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Abstract

:

Olive anthracnose caused by the hemibiotrophic fungal pathogen Colletotrichum acutatum is a serious threat to the olive sector. Olive oil and fruit production is severely constrained by Colletotrichum spp. infection, being C. acutatum the most distributed pathogen in Portuguese olive orchards. To understand the impact of C. acutatum on phenylpropanoids biosynthesis, the enzyme activity, phenolic compounds, ortho-diphenols, and flavonoids content were determined and correlated with the expression of gene encoding key enzymes within phenylpropanoids metabolism in susceptible and tolerant olive fruits, during maturation and when infected with C. acutatum. Differences between cultivars was observed, the tolerant olive cv. Picual presented a higher basal value and a stable phenolic content throughout the infection process, supporting its high C. acutatum tolerance, whereas in the susceptible olive cv. Galega these secondary metabolites were significantly increased only after the elicitation with C. acutatum.
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1. Introduction


Olea europaea L. is one of the most ancient fruit crops of the Mediterranean area. The olive sector is prevalently directed towards olive oil production. However, due to widespread, climatic changes and to the intensive production, several diseases have aroused compromising olive yield/quality. Among the several biotic constraints affecting olive production, the anthracnose disease caused by Colletotrichum spp. is one of the most damaging olive diseases [1,2,3]. Among the Colletotrichum spp., C. acutatum, a hemibiotrophic fungus, is a major production-limiting factor since it affects both the fruit yield and the olive oil quality (e.g., off₋flavor, reddish color, high acidity, and reduction in polyphenolic content) [2,4,5,6].



The disease incidence and severity has increased in the last years, being largely reliant on climatic conditions, cultivar susceptibility, and fungal isolates virulence [1,7]. During the last decades, this disease has spread from the initial affected olive growing region of Alentejo, where it mainly attacked the susceptible cv. Galega, to all the country and diverging in other cultivars [8,9,10,11]. The cv. Galega is a very important, economic and traditional Portuguese cultivar, giving rise to unique olive oils with differentiated flavors. Since cv. Galega is highly affected by C. acutatum it has been replaced by other olive cultivars with more tolerance to C. acutatum, such as foreign cvs. Picual and Arbequina, having direct implication on olive oil Portuguese denomination. Specific parameters led to the creation of a Protected Designation of Origin (PDO) of olive oil, being cultivar composition considered to be of major importance, influencing olive oil quality and sensory characteristics [12]. Portugal has six PDO denomination for olive oil and cv. Galega is present in five of the PDO regions.



Considering cultivars behavior to C. acutatum infection, several reports have indicated cvs. Picual, Cobrançosa, and recently Arbequina, as tolerant to C. acutatum [9,13,14]. Understanding the pathogen–cultivar interaction during the infection process is a major issue that needs to be achieved since it has a direct implication on yield and olive oil quality [6,11]. The cultivar–pathogen interaction and immunity are based on an array of defensive mechanisms such as: (1) physical barriers (e.g., cell wall, fruit cuticle, needles, and trichomes); (2) pathogenesis-related proteins (PR); and (3) secondary metabolites biosynthesis, induced during host–pathogen interaction [15,16,17,18]. The systemic induced defense responses are activated when the pathogen is in contact with the host, resulting in: (1) cell-wall thickening; (2) lignification; (3) papilla formation; and (4) secondary metabolites synthesis that derive from multiple branches of the phenylpropanoid pathway (e.g., flavonoids, phytoalexins, and other phenolic compounds) creating a hostile and toxic environment for pathogen growth [15,16,19,20,21,22,23,24,25,26]. Among the modular enzymes associated with plant secondary metabolites, phenylalanine ammonia-lyase (PAL) is one of the key enzymes in the plant defense response, mediating the oxidative burst that leads to cell death in the hypersensitive response [27,28]. PAL is a precursor of a large number of secondary metabolites (e.g., flavones, flavonols and isoflavonoid-phytoalexins, proanthocyanidins, among others) [29,30], which are accumulated in plants when submitted to stress conditions such as, when submitted to a pathogen attack as a defense mechanism [31,32,33,34,35]. Different reports on diverse fruit crops have referred significant changes in the global metabolite profiles of infected fruits [36]. During fruit development, the mesocarp accumulates a wide range of secondary metabolites, some of them having an important role in the plant’s defense mechanisms reducing the infection progression [21,32,34,37].



This work aims to understand the olive-C. acutatum interaction in the context of the phenylpropanoid pathway. In this sense, the phenolic composition, as well as the phenylalanine ammonia-lyase activity, were studied, both in cultivars susceptible and tolerant to C. acutatum infection, and during fruit maturation. Correspondingly, OePAL gene expression was accessed aiming to correlate its expression with phenolics biosynthesis (e.g., ortho-diphenols and flavonoids), which proved to be critical for the defense response. Our findings revealed that there is a close correlation between the genotype and the infection process and that the phenylpropanoid metabolism plays a key role in this pathosystem.




2. Materials and Methods


2.1. Plant Materials


Olive samples from three olive cultivars with different C. acutatum susceptibility (‘Galega Vulgar’—susceptible, ‘Cobrançosa’—moderately–tolerant; and ‘Picual’—tolerant), were harvested from a certified olive grove, at the National Institute for Agricultural and Veterinary Research (INIAV, Elvas, Portugal) (38°54′53.35″ N and 7°19′11.06″ O) (Table 1) during the crop seasons 2016 and 2017. For the maturation study, healthy olive fruits, without any kind of infection or physical damage, were collected from ten different trees of comparable age and vigour, evenly spaced between them, within the same growing area. More, all the olive trees of the same cultivar resulted from a clonal propagation, and were further checked using Single Sequence Repeats (SSR) markers to confirm their same genetic basis and cultivar denomination [9]. Olives were handpicked at three ripening stages (green, semi-ripe, and ripe). The harvesting dates and the ripening index (RI) are showed in Table 1. For the assessment of the RI, the harvested olives were evaluated according to the skin and pulp color, following the criteria previously described in the literature [38]. The RI values considered ranged from 0 (100% intense green skin) to 7 (100% purple flesh and black skin).




2.2. Preparation of C. acutatum Isolates, Plant Inoculation and Sampling


C. acutatum isolates were collected from diseased fruits (tolerant cv. Picual) as previously described by Gomes et al. [39]. All isolates were identified by the Plate Trapped Antigen-Enzyme Linked Immunosorbent Assay (PTA-ELISA) test using specific antibodies for C. acutatum, and monoconidial isolates were prepared to be used for the field inoculation experiments [8]. The isolates were cultured on potato dextrose agar (PDA) for 8 days at 22–24 °C under a 12-h photoperiod. Inoculum was prepared by flooding dishes with sterile distilled water, scraping the surface gently with a glass rod, and filtering the resulting suspension through sterile cheesecloth. A conidial suspension was determined by counting a solution of 2 × 106 conidia per mL and used to spray the olive trees. The same inoculum was used in the two consecutive years.



All the fruits inoculation experiments were conducted under field conditions and during two consecutive seasons (2016 and 2017), at a ripening index of 3. Two branches (approximately with 100 fruits) in each olive tree were inoculated with the conidial suspension to evaluate the disease symptoms. After inoculation, plants were enclosed in plastic bags, during 48 h, to create high humidity conditions in order to encourage spore germination and fungus development. All samples were collected at 0, 16, 48, and 144 h after infection (hai), frozen in liquid nitrogen and stored at –80 °C accordingly to the experimental procedure. Non-infected samples (control) w sprayed with sterile water and collected (Table 1). All analyses were performed in 12 olive trees/per cultivar.




2.3. Real-Time Polymerase Chain Reaction (PCR) Assay


2.3.1. Total RNA Isolation


Total RNA was isolated from frozen olive fruits with a Qiagen RNeasy Plant Mini kit (Qiagen, CA, USA) following the manufacturer’s instructions. After a column DNase treatment, the RNA quantity and quality were estimated by Nanodrop™ 1000 Spectrophotometer (Thermo Fisher Scientifc, Wilmington, DE, USA) measurements and by electrophoresis on a 0.8% agarose in 1× TAE (Tris-acetate-EDTA). The cDNA library preparation was synthesized from 5 µg of DNA-free RNA using a High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific, Porto, Portugal) according to the manufacturer’s instructions. The cDNA was adjusted to 100 ng µL−1 concentration and kept at −20 °C. The gene full-length, putatively encoding phenylalanine ammonia-lyase (PAL) was cloned from olive using degenerate primers. The olive PAL sequence was used to design specific olive primers to be used in the real-time PCR assay. The expression of the phenylpropanoid OePAL gene was performed in the three genotypes using C. acutatum non-infected (control) and infected samples (0, 16, 48, 144 hai).




2.3.2. Reverse Transcription−Quantitative Real-Time Polymerase Chain Reaction (qRT–pCR)


Reverse transcription−quantitative real-time PCR (qRT–pCR) was performed using the SYBR Green PCR Master Mix Kit (Thermo Fisher Scientific, Portugal) in an Applied Biosystems Real–Time PCR System (Thermo Fisher Scientific, Portugal). The cycle threshold (Ct) values were used for expression level analysis. Primer sequences of O. europaea actin (GenBank ID: AF545569), phenylalanine ammonia-lyase (GenBank ID: KJ511868), Glyceraldehyde 3-phosphate dehydrogenase (GenBank ID: EF506494) were designed based on the O. europaea nucleotide sequence for each deposited gene available at the public database (GenBank). All primers were designed ranging from 19 to 22 bp in length and were synthesized by STAB Vida, Portugal. Specific primers used to study the expression of O. europaea fruits under C. acutatum infection, as well as the accession numbers of the nucleotide sequences on which primer design was based, are listed in Table 2. All experiments were performed in triplicate (biological replicates and assays) and were analyzed using StepOne v2.2.2 Software (Life Technologies, Portugal), using both OeGAPDH and OeActin as internal controls. PCR amplifications were carried out in total volume of 20 µL, containing 10 µL of Power SYBR Green for Master Mix, 0.5 µM of each primer and 20 ng of cDNA. Amplification conditions for OePAL consisted on an initial denaturation of 10 min at 95 °C, followed by 40 cycles consisting of denaturing at 95 °C for 15 s, annealing at 59 °C for 1 min, and an extension at 72 °C for 45 s. After each run, a melt curve was generated to check for the existence of unspecific amplicons and primer–dimer generation. Non-template controls were included in each reaction. The real–time PCR data were analysed using StepOne v2.2.2 Software (Applied Biosystems, Portugal). Cycle threshold (Ct) values were obtained with the same software and the results were normalized to the OeActin and GAPDH expression levels and analyzed using the 2−ΔΔCT method [40].





2.4. Quantification of Phenylpropanoid Compounds


2.4.1. Extraction and L-Phenylalanine Ammonia-Lyase (PAL) Activity Assay


PAL enzyme activity was determined according Tovar et al. [35]. For every sample analyzed, 10 fresh fruits were first frozen at −80 °C and lyophilized. One gram of olive flesh powder was weighed into a beaker adding 25 mL of 0.05 M potassium phosphate buffer (pH 6.6). The mixture was homogenized and 0.2 g of Triton X–100 (Sigma-Aldrich, Steinheim, Germany) and 25 mg of insoluble polyvinylpyrrolidone (PVP, Sigma-Aldrich, Steinheim, Germany) were added. The suspension was maintained at 4 °C during extraction and centrifuged during 15 min at 10,000× g. For PAL activity quantification, 0.4 mL of olive flesh homogenate and 4.1 mL of sodium phosphate buffer were mixed in test tubes. The reaction was initiated when 1 mL of L-phenylalanine (10 mg/mL) was added to the solutions in the test tubes. The tubes were then heated for a period of 1 h at 37 °C. The reaction ended after adding 0.5 mL of 35% trifluoroacetic acid (w/w) (Sigma–Aldrich, Steinheim, Germany). Tubes were centrifuged during 5 min at 10,000× g. The PAL quantification was performed by measuring the absorbance at 290 nm according to McCallum et al. [41] using a spectrophotometer Genesys 2 PC (Spectronic Instruments, Leeds, UK). The enzymatic activity is expressed in μmol cinnamic acid liberated h−1 g−1 of dry weight. To confirm that the change observed in the absorbance was due to the formation of trans–cinnamic acid, the enzymatic reaction was followed over a 3 to 6 h period by Reversed-Phase High-Performance Liquid Chromatography coupled with Diode Array Detection (RP–HPLC–DAD), using the method described by Machado et al. [42]. A reaction without the substrate was used as a blank control. Triplicate assays were performed for each extract.




2.4.2. Phenolic Fraction Extraction


Olive samples (5 g) were macerated with 50 mL of a mixture of MeOH/H2O (50:50) and incubated at room temperature for 30 min. The supernatant was decanted, and the extractions were repeated three times. The liquid phase was filtered and subsequently centrifuged at 9000× g for 10 min. To remove the fat phase, the mixture was washed twice with hexane (50 mL) using a separating funnel and the organic phase was discarded. Three replicates per sample were performed [30,43].




2.4.3. Phenolic Composition


The content in total phenols, flavonoids, and ortho-diphenols was determined according to spectrophotometric methodologies previously reported by Gouvinhas et al. [43], with minor modifications. The total phenolic compounds content was determined using Folin–Ciocalteu (Panreac Química S.L.U., Barcelona, Spain), with 3,4,5-trihydroxybenzoic acid (gallic acid) extra pure (>99%) (Panreac Química S.L.U., Barcelona, Spain) as standard [44]. Briefly, 1 mL of diluted sample was mixed with 500 µL of Folin–Ciocalteu reagent, 2 mL of 7.5% sodium carbonate solution and 6.5 mL of MilliQ water (Millipore, USA). The mixture was homogenized and the absorbance of the standard solutions and samples was measured at 750 nm after 30 min reaction at 70 °C in relation to a gallic acid standard curve. All measurements were performed in triplicate. The results were expressed as milligrams of gallic acid per gram of dry weight (mg GA g−1 DW). The content of ortho-diphenols in olives was determined by adding 1 mL of Na2MoO4 (50 g L−1) to 4.0 mL of the samples appropriately diluted. Mixtures were vortexed and allowed to rest at room temperature, protected from light, for 15 min. The absorbance was recorded at 375 nm and quantified using gallic acid as standard. Results were expressed in mg GA g−1 DW. For the assessment of flavonoid content, 0.5 mL of the sample properly diluted were mixed with 150 μL of NaNO2 (50 g L−1). After 5 min precisely, 150 μL AlCl3 (100 g L−1) were added and the mixture was allowed to react for 6 min. Subsequently, 1.0 mL of NaOH (1 M) were added to the mixture. The absorbance was immediately recorded at 510 nm, and the flavonoid content quantified using catechin as standard. Results were expressed in mg of catechin per gram of dry weight (mg CAT g−1 DW).





2.5. Statistical Analysis


The results are presented as mean values ± standard deviation (n = 3). Statistical analysis was performed using one-way analysis of variance (ANOVA), and a multiple range test (Turkey’s test), with a significance level of p < 0.05, using IBM SPSS statistics 21.0 software (SPSS Inc., Chicago, IL, USA), in order to determine the significant differences of each assays among the different fruit stages (maturation/infection). Different letters are significantly different for each cultivar.





3. Results


3.1. OePAL Gene Transcript Levels during Fruit Development and C. acutatum Infection


The influence of both cultivar (genotype) and fruit development on disease progression was achieved by phenylpropanoid metabolism changes, considering: (1) OePAL expression by real-time polymerase chain reaction (PCR) (Figure 1); (2) PAL enzyme activity (Figure 2), and (3) fruit phenolic composition (Figure 3, Figure 4 and Figure 5). The levels of OePAL gene transcripts observed in fruit ripening period were consistent with significant increase of expression from the green to the ripening stage (p < 0.05) (Figure 1) with some variations between these two phases. Indeed, in the first crop year (2016), all olive cvs. presented the lowest relative expression in the green stage, with a significant increase for the first two cultivars (Figure 1). While cv. Galega showed a significant increase of transcript accumulation until the last ripening stage, cv. Cobrançosa presented a decrease of PAL expression. Picual olive fruit samples didn’t show differences from the green to the semi-ripe stage, however it presented an important and significant increase in the last stage. Galega was the cv. that presented the highest transcript accumulation at ripe stage, followed by cvs. Picual and Cobrançosa. In the second-year crop (2017), while cv. Cobrançosa showed a slightly variation between all stages of fruit maturation, cvs. Galega and Picual presented the same behaviour, once from the green to the semi-ripe stage a significant decrease of PAL expression was observed, and then a significant increase from this one to the ripe stage was found in both samples. The susceptible cv. Galega showed the highest relative expression of PAL gene.



During C. acutatum infection, the PAL transcript abundance was higher in fruits belonging to the tolerant cv. Picual (Figure 1). The PAL relative expression was different among crop years, presenting an up-regulation at 48 hai in 2016, being anticipated to 16 hai in 2017. Comparing the different olive cvs. it is evident that cv. Picual consistently presented the highest PAL expression over the years. The Figure 1 also showed that Picual and Cobrançosa cvs. presented a higher basal expression level in comparison to cv. Galega. Nevertheless, the overall expression increase of cv. Galega was of 6-folds, whereas cv. Cobrançosa presented an increase of 3-fold in the field year of 2016. In the crop year 2017 cv. Galega and cv. Picual presented a similar behaviour in comparison to crop year 2016, whereas cv. Cobrançosa only had a slight change in the expression profile throughout the elicitation. Overall, as observed for the maturation study the OePAL expression was significantly lower in crop year 2017. Nevertheless, the PAL expression levels observed in 2017, after fungus elicitation, was higher than those observed for the maturation studies, indicating that this gene is up-regulated when exposed to this fungus.




3.2. PAL Enzyme Activity during Fruit Development and upon C. acutatum Infection


The enzyme activity in fruits from susceptible and tolerant cvs. was evaluated colorimetrically during fruit ripening, as well as in all time points of fruits C. acutatum infection (0, 16, 48, 144 hai) (Figure 2). Regarding the fruit ripening, the PAL enzyme activity was significantly higher in green fruits, in both crop years, except for Picual olive fruits that presented no significant differences between fruit ripeness. Concerning the other olive fruit samples, a significant decrease was observed in the enzyme activity, from the green to the semi-ripe fruit stage. However, no significant differences were found between the middle and the last stage of maturation, except in the crop year 2016–2017 for susceptible cv. Galega, since PAL activity reached approximately the same activity level as the one observed in the green stage (108.85 ± 3.51 and 111.66 ± 3.56 µmol cinnamic acid h−1 g−1, for green and ripe stage, respectively).



In susceptible and tolerant, subjected to pathogen infection, different enzyme activity responses were observed (Figure 2). Fruits from susceptible cv. Galega presented an increase in PAL enzyme activity until 16 hai (from 101.0 to 122.1 µmol cinnamic acid h−1 g−1 in the 2016 crop year, and from 111.7 to 121.1 µmol cinnamic acid h−1 g−1 in the 2017), followed by a constant enzyme activity during the fruit infection, presenting no significant activity (p ≥ 0.05) in the last hours of infection. In tolerant fruits (cv. Picual) the enzyme activity levels did not change significantly in the crop year 2016, whereas in the second year, 2017, the enzyme activity increased significantly at 16 hai (from 85.9 to 122.0 µmol cinnamic acid h−1 g−1) compared to the control. Fruits from cv. Cobrançosa displayed the same enzyme activity in both years. This cv. presented a significant decrease in enzyme activity (p  < 0.05) at 16 hai compared to the control (from 126.2 to 95.1 µmol cinnamic acid h−1 g−1). Afterward, the enzyme activity increased continuously, reaching a similar level as that observed in the control samples (Figure 2). Overall, the tolerant cv. Picual presented the lowest enzyme activity values. Although the PAL activity is induced after C. acutatum elicitation, its activity is higher in susceptible genotypes compared to the moderate and tolerant ones.




3.3. Evaluation of Phenolics, Ortho-Diphenols, and Flavonoids during Olive Fruits Development and C. acutatum Infection


The phenolic composition of olive fruits from the three cultivars studied during the maturation process and fungus infection was evaluated (Figure 3). The behaviour of the olive samples during maturation is very similar between crop years, with a significant decrease of total phenols, ortho-diphenols (Figure 4), and flavonoids (Figure 5) in 2016 from green to semi-ripe stage, with a slight increase until the ripe stage, not reaching the values of the green phase. This was also observed in the second crop season (2017), except for cv. Picual that presented a significant increase of these parameters, from the green to the semi-ripe, followed by a significant decrease, reaching similar values to the other two olive cultivars.



Regarding the fruit infection by C. acutatum, the phenolic compounds in cv. Cobrançosa revealed, generally, a slight decrease at 16 hai compared to the control, followed by an increase until 48 hai (Figure 3). Tolerant cv. Picual did not present a significant (p ≥ 0.05) decrease in the pre-existing phenolics in the second crop year, however, in 2016, a significant decrease of total phenols, ortho-diphenols (Figure 4) and flavonoids (Figure 5) was observed at 144 hai.



The basal level of phenolic compounds was higher in moderate and tolerant olive fruits, suggesting a pre-existing antifungal barrier that acts as defense against pathogen proliferation in olive. Fruit samples, from susceptible cv. Galega, presented the lowest phenolics basal content (29.5 and 21.2 mg GA g−1, in 2016 and 2017, respectively) compared to the tolerant genotypes (31.74 and 33.50 mg GA g−1, in 2016 and 2017, respectively). Furthermore, the phenolic composition in susceptible fruits is higher at 16 and 48 hai.





4. Discussion


The secondary metabolites have an important role in the plant defense against fungal pathogen on different crops. Olives infected with C. acutatum are reported to have both substantial yield losses, as well as a considerable impact on fruit sensorial and chemical changes [11]. PAL is known to play an important role in the phenylpropanoid pathway being involved in the biosynthesis of the polyphenol and secondary metabolites. In this pathosystem the clear relationship between PAL and biosynthesis of secondary compounds, from phenylpropanoid metabolism, has not been previously reported. The high activity levels of PAL enzyme, observed in fruit samples at the early stage of maturation, were also reported by Morelló [45] in Arbequina, Farga and Morrut, and by Ortega-García [46] in Picual, Verdial and Frantoio, indicating an active participation of the phenylpropanoid pathway in the secondary metabolism of olive fruits, as well as an enlargement of all parts of the ovary and lignification of the endocarp; slightly correlated to the total phenol content in the olive pulp as described by Jimenez-Ruiz [14]. The decline of the PAL activity over the maturation agrees with the previous report by Tovar [35] that related the lower PAL activity with the decrease of the phenolic compounds. Morelló [45] also reported an important decrease of PAL activity at the beginning of the ripening process, when the olive fruit color turns from green to light green or with the appearance of red spots on the skin, giving rise to the beginning of black maturation. In cv. Galega which presented an increase on PAL activity in the last maturation stage, this raise can be explained by a higher accumulation of anthocyanins, and consequently the change of fruit color to purple/black, since this cv. reaches complete maturation previously to the other cvs under study, requiring a more active metabolism to achieve it in a short period. In strawberries, two peaks of PAL activity are also observed, the first one due to the synthesis of flavonoids and phenolic compounds, which occurs in the green stage, and the second peak in ripe fruits due to the anthocyanin’s accumulation [47,48].



Considering the gene expression pattern during fruit infection (Figure 1), our results were consistent with the microscopic data reported by Gomes et al. [9], where fruit mesocarp from susceptible cv. Galega present infection symptoms as early as 48 hai while tolerant cv. Picual presented infection symptoms, on fruit mesocarp, only after 72 hai. The fruit ripeness increases the fruit susceptibility to pathogen infection, with the unripened (or developing) fruit being tolerant to the C. acutatum infection [9,13]. According to the total phenolic measures (Figure 3), the cultivars respond to the infection by increasing the level of phenols at 16 hai (crop year 2016) and 48 hai (crop year 2017) directly associated with the elicitation increases of the PAL enzyme activity (Figure 2).



Recently, Gouvinhas et al. [49] measured the concentration of individual phenolic compounds in the olive cvs during C. acutatum infection and these individual compounds (e.g., hydroxytyrosol, hydroxybenzoic acid, verbascoside, luteolin, oleuropein and cinnamic acid) vary significantly among susceptible and tolerant cvs. Although total phenolics are in higher concentration in cv. Picual (27.77–33.80 mg GA g−1) in comparison to cv. Galega (21.19–24.67 mg GA g−1) the most remarkable difference is observed at the secoiridoid glucosides (oleuropein) level, where cv. Picual presents a higher concentration, supporting the idea that the resistance might also be related to the presence of certain types of phenolic compounds more than the amount of each of them [50,51,52]. One of the most important secoiridoids present in olive fruit and virgin olive oil is oleuropein, the composition of which varies considerably among cultivars, tissues, developmental stages and in response to different biotic stresses. It is also responsible for phytoalexins release. The cv. Galega was characterized by having low oleuropein concentration at 16 hai (4.8% relative abundance) in contrast to tolerant cv. Picual (14.5%), which ranged between 14.5% and 29.9% [53,54]. Curvers et al. [54] and Bassolino et al. [55] reported that plant cell wall has some composition modifications through the incorporation of phenolic compounds, which were considered an important defense mechanism against B. cinerea. In fact, these compounds play a crucial role in the plant response to environmental cues, being the most important defense compounds against biotic stress. Moreover, the observed differences in the individual phenolic compounds, among susceptible and tolerant cultivars, reflect the great variability in the modulation of their biosynthesis and accumulation [29]. Furthermore, the different fruit composition in ortho-diphenols (Figure 4) and flavonoids (Figure 5) observed during maturation in susceptible and tolerant genotypes could explain the difference of resistance among olive cultivars. The increasing levels of phenolics after an elicited activity of key enzymes, such as PAL, has been reported as a component of plant systemic immunity to overcome the infection process [56]. PAL activity can also act as a first line of defense against C. acutatum infection, since the phenolic compounds produced might inhibit the pathogens’ progression [15,26,57]. Thus, the phenolic composition of the olive fruits can be used as an indicator of the susceptibility/tolerance level of plants to diseases and pests attack [58]. Additionally, even though the physical barriers have not been considered in the present study, a previous work has demonstrated that the olive fruit cuticle thickness is higher in tolerant cv. Picual in comparison to susceptible fruits’ cuticles [16]. The response of olive fruits to C. acutatum is similar as reported in strawberry (Fragaria × ananassa Duchesne) [21]. Prusky et al. [59] also reported that the synthesized products of the phenylpropanoid pathway (i.e., phenolics and flavonoids) in avocado (Persea Americana Mill.) create a hostile and toxic environment for C. gloesporioides growth. A similar study in apple (Malus domestica Borkh.) infected by scab (Venturia inaequalis Cke.) revealed that the flavonoid biosynthesis limited the scab progression within the apple cells [60,61]. In line with these findings, Slatnar et al. [56] reported higher PAL enzyme activity, in scab spot tissue of infected apples. In onion (Allium cepa L.) the high levels of phenolic compounds have also been related to the tolerance to Colletotrichum circinans [62].



In this study, fruits from tolerant cv. Picual presented endogenously the highest phenolic content; whereas the fruit samples from cv. Galega had an immediate response to the fungal attack, with an induced increase of phenolics. These responses of susceptible genotypes were expected, since phenolic compounds are known to actively participate in plant defense mechanisms, and their content in cell/tissues is significantly increased when submitted to different stress conditions. Furthermore, the low pre-existing phenolic content, observed in control fruit samples from susceptible cv. Galega, is also in accordance with the literature, since the tolerant cv. Picual, naturally overcame the development of the infectious processes due to its high amount of pre-existing phenolic compounds which act as an antifungal agent, inhibiting pathogen development and progression in comparison to cv. Galega. Del Rio et al. [63] reported the presence of some phenolic compounds (e.g., catechin) in olives that were linked to a positive reaction against Phytophtora spp. making the fruit an unfavorable host for further pathogen development.



When comparing the phenolic content (Figure 3) with the PAL enzyme activity (Figure 2) it is interesting to note that the last has increased significantly in the susceptible cultivar straight after elicitation. Our results suggest that the defense mechanism, in susceptible genotypes, involves the activation of PAL, a key enzyme of the phenylpropanoid pathway, from which phenolic metabolites are synthesized. However, it does not seem to be sufficient to block the fungus progression but it can limit the infection level in cultivars that present a higher level in their composition. Considering some of the primary stress response, it is generalized that the levels of PAL activity, considering gene expression and phenylpropanoids increase, is one of the firstly defense responses in plants [23]. In pepper (Capsicum annuum L.), CaPAL1 was proposed to function as a positive regulator of plant innate immunity [64], in rice (Oryza sativa L.) OsPAL4 was associated with improved broad-spectrum disease resistance [23], suggesting that defense response genes, including the PAL family, play a key role on host resistance.




5. Conclusions


In plant-pathogen studies, the combination of gene expression and metabolic data sets is currently being attempted to study metabolic pathways. Understanding the molecular mechanisms underlying olive anthracnose is critical for maintaining high olive oil production levels, and for developing strategies to control this disease. In this study, the infection process changed the secondary metabolism, and after an elicited increased activity of PAL enzyme and PAL gene expression, which is involved in olive anthracnose defense response. Furthermore, the tolerant cv. Picual presented the highest PAL gene expression at 16 hai, which could be linked to a genetic resistance to C. acutatum. Moreover, the constitutive phenolic content of fruits and whether their biosynthesis is activated or inhibited in olive-C. acutatum pathosystem, are crucial to explain the changes in gene expression in the early stages of pathogen colonization and infection process.
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Figure 1. Relative gene expression of phenylalanine ammonia-lyase (PAL) of phenylpropanoid pathway by quantitative polymerase chain reaction (qPCR) in developing (green, semi-ripe, and ripe stage) and infected fruits (non-infected fruit (control), 0, 16, 48, and 144 h after C. acutatum inoculation (hai)), from susceptible cv. Galega; moderate-tolerant cv. Cobrançosa, and tolerant cv. Picual cultivars during two crop years (2016 and 2017). Bars indicate standard error of three biological replicates at each sampling time point within cultivars and data were subjected to analysis of variance (ANOVA) and multiple range test (Tukey’s test) with a significance of p < 0.05. 
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Figure 2. Activity of PAL enzyme in developing (green, semi-ripe, and ripe stage) and infected fruits (non-infected fruit (control), 0, 16, 48, and 144 h after C. acutatum inoculation (hai)), from susceptible cv. Galega; moderate-tolerant cv. Cobrançosa, and tolerant cv. Picual cultivars during two crop years (2016 and 2017). Bars indicate standard error of three biological replicates at each sampling time point within cultivars and data were subjected to analysis of variance (ANOVA) and multiple range test (Tukey’s test) with a significance of p < 0.05. 
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Figure 3. Total phenolic composition in developing (green, semi-ripe, and ripe stage) and infected olive fruit samples (non-infected fruit (control), 0, 16, 48, and 144 h after C. acutatum inoculation (hai)), from susceptible cv. Galega Vulgar; moderate-tolerant cv. Cobrançosa, and tolerant cv. Picual during two crop years (2016 and 2017). Bars indicate standard error of three biological replicates at each sampling time point within cultivars and data were subjected to analysis of variance (ANOVA) and multiple range test (Tukey’s test) with a significance of p < 0.05. 
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Figure 4. Ortho-diphenols content in developing (green, semi-ripe, and ripe stage) and infected olive fruits (non-infected fruit (control), 0, 16, 48, and 144 h after C. acutatum inoculation (hai)), from susceptible cv. Galega; moderate-tolerant cv. Cobrançosa, and tolerant cv. Picual during two crop years (2016 and 2017). Bars indicate standard error of three biological replicates at each sampling time point within cultivars and data were subjected to analysis of variance (ANOVA) and multiple range test (Tukey’s test) with a significance of p < 0.05. 






Figure 4. Ortho-diphenols content in developing (green, semi-ripe, and ripe stage) and infected olive fruits (non-infected fruit (control), 0, 16, 48, and 144 h after C. acutatum inoculation (hai)), from susceptible cv. Galega; moderate-tolerant cv. Cobrançosa, and tolerant cv. Picual during two crop years (2016 and 2017). Bars indicate standard error of three biological replicates at each sampling time point within cultivars and data were subjected to analysis of variance (ANOVA) and multiple range test (Tukey’s test) with a significance of p < 0.05.



[image: Agriculture 09 00173 g004]







[image: Agriculture 09 00173 g005 550]





Figure 5. Flavonoids content in developing (green, semi-ripe, and ripe stage) and infected olive fruits (non-infected fruit (control), 0, 16, 48, and 144 h after C. acutatum inoculation (hai)), from susceptible cv. Galega; moderate-tolerant cv. Cobrançosa, and tolerant cv. Picual during two crop years (2016 and 2017). Bars indicate standard error of three biological replicates at each sampling time point within cultivars and data were subjected to analysis of variance (ANOVA) and multiple range test (Tukey’s test) with a significance of p < 0.05. 
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Table 1. Schedule for olive sampling.
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Cultivar

	
Ripening Index

	
Hours after Infection in Ripe Fruits (hai)

	
Susceptibility to Colletotrichum acutatum






	
Galega Vulgar

	
Green (RI = 1.30)

Semi-ripe (RI = 2.74)

Ripe (RI = 4.87)

	
Control (non-infected fruits)

	
Susceptible




	
0




	
16




	
48




	
144




	
Cobrançosa

	
Green (RI = 1.30)

Semi-ripe (RI = 2.96)

Ripe (RI = 4.67)

	
Control (non-infected fruits)

	
Moderate-Tolerant




	
0




	
16




	
48




	
144




	
Picual

	
Green (RI = 0.8)

Semi-ripe (RI = 2.43)

Ripe (RI = 4.57)

	
Control (non-infected fruits)

	
Tolerant




	
0




	
16




	
48




	
144




	
RI = Ripening Index
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Table 2. Primers used for quantitative real-time polymerase chain reaction (PCR) assays.
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Gene

	
Accession Number

	
Primer

	
Sequence (5′–3′)

	
Amplicon Size (bp)

	
Annealing Temperature (°C)






	
ACT

	
AF545569

	
Sense

	
AGCTTGCTTATGTTGCTCTC

	
169

	
59




	
Antisense

	
GATTCCATTCCAATCAAAGA




	
GAPDH

	
EF506494

	
Sense

	
TTCTGCAACGATAGACTCCT

	
224

	
59




	
Antisense

	
AAGCTTCGTAAACTTTGCAC




	
PAL

	
KJ511868

	
Sense

	
CATTGAAAGGTAGCCATCTA

	
101

	
59




	
Antisense

	
CTAGCAAATTGGAAGAGGTT
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