequently, the leaf discs were placed in light (45 V lamp) for 1 h and 45 min and afterwards distributed on 96-well plates (1 leaf disc per well, 20–24 discs from 6 plants per treatment) with the wells filled evenly to the rim with 1% phytoagar. Fluorescence of appropriate z-stacks was visualized using the 5× objective of an inverse spinning disc confocal microscope (Zeiss Axio Observer. Z1, Zeiss, Oberkochen, Germany). Chlorophyll was excited using a laser with 561 nm and detected using a bandpass 629/62 filter; DAF-FM DA was excited using a laser with 488 nm and detected using a bandpass 525/50 filter [68]. The 96-well plates were transferred to the microscope with a KiNDx Robot (Model KX-300-660-SSU, Peak Analysis and Automation, Inc., Farnborough, UK; assembled and set up by Analytik Jena, Jena, Germany). The robot and the visualization as well as evaluation were controlled by the softwares Microscope AppStudio (Analytik Jena, Jena, Germany) and ZEN2 (Zeiss, Oberkochen, Germany). Fluorescence intensities were normalized to those of uninfected barley plants (background fluorescence) of the same age.




2.5. P. Teres Infection


A field isolate of Pyrenophora teres was donated by Günther Bahnweg (Helmholtz Zentrum München, Neuherberg, Germany) and grown on oat plates (10 g rolled oats (Alnatura, Germany), 7.5 g agar-agar (Roth, Karlsruhe, Germany), 500 mL H2O) for ~1 week at room temperature in the dark and then transferred to light for at least 2 weeks. Two mL of infection solution for fungi (0.85 g KH2PO4 (Merck, Darmstadt, Germany), 0.1 g glucose (Roth, Karlsruhe, Germany), and 1 µL Tween 20 in 100 mL H2O, pH 6.0) were pipetted onto the P. teres plates and spores were scratched off the agar using an inoculation loop. The spore suspension was subsequently pipetted into a 5 mL tube and vortexed. After determining the spore concentration under a binocular, the spore suspension was diluted to 65–110 spores per µL. Infections were performed on 6 cm-long segments of a leaf, at a distance of 1.5 centimetres from the leaf base. Five 3 µL droplets of spore suspension were pipetted alternatingly on each side of the leaf midrib. The drops were left to dry for ~1 h and the plants (6 plants per treatment) were then covered with a plastic hood. Necrotic lesions caused by P. teres were measured 4 days after infection using the ImageJ macro PIDIQ [69]. The macro was modified to measure brown necrotic lesions caused by P. teres. These modifications were restricted to the values used for colour characterisation; the values for lesion measurements were as follows: hue 0–52, saturation 150–255, brightness 0–150.




2.6. Statistics


Results of biologically independent replicate experiments with two groups were tested together for homogeneity of variance using the F-test in Microsoft Excel. Depending on the outcome of the F-test, a two-sided t-test either for equal (homoscedastic) or unequal variances (heteroscedastic) was conducted in Microsoft Excel. Results of biologically independent replicate experiments with more than two groups were analysed in GraphPad Prism 7 for Windows (version 7.04). Data with only positive values were log2 transformed and data with negative and positive values were transformed according to the formula: Y = log2[Y + 1 − min(Y)], where min(Y) denotes the lowest measured value within the experiment. Subsequently, the data were analysed for outliers using Grubbs’ test with α = 0.05. The D’Agostino–Pearson normality test was performed with α = 0.01 in order to test for normal distribution. If necessary the Grubbs’ outlier test was repeated to assure normal data distribution (a maximum of 2 Grubbs’ outlier tests were performed per data set). The data were subsequently analysed using one-way analysis of variance (ANOVA) with the Geisser-Greenhouse correction (p < 0.05) and a subsequent Dunnett’s post hoc test with α = 0.05.





