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Editorial on the Research Topic
 Proceedings of Olivebioteq 2018 – Olive Management, Biotechnology and Authenticity of Olive Products



OLIVEBIOTEQ'18 was the 6th International Conference on the Olive Tree and Olive Products. Held in Seville, Spain, in October 2018, it gathered 218 registered participants from 16 countries with the objective of bringing together the latest advances and knowledge in the areas of breeding and propagation; reproductive and molecular biology, genomics, and biotechnology; crop response to biotic and abiotic stresses and crop management; economics of the olive crop and olive products; table olive and olive oil quality, authenticity, technology, and by-products; and nutrition and health. For all these areas, we considered research, technological, industrial, and commercial aspects.

The publication of this special issue was one of the activities organized within the frame of OLIVEBIOTEQ'18. We contacted 252 potential contributors and received 50 abstracts. Eventually, 31 manuscripts were submitted and 21 accepted for publication. Seventeen are published in Frontiers in Plant Science, within the Crop and Product Physiology section; two in Frontiers in Nutrition, Food Chemistry section; one in Frontiers in Sustainable Food Systems, Crop Biology and Sustainability section; and one in Frontiers in Bioengineering and Biotechnology, Industrial Biotechnology section.

Three of the accepted manuscripts are related to breeding and propagation. The work by Miazzi et al. addresses the recovery and conservation of ancient and rare olive germplasm from the Apulian region (Southeast Italy). A total of 177 genotypes were recovered, analyzed, propagated and transferred to an ex-situ field. The identification of genotypes useful for breeding programs was key among the outputs of this work. French genotypes were studied by Khadari et al., who used molecular characterization to both elucidate their origin and facilitate cultivar management. They found high genetic diversity in the 113 studied olive accessions, suggesting that French olive germplasm resulted from the diffusion of material from Spain and Italy. With an interest in selecting cultivars with an improved ability to better adapt to new management systems, de Castro et al. developed a UAV-based high-throughput system for the improvement of olive breeding programs. The system includes a new, high-performance object-based image analysis algorithm, suitable for the quantification of tree architectural traits, especially tree height and crown area. These three approaches illustrate the key role that molecular biology and remote imagery techniques play in the identification of genotypes for breeding programs and in the identification of links between genotype and phenotype.

The role of genomics and biotechnology in plant protection is outlined in the work by Narváez, Martín et al., wherein they analyse the response of transgenic olive plants to Verticillium dahliae and Rosellinia necatrix. These plants constitutively expressed the NPR1 gene from Arabidopsis thaliana as a response to the infection by both species of fungi. An embryogenic line from a seed of cv. Picual was used to obtain several transgenic plants showing different responses to a variety of pathophyte species. In another work, Narváez, Prieto et al. perform a pioneering analysis of the regeneration capacity, via somatic embryogenesis, of four wild olive genotypes with different responses to defoliation caused by V. dahliae. Another example of genomics, this time applied to the fatty acid composition of olive oil, is given by Salimonti et al. This group worked with the oleate desaturase enzyme encoding-gene (FAD2-2), which is the main gene responsible for the linoleic acid content in the olive oil. More precisely, they performed an in silico and structural analysis of the 5′UTR intron of the FAD2-2 gene to explore the natural sequence variability and its role in the regulation of gene expression. Their findings reveal new structural variants within the FAD2-2 gene in olive, putatively involved in the regulation mechanism of gene expression associated with oleic and linoleic acid content variation. These lines of research highlight the utility of molecular approaches for the improvement of olive biotic stress resistance and oil quality.

In the field of reproductive biology, the work by Jimenez-Quesada et al. addresses the production of Reactive Oxygen Species (ROS) in the olive reproductive tissues as a response to intense metabolism. After localizing the Rboh-type gene (OeRbohH) through pollen ontogeny and pollen tune elongation analysis, they found that a balanced activity of tip-located OeRbohH during pollen tube growth is important for normal pollen physiology. With respect to fruit development, Diarte et al. studied fruit skin properties in the fruits of nine olive cultivars. They isolated cuticular membranes to analyse the composition of cuticular waxes and cutin monomers, and performed microscopy observations of fruit pericarp sections. Skin surface topography was also analyzed by means of fringe projection and significant differences among cultivars were found and discussed.

Furthermore, Muzzalupo et al. discuss an innovative plant protection approach. They investigated the in vitro antifungal activity of two olive extracts against a Fusarium proliferatum strain that causes diseases to many economically important plants. Olive extracts are known to exert anti-inflammatory, antioxidant and antimicrobial activities. Among other important findings, the authors show enhanced antifungal effects obtained with the encapsulation of leaf extracts in chitosantripolyphosphate nanoparticles before application. This result suggests that new application techniques can be developed to reduce the dosage of fungicides, which are potentially harmful to human health. Herrera et al. focused on the potential of Dittrichia viscosa—a plant common in olive growing areas—for the development of pest management systems in olive orchards. They studied the arthropofauna associated with D. viscosa and found that the plant's phenology influences the populations of a variety of arthropods, and that plants of D. viscosa, grown along the borders of and inside olive groves, serve as natural reservoirs of predators and Hymenoptera parasitoids, protecting olive trees from attacks by any D. viscosa-related phytophages. The work by Campos et al. describes a new quantitative PCR analysis based method for the detection of several viruses in olive trees. This innovative detection system was tested in trees of different cultivars, resulting in sensitive and reliable estimation of virus accumulation in infested trees. The system, therefore, can be an effective tool for sanitary certification of olive propagative material.

With the goal of elucidating the effect of abiotic stress on olive growing, Conde-Innamorato et al. investigated the performance of six Mediterranean olive cultivars for the temperate humid climate conditions of Uruguay. Main aspects of phenology, growth, production and oil quality were addressed. This extended study in which 10 growing seasons were considered, revealed that, although the performance of some of the tested cultivars was promising, the alternate bearing is a limiting factor. Their findings reveal a need for further research on cultivar × environment × management interactions. In an assessment of the growing conditions in the neighboring country of Argentina, Miserere et al. evaluated the response of olive trees to sap flow, stomatal conductance, and xylem anatomy to elevated temperature, as well as the effect of crop load on that response. The authors were concerned about the possible effects of climate change in that part of the world, where temperatures are already above those considered as optimal for olive growing. Once again, findings from this work outline the importance of considering the interactive effects of multiple factors when assessing olive performance. The problem of salinity is addressed by Regni et al. They induced saline stress in potted plants of four olive cultivars and studied the effect of salt stress on plant growth and the main physiological and biochemical variables. Photosynthesis, chlorophyll content in the leaves, and plant growth were negatively affected by increasing salinity, while the GSH and CAT enzymatic activities increased. In addition, proline content in leaf tissues decreased, which, in turn, altered osmotic regulation. The greater activity of the two antioxidant enzymes was effective in counteracting the effects of saline stress. The effect of water stress and its influence on the hydraulic performance of olive plants was addressed by Hernandez-Santana et al. More specifically, they evaluated whether hydraulic traits contributed to differences among water treatments in the leaf gas exchange and plant growth of four wild olive genotypes. They found that both the leaf area:sapwood area and the leaf area:root area ratios decreased with water stress, with differences among genotypes. Their findings show that hydraulic allometry adjustments at the plant level were coordinated with the physiological response in leaves, and the authors go on to outline the relevance of plant hydraulic traits, i.e., the efficiency of water transport throughout the plant's hydraulic system, as useful to both anticipate the impact of climate change and improve crop water productivity.

On irrigation, Romero-Trigueros et al. evaluated the impact of using reclaimed saline water and deficit strategies on the ripening indexes, olive yield, and oil quality of “Arbosana” trees. The combined effect of the salt and water stresses did not decrease fruit yield, but did reduce oil yield because the oil content per fruit dry weight was affected as compared to control trees. Full irrigation with reclaimed saline water decreased oil quality, but with deficit irrigation, the total polyphenols increased. These findings will be of interest to many because the use of low quality water for irrigating olive orchards is expected to increase. On fertilization, Fernández-Escobar offers a review on the question of whether the olive tolerance or resistance to biotic or abiotic stresses can be affected by the nutritional status. It seems that an adequate nutritional status improves the plant's behavior under stress conditions, and the role that certain nutrients have on a number of physiological mechanisms has already been clarified, e.g., the role of potassium on stomatal control. In this work the author explores several of these cases and focuses on the formation of a physical barrier by silicon deposition in the epidermal cells of the leaves, and on the benefits of such barrier to control pest and diseases in olive.

