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Abstract

:

Halo blight disease of beans (Phaseolus vulgaris L.), caused by the bacterium Pseudomonas syringae pv. phaseolicola (Pph), is responsible for severe losses in crop production worldwide. As the current agronomic techniques used are not effective, it is necessary to search for new ones which may prevent disease in common bean. In this study, we challenged four plant-based preparations (PBPs), with no other agronomic uses, as they come from industrial waste (grapevine pomace (RG) and hop residue (RH)) or wild plants (Urtica dioica (U) and Equisetum sp. (E)), to be used as immune defense elicitors against Pph in common bean. After studying their inhibitory effect against Pph growth by bioassays, the two most effective PBPs (RG and U) were applied in common bean plants. By measuring the total H2O2, lipid peroxidation, and antioxidant enzymatic activities, as well as the expression of six defense-related genes—PR1, WRKY33, MAPKK, RIN4, and PAL1—, it was observed that U-PBP application involved a signaling redox process and the overexpression of all genes, mostly PR1. First infection trials in vitro suggested that the application of U-PBP involved protection against Pph. The elicitation of bean defense with U-PBP involved a decrease in some yield parameters, but without affecting the final production. All these findings suggest a future use of U-PBP to diminish halo blight disease.
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1. Introduction


Plant diseases, caused by bacterial pathogens, are responsible for severe crop losses in production worldwide. In the case of common bean, halo blight disease results firstly in critical economic problems for farmers and in difficulties for breeding in certain areas where this legume has become the only protein source. Halo blight is produced by Pseudomonas syringae pv. phaseolicola (Pph)—a biotrophic gamma-proteobacteria—[1,2]. This disease causes yield losses of up to 45% [3], and its main symptoms are general chlorosis of the leaves, stunting, and distortion of growth [2]. The control of the disease usually consists in growing healthy seeds every season or using varieties with increased genetic resistance. The latter control method is not an option when the susceptible variety has gastronomical and economic interest. The only chemical treatments are based on copper formulations, of limited application at the flowering stage, when symptoms can only be reduced, but not eliminated [2]. Moreover, some copper-resistant strains have been documented [4]. Consequently, it is necessary to make an effort to research new agronomical techniques or protocols that prevent disease in beans or at least diminish symptoms and losses, as the ones currently used are not totally effective.



Recently, a variety of common beans, called Riñón, was described as Pph-susceptible [5,6]. Although this variety initiates defense responses, the expression of defense-related genes, the activation of an effective antioxidant system and, the phytohormone signaling are limited. However, the immune system of this variety can be activated by the salicylic acid structural analog 2,6-dichloroisonicotinic acid (INA) [7,8,9]. The activation of the immune system prior to pathogen attack, which primes plant defense for a concomitant infection (known as elicitation), can be achieved by the application of chemical compounds, such as INA [10], the non-protein amino acid β-aminobutyric acid (BABA [11]) or benzothiadiazole (BTH [12]), but also by natural compounds. Since during plant-pathogen interaction, many damage-signaling molecules (damage-associated molecular patterns, DAMPs) are released from host cells due to pathogen activity, mainly from the cell wall [13,14,15], it has been studied that their application prior to infection activates defensive pathways, protecting the plants [16,17,18,19]. As the source of these new elicitors are plants themselves, this opens the possibility to study new plant-based products (PBPs) with the potential for protecting crops. During biotic stresses, DAMPs released to the apoplast and the apparition of Pathogen-associated molecular patterns (PAMPs) induce the production of reactive oxygen species (ROS), such as hydrogen peroxide (H2O2) [20]. Most of this H2O2 is produced in the apoplast by means of superoxide dismutase (SOD), plasma membrane NADPH oxidases, and type III peroxidases ([21] and references therein). Once inside the cell, the H2O2 is removed by catalase (CAT) and ascorbate peroxidase (APOX) or can also be used for oxidizing cysteine residues of specific target proteins that can induce other cytoplasmic receptors or the mitogen-activated protein kinase (MAPK) cascade, that finishes with the activation of transcription factors [13]. Finally, a deep transcriptional reprogramming that activates all mechanisms that conform to the immune response is initiated [20].