3. Results


3.1. Folic Acid and Azelaic Acid Enhance the Susceptibility of Barley to Xtc


Exogenous SA or BTH application enhances the resistance of barley to the biotrophic fungus Bgh [46], but not to the hemi-biotrophic bacterium Xtc [47]. Here, we examined Xtc growth in barley after application of Fol and AzA, which each trigger SA-mediated resistance and/or SAR against the hemi-biotrophic bacterium P. syringae pv. tomato in A. thaliana [19,35]. In 3-week-old barley plants, the first true leaves were syringe-infiltrated with 50 or 500 µM Fol, 1 mM AzA, or the corresponding 0.025% MeOH mock control. Five days later, the second true leaves of the treated plants were syringe-infiltrated with Xtc and the resulting in planta Xtc titres determined at 4 days post-inoculation (dpi). Similar to SA, Fol and AzA did not reduce Xtc growth in the systemic tissue of barley (Figure 1). Whereas AzA application did not influence Xtc growth in the systemic tissue (Figure 1b), growth of the systemic Xtc inoculum was enhanced by a local Fol application (Figure 1a), suggesting the induction of enhanced susceptibility in barley against Xtc by Fol.



Fol enhances A. thaliana resistance to P. syringae when applied at concentrations of 50 to 100 µM [35]. If we applied 50 µM Fol to the first leaves of 3-week-old barley plants, the growth of subsequently applied Xtc bacteria in the systemic leaves was enhanced in three out of 10 experiments and a strong tendency in the same direction was observed in a further two experiments. If we analyse all experiments together, the data suggest that application of 50 µM Fol can, similarly to 500 µM Fol, enhance barley systemic susceptibility to Xtc (Figure 1c), albeit perhaps less robustly.



We next tested the local barley responses to the compounds used above. To this end, 1 mM SA, 500 µM Fol, 1 mM AzA, or the appropriate mock control were applied onto the leaves of 4-week-old barley plants by spray treatment. One day later, treated leaves were syringe-infiltrated with Xtc and the resulting in planta Xtc titres determined at 4 dpi. SA and Fol appeared to moderately elevate local Xtc titres, with a significant trend observed only after Fol treatment. AzA application caused an increase of the Xtc titre (Figure 2). Thus, in addition to systemic susceptibility, Fol might also moderately enhance the local susceptibility of barley to the hemi-biotrophic bacterium Xtc. The effect appeared more robust in the systemic compared to local treated tissues (Figure 1a,c and Figure 2). AzA enhanced local, but not systemic susceptibility to Xtc.




3.2. Folic Acid Enhances the Resistance of Barley to Powdery Mildew (Bgh)


In Arabidopsis Fol triggers SA-mediated immunity against hemi-biotrophic bacteria [35]. In barley, SA and in particular its functional analogue BTH enhances immunity against the biotrophic fungus Bgh while Fol enhances barley susceptibility to Xtc (Figure 1 and Figure 2; [46]). Here, we compared the effects of SA, Fol, and AzA on propagation of Bgh in barley. To this end, the first true leaves of 3-week-old barley plants were syringe-infiltrated with 1 mM SA, 500 µM Fol, 1 mM AzA, or 0.025% MeOH as control treatment. Five days later, the plants were inoculated with Bgh. The resulting Bgh infection was quantified on a fluorescence microscope 6 days later. We used the fluorescent dye DAF-FM DA which usually is used to detect and quantify NO [70] and, as shown in Figure 3, also has a high affinity for Bgh. If leaf discs from Bgh-infected leaves were stained with DAF-FM DA, the resulting fluorescence intensities reflected visual differences in Bgh infection levels and were quantified as a measure for fungal growth (Supplemental Figure S1). To this end, the stained leaf discs were loaded onto 96-well plates and scanned by a spinning disc (confocal) microscope (Figure 3).