The work by Dias et al. focuses on the effect of pruning on both olive yield and the performance of the Side-Row Continuous Canopy Shaking Harvester. The test was performed in a high density “Picual” orchard, under different pruning treatments. Neither the average yield per tree, for the 4-year testing period, nor the average olive removal efficiency, were affected by the pruning treatment. Goldental-Cohen et al. addressed the mechanical harvesting of table olives. They evaluated the sensitivity of 106 olive cultivars to browning caused by mechanical injury, and identified 14 resistant genotypes that could serve as table olive cultivars. Their findings suggest that cuticle thickness can be an indicator to identify table olive cultivars suitable for mechanical harvesting.

In relation to olive oil quality, 11 olive cultivars were evaluated by El Riachy et al. Their findings show that local and foreign varieties growing in Lebanon produce good quality olive oil. They identified the time course of principal quality variables including ripening, and concluded that further investigations for the characterization and authentication of Lebanese olive oil are required. Concerning olive oil technology, Veneziani et al. studied the impact of the pulsed electric field on the efficiency of the oil extraction process. For three Italian cultivars, they evaluated the diffusion of oil and microconstituents determined by the disruption effects on olive cell tissues carried out by the non-thermal method. Their results show not only an increase in the percentage of oil extracted but also in the concentration of hydrophilic phenols.

All these contributions to OLIVEBIOTEQ'18 demonstrate the scientific community's synergism and cooperation with the industrial olive sector. Our interest is to provide knowledge and technology to study and solve the problems that the industry faces in the cultivation of olive trees, and in the production of high quality olive oil with the objective of increasing efficiency through the use of natural resources while ensuring the profitability for orchardists and producers. The increase in global population taken together with climate change pose new challenges to achieve that target, but this special issue confirms, once again, that science and technology are powerful tools to overcome new problems. The thanks of the committee behind the OLIVEBIOTEQ meetings go out to our colleagues for their continuous efforts to support olive growing and production.
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The hydraulic traits of plants, or the efficiency of water transport throughout the plant hydraulic system, could help to anticipate the impact of climate change and improve crop productivity. However, the mechanisms explaining the role of hydraulic traits on plant photosynthesis and thus, plant growth and yield, are just beginning to emerge. We conducted an experiment to identify differences in growth patterns at leaf, root and whole plant level among four wild olive genotypes and to determine whether hydraulic traits may help to explain such differences through their effect on photosynthesis. We estimated the relative growth rate (RGR), and its components, leaf gas exchange and hydraulic traits both at the leaf and whole-plant level in the olive genotypes over a full year. Photosynthetic capacity parameters were also measured. We observed different responses to water stress in the RGRs of the genotypes studied being best explained by changes in the net CO2 assimilation rate (NAR). Further, net photosynthesis, closely related to NAR, was mainly determined by hydraulic traits, both at leaf and whole-plant levels. This was mediated through the effects of hydraulic traits on stomatal conductance. We observed a decrease in leaf area: sapwood area and leaf area: root area ratios in water-stressed plants, which was more evident in the olive genotype Olea europaea subsp. guanchica (GUA8), whose RGR was less affected by water deficit than the other olive genotypes. In addition, at the leaf level, GUA8 water-stressed plants presented a better photosynthetic capacity due to a higher mesophyll conductance to CO2 and a higher foliar N. We conclude that hydraulic allometry adjustments of whole plant and leaf physiological response were well coordinated, buffering the water stress experienced by GUA8 plants. In turn, this explained their higher relative growth rates compared to the rest of the genotypes under water-stress conditions.

Keywords: hydraulic allometry, leaf hydraulic conductance, leaf:sapwood area ratio, leaf:root area ratio, net photosynthesis rate, stomatal conductance


INTRODUCTION

One of the main challenges facing the world today is to achieve food security, a problem that is aggravated by climate change, natural resource depletion and adverse impacts of environmental degradation (desertification, drought, freshwater scarcity, etc.) (United Nations, 2015). Promising approaches for ensuring the stability of food production under limited water availability involve breeding practices that take advantage of the genetic variability of wild related species and different cultivars that have better adapted to environmental constraints (Nevo et al., 2012; Burnett et al., 2016), such as water-deficit conditions (Ruane et al., 2008; Reddy et al., 2017; Trentacoste et al., 2018). Crop breeders seek to identify and select traits or mechanisms that enable high biological or reproductive yields to be achieved under water-limited conditions (Turner, 2017). As demonstrated in recent studies, some morphological leaf traits (López-Sampson et al., 2017) or processes such as osmotic adjustment (Blum, 2017) explain a large proportion of a tree species’ growth, which indicates the potential value of focusing on certain traits to help in the selection of the most productive species or varieties.

Specific knowledge of how hydraulic traits of plants (i.e., the efficiency of water transport throughout the plant) limit plant performance could help to anticipate the impact of climate change (Anderegg et al., 2016) and to improve the security and sustainability of our food supply. Nevertheless, the mechanisms explaining the role of hydraulic traits on growth are complex and only just beginning to be elucidated (Sack et al., 2016). Stomatal control of transpiration is directly or indirectly regulated by changes in plant water status, produced by changes in the soil-to-leaf water transport properties (Buckley, 2005). Under water deficit conditions, stomata close to avoid leaf desiccation but in doing so, carbon dioxide uptake is restricted, and in turn, assimilation rate. Thus, growth can be limited by both carbon supply and turgor pressure. Above-ground hydraulic resistances to water flow mainly lie in leaves (Nardini and Salleo, 2000; Nardini et al., 2001, Brodribb and Holbrook, 2003; Sack et al., 2003), creating a positive link between leaf hydraulics and leaf gas exchange (Brodribb and Holbrook, 2004, 2006; Brodribb et al., 2005, 2007; Brodribb and Jordan, 2008; Scoffoni et al., 2016; Reddy et al., 2017; Xiong et al., 2018). In that sense, leaf hydraulics have been suggested to be important to both water and carbon (C) fluxes (Reich, 2014).

These studies highlight the coordination of maximum values of leaf gas exchange and leaf hydraulic conductance, i.e., under steady-state, non-stress conditions. The potential relevance of this coordination to plant performance under water-deficit conditions has also been investigated (Brodribb and Holbrook, 2004; Lo Gullo et al., 2005; Gortan et al., 2009; Chen et al., 2010; Hernandez-Santana et al., 2016). Besides these short-term mechanisms of stomatal control through leaf hydraulics, plants also respond to water stress through processes influencing equilibria and steady-state behaviors across the entire plant system, adjusting their root/shoot functional balance accordingly (Mencuccini, 2014), i.e., changing the hydraulic allometry of the plant. Nevertheless, in response to water stress, more research is needed to quantify responses in relation to plant anatomy, allocation, architecture and physiology (Addington et al., 2006; Martínez-Vilalta et al., 2009; Zhou et al., 2016; Martin-StPaul et al., 2017) to better understand how development is coordinated in different environments based on the underlying mechanisms (Sterck and Zweifel, 2016).

In relation to olive genotypes, very little is known about how hydraulic traits and photosynthetic assimilation rates in response to water stress influence growth. We know that olive species rely on a range of physiological traits and mechanisms to cope with water deficit (Fernández, 2014; Diaz-Espejo et al., 2018). However, to progress breeding efforts, knowledge of genotypic variation for water-use traits and how they influence plant performance under water stress is required. As such, we conducted an experiment that employed both well-irrigated and water-stress conditions to identify differences in growth patterns among different wild olive genotypes, and to determine whether hydraulic traits may help to explain such differences through their effect on stomatal conductance and photosynthesis rate.

Our objectives were: (i) to evaluate whether different relative growth rate (RGR) patterns representing different physiological strategies arise in wild olive genotypes at leaf, root and plant level and to determine the effects of water availability on these growth patterns and (ii) to determine the role of hydraulic traits (mediated by their effect on leaf gas exchange) at the leaf and whole-plant levels to explain differences in RGR patterns at plant scale in two contrasting olive genotypes.



MATERIALS AND METHODS

Experimental Overview

We conducted our experiment using four genotypes (AMK6, ACZ9, GUA6, and GUA8) selected from a first screening of 39 wild genotypes representing three different subspecies of Olea europaea (europaea var. sylvestris, guanchica and cuspidata). We assessed the effect of long-term deficit irrigation on growth patterns of these four genotypes, and afterward, we focused on two of them that presented the most contrasting trends in growth (GUA6 and GUA8) to explore the physiological and morphological traits that explained these differences in growth performance. The specific measurements performed during each period of the experiment are provided in Table 1.