For years, traditional agriculture has used raw organic materials to protect crops, without full knowledge of their way of action. Several studies have suggested that some of them could function as antibiotics [22,23,24,25,26,27]. The reason is that plants can synthesize a great amount of different secondary metabolites such as alkaloids, flavonoids, and phenolics with the potential to combat pathogens and their metabolites [28]. On the other hand, it has been noticed that some plants or extracts from them can function as biostimulants, promoting growth or activating defensive mechanisms against different stresses. Examples of plants used as extracts to promote yield are mentha and oregano, which protect tomato plants against Fusarium oxysporum and Verticillium dahlia [29]; Ulva rigida extracts, which improve salinity tolerance in wheat [30]; Vernonia amygdalina leaf extract, that can be used to control gray mold disease also on tomato [31]; Chlorella vulgaris extract has been described as a growth stimulant of lettuce [32]; or the aqueous extract of Haloxylon persicum shoots, which is a seed germination and seedling growth stimulant of wheat and black mustard weed [33]. However, the molecular reasons that could explain the activation of defensive mechanisms by plant extracts are poorly understood. In this study, four natural sources were used as plant-based preparations (PBPs) with the objective of protecting the Riñón bean variety against Pph in a sustainable way, evaluating some physiological parameters, crucial for the resistance/vulnerability of this bean, without detriment to yield.



Taking all of this into account, the aims of the present work were: (1) to screen the PBPs mentioned above by choosing those which showed major inhibition capacity against Pph growth; (2) to apply them on common bean leaves to evaluate their effect on redox state and yield, and (3) to evaluate whether they are able to activate defense mechanisms in common bean. For these purposes, the PBPs were tested by bioassays against Pph and once selected, applied on leaves of 1-month-old common bean Riñón plants. Finally, in vitro conditions were used to inoculate Pph in 21-day-old bean plants that had been pretreated or not with these PBPs, and the symptoms were evaluated.




2. Materials and Methods


2.1. PBP Sampling and Processing


In the case of equisetum and nettle, they were collected from a field in León (Spain) during the spring season, when plants were in active vegetative growth. In the case of hop residue, it consisted of the remaining material after collecting the female flowers at the industrial drying stage from Villoria de Orbigo (León). With the grapevine residue, kindly donated by “Palomares” winery (Valdevimbre, León), we referred to the skin residue or pomace collected after the grapes were processed. Once this vegetable material was obtained, it was dried at 60 °C at least for one week until a constant weight was obtained. Then, the dried material was pulverized and stored at room temperature until use.




2.2. Bioassays of PBPs against Pseudomonas syringae pv. phaseolicola


Pseudomonas syringae van Hall 1902, CECT321 (Pph) was grown on liquid King’s B (KB) medium for two days at 30 °C at 220 rpm. Plates for bioassays were prepared with different concentrations of PBPs: Urtica dioica (nettle, U), grapevine pomace (RG), hop residue (RH) and Equisetum ssp (equisetum, E) at concentrations ranging between 0.4 and 10 mg/mL, in Tryptic Soy Agar (TSA, BD DifcoTM, Waltham, MA, USA) following the manufacturer’s indications, autoclaved at 121 °C for 15 min. When the medium was solid, a single well was made in the middle of the plate to place the bacteria, using 100 μL of Pph dilution at a final concentration of 108 CFU/mL in 0.9% (w/v) NaCl. The plates were incubated at 30 °C until bacteria growth and haloes areas were quantified using ImageJ software [34]). The I50 value for each PBP was calculated as the concentration of extract able to inhibit the Pph growth by 50%.




2.3. Experimental Design and PBP Application


P. vulgaris variety Riñón (Protected Geographical Identification of Bean of La Bañeza-León) seeds were sterilized with 70% (v/v) ethanol (30 s) followed by 0.4% (w/v) NaClO (20 min). After being rinsed four times with sterile distilled water, the seeds were germinated in pots with a universal substrate (Blumenerde, Gramoflor, made in Germany) [6]. Leaves from common bean plants were sprayed with 2 mL per leaf of water (Mock), U, or RG-PBPs at 21-, 24-, and 28-days post germination. All the PBPs were prepared at a final concentration of 1 mg/mL. Seven days after the last application, the foliage leaves of 10 plants were collected and homogenized together with liquid nitrogen to form a pool for each condition. This experiment was repeated independently three times. The material was stored at −80 °C until use. Plants were grown in a growth chamber at 25 ± 2 °C with a 16 h photoperiod under a photon flux density of 45 ± 5 μmol m−2 s−1 provided by daylight fluorescent tubes (TLD 36 W/830, Philips, Amsterdam, The Netherlands).