A local infiltration of Fol in leaf 1 of barley reduced Bgh growth on the Fol-treated leaf (Figure 4a) as well as on systemic leaf 2 of the treated plants (Figure 4b) as evidenced by a ~50% decrease in DAF-FM-DA fluorescence on the leaves of Bgh-infected Fol-treated compared to mock-treated plants. In contrast, SA and AzA infiltration did not induce significant changes in the DAF-FM-DA fluorescence of the treated leaves and thus had no local effect on Bgh growth (Figure 4a). Nevertheless, SA and AzA appeared to reduce Bgh propagation, although the differences to the control were not significant (p = 0.0518 in the case of SA, Figure 4a). In the systemic leaves, Bgh-associated DAF-FM-DA fluorescence was decreased by SA and AzA to a similar extent as by Fol (Figure 4b). Thus, Fol might induce local and systemic resistance to Bgh, while SA and AzA appear to trigger systemic resistance.




3.3. Arabidopsis Immunity-Related Compounds Do Not Alter Barley Susceptibility to P. Teres


In Arabidopsis, SA induces local, but not systemic susceptibility to the necrotrophic fungal pathogen Alternaria brassicicola [35,63]. This most likely happens due to negative crosstalk between the SA and JA pathways, with SA inhibiting JA-mediated defence against A. brassicicola. A similar effect was observed for Fol, as its application increased the size of lesions caused by A. brassicicola on the treated, but not on systemic leaves [35]. Here, we examined the effects of SA, Fol, and AzA on barley local and systemic defence responses to the necrotrophic fungus P. teres. To this end, leaves of 3-week-old barley plants were syringe-infiltrated with 1 mM SA, 50 or 500 µM Fol, 1 mM AzA, or 0.025% MeOH as control treatment. The same or systemic leaves were inoculated with P. teres 1 or 5 days later, respectively, and necrotic lesions were measured at 4 dpi using the ImageJ macro PIDIQ [69], which was modified to recognize the brown lesion caused by P. teres. The outcome varied strongly between different replicate experiments. Strikingly, SA application caused increases in P. teres lesion sizes in 4 out of 8 experiments if leaves systemic to the site of SA treatment were inoculated. However, taking all data together SA, Fol, and AzA did not significantly influence P. teres lesion sizes either locally (Figure 5) or systemically (Supplemental Figure S2), suggesting that these compounds do not affect the susceptibility of barley to P. teres.





4. Discussion


4.1. Salicylic Acid Has Differential Effects on Pathogens with Different Lifestyles


Here, we report on the role of SA, Fol, and AzA on barley defence against pathogens with different lifestyles. The three tested compounds are involved in Arabidopsis SAR and known for inducing resistance to (hemi-)biotrophic pathogens in the model plant. In contrast, it has been reported that a local application of SA does not induce systemic resistance to the hemi-biotrophic bacterium Xtc in barley [47]. In order to find out if SA is involved in (systemic) defence responses in barley, we performed inoculations with two additional pathogens.



Although a local application of SA did not affect growth of the hemi-biotrophic bacterium Xtc in the systemic tissue, the same treatment reduced the disease burden of the biotrophic fungal pathogen Bgh in the systemic leaves by more than 50% (Figure 4). There might also be a local effect of SA on Bgh propagation, for which we observed a clear, but statistically insignificant trend. Thus, SA might enhance the resistance of barley to the powdery mildew pathogen Bgh. Similar to SA, its functional analogue BTH does not affect barley resistance to Xtc [47], but it induces resistance to Bgh [46]. Additionally, NPR1, the master regulator of SA responses in Arabidopsis [7,9,10], is important for barley defence responses against Bgh, but not against Xtc [47], further supporting a possible role of SA in barley defence against Bgh but not Xtc. Previous studies had reported only a minor effect on Bgh, if any, after SA treatment of barley plants [46,55]. The relatively robust effect of SA on systemic Bgh propagation in barley that we observe in this study can have one or more of three reasons. First, the apparent difference in Bgh burden between SA- and mock-treated plants might be exaggerated by the method used for evaluation of the Bgh infections. While other studies rely on pustule counts, we used the fluorescent dye DAF-FM-DA to quantify fungal material. It is known that barley produces NO as part of the plants early defence responses against Bgh [71]. Additionally, at certain stages of its life cycle the fungus itself produces NO [72]. However, it seems unlikely that this NO interferes with our quantification. The production of NO is very short-lived and happens mostly in early defence responses and early life stages of Bgh, whereas we stain with DAF-FM-DA at 6 dpi, a relatively late stage of the infection, at which time Bgh displays significant hyphal growth (Figure 3). Second, previous studies used soil-drench treatment for SA application [46,55] while in this study, syringe-infiltration of leaves was used. Finally, and perhaps most importantly, plant age differed between both prior and the current studies. In both of the cited publications, seedlings of 5 or 7 days of age were used while we worked with 3-week-old plants. It is known that plant age can positively affect plant resistance against Bgh [73]. In support of this hypothesis, we observed robust effects of SA and the other tested compounds on Bgh propagation and Xtc growth in 3-week-old plants, but did not reproducibly observe the same effects in 2-week-old plants. Comparing our data to those presented in [46,55], it is possible that SA more effectively enhances barley resistance to Bgh if applied directly to the leaves rather than the soil and/or if applied to 3-week-old rather than younger plants.