TABLE 1. Period, frequency, and number of replicates per genotype and irrigation treatment for the variables measured along the experiment and the genotypes where they were measured.
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Screening of 39 Wild Olive Genotypes Before Harvest 1

The seeds for this first screening were obtained from trees located in the World Olive Germplasm Collection of Córdoba (Spain) and Grahamstown (South Africa). The plants were propagated and rooted in vitro from zygotic embryos obtained from the prospected seeds during 2014. Seeds were obtained by breaking olive pits with a tube cutter and surface sterilized with hypochlorite. Sterile embryos were obtained from the seeds and placed in test tubes with hormone-free olive medium (Rugini, 1984). After in vitro germination, the genotypes were multiplied through propagation of nodal segments in Rugini medium supplemented with 1 mg L-1 zeatin (Rugini, 1984). The explants were kept in an in vitro culture chamber at 25°C and subjected to a photoperiod of 16 h light/8 h darkness, using LED illumination 70% red plus 30% blue (70/30) with 34 μmol m-2 s-1 of photosynthetic photon flux. Plants were rooted in 1/2x Rugini medium supplemented with 0.8 mg/L Naphthaleneacetic acid for 3 weeks. After ex vitro acclimatization, plants were grown under greenhouse conditions for 9 months in 1 L pots. Healthy and homogenous plants were selected and transplanted into 10 L pots containing vermiculite:peat:perlite substrate (40:40:20) and acclimatized for a further 2 months. The 39 genotypes were evaluated during 2015 to assess their water use and fresh weight below and above-ground components as well as the whole plant. For each of these 39 genotypes, six well-irrigated plants (100% field capacity) and six water-stressed plants (60% field capacity) were maintained. Every 2–3 days water loss was quantified and plants were re-watered up to their corresponding water status. Plants were harvested at the end of the trial, and the fresh and dry weights of shoots (leaves and stems) and roots were recorded.

Experimental Management During the Measurements Performed in AMK6, ACZ9, GUA6, and GUA8 From Harvest 1 to Harvest 2

We selected these four genotypes because they presented contrasting behaviors to water deficit in terms of water use and plant, shoot and root fresh weight (Supplementary Figure S1). Plants from these four genotypes were grown outdoors in 25 L pots in La Hampa CSIC experimental orchard, near Seville (Spain) (37°17′N, 6°3′W, altitude 30 m), filled with soil (sandy loam) from this orchard. The size of the pot was not limiting for plant growth. This was based on the observation that roots did not grow enough to fill the entire volume of the pots and some parts of the soil were not explored by them at the end of the experiment. The pots were distributed randomly in rows of 20 plants at 1 × 1.5 m, alternating well-watered (WW) rows and water-stressed rows (WS). This distribution was sufficient to avoid shading by neighboring plants (based on in situ observations). Initial sizes of the plants are shown in Table 2 and although sizes were different among the groups, we calculated growth using RGR, which uses initial and final sizes, to minimize size dependent effects (Hunt et al., 2002). The experiments lasted for 19 months (from February 2016 to August 2017) including the measurements specifically performed only in GUA6 and GUA8 (see next section). The plants of all genotypes were the same age (16 months) when the experiment started. Plants were well-irrigated from February 18 to April 26, 2016. After this date they were irrigated differently until the end of the experiment: WW plants, in which plants were irrigated daily to non-limiting soil water conditions to achieve the highest possible stomatal conductance (gs,max); and WS, in which plants were irrigated to a level representing 40% of the gs,max measured in WW plants throughout the experiment to achieve a moderate water-stress status. To achieve these values of gs,max, we conducted regular gas exchange measurements and modified the irrigation schedule accordingly (Figure 1), i.e., reducing or increasing the frequency and time of irrigation to change the total amount of water depending on WS gs,max values compared to WW gs,smax. Reference evapotranspiration (ETo) was collected from a nearby standard weather station (37°13′N, 6°8′W) belonging to the Agroclimatic Information Network of the local government (Junta de Andalucía, Spain). Two harvests were conducted: on April 6, 2016 after a period when all the plants were well irrigated (harvest 1, H1) and on the April 5, 2017, to assess the effect of the long-term deficit irrigation treatment on the olive plants (harvest 2, H2).

TABLE 2. Average and standard error of the leaf area, basal diameter and maximum height of the plants used in the beginning of the experiment (H1).
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FIGURE 1. Temporal dynamics of reference evapotranspiration, ETo (A), maximum stomatal conductance (gs,max) for the different genotypes for well-watered plants (WW) (B), water-stressed plants (WS) (C), and percent of WS compared to WW gs,max (D) (only June–August data shown for clarity purposes). Each data-point in 2016 represents the average of two plants, while from January to April 2017 the average of three plants is used. H1 and H2 indicate when harvests 1 and 2 took place.



Experimental Management During the Measurements Performed in GUA6 and GUA8 After Harvest 2

After H2, 20 pots of GUA6 and GUA8 were kept under the described irrigation treatments (WS and WW) at the same field experimental site prior to conducting leaf hydraulic conductance measurements, pressure–volume curves and photosynthetic response curves, together with additional gas exchange, plant water status and morphological measurements (Table 1).

Growth Parameters (AMK6, ACZ9, GUA6, GUA8, From Harvest 1 to Harvest 2)

Plant growth was determined by harvesting four plants per genotype and irrigation treatment (n = 4) at H1 and H2. Before harvesting, basal stem diameter was measured to estimate sapwood area (m2). After harvesting, total plant leaf area (m2) was determined using a Li-Cor 3000-A area meter (equipped with a LI-3050C Transparent Belt Conveyor; Li-Cor, Lincoln, NE, United States). To calculate the biomass (g) of roots, stems and leaves, each component was separated and oven-dried at 60°C for at least 2 days. The following plant traits were calculated for each harvest based on the material obtained: leaf mass fraction (LMF, g g-1), root mass fraction (RMF, g g-1), specific leaf area (SLA, m2 g-1) and specific root length (SRL, m g-1). The data from each genotype and irrigation treatment for the two consecutive harvests were used to compute the net assimilation rate (NAR; g m-2 day-1) and the RGR (g g-1 day-1) for the plant (RGRplant), roots (RGRroot) and leaves (RGRleaf) according to Hunt et al. (2002):
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Each component was calculated as follows:
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where t is time between harvest 1 and 2, W is total dry weight per plant, LA is total leaf area per plant and LW is total leaf dry weight per plant.

Root Length and Area (AMK6, ACZ9, GUA6, GUA8, From Harvest 1 to Harvest 2)

The root samples were separated into two groups: fine roots or roots thinner than 2 mm and roots thicker than 2 mm. From the first group of roots (thinner than 2 mm), roots were randomly subsampled, scanning 10% of total biomass using the WinRHIZO system (Regent Instruments, Québec, Canada). The roots thicker than 2 mm were not considered in this analysis as fine roots constitute the primary exchange surface between plants and soil (Jackson et al., 1997). The scanning enabled us to directly obtain the root length (cm) and root area (cm2) through the WinRHIZO software.

Field Gas Exchange Measurements (AMK6, ACZ9, GUA6, GUA8, From Harvest 1 to Harvest 2)

To verify our irrigation treatments, maximum stomatal conductance (gs,max mol m-2 s-1) and net photosynthesis rate (AN,max, μmol m-2 s-1) were measured at ∼10.30–11.30 GMT from May 2016 to April 2017 (H2) with a portable gas analyzer (Li-6400; Li-Cor, Lincoln, NE, United States) using a 2 × 3 cm standard clear-top chamber under ambient light, vapor pressure deficit and CO2 conditions in healthy, sunny leaves. Preliminary measurements demonstrated that gs,max occurred at this time of the day. During this period, gas exchange was measured fortnightly during the summer months, and once every month during the rest of the year. In 2016 we measured gas exchange in one leaf from each of two plants of every genotype and for the two irrigation treatments (n = 2). From January 2017 to April 2017 we increased the number of sampled plants to three (n = 3).

Field Gas Exchange and Leaf Water Potential Measurements (GUA6, GUA8, After Harvest 2)

In addition to monitoring gs,max, gas exchange was measured once in June and July 2017 together with leaf water potential measurements to have concurrent measurements of both variables for the GUA6 and GUA8 genotypes (four plants per irrigation treatment and genotype).

Leaf water potential (Ψleaf) was undertaken immediately after gas exchange measurements with a Scholander-type pressure chamber (Soilmoisture Equipment Corp., Santa Barbara, CA, United States) in one fully expanded leaf per plant.

Leaf Hydraulic Vulnerability Curves (GUA6, GUA8, After Harvest 2)

Leaf hydraulic conductance (Kleaf, mmol m-2 s-1 MPa-1) was measured after H2 (June of 2017) in fully developed, current year and sun-exposed leaves of WW plants of the GUA8 and GUA6 genotypes to obtain leaf hydraulic vulnerability curves (Ψleaf -Kleaf). To measure Kleaf, we used the Evaporative Flux Method (EFM, Scoffoni et al., 2012), with the results obtained by this method being similar to Kleaf measurements in olive achieved by the Dynamic Rehydration Method (DRKM, Blackman and Brodribb, 2011) as demonstrated by Hernandez-Santana et al. (2016). Briefly, the method consists of measuring the flow rate of water through the leaf (mmol m-2 s-1) and the corresponding Ψleaf. To achieve this, we sealed the pots containing the plants at the field in dark plastic bags containing wet paper towels inside to create a low-demand atmosphere. The plants were left to equilibrate at the laboratory for at least 30 min and then, to measure the leaf water flow, leaves were cut from the bagged plants under purified water and rapidly connected to a flowmeter consisting of silicon tubing containing purified, degassed water. The tubing was connected to a pressure transducer (PX26-005GV, Omega Engineering Ltd., Manchester, United Kingdom), which, in turn, was connected to a Campbell data logger CR1000 (Campbell Scientific Ltd., Shepshed, United Kingdom) which recorded water flow readings every 1 s. Reference tubing of different resistances was used to minimize measurement errors (Sack et al., 2011; Melcher et al., 2012). Once connected, the leaves were allowed to transpire inside a Li-Cor 6400-22 Opaque Conifer Chamber for at least 30 min with the photosynthetically active radiation (PAR) level set to 1,200 μmol m2 s-1 using the Li-Cor 6400-18A RGB Light Source (both instruments were from Li-Cor, Lincoln, NE, United States) until the water flow was stable (coefficient of variation < 5% for the last 5 min). We chose EFM because using the Li-6400 gas analyzer also allowed us to measure the water vapor flux simultaneously with the liquid water flow. When both gas and liquid flows reached a steady state, leaves were removed from the tubing and stored for equilibration in dark and halted transpiration conditions for at least 30 min. Then, Ψleaf was measured with a Scholander-type pressure chamber (PMS Instrument Company, Albany, OR, United States). The plants were left to gradually dehydrate in the field so that a wide range of hydraulic conductance and Ψleaf values were obtained.

Pressure–Volume Curves: Turgor Loss Point and Osmotic Pressure at Full Turgor (GUA6, GUA8, After Harvest 2)

We used one leaf from four plants for each irrigation treatment (WW, WS) and genotype (GUA6 and GUA8) to calculate pressure–volume curves (n = 4). Leaves were sampled in the morning of August 29, 2017 and were rehydrated for 24 h, then left to desiccate. Leaf weight and Ψleaf were measured many times during that desiccation period until the leaves reached minimum Ψleaf values of ca. -5 MPa. The turgor loss point (TLP, MPa) and osmotic pressure at full turgor (Π0, MPa) were calculated according to Sack and Pasquet-Kok (2017).

Photosynthetic Response Curves (GUA6, GUA8, After Harvest 2)

Four AN–Ci response curves (the response of net CO2 assimilation to varying intercellular CO2 concentration) were measured between 09:00 and 13:00 GMT on different days in July 2017 for the GUA6 and GUA8 genotypes and for each irrigation treatment (WW and WS) (four repetitions, 16 curves per genotype). Measurements were made using two LI-6400 portable photosynthesis systems (LI-COR, Lincoln, NE, United States) at 28°C (close to ambient temperature), saturating photosynthetic photon flux density (1,600 μmol m-2 s-1) and an ambient CO2 concentration (Ca) of between 50 and 1,150 μmol mol-1. After steady-state photosynthesis had been achieved (usually after 20–40 min exposure to saturating PPFD), the response of AN to varying Ci was measured by lowering Ca stepwise from 400 to 50 μmol mol-1, returning to 400 μmol mol-1 and then increasing Ca stepwise from 400 to 1,150 μmol mol-1. Each A–Ci curve comprised 16 measurements. The maximum carboxylation rate (Vcmax, μmol m-2 s-1), maximum rate of electron transport (Jmax, μmol m-2 s-1) and mesophyll conductance to CO2 (gm, mol m-2 s-1) were estimated by the curve-fitting method proposed by Ethier and Livingston (2004). Prior to curve analysis, CO2 leaks in the chamber were corrected by following the procedure described in Flexas et al. (2007). Rubisco kinetic parameters were taken from Bernacchi et al. (2002). Values of Vcmax, Jmax and gm obtained from the A–Ci curve analysis were recalculated at 25°C using the temperature dependence parameters specific for olive reported in Diaz-Espejo et al. (2006, 2007).

Foliar N (GUA6, GUA8, After Harvest 2)

Leaf samples were taken for N analysis from the H2 samples of all the genotypes and irrigation treatments. Enough current-year leaves were sampled to have at least 0.4 g of dry weight to analyze leaf N. Samples were washed in distilled water, dried at 70°C until constant weight, ground and passed through a 500 mm stainless-steel sieve. N concentration was determined by Kjeldahl method.

Data Processing and Statistical Analysis (AMK6, ACZ9, GUA6, GUA8)

Statistical analyses were performed to assess the effect of the irrigation treatment and genotype on leaf, root and the whole-plant RGR values, in addition to LMF, RMF, SLA, SRL, and NAR for H2. Vcmax, gm, Π0, TLP, foliar N, leaf area – root area ratio (LA:RA) and leaf sapwood area ratio (LA:SA) were also estimated for the GUA6 and GUA8 genotypes after H2. One-way ANOVA was used in cases where more than two levels were compared, while the Student’s t-test was used for comparisons between two levels. No transformations were needed to achieve normality. Differences were considered significant for values of p < 0.05. SigmaPlot software (version 12.0, Systat Software, Inc., San Jose, CA, United States) was used to conduct these analyses and provide best-fit curves to the dataset to determine the relationships between the different variables analyzed. In addition, two-way ANOVA was used to analyze the interaction between irrigation treatment and genotype RGR at leaf, root and plant level. We used a mixed model in which we included genotype, irrigation treatment and the interaction between both variables. Finally, we also used analysis of covariance (ANCOVA) that included the interaction term of each component related to RGR with irrigation treatment to test its effect on the relationships established for RGR. For these analyses we considered that variables were linearly related. These analyses were conducted with R software (R Core Team, version 3.4.3, 2018) using the “lm()” function.

Path analysis (structural equation modeling with no latent variables) was used to compare four alternative conceptual models to reveal the causal relationships that link hydraulic variables with AN through their effect on gs. We stated a priori the relationships among variables with a strong mechanistic or well-established and accepted empirical basis only (Shipley, 2000). The main underlying hypotheses were: (i) AN is determined mainly by gs, gm, and Vcmax (Niinemets et al., 2009; Flexas et al., 2014; Perez-Martin et al., 2014); (ii) gs is influenced by leaf hydraulic conductance (Brodribb and Holbrook, 2004; Sack and Holbrook, 2006; Scoffoni et al., 2016), LA:SA and LA:RA (Magnani et al., 2002; Addington et al., 2006; Martínez-Vilalta et al., 2009); and (iii) the major determinant of Vcmax is foliar nitrogen (Walcroft et al., 1997; Diaz-Espejo et al., 2006, 2007; Niinemets, 2012). We compared four models that differed according to whether Kleaf, LA:SA and LA:RA influence gs directly (see Figure 4A), LA:SA and LA:RA are covariates (see Figure 4B), LA:RA effects on gs are mediated by LA:SA (see Figure 4C) and LA:RA and LA:SA influence gs through their impact on Kleaf (see Figure 4D). For the path analysis we have a total of 16 data points obtained from 16 plants, for each variable: 4 replicates × 2 genotypes × 2 treatments. All variables were measured or estimated on each of the 16 plants. To perform this analysis it is not important to consider or compare treatments or genotypes, but to provide estimates of the magnitude and significance of hypothesized causal connections between sets of variables. Although our small sample size (16 points for each variable) limits the complexity of the models and the strength of our conclusions, the results on how the hydraulic variables are related to each other and to gs complement the simple regression analyses and comparisons conducted. All regression, covariance and variance relationships were determined and are shown in path diagrams. Gas exchange data used for the analysis were those measured in the A–Ci curves: average gs and AN obtained at 400 ppm CO2 and vapor pressure deficit between 1.5 and 2 kPa. Leaf hydraulic conductance was estimated using the vulnerability curves and Ψleaf measured for those same plants around the time the data for the curves were obtained. The remaining variables were measured or calculated with the data from each plant. All variables were Ln-transformed before analysis to obtain linear relationships because structural equation modeling assumes linearity between variables and (approximate) multivariate normality (Shipley, 2000). Each path model was fitted and compared with the observed results using maximum likelihood. We conducted a Confirmatory Factor Analysis to test whether the Fit Indices of the model were acceptable in terms of similarity between observed and predicted matrix [P-value (chi-square) > 0.05], discrepancy adjusted for sample size [Comparative Fit Index (CFI) > 0.9], and residuals of the model [Root Mean Square Error of Approximation (RMSEA < 0.06)]. Path analyses were conducted and diagrams prepared using the R packages “lavaan” (Rosseel, 2012) and “semPlot” (Epskamp, 2013).



RESULTS

Variability in Plant Relative Growth Rates Among Genotypes (AMK6, ACZ9, GUA6, GUA8) and Irrigation Treatments

Due to the deficit irrigation, gs,max in the WS plants of the four genotypes selected was lower (around 37%) than that in WW plants, but only for the hottest and driest months (mid-June to September of 2016) (Figures 1B–D). In the remaining months, due to the lower evaporative demand of the experimental site (Figure 1A), the reduced irrigation applications were not sufficient to produce a marked reduction of gs,max.

Although the irrigation protocol based on the reduction of gs,max provoked only moderate water stress conditions in the hottest months, it was enough to decrease RGR values of WS plants significantly and to different extents amongst genotypes compared to WW plants for the period from April 2016 (H1) to April 2017 (H2) in all genotypes (Figure 2). At the three levels considered, leaf, root and plant, there was a statistically significant interaction between the irrigation treatment and genotype (p < 0.001), i.e., the effect of irrigation depends on the genotype. Whereas GUA6 showed the highest RGR in WW plants, both in leaves (6.54 × 10-3± 0.42 × 10-3 g g-1 day-1; Figure 2A) and roots (7.90 × 10-3± 0.23 × 10-3 g g-1 day-1; Figure 2B), GUA8 presented the highest RGR in WS plants. Moreover the RGRroot of GUA8 was statistically similar (p > 0.05) between treatments, in contrast to the rest of the genotypes where RGRroot was significantly lower in WS than in WW plants (p < 0.05). Based on these findings, GUA8 was the genotype in which RGR was least affected by water stress.
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FIGURE 2. Comparison of relative growth rate (RGR) from harvest 1 to harvest 2 of leaf (A), root (B), and the whole-plant (C) biomass for the different genotypes of well-watered plants (WW) and water-stressed plants (WS). Bars are the average of four plants ±1 SE. Lowercase letters indicate statistical differences among the genotypes for WW plants and capital letters for WS plants. The asterisks indicate significant differences (p < 0.05) between WW and WS plants for each genotype.



A regression analysis was conducted to relate RGRplant with each of its components at the leaf level (LMF, SLA, and NAR) and corresponding parameters at the root level (RMF and SRL) (Figure 3) by pooling together all genotypes and irrigation treatments. Variations in RGRplant were mainly explained by changes in NAR (Figure 3C) based on the strong correlation between parameters (R2 = 0.79; p < 0.01). The highest RGRplant values were found for those genotypes with the highest NAR. ANCOVA revealed non-significant differences in the regression lines between WW and WS plants. The other traits studied related to carbon allocation (LMF and RMF) and anatomy (SLA and SRL), both for leaves and roots, were not significantly correlated with RGRplant. While SLA and SRL showed similar patterns in each genotype, with both parameters reduced under WS conditions (Figures 3B,E), the different magnitude of the change for each genotype prevented a common trend from being identified.
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FIGURE 3. Relationship between plant relative growth rate (RGRplant) (H1 to H2) and leaf mass fraction; LMF (A), specific leaf area; SLA (B), net assimilation rate; NAR (C), root mass fraction; RMF (D) and specific root length; SRL (E) for the different genotypes for well-watered (WW) and water-stressed (WS) plants. Each point is the average of four plants ±1 SE. Gray arrows indicate the change provoked by water stress (from WW to WS plants).



The Role of Hydraulic Traits in GUA8 and GUA6 to Explain Relative Growth Rate Patterns

To further explain the above results showing NAR as the main parameter related to changes in RGRplant, we focused on gas exchange dynamics at the leaf level of the GUA6 and GUA8 genotypes, including both irrigation treatments, which provided the most contrasting results in terms of growth for the different irrigation treatments. While GUA6 had the highest RGR under the WW conditions (although not significantly so), the same was true for GUA8 under the WS conditions. Pooling together the data for GUA6 and GUA8 to conduct a Path Analysis, we found two path models (Figures 4A,C) that were better than the other two (Figures 4B,D) in terms of fit statistics (see Materials and Methods section for further details). These two best-fitting models differed from each other in terms of how LA:RA impacted on gs. In the model shown in Figure 4A the effect is direct, whereas in Figure 4C the impact is indirect and mediated by LA:SA. Here, the total variance explained for AN was 0.88 and 0.85 for the models in a and c, respectively. The regression between LA:RA and gs or LA:SA was not significant in any case, meaning that LA:SA and Kleaf were the main variables controlling gs. The path coefficient was lower in model a for Kleaf (0.42) than for the LA:SA path coefficient (0.49), whereas in model c this trend changed slightly (0.47 and 0.45 for the Kleaf and LA:SA path coefficients, respectively). Stomatal conductance was the variable determining AN to the greatest extent across the models.
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FIGURE 4. Path diagrams for GUA6 and GUA8 from the plants measured after harvest 2 for the four models describing causal relationships with photosynthesis (AN) mediated by stomatal conductance (gs): (A) direct impact of leaf hydraulic conductance (Kleaf), leaf area to sapwood area ratio (LA:SA) and leaf area to root area ratio (LA:RA); (B) same as in (A) but both ratios represented as covariance; (C) direct effect of Kleaf but indirect effect of LA:RA mediated by LA:SA; and (D) indirect effect of LA:RA and LA:SA through their effect on Kleaf. Single-ended arrows and associated number indicate direct relationships and standardized parameter estimates of regression; double-ended arrows represent covariance; the curved double-ended arrows are the variances of each variable. In brackets are the non-significant parameters. Vcmax, maximum velocity of carboxylation; gm, mesophyll conductance; Nleaf, foliar nitrogen. Overall fit statistics for each path model [p (χ2), CFI (Comparative Fit Index) and RMSEA (Root Mean Square Error of Approximation)] are shown at the bottom of each diagram.



At the leaf level, we further assessed differences in gas exchange and related variables for the different genotypes and irrigation treatments. We observed that gs was slightly higher in GUA6 than in GUA8 for all levels of leaf water potential (Figure 5A), and that AN was similar between genotypes for all levels of gs (Figure 5C). As a result, the water-use efficiency calculated for GUA8 was also higher than for GUA6, in the sense that, to assimilate 1 μmol of CO2, GUA6 plants transpired more water than GUA8. Accordingly, gm was higher for GUA8 than GUA6 (Table 3), with this difference more evident in WS plants (p < 0.05; GUA6: 0.15 ± 0.03 mol m-2 s-1; GUA8 0.24 ± 0.02 mol m-2 s-1). In addition, Vcmax and foliar N (Table 3) followed the same trends for gm, with statistically significant differences (p < 0.05) seen in the foliar N of WS plants. The hydraulic vulnerability curves for both genotypes were similar over the range of Ψleaf values and followed a sigmoidal shape (Figure 5B). No significant differences between irrigation treatments or genotypes were seen for the other hydraulic traits (Π0 and TLP) analyzed (Table 3).
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FIGURE 5. Response curves of stomatal conductance; gs (A) and leaf hydraulic conductance; Kleaf (B) to leaf water potential Ψleaf; and relationships between gs and net photosynthesis rate; AN (C) for GUA6 and GUA8 genotypes combing information for both well-watered (WW) and water-stress (WS) plants. Each point is one measurement per plant. Data in panels (A,C) were obtained from field-conducted A–Ci measurements with corresponding Ψleaf measurements (June and July 2017); and from the dry-down experiment to obtain the leaf hydraulic vulnerability curves shown in panel (B).



TABLE 3. Average and standard errors of different variables measured in the genotypes GUA6 and GUA8, for well-watered (WW) and water-stressed plants (WS).
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At whole-plant level, values of LA:SA and LA:RA ratios were always lower for GUA8 than GUA6 and for WS compared to WW. These differences were significant (p < 0.05) for the LA:RA ratio between the genotypes in WS plants, and between the irrigation treatments in the case of LA:SA for GUA8 (Table 3).



DISCUSSION

Our results suggest that whole-plant hydraulic allometry adjustments together with shorter-term leaf physiological responses allowed the GUA8 genotype to buffer the impact of the drought stress experienced, leading to a RGR that was less-affected by water stress compared to the other olive genotypes tested. At the whole-plant level, the observed fine tuning of the supply-demand hydraulic system made this genotype more capable of extracting and transporting water. Also, as the total leaf area was lower, water transport capacity on a leaf specific basis was higher. At the leaf level, the greater photosynthetic capacity in GUA8 WS than in GUA6 WS plants (higher gm and Vcmax in WS plants, Table 3) also resulted in a slightly higher water-use efficiency for GUA8 under conditions of water stress (Figure 5C). Although it is difficult to estimate the below-ground biomass in adult trees grown under field conditions, more work is needed in adult trees to verify the patterns found in this study in juvenile olive seedlings growing in pots.

Differential Response of Relative Growth Rate to Water Stress in Olive Genotypes

Our results showed that although gs,max was only significantly reduced in summer, this decrease was sufficient to decrease RGR in different olive genotypes over a whole year (Figure 1). Such a long experimental period for this kind of study, coupled with long-term responses to soil and atmospheric drought as described here, are not usual. Although this experiment length adds value to the study, it could influence the results due to ontogenetic drift. As described by Rees et al. (2010), RGR is not totally size independent, because most plants become increasingly inefficient as they get larger because of self-shading, tissue aging, allocation to structural components, etc. However, such an effect is not likely to have happened in our study since there is no correspondence between the size of the plants (Table 2) and RGR (Figure 2) for either treatment. Despite belonging to the same species and sharing most of their water-stress response traits, differences were observed among the studied genotypes, with the GUA8 genotype having a significantly less-affected RGR as a result of decreased stomatal conductance in response to water stress (Figure 2). From the components of the RGR analysis, only physiological changes (NAR) were strongly and positively correlated to RGRplant among the genotypes (Figure 3). Similar patterns have been found in other woody species (Galmés et al., 2005; Shipley, 2006), particularly under the high radiation of field experiments in comparison to laboratory or greenhouse experiments (Shipley, 2002). Other plant growth components did not show a common pattern of change among the genotypes analyzed, although in general denser roots and leaf tissues were found for GUA8 than for the other genotypes, which is consistent with GUA8 being less affected by water stress. The influence of the different components on the decrease in RGR imposed by drought conditions has been shown to be strongly dependent on the species in question, reflecting differences in response and adaptation to environmental constraints (Galmés et al., 2005).

Coordinated Response of Hydraulic Properties and Leaf Gas Exchange to Water Stress

We further assessed relationships between, and differences in, physiological parameters that might influence gas exchange and thereby explain why the RGR of GUA8 was less affected by water stress than GUA6. At the leaf level, and for both genotypes, the net photosynthesis rate was shown to be mainly limited by stomatal conductance (Figures 4, 5) as demonstrated for many other species, given that stomatal closure is one of the earliest responses to drought and the dominant limitation to photosynthesis under mild to moderate drought conditions (Flexas and Medrano, 2002). The relationship between stomatal conductance and leaf hydraulic conductance was strong (Figure 4), thus adding to a growing body of evidence reporting the coordination between water supply and demand at the leaf level (Sack and Holbrook, 2006; Scoffoni et al., 2016). Leaf hydraulic conductance determines the efficiency of the coordination between water supply and demand, and hence, it may determine the degree that the stomata can remain open to allow photosynthesis. In that sense, leaf hydraulic conductance has been increasingly recognized to play a central role in determining plant performance and productivity (Brodribb, 2009; Flexas et al., 2013).

At the plant level, we observed changes in the hydraulic allometry (as proposed by Maseda and Fernández, 2006) of WS plants compared to WW plants, with morphological adjustment being more evident in GUA8. These changes involved a decrease of leaf area to sapwood and root areas, which may reflect a tuning of the hydraulic structure of these individuals to increase water extraction and transport capacity under conditions of water deficit, thereby improving the supply of water to the leaves and the leaf-specific hydraulic conductivity of the plant (Martínez-Vilalta et al., 2009; Martin-StPaul et al., 2017). This, in turn, helps to maintain stomatal conductance (Addington et al., 2006) and photosynthesis (Zhou et al., 2016). WS GUA8 showed a significant increase in root area to leaf area ratio compared to that seen in WS GUA6. This change could contribute to improved plant hydraulic efficiency by helping to maintain the plant water potential within a safe range, thereby reducing the risk of disruptive xylem embolism (Magnani et al., 2002) and a decline in below-ground hydraulic conductance (Johnson et al., 2018). In addition, olive plants have been shown to be very resistant to cavitation, including leaf xylem and coarse root xylem pathways (Rodriguez-Dominguez et al., 2018), so loss of xylem water transport capacity under our experimental framework were unlikely. However, pathways outside the xylem may have reduced Kleaf and, in turn, gs (Scoffoni et al., 2017) under moderate water stress conditions.

Although homeostasis in response to a sudden perturbation can be achieved only through stomatal regulation, structural changes appear to play a central role in the plant’s adjustment to prevailing environmental conditions over periods of months to years (Magnani et al., 2002). Indeed, the LA:SA ratio was also highly correlated to stomatal conductance, although this was not the case for the LA:RA ratio. Despite the lack of association between LA:RA and gs, optimal allocation of resources between transpiring foliage and absorbing roots has been suggested to be coordinated with short-term regulation of gs in response to drought (Magnani et al., 2002; Rodriguez-Dominguez and Brodribb, unpublished). A differential LA:RA response to water stress by the GUA6 and GUA8 genotypes, used in the path analysis, might underlie the lack of the relation between LA:RA and gs, as mentioned above. New advances in root hydraulics that are just beginning to emerge (Cuneo et al., 2016; Poyatos et al., 2018; Rodriguez-Dominguez et al., 2018) will bring new possibilities to explore the impact of changes in LA:RA on stomatal conductance.

Carbon Balance at the Leaf Level

Despite gs and AN being very similar in the two genotypes, gs was slightly higher in GUA6 than in GUA8, although this was not reflected in AN. This resulted in a better instantaneous water use efficiency for GUA8 than GUA6, which could be advantageous under conditions where water is scarce. Indeed, GUA8 exhibited leaf gas exchange traits which enhanced the net photosynthesis rate for a given gs. This was observed in terms of changes in Vcmax and gm. A larger gm is an interesting solution for plants under water stress (Barbour et al., 2010; Flexas et al., 2016), since it reduces that drawdown in CO2 from the intercellular spaces to the chloroplastic sites of carboxylation, without an increase in transpiration. This is even more important if Vcmax has increased, as in the case of GUA8, since a higher Vcmax demands more CO2. Therefore, an orchestrated enhancement of both Vcmax and gm is necessary to yield the desired goal of increasing AN under water stress conditions. This physiological strategy has been reported as being typical of Mediterranean species with sclerophyllous leaves (Flexas et al., 2013; Peguero-Pina et al., 2015a, 2017). Moreover, the mechanism has not only been shown in angiosperms but also in gymnosperms (Peguero-Pina et al., 2015b), and is now accepted as a typical characteristic of species living in arid and semi-arid environments.

The high concentration of leaf N, as measured in this study for GUA8, confirms that this increase in nitrogen is not a mechanism for storing this macronutrient. The prime goal of the increase in N is directed to an enhancement of Vcmax and subsequently the AN. The increase of N is putatively driven by the decrease in SLA, since a larger mass is concentrated by leaf surface area. Foliar N is mainly allocated to the photosynthetic apparatus of the leaf (Rubisco, electron transport, and chloroplasts) (Evans, 1989). This obviously has a direct impact on Vcmax and Jmax, but it is also likely to affect gm. Although we have no data on the anatomy of the leaves, an increase of SLA and N have been reported to enhance the surface area of chloroplasts exposed to the intercellular spaces, thus improving the liquid component of mesophyll conductance, which is usually the most limiting factor for gm (Tosens et al., 2012; Tomas et al., 2013; Flexas and Diaz-Espejo, 2015).



CONCLUSION

We showed here that genotypes belonging to the olive species can exhibit different RGRs in response to water stress. Although differences among genotypes within species are usually smaller than differences among species, two main adjustments to improve the net photosynthesis rate were identified in one of the genotypes (GUA8) used in this study, allowing it to maintain or even increase growth rate under mild water stress conditions. First, at the whole-plant level, a hydraulic allometry adjustment took place as a result of the decrease in the ratios of the areas of leaf-root and leaf-sapwood, the latter being also strongly related to stomatal conductance. Secondly, at the leaf level we identified an increase in CO2 fixation for a given stomatal conductance that was brought about by an adjustment of traits optimizing CO2 fixation (higher mesophyll conductance and leaf N favoring maximum carboxylation rate). We also found that the leaf hydraulic conductance plays an important role in controlling stomatal conductance. Multi-scale studies such as the present one can be of great help to provide information on alternative opportunities to generate more drought-tolerant varieties.
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FIGURE S1 | Growth and water use traits of wild olive genotypes. Water consumption relative to leaf fresh weight (FW), total FW, shoot FW, root FW, and the root vs. shoot (R/S) biomass ratio was quantified in potted seedlings during the 2015 screening in selected genotypes from the subspecies europaea (ACZ8, ARC1, ACZ27, APR1, AJA18, AJA4, AJA1, ACO15, AJA6, ACZ4, ACZ9, ACZ1, ACO18, AMK34, ACZ10, ACO14, AMK5, AMK14, AMK16, ACZ5, AMK21, and AMK6), guanchica (GUA7, GUA6, GUA1, GUA4, GUA5, GUA8, GUA2 and GUA9), and cuspidata (CEH3, CEH9, CEH24, CEH6, CEH8). Bars are the average of six plants ±1 SE. Asterisks indicate significant differences between well-watered (WW) and water-stressed (WS) plants for each genotype (p < 0.05).
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Sensitive detection of viruses in olive orchards is actually of main importance since these pathogenic agents cannot be treated, their dissemination is quite easy, and they can have eventual negative effects on olive oil quality. The work presented here describes the development and application of a new SYBR® Green-based real-time quantitative PCR (qPCR) analysis for specific and reliable quantification of highly spread olive tree viruses: Olive latent virus 1 (OLV-1), Tobacco necrosis virus D (TNV-D), Olive mild mosaic virus (OMMV), and Olive leaf yellowing-associated virus (OLYaV). qPCR methodology revealed high specificity and sensitivity, estimated in the range of 0.8–8 copies of the virus genome, for the studied viruses. For validation of the method, total RNA and double strand RNA (dsRNA) from naturally infected trees were used. In a first trial, dsRNAs from trees of cv. “Galega vulgar” from a Portuguese orchard, were subjected to qPCR and from the 30 samples tested, 26 were TNV-D and/or OMMV-positive and 25 were OLV-1 positive. In a second trial, total RNA from trees of different cultivars from Tunisian orchards, were here tested by qPCR and all viruses were detected. From the 33 samples studied, the most prevalent virus detected in Tunisia orchards was OLV-1 (31 samples diagnosed), followed by OLYaV (20 samples diagnosed), and finally the combination in last TNV-D and/or OMMV (12 samples diagnosed). In both trials, qPCR demonstrated to be effective and sensitive, even when using total RNA as template. qPCR through the use of a SYBR® Green methodology enabled, for the first time, a reliable, sensitive, and reproducible estimation of virus accumulation in infected olive trees, in which viruses are usually in low titres, that will allow gaining new insights in virus biology essential for disease control and give an important contribution for establishment of sanitary certification of olive propagative material.
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INTRODUCTION

Olive trees are susceptible to several pathogens that may affect the yield and quality of their products with important economic impact, such as diseases causes by fungi (i.e., Colletotrichum spp. and Spilocaea oleagina) (Salman, 2017; Materatski et al., 2018), and more recently the emergence of Xylella fastidiosa, first noticed in 2013, and responsible for a severe outbreak of Olive quick decline syndrome (Saponari et al., 2013). Regarding virus infection, plants infected usually present morphological and physiological alterations, which always incurs in inferior performance such as the decreased host biomass and crop yield loss, with chloroplast known to be highly involved in those processes (Zhao et al., 2016). Olive trees are affected by several viruses, with 15 olive viruses identified until now (Félix et al., 2012). Viral symptoms on olive trees include bumpy fruits, leaf yellowing, vein banding, and vein clearing, (Martelli, 1999; Albanese et al., 2012). These symptoms are non-specific and difficult to recognize, and often occur in virus-infected olive trees without apparent symptoms, which makes viral diagnosis in the field impossible to perform (Martelli et al., 2002; Alabdullah et al., 2010; Martelli, 2011; Zellama et al., 2018). A decrease in oil yield and maturity index in virus infected olives was also reported, as well as elevated total phenols in olive oil content from infected olives when compared to healthy fruits (Godena et al., 2012). Nevertheless, the Olive leaf yellowing associated virus (OLYaV) was not found to have a negative interference in oil yield and quality (Fontana et al., 2019).

Virus surveys carried in Mediterranean countries and others, concerning eight olive-infecting viruses (SLRSV, Strawberry latent ringspot virus; ArMV, Arabis mosaic virus; CLRV, Cherry leafroll virus; OLRSV, Olive latent ringspot virus; CMV, Cucumber mosaic virus; OLYaV, Olive leaf yellowing-associated virus; OLV-1, Olive latent virus 1; OLV-2, Olive latent virus 2), have shown high levels of infection, such as 75% in Tunisia, 51% in Syria, 33% in Italy, 31% in Lebanon, 25% in Croatia, and 31% of necroviruses infection in Portugal (Al Abdullah et al., 2005; Fadel et al., 2005; Faggioli et al., 2005; Varanda et al., 2010; Luigi et al., 2011; Zellama et al., 2018). However, the high presence of double stranded RNA (dsRNA) in olive orchards suggests even higher levels of infection (Félix et al., 2002; Saponari et al., 2002) that may be identified with new and more sensitive diagnostic techniques.

Phytosanitary certification programs depend on robust diagnostic procedures for detection of the olive viruses, since their spread will mainly depend on preventive measures such as the use of pathogen-tested propagative material (Albanese et al., 2012). Following the EU regulation on the marketing of fruit plants intended for fruit production, namely the Commission Directive 93/48/EEC (EEC Directive, 1993), the Conformitas Agraria Communitatis (CAC) category, applicable to olive plant material, demands that plants must be free of all viruses (Annex to the 93/48/EEC). The Italian certification of propagative material (DM 20/11/2006), followed by most of the Mediterranean countries, including the countries from the North of Africa, imposes the absence of several viruses such as ArMV, CLRV, SLRSV, CMV, OLV-1, OLV-2, OLYaV, and Tobacco necrosis virus senso lato, in which Tobacco necrosis virus D (TNV-D) and Olive mild mosaic virus (OMMV) are included (Albanese et al., 2012). The adoption of such certification programs requires the use of extremely sensitive diagnostic techniques for viral detection, which are the basis for valid programs. The low viral titres in olive tissues are the major constraint of the techniques, and do not always allow the successful, accurate and reproducible detection (Zellama et al., 2018).

Traditionally, unreliability techniques based on serology tests (ELISA) have been used for the detection of viruses (Martelli, 1999; Bertolini et al., 2001). More recently, molecular biology-based methods that include the highly laborious dsRNA analysis have been performed, once dsRNA reduces the constraint caused by the common low viral concentration in trees (Varanda et al., 2010, 2014; Zellama et al., 2018). RT-PCR has demonstrated to be the most rapid, sensitive, and reliable technique (Varanda et al., 2010; Luigi et al., 2011; Albanese et al., 2012; Zellama et al., 2018), using different templates as viral targets such as TNA, total RNA or dsRNA. The advancements of the molecular virology and biotechnology have witnessed major breakthroughs in the recent years resulting in highly sensitive and effective technologies/methods (Yadav and Khurana, 2016). In plant virology, real-time quantitative PCR (qPCR) is increasingly being used to improve sensitivity and accuracy while maintaining reliability (Poojari et al., 2016; Malandraki et al., 2017). The use of qPCR instrumentation presents several advantages, since it requires considerably short hands-on time, and detection of amplified products is automated, simple, and reproducible (Espy et al., 2006).

In the work described here, three new SYBR® Green qPCR assays were developed for reliable and sensitive detection of OLV-1, TNV-D and/or OMMV, and OLYaV. The work involved the use of specific primers for each target virus, using different templates (total RNA and dsRNA). The main performance criteria were tested such as the sensitivity of the technique and the specificity of the primers. qPCR was validated through application to plant material from different olive orchards, from Portugal and Tunisia.



MATERIALS AND METHODS

Virus Isolates and Plant Material

Virus reference isolates of OLV-1, TNV-D, and OMMV were obtained according to Varanda et al. (2014). For OLYaV, since this virus is not mechanically transmitted (van Regenmortel et al., 2000), a sequenced cDNA obtained from an infected olive tree was used as reference (Zellama et al., 2018).

For validation and comparative analysis of virus infection, two different experiments were conducted. In the first one, samples were collected from 30 symptomatic or asymptomatic olive trees from an orchard under traditional management. The cultivar studied was the native cultivar “Galega vulgar,” and the orchard was located in Alentejo region (south Portugal).

The second experiment was performed in samples collected from a total of 33 symptomatic or asymptomatic olive trees. These samples were randomly selected from the 280 collected by Zellama et al. (2018), but with the care to select 3 trees per each orchard. The sampled trees belonged to 11 orchards, under different types of management: three traditional, six semi-intensive, and two intensive. The orchards were located in several regions covering whole Tunisia. Sampled trees belonged to the Tunisian native cultivars “Chemlali,” “Chétoui,” “Meski,” and to the introduced cultivars “Picholine,” “Koroneiki,” and “Arbequina.” All samples consisted of four cuttings of ca. 20 cm in length collected from 2-year stems from each quadrant of the canopy of each tree, that were kept in plastic bags at 4°C, until further use.

Nucleic Acids Extraction and Reverse Transcription

In the first experiment, double stranded RNAs (dsRNAs) were extracted from 300 mg of cortical scrapings according to Morris and Dodds (1979). dsRNAs were visualized by 0.8% agarose gel electrophoresis prior to denaturation by heating at 100°C for 5 min, followed by 15 min on ice. cDNA was produced by RevertAid H Minus Reverse Transcriptase (Thermo Scientific), according to manufacturer’s instructions, with random hexamers (Promega).

In the second experiment, total RNA was extracted from 25 mg of cortical scrapings from cuttings that were mixed together and homogenized using liquid nitrogen. Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen), following the manufacturer’s instructions. The quantification of RNA and the evaluation of its purity were determined in a NanoDrop-2000C spectrophotometer (Thermo Scientific). RNA integrity was evaluated by denaturing gel electrophoresis. Total RNA (500 ng) was reverse transcribed with the Maxima First Strand cDNA Synthesis Kit (Thermo Scientific), according to manufacturer’s instructions.

Conventional PCR Assays

For conventional PCR assays, primers used for OLV-1 and OLYaV were the same as in Zellama et al. (2018) (Table 1). For the detection of OMMV and TNV-D, a single set of primers that allow the amplification of both TNV-D and OMMV was used (Table 1; Cardoso et al., 2004). 2 μl of cDNA were used in PCR carried out in 1x DreamTaq Buffer (Thermo Scientific), 0.2 mM dNTPs, 0.5 μM of each primer and 2.5 U of DreamTaq DNA Polymerase (Thermo Scientific) in a total volume of 50 μl. Amplifications were carried out in a Thermal Cycler (Bio-Rad) at 95°C for 1 min, 35 cycles at 95°C for 30 s, 54°C (for OLV1 and both TNV-D and OMMV) or 58°C (for OLYaV) for 1 min, 72°C for 1 min, and a final extension step of 72°C for 10 min. Amplified products were analyzed by electrophoresis in 1% agarose gel.

TABLE 1. Primers used on conventional PCR assays.
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SYBR® Green qPCR Assays

These assays were performed in both experiments. For TNV-D and/or OMMV it was used the already referred primer set (Cardoso et al., 2004). For OLV-1 a gene-specific primer set was designed in a conserved region of the capsid protein (CP), after alignment of all full-genome and CP sequences collected from NCBI GenBank database (accession n° KF804054). For OLYaV the same procedure was followed, but the primers were designed in the conserved gene coding the heat shock protein 90 (accession n° AJ844555). The Primer Express 3.0 Software (Applied Biosystems) was used for the design of the primers, using the default parameters of the software, and their specificity was tested in silico using basic local alignment search tool (BLAST) at the National Center for Biotechnology Information (NCBI)1. All qPCR primers are listed in Table 2.

TABLE 2. Primers used on qPCR assays.
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qPCRs were carried out on a 7500 Real Time PCR System (Applied Biosystems) with SYBR Green q-PCR Master Mix (Nzytech). 5 μL of first-strand cDNA (previously diluted 1:10) and 560 nM of each specific primer were used, performing in a total 18 μl reaction volume. The quantification cycle (Cq) values were acquired for each sample with the following cycling conditions: 10 min at 95°C for initial denaturation, an amplification program of 40 cycles at 95°C for 15 s and 60°C for 1 min. Three technical replicates were considered for each sample. Virus reference isolates and no template controls were included in all plates. The fluorescence threshold was manually set above the background level. The specificity of qPCR reactions was evaluated by melting curve analysis. The identity of each amplicon was confirmed by Sanger sequencing. Specific amplification of target viral cDNA was confirmed by cloning PCR amplicons into pGem®-T Easy vector (Promega) and used to transform Escherichia coli JM109 (Promega) competent cells, by standard methodologies. Each amplicon, sequenced through Sanger procedure, was identified by comparison with corresponding virus sequences available from GenBank.

The specificity of each SYBR® Green assay against the cDNA of the other virus reference isolates was also tested by qPCR.

For each specific viral fragment, to determine the amplification efficiencies of the primers, standard curves were generated from 10-fold dilution series of plasmid DNA (each viral amplicon were cloned into a plasmid vector, as described above), used to draw a nine-point calibration curve to validate each assay in the dynamic range chosen (0.8 to 8E7 target copies). Amplification efficiencies were calculated through the equation E = (10(-1/slope) - 1) × 100, as well as slope and linearity (coefficient of determination, R2). Detection sensitivities of the assays were determined from the Cq of the lowest plasmid dilution that fell within the linear standard curve. The method performed for absolute DNA quantification was based on the determination of the absolute number of target copies (TCN) previously described by Campos et al. (2018).



RESULTS

Linearity, Sensitivity, and Specificity of qPCR Assays

Standard curves of all studied olive viruses were constructed based on Cq values obtained from a 10-fold dilution series of the target plasmid DNA obtained from each reference isolate, in the dynamic range that was chosen. Linear relationships between Cq values and log plasmid DNA were obtained for all viruses, with regression coefficients (R2) above 0.99 (Figure 1). As expected, similar standard curves were obtained when OMMV and TNV-D were used as targets, once a single set of primers for amplification of both viruses was used. The efficiencies (E) for all virus-specific primer pairs ranged from 99% to 104% (Figure 1).
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FIGURE 1. Standard curves of olive viruses constructed based on Cq values obtained from a ten-fold dilution series of each target plasmid DNA in the dynamic range of 0.8 to 8E7 target copies. TNV-D, Tobacco necrosis virus; OMMV, Olive mild mosaic virus; OLV-1, Olive latent virus 1; OLYaV, Olive leaf yellowing-associated virus; R2, regression coefficients.



The detection sensitivity of each assay was determined from the Cq of the lowest plasmid dilution that fell with standard curve, that enable to detect 8 target copies of OLYaV and 0.8 target copies of TNV-D/OMMV and OLV-1 (Table 3). The Cq values that correspond to the detected target copies are indicated in Table 3.

TABLE 3. Detection limits of each of the three qPCR assays based on determination of copy numbers.

[image: image]

The specificity of the assays was confirmed in silico, performing homology search similarities against NCBI databases, and experimentally, with each reference virus isolates targeted only