2.4. H2O2 Content Measurement and Activity Assays of Antioxidant Enzymes


Homogenized samples were suspended in extraction buffer (150 mg FW/mL): 0.05 M Tris- HCl pH 7.5, 0.1 mM EDTA, 0.1% (v/v) Triton X-100, 10% (v/v) glycerol and 2 mM DTT and stored at −80 °C until their use. For glutathione peroxidase (GPOX) activity (see below), a peroxidase buffer (0.04 M Tris-HCl pH 7.2, 1 mM EDTA-2Na-2H and 5% (v/v) glycerol) were used. For ascorbate peroxidase (APOX) activity, 20 mM ascorbate was added to the extraction buffer. Then, samples were centrifuged at 15,000× g for 2 min [35]. For the measurements, the supernatants were used after estimating the protein content following the method described by Bradford [36].



Total H2O2 was estimated following the ferrous ammonium sulphate/xylenol orange (FOX) assay indication [37]. Each reaction contained 1 mL buffer (1% (v/v) ethanol in 25 mM H2SO4 with 250 µM FeSO4, 250 µM (NH4)2SO4, 100 µM xylenol orange and 100 µM sorbitol) and 150 µL of sample. The absorbance was measured at 550 nm after 40 min of incubation and that value was used to obtain the H2O2 concentration on a calibration curve determined for each experiment due to the sensitivity of the method.



Lipid peroxidation (lipid POX) was measured by the thiobarbituric acid reactive substances method using malondialdehyde (MDA) as reference [38].



Superoxide dismutase (SOD: EC 1.15.1.1) activity was measured following the SOD assay kit instructions (Sigma). Briefly, the SOD activity was measured as the inhibition of the formation of a colored compound which can be detected at 440 nm, and its activity was determined from the inhibitory curve made with different concentrations of standards of a commercial SOD (from 0.001 U/mL to 2000 U/mL). For this determination, 0.02 mL of either sample supernatant or standard was used.



Catalase (CAT: EC 1.11.1.6) activity was determined by Droillard’s method [39], based on the absorbance decrease at 240 nm due to H2O2 reduction to water (ε = 39.58 M−1 cm−1). The reactions were measured during a period of 2 min at 25 °C after adding 33 µL of the extract to 1 mL of reaction buffer (50 mM phosphate buffer, pH 7.0 and 37.5 mM H2O2).



Ascorbate peroxidase (APOX: EC 1.11.1.11) activity was determined by the Hossain and Asada’s method [40], based on the absorbance decrease at 290 nm due to ascorbate oxidation (ε = 2.8 mM−1 cm−1). The reaction was performed with a 900 µL reaction buffer (50 mM HEPES-NaOH pH 7.6, 20 mM ascorbate), 100 µL of supernatant, and 10 µL of 1.3 mM H2O2.



CIII peroxidase (GPOX: EC 1.11.1.7) activity was measured following the method described by Adam et al. (1995) [41], based on the increase in absorbance at 470 nm due to guaiacol oxidation (ε = 26.6 mM−1 cm−1). The reaction was performed with a 3 mL reaction buffer (100 mM sodium acetate pH 5.5 and 1 mM guaiacol), 0.3 mL of 1.3 mM H2O2, and 0.05 mL of supernatant.




2.5. Gene Expression Analysis


Homogenized samples (150 mg) were suspended in 1 mL of TriReagent (Invitrogen, Waltham, MA, USA, ref AM9738) to isolate the total RNA following the manufacturer’s instructions without modifications. The total RNA (5 μg) was reverse-transcribed using NG dART RT Kit (Eurx) according to the manufacturer’s instructions and using an amplification cycle of 10 min at 25 °C, 60 min at 40 °C, and 10 min at 85 °C in a T-Gradient Thermal Cycler (Applied Biosystems, Waltham, MA, USA).



The cDNA obtained was used as a template for quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) assays, using PowerUp SYBR Green PCR Master Mix kit (ThermoFisher, Waltham, MA, USA) and StepOnePlusTM Real-Time System (Applied Biosystems). Each reaction contained 10 µL of 2× Master Mix, 0.3–0.8 µM primers, and 50 ng cDNA, performing each one in triplicate. The primers used in this study are shown in Table 1. The primer concentration was optimized by testing different concentrations and the qPCR efficiency was determined by the equation E = (10−1/slope − 1) × 100. The reference gene used in this study was Ukn1 [42], and all data were analyzed by the 2−ΔΔCt method [43].




2.6. Yield Assessment


In this case, common bean plants were grown and treated as indicated above in the experimental design (Figure 1). After the seeds were sterilized, they were germinated in pots with a universal substrate (Blumenerde, Gramoflor, made in Germany). At 21-, 24-, and 28-days post germination, the plants were sprayed on foliage leaves with 2 mL per leaf of sterile water (Mock) or PBPs at a concentration of 1 mg/mL. Bean plants were established until they developed completely after 3 months (reproductive stage R8). Then, the photosynthetic parameters (chlorophyll concentration, maximum and effective quantum yield) and the related productivity were measured: (i) per plant (number of pods, number of seeds, and weight of these seeds, referred to as yield) and (ii) per pod (length, weight, and number of seeds).




2.7. Infection Assays


After being rinsed four times with sterile distilled water, the seeds were germinated under in vitro conditions using glass jars (946 mL of volume) with a universal substrate (Blumenerde, Gramoflor, made in Germany). All steps were carried out under sterile conditions. Plants were grown in a growth chamber at 25 ± 2 °C with a 16 h photoperiod under a photon flux density of 45 ± 5 μmol m−2 s−1 provided by daylight fluorescent tubes (TLD 36 W/830, Philips) until the end of the experiment. The plants at the V1 stage were sprayed on foliage leaves with 2 mL per leaf of sterilized water (Mock condition) or 1 mg/mL U or RG- PBPs. After 7 days, some plants previously treated with PBPs or not were sprayed with 2 mL of Pph solution on foliage leaves. The plants were grown for 7 days more to observe the phenotype and analyze general physiological parameters such as fresh weight and length of the aerial part (Figure 2).




2.8. Statistical Analysis and Data Representation


All results were expressed as the means ± standard error (SE) of three independent experiments and were statistically analyzed by SPSS software (IBM SPSS Statistics for Windows, Version 25.0, 2017). Data normality was checked firstly by Kolmogorov–Smirnov test and then the data were analyzed by one-way ANOVA with a Tukey post hoc test to evaluate the differences between treatments. The results were significantly different considering p < 0.05. Only the parameters pod/plant, yield, and length/pod did not follow normality and, therefore, the Kruskal–Wallis test was used in these cases (with a significance of p < 0.05). The results were represented using GraphPad Prism 6, GraphPad Software, La Jolla, CA, USA (www.graphpad.com, accessed date 15 July 2021).





3. Results


3.1. Screening of PBPs against Halo Blight Disease


Due to their previous potential activity and the fact that they have no other economic interest, four different plant-based preparations (PBPs) were tried: grapevine pomace (RG), hop residue (RH), nettle (Urtica dioica, U), and equisetum (Equisetum ssp, E). The potential of these PBPs to inhibit Pph growth was evaluated by bioassays with a concentration range between 0.4 and 10 mg/mL. The percentage of bacterial growth with respect to the control was represented in Figure 3. As a result, Pph growth diminished as the concentration of PBPs was higher. However, a higher decrease was observed for RG and U-PBPs, as the concentration of PBPs needed to inhibit Pph growth to a 50% (I50) was 0.7 and 1.0 mg/mL, respectively. This result indicated that RG and U-PBPs were more effective in inhibiting bacterial growth than E and RH-PBPs, which showed a respective I50 value of 5.9 and 6.1 mg/mL. Finally, the inhibition for all PBPs assayed was similar at concentrations higher than 5 mg/mL.




3.2. Effect of the Application of Nettle and Grapevine Pomace PBPs on the Physiological Redox State of Common Bean


A first experiment was performed in common bean to evaluate a possible toxic effect of PBP application. The RG and U-PBPs were selected according to their major Pph-growth inhibition capacity. After treatments, different antioxidant activities were checked to study possible oxidative damage on leaves. As shown in Figure 4, the H2O2 content and lipid peroxidation were analyzed first. The application of RG and U-PBPs reduced the total H2O2 content by 50% compared to Mock (Figure 4A). However, due to the action of ROS, the lipid peroxidation increased after both treatments (Figure 4B) suggesting the participation of other ROS. To deepen the knowledge of the antioxidant system, some antioxidant enzyme activities were also evaluated. Although the total H2O2 content decreased after RG and U-PBPs application, the activity of the SOD enzyme, which produces H2O2 (Sharma et al., 2012), increased (Figure 4C). However, the CAT activity, which uses H2O2 as a substrate [46,47], was reduced after both treatments (Figure 4D). On the other hand, the activities of APOX and GPOX, which also use H2O2 as a substrate, did not change compared to Mock (Figure 4E,F).




3.3. U-PBP Increased Expression of Some Defense-Related Genes


A qPCR experiment was performed to evaluate the level of expression of some representative genes at different levels of the defense state, which were chosen as they had been previously reported to be involved in defense in several studies in common bean [6,45] and also, during elicitation processes with chemical compounds such as β-aminobutyric acid (BABA) and 2,6-dichloroisonicotinic acid (INA) [7]. When common bean plants were treated with U-PBP, the expression of all defense genes increased significantly with respect to Mock and RG-PBP (Figure 5). The highest upregulation was observed in PR1. In fact, PR1 is a family of proteins, whose expressions are increased considerably when the immune system is activated [48].




3.4. Yield Did Not Vary after Treatments


Once the redox status and immunity activation were analyzed, physiological parameters were analyzed in order to reveal whether the agronomic production was affected by PBP application. With that purpose, the experiment was replicated but plants were allowed to grow in this case until they developed true pods and seeds. The variables measured were photosynthesis related (chlorophyll concentration, maximum and effective quantum yield) and productivity related. Specifically, the number of pods, the number of seeds, and the weight of these seeds (referred to as yield) were measured per plant. In addition, the length, weight, and the number of seeds were checked for each pod. The results are summarized in Table 2. Interestingly, no significant differences were observed after treatments, compared to Mock, indicating that the application of PBPs did not imply losses in productivity. The U-PBP treatment even increased the number of pods, although this did not result in a higher seed weight, whereas RG-PBP increased the nº of seeds per pod and per plant but not the pod weight, which means that seeds were smaller than in Mock. On the other hand, both treatments slightly increased the chlorophyll content compared to Mock without affecting the photosynthetic parameters analyzed.




3.5. Common Bean Showed Less Symptoms of Halo Blight Disease after Application of U-PBP


As both RG and U-PBPs showed a powerful inhibitory effect on Pph growth, and U-PBP caused an increase in expression levels of the defense-related genes analyzed, we wanted to study whether these PBPs protected bean plants against Pph. To confirm this, bean plants were grown in vitro and treated with RG and U-PBPs, and the phenotypic symptoms produced by halo blight disease were analyzed after the Pph inoculation. As shown in Figure 6, compared to Mock, the Pph inoculation produced the appearance of lesions on leaves, typical symptoms of the disease [2]. PBPs application did not produce any visible stresses compared to Mock. However, once inoculated with Pph, foliar damage was reduced considerably when the plants were previously treated with U-PBP. However, the pre-treatment with RG-PBP did not prevent the appearance of foliar damage to the same extent as with U-PBP.



In addition, the lengths (Figure 7A) and fresh weights of the entire plants (Figure 7B) were measured. According to the symptoms observed (Figure 6), the length and fresh weight decreased significantly after all the treatments, especially after the Pph inoculation. However, although the U pre-treatment had involved a decrease in fresh weight compared to Mock, the posterior Pph inoculation did not affect this parameter significantly.





4. Discussion


Plant diseases produced by bacterial infections are responsible for severe losses in crop production worldwide. In the case of common bean, halo blight infection results firstly in critical economic problems for farmers and in difficulties for breeding in certain areas where this legume is the only protein support. However, it is necessary to search for new agronomic techniques or protocols that avoid disease in common bean or at least, diminish symptoms and losses, as the current phytosanitary treatments are not completely effective.



In this study, we tested the capacity of some plant-based preparations (PBPs) to inhibit Pph growth. Their selection was thought in terms of circular economy, as they are residues from other manufacturing processes such as grapevine pomace (RG) and hop residues (HR), or wild species without another industry or agronomic use such as equisetum (E) or nettle (U). The results showed an inhibitory potential of all PBPs in a concentration-dependent manner (Figure 3). RH-PBP was obtained from female hop cones which accumulate a great amount of secondary metabolites such as xanthohumol and other derivatives, with strong antimicrobial activity against anaerobic or ruminal bacteria [49,50]. In this line, equisetum (E-PBP in this study) has shown antibiotic activity against some Gram-positive bacteria and oomycetes [51,52]. However, the most effective ones were RG and U-PBPs, with an I50 of 0.7 and 1.0 mg/mL, respectively. In the case of nettle, it has been shown to be richer in individual polyphenols than other wild plants [53]. Due to its variety of phytochemicals, this species has shown antimicrobial activity against Gram-positive and Gram-negative bacteria, including Pseudomonas aeruginosa and Pseudomonas syringae pv. tomato [54]. In the case of grapevine, different parts of Vitis vinifera, such as stems, skins, and seeds are rich sources of polyphenols, hydroxybenzoic, and hydroxycinnamic acids, flavonols, stilbenes, procyanidins, or anthocyanins [55]. This consolidates the observations of some studies which have shown the antibiotic potential of grapevine agro-industrial wastes against Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa [56], Candida strains [57], or biofilm formation of some Gram-positive cocci [58].



As mentioned above, there were several studies that demonstrated the antimicrobial effect of these preparations against other bacteria, but there was no knowledge about their potential against Pph in common bean. For this reason, we wanted to evaluate whether RG and U-PBPs, as the most effective to inhibit Pph growth, could be applied in common bean as antimicrobials and also as defense elicitors. The first step was to study a possible detrimental effect after the application of the PBPs. The metabolism related to ROS is tightly regulated and participates in controlling different stress processes [59], being the content of H2O2 one of the most affected during biotic attacks. After RG and U-PBP application, total H2O2 decreased (Figure 4A) while lipid peroxidation increased (Figure 4B) one week after the first treatment, which could have been enough time to buffer any stress and could have been materialized in a higher lipid POX level as a footprint (Figure 4B).



The SOD activation (Figure 4C) should involve the production of more H2O2, which we did not detect because it could be used together with superoxide ion *O to form *OH, which is responsible for lipid POX [60,61]. This lack of an intense H2O2 burst would explain why neither CAT (Figure 4D) nor POX were activated. Another explanation could be that the H2O2 produced after applying the PBPs was mobilized in the signaling process, as it was reduced up to 50% compared to Mock (Figure 4A). At the molecular level, one of the roles of ROS is to react with a broad range of metabolites. Therefore, ROS could be consumed by the ROS-scavenging machinery and result in ROS-sensing mechanisms [59,62], such as the oxidative posttranslational modifications of methionine residues. In this sense, RG is a resveratrol-rich PBP which is a well-known ROS-scavenger molecule and lipid peroxidation protector [63], which could explain the lack of Lipid POX difference (Figure 4B).



As previously suggested, the Riñon variety is susceptible to be elicited with the synthetic compound INA [9]. To analyze the capacity of the PBPs application in the activation of the immune system, the expression of some defense-related genes such as WRKY33, MAPKK, RIN4, PR1, and PAL1 were evaluated (Figure 5). This gene expression analysis demonstrated that plants treated with U-PBP showed upregulation of all the studied genes (Figure 5). This is the case of WRKY33 (WRKY transcription factor), involved in the balance between necrotrophic and biotrophic responses [64], and MAPKK (mitogen-activated protein kinase kinase), which indicates that the first steps in defense were activated [65]. This was in line with the activation of RIN4 (RPM1-interacting protein), which recognizes various bacterial effectors [65]. The ability of U-PBP to trigger common bean defense response was demonstrated most of all by the higher expression of PR1 (pathogenesis-related 1), as it is one of the most abundantly produced proteins upon pathogen attack [66] and a key regulator of defense [67]. Although its exact function remains unknown, PR1 could have antimicrobial activity or regulate salicylic acid-mediated response [68]. Interestingly, the fold change was higher than in previous studies with this common bean Riñón variety after Pph infection, which suggested here a reason for the susceptibility of this plant against the pathogen [6]. The fact that also PAL1 (phenylalanine and histidine ammonia-lyase) and the other genes analyzed showed upregulation compared to Mock would suggest that the immune activation happened at all levels, and consequently, a systemic acquired response would have been activated [45,69]. However, RG-PBP application did not produce changes in the expression of genes evaluated in this work, which could indicate that this PBP has antimicrobial and antioxidant effects but not elicitor effect.



The activation of immunity in common bean after the treatment with the U-PBP was tested by inoculating plants in vitro with Pph. As shown in Figure 6, the damage was restricted to foliar margins when inoculation took place after U-PBP pre-treatment. By contrast, the Pph inoculation in Mock produced the appearance of lesions on leaves, with the disintegration of tissues. In accordance with this observation, common bean plants elicited with BABA or INA show lesser leaf damage after the Pph inoculation than control plants [7], indicating that chemical elicitation reduces the disease effects in a similar way as PBP elicitation. In addition, the U-PBP pre-treatment did not significantly produce a reduction in plant length (Figure 7A), but caused a decrease in fresh weight, compared to Mock (Figure 7B). However, the U + Pph treatment did not affect fresh weight compared to the U-PBP application (Figure 6).



As previously described, the defense activation usually negatively impacts plant growth, as resources are limited for a plant and that pool of energy reserves must be divided into growth or defense, which has an agricultural impact [70,71]. This reduction in fitness remains partially unknown, but one explanation could lie in the high amount of energy employed in activating processes that would be unnecessary to combat all stresses [70]. This is the case of treatments with the commercial benzothiadiazole, a synthetic SA-analog used to enhance resistance by inducing systemic acquired resistance in crops [11,72]. In the absence of pathogens, its application in wheat produced a decrease in yield [12], but the loss on yield was buffered when wheat suffered from powdery mildew [11]. However, in this work, yield parameters such as yield, nº of seeds per plant, or length and weight of the pods as well as photosynthetic parameters were not affected by application of any of the PBPs selected (Table 2). Only in the case of U-PBP application was there a slight tendency to decrease the number of seeds per pod offset by a slight tendency to increase the number of pods per plant, indicating that this PBP could be applied on the field without an important detrimental effect. In line with this, Urtica extract application in common bean produced an increase in leaf area, stem height, and diameter, while the weight of pods was similar to the control, suggesting that the yield was not affected by Urtica treatment [73] and thus, the extract would have a buffer effect against the negative effects of Pph (Figure 6).




5. Conclusions


To summarize, in this study, we proved four plant-based preparations to be used in common bean against the pathogen by studying their inhibitory effect on Pph growth. The two most effective PBPs (RG and U) were applied in common bean to evaluate whether they were detrimental to the plant. After observing that the U-PBP application involved a signaling redox process, the expression levels of some defense-related genes were analyzed, which showed upregulation of all of them, mainly in PR1. First, in vitro trials suggested that the U-PBP application involved the protection of common bean against Pph. The elicitation of bean defense with U-PBP involved a decrease in some yield parameters, but it did not affect the final production. All these findings suggest that Urtica dioica plant-based preparations could be used in the near future to diminish halo blight disease effects.
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Figure 1. Experimental design. Seeds of common bean P. vulgaris L. cultivar Riñón were grown ex vitro. Leaves from common bean plants were sprayed with water (Mock), Urtica dioica (U), or grapevine pomace (RG) plant-based preparations (PBPs) at 21-, 24-, and 28-days post germination. All plants were grown for 7 days more and then the foliage leaves for each treatment (pool of 10 plants per treatment) were collected to be homogenized with liquid nitrogen and stored at −80 °C. The experiment was repeated three independent times (n = 3). In these samples, the redox state (total hydrogen peroxide and lipid peroxidation), antioxidant activities, and the expression of defense-related genes were analyzed. In the case of yield examination, the procedure was followed as mentioned above but plants were grown until R8 developmental stage, 90 days post germination, when pods were completely formed. Created with Biorender.com. 
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Figure 2. Experimental design for in vitro infections. Seeds of common bean P. vulgaris L. cultivar Riñón were grown in vitro. Leaves from common bean plants at V1 stage were sprayed with 1 mg/mL of plant-based products (PBPs) of Urtica dioica (U) or grapevine pomace (RG) per leaf or with sterilized water (Mock condition). After 7 days, some plants previously treated or not with PBPs were sprayed with 2 mL of the Pseudomonas syringae pv. phaseolicola (Pph) solution on foliage leaves, resulting in U + Pph, RG + Pph, and Mock + Pph treatments. All plants were grown for 7 days more prior to phenotyping and measurement of length and weight. 
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Figure 3. Growth inhibition of Pseudomonas syringae pv. phaseolicola (Pph) in the presence of different concentrations (0.4, 0.8, 1, 5, and 10 mg/mL) of grapevine pomace (RG), hop residue (RH), nettle (Urtica dioica, U) and equisetum (Equisetum ssp, E). Data shown are the mean ± SE of three independent experiments. The respective concentrations of each extract, for which the bacterial growth was inhibited to 50% (I50), were estimated and summarized in the table. Statistically significant differences were analyzed by means of one-way ANOVA with a Tukey post hoc test (p < 0.05). Pictures of the plant extract before harvesting are shown. 
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Figure 4. Total H2O2 (A); lipid peroxidation measured as malonaldehyde (MDA) production (B); superoxide dismutase (SOD) (C); catalase (CAT) (D); ascorbate peroxidase (APOX) (E); guaiacol peroxidase (GPOX) (F), of non-treated (Mock, black bars) and treated common bean with grapevine pomace (RG, purple bars) and nettle (U, green bars). Data shown are the mean ± SE of three independent experiments. Statistically significant differences were analyzed by means of one-way ANOVA with a Tukey post hoc test (p < 0.05). 
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Figure 5. Analysis of relative expression levels with respect to Mock (dash line) of common bean defense-related genes (PR1, WRKY33, MAPKK, RIN4, and PAL1) after grapevine pomace (RG, purple bars) and nettle (U, green bars) application. Data shown are the mean ± SE of three independent experiments. Statistically significant differences were analyzed by means of one-way ANOVA with a Tukey post hoc test (p < 0.05). 
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Figure 6. Phenotypic damage caused by the virulent P. syringae pv. phaseolicola (Pph) in common bean plants. Entire plants are shown to compare symptoms in Mock; after the Pph inoculation (Mock + Pph); in plants pre-treated with grapevine pomace (RG-PBP), with (RG + Pph) or without (RG) Pph inoculation; and plants pre-treated with Urtica dioica (U-PBP), with (U + Pph) or without (U) Pph inoculation. Pictures correspond to one experiment representative of three independent ones with similar results. 






Figure 6. Phenotypic damage caused by the virulent P. syringae pv. phaseolicola (Pph) in common bean plants. Entire plants are shown to compare symptoms in Mock; after the Pph inoculation (Mock + Pph); in plants pre-treated with grapevine pomace (RG-PBP), with (RG + Pph) or without (RG) Pph inoculation; and plants pre-treated with Urtica dioica (U-PBP), with (U + Pph) or without (U) Pph inoculation. Pictures correspond to one experiment representative of three independent ones with similar results.
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Figure 7. Length (A) and fresh weight (B) of non-treated (Mock; black bars) and pre-treated common bean with grapevine pomace (RG; purple bars) and nettle (U; green bars), and their respective PBP-treated plants inoculated with Pph (RG + Pph; U + Pph; bars in corresponding soft colors). Data shown are the mean ± SE of three independent experiments. Statistically significant differences were achieved according to one-way ANOVA (p < 0.05), post hoc Tukey test. 
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Table 1. Primers used in this work for qRT-PCR analyses, with the sequence, amplicon length, primer efficiency, annealing temperature, functional annotation, and reference or NCBI accession.
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	Gene Name
	Sequence (5′-3′) Fw/Rev
	Amplicon Length
	Primer Efficiency
	Annealing Temperature
	Functional Annotation
	Reference or NCBI Accesion





	Ukn1
	ATTCCCATCATGCAGCAAAG/

AGATCCCTCCAGGTCAATCC
	192 bp
	97.3%
	62.1 °C
	Unknown
	[42]



	PR1
	TGGTCCTAACGGAGGATCAC/

TGGCTTTTCCAGCTTTGAGT
	170 bp
	94.0%
	63.4 °C
	Pathogenesis related 1
	[44]



	MAPKK
	TTCTACATGGGCAGGTTTCC/

GGGAGATGAAATCCCTGAAG
	132 bp
	92.3%
	60.6 °C
	Mitogen activated protein kinase kinase
	[45]



	WRKY33
	TTTCACAGGACAGGTTCCAGC/

CCTTTGACAGAAATGACTGAAGGA
	161 bp
	93.8%
	63.8 °C
	WRKY transcription factor
	[45]



	RIN4
	GTTCAGTGTTGCTGCTTTGC/

CACACACCTCATGACCATACAC
	117 bp
	92.2%
	63.6 °C
	RPM1 interacting protein 4
	[6]



	PAL1
	TGAGAGAGGAGTTGGGCACT

TTCCACTCTCCAAGGCATTC
	135 bp
	99.4%
	62.9 °C
	Phenylalanine ammonia-lyase
	[45]
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Table 2. Yield and photosynthetic parameters measured in common bean after treatments with U and RG-PBPs. Data shown are the mean ± SE (n = 12). Statistically significant differences were analyzed according to one-way ANOVA (p < 0.05) when normality or to Kruskal–Wallis test when not.
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Mock

	
U

	
RG






	
Pods/Plant

	
3.889

	
±0.964 ns

	
4.467

	
±0.576 ns

	
3.154

	
±0.470 ns




	
Yield (g/Plant)

	
3.481

	
±1.273 ns

	
3.473

	
±0.874 ns

	
3.360

	
±0.658 ns




	
nº seeds/Plant

	
11.333

	
±3.167 ns

	
11.800

	
±1.598 ns

	
12.615

	
±2.407 ns




	
Pod length (cm)

	
12.470

	
±0.440 ns

	
12.520

	
±0.300 ns

	
11.810

	
±0.430 ns




	
Pod weight (g)

	
4.352

	
±0.646 ns

	
5.662

	
±0.423 ns

	
4.536

	
±0.446 ns




	
nº seeds/Pod

	
3.110

	
±0.390 ns

	
2.900

	
±0.280 ns

	
3.620

	
±0.360 ns




	
Chlorophyll (µg/mL/g FW)

	
206.564

	
±28.337 ns

	
224.632

	
±22.415 ns

	
218.675

	
±18.057 ns




	
Maximum Quantum Yield

	
0.803

	
±0.015 ns

	
0.801

	
±0.008 ns

	
0.806

	
±0.016 ns




	
Effective Quantum Yield

	
0.526

	
±0.037 ns

	
0.490

	
±0.031 ns

	
0.541

	
±0.027 ns
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