Although SA locally enhances the susceptibility of Arabidopsis plants to a necrotrophic fungal pathogen [35,63], it had no effect on P. teres lesion sizes either locally or systemically in barley (Figure 5 and Figure S2). Thus, the trade-off between plant defence responses to biotrophic and necrotrophic pathogens that is observed in Arabidopsis does not appear to influence growth of the necrotrophic fungus in SA-treated barley plants.



In summary, SA appears to induce systemic resistance against Bgh in barley but likely does not contribute to resistance against Xtc or P. teres.




4.2. Folic Acid Has Differential Effects against Bacteria and Fungi with Similar Lifestyles


Fol application is known to induce local and systemic resistance to hemi-biotrophic bacteria in Arabidopsis [35]. This effect is dependent on SA biosynthesis and signalling and on the SAR-associated compound glycerol-3-phosphate. Similar to SA, Fol application triggers local susceptibility to necrotrophic A. brassicicola. Here, we infiltrated or sprayed barley with Fol and monitored the effects on local and systemic propagation of bacterial and fungal barley pathogens.



In contrast to SA, Fol application enhanced barley susceptibility to Xtc both systemically and to a lesser extent also in the local treated tissue (Figure 1 and Figure 2). In Arabidopsis, Fol enhances resistance, probably through the SA pathway [35]. Here, SA and Fol differentially affected Xtc growth in barley, which was not affected by SA [47] and was enhanced (rather than reduced) by Fol. It is conceivable that Xtc can take up Fol, which is needed for nucleotide biosynthesis. Such supplementation could directly enhance bacterial growth, mimicking the induction of plant susceptibility. However, because the effect of Fol application on Xtc growth was stronger in the systemic compared to the local, treated tissue (Figure 1 and Figure 2), the data argue in favour of a Fol-induced effect on plant immunity.



Similar to SA, the application of Fol reduced Bgh propagation on barley both locally and systemically but did not affect P. teres lesion formation (Figure 4 and Figure 5). Again, the effects of SA and Fol on Bgh propagation were more pronounced in tissues that were systemic to the site of SA/Fol treatment than in the treated leaves themselves. Although we cannot exclude direct effects of the compounds on fungal growth, the data argue in favour of SA- and Fol-induced plant defence mechanisms affecting Bgh propagation in barley. Importantly, Fol-related compounds can promote plant yield [36], whereas SA causes cell death when applied at high concentrations. Thus, although adverse effects on barley susceptibility to hemi-biotrophic bacteria such as Xtc should be considered, Fol could be used as an alternative to SA or BTH to enhance the resistance of barley to the economically relevant powdery mildew pathogen Bgh.




4.3. Azelaic Acid Moderately Affects Barley Defence Responses


Application of AzA to Arabidopsis confers local and systemic resistance to hemi-biotrophic bacteria [19,30,31]. AzA primes Arabidopsis to accumulate higher SA levels more quickly after a subsequent infection [19]. Similarly to Fol-induced responses in Arabidopsis [35], AzA-mediated SAR depends on SA [19]. Here, we found that AzA influences pathogen propagation in barley very similarly to Fol. Whereas Fol locally and systemically enhanced Xtc growth, AzA did the same only in the local treated tissue and not systemically (Figure 1b and Figure 2). Nevertheless, this similarity in the effects of Fol and AzA on barley susceptibility to Xtc argues for a possible interference of these compounds with the barley defence response to Xtc rather than for direct effects of either compound on bacterial growth. Furthermore, in contrast to its effect on Xtc growth, AzA reduced Bgh propagation systemically but not locally (Figure 4). In this case, the systemic response induced by AzA is similar to the responses induced by SA and Fol, which also appear to induce systemic resistance to Bgh. Similar to SA and Fol, AzA application did not have an influence on fungal growth of P. teres (Figure 5 and Figure S2), neither in local treated nor in systemic tissues.



In Arabidopsis, SAR appears to be regulated by two parallel signalling pathways that are inter-dependent. One of these pathways depends on SA, the other one on AzA, G3P, reactive oxygen species, and nitric oxide [26,74]. While the SA pathway seems to be effective in barley at least against Bgh ([46] and Figure 4), the function of the other pathway, if existent in barley, is still unclear. Since SA did not affect barley resistance to Xtc while both Fol and to a minor extent AzA enhanced susceptibility rather than immunity to this hemi-biotrophic pathogen, it is possible that Fol and AzA influenced a SA-independent immune pathway. Such a pathway might rely on JA and/or ABA which are positively associated with barley defence against Xtc [47].





5. Conclusions


In this study, we investigated the role of resistance-inducing compounds from Arabidopsis, salicylic acid (SA), folic acid, and azelaic acid, on barley defence against the pathogens Xanthomonas translucens, Bgh (powdery mildew), and Pyrenophora teres. Azelaic acid appeared to induce local susceptibility to X. translucens and at the same time systemic resistance to powdery mildew. Also, we observed a possible activation of local and/or systemic resistance to powdery mildew after application of SA and folic acid. Because folic acid and azelaic acid, which both enhance SA-mediated immune responses in Arabidopsis, both enhance barley resistance to powdery mildew similarly to SA, the associated barley immune response might be related to SA. Importantly, the data show that folic acid- and azelaic acid-induced resistance is a double-edged sword that can at the same time induce resistance and susceptibility against different pathogens (powdery mildew and X. translucens). Also, folic acid and azelaic acid differentially influence the responses of Arabidopsis and barley to host-adapted hemi-biotrophic bacterial pathogens. Thus, investigating induced defence responses in barley and studying the signalling pathways used to achieve resistance in this cereal crop will be challenging topics for future research.
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Figure 1. Xanthomonas translucens pv. cerealis (Xtc) titres in the systemic leaves of barley after local application of folic acid (Fol) or azelaic acid (AzA). Barley cultivar Golden Promise (GP) plants were infiltrated in the first true leaf with 0.025% methanol (MeOH) as control, 500 µM Fol (a), 1 mM AzA (b), or 50 µM Fol (c) in 10 mM MgCl2 as indicated below the panels. Five days later, the second true leaves of the plants were inoculated with Xtc by syringe infiltration. The resulting Xtc titres in leaf 2 at 4 dpi are shown. Bars represent the average of 18–36 replicates from 5 ((a): 4× greenhouse, 1× growth chamber; (b): 3× greenhouse, 2× growth chamber) to 9 ((c): 8× greenhouse, 1× growth chamber) biologically independent experiments ± standard error; replicates were as follows: (a) MeOH: 19 (4 + 4 + 3 + 4 + 4), Fol: 18 (4 + 4 + 3 + 4 + 3), (b) MeOH: 19 (4 + 3 + 3 + 4 + 5), AzA: 20 (4 + 4 + 4 + 4 + 4), (c) MeOH: 34 (4 + 3 + 4 + 4 + 3 + 4 + 4 + 4 + 4), Fol: 36 (4 + 4 + 4 + 4 + 4 + 4 + 4 + 4 + 4). Asterisks above bars indicate statistically significant differences from the control treatments (t-test; * p < 0.05, ** p < 0.005). 
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Figure 2. Xtc titres in salicylic acid (SA)-, Fol- and AzA-treated barley plants. Barley cultivar GP plants were sprayed with 0.05% MeOH as control, 1 mM SA, 500 µM Fol, or 1 mM AzA in 0.01% Tween-20 as indicated below the panel. One day later, the second true leaves of the plants were inoculated with Xtc by syringe infiltration. The resulting Xtc titres in leaf 2 at 4 dpi are shown. Bars represent the average of 8–9 replicates from 3 biologically independent greenhouse experiments ± standard error, replicates were as follows: MeOH: 9 (3 + 3 + 3), SA: 9 (3 + 3 + 3), Fol: 8 (3 + 3 + 2), AzA: 8 (3 + 3 + 2); asterisks above bars indicate statistically significant differences from the mock control treatment (one-way ANOVA and post hoc Dunnett’s test, * p < 0.05, *** p < 0.0005). 
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Figure 3. Merged z-stack 3 × 3 tiled images of 4-amino-5-methylamino-2’,7’-difluorofluorescein diacetate (DAF-FM-DA) stained discs of Blumeria graminis f. sp. hordei (Bgh)-infected barley leaves in the first 3 columns of a 96-well plate. Enlarged: merged image of a single well. Chlorophyll fluorescence is shown in red, DAF-FM DA fluorescence in green. 






Figure 3. Merged z-stack 3 × 3 tiled images of 4-amino-5-methylamino-2’,7’-difluorofluorescein diacetate (DAF-FM-DA) stained discs of Blumeria graminis f. sp. hordei (Bgh)-infected barley leaves in the first 3 columns of a 96-well plate. Enlarged: merged image of a single well. Chlorophyll fluorescence is shown in red, DAF-FM DA fluorescence in green.



[image: Agronomy 08 00142 g003]







[image: Agronomy 08 00142 g004a 550][image: Agronomy 08 00142 g004b 550] 





Figure 4. Relative fluorescence of DAF-FM DA staining of Bgh in leaves of barley plants after application of SA, Fol, or AzA to leaf 1. Barley cultivar GP plants were infiltrated in the first true leaf with 0.025% MeOH as control, 1 mM SA, 500 µM Fol, or 1 mM AzA in 10 mM MgCl2 as indicated below the panel. Five days later, the plants were infected with Bgh spores. Leaf discs were cut out of the first (local) (a) and second (systemic) (b) true leaf and stained with DAF-FM DA. Fluorescence was recorded using a spinning disc (confocal) microscope. Bars represent the average of 37–64 replicates from 2 (SA treatment in b) to 3 (all other treatments) independent experiments ± standard error; replicates were as follows: (a) MeOH: 57 (22 + 14 + 21), SA: 62 (22 + 16 + 24), Fol: 55 (19 + 19 + 17), AzA: 58 (19 + 18 + 21); (b) MeOH: 55 (20 + 22 + 13), SA: 37 (17 + 20), Fol: 64 (21 + 23 + 20), AzA: 53 (6 + 24 + 23). Asterisks above the bars indicate statistically significant differences from the mock control treatment (one-way ANOVA and poct hoc Dunnett’s test, ** p < 0.005). 
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Figure 5. Lesions caused by Pyrenophora teres on the second leaves of barley after application of SA, Fol, or AzA on leaf 2. Barley cultivar GP plants were infiltrated in the second true leaf with 0.025% MeOH as control, 1 mM SA, 500 µM Fol, or 1 mM AzA in 10 mM MgCl2 as indicated. One day later, the same leaves were inoculated with P. teres by pipetting droplets of a solution containing P. teres spores onto the leaf surface. The resulting necrotic lesions were photographed at 4 dpi (a) and measured using ImageJ (b). Bars in (b) represent the average of 35 replicates from 6 (Fol) or 42 replicates from 7 (all other treatments) independent experiments (each experiment with 6 replicates per treatment, except one experiment with Fol comprising 5 replicates) ± standard error. 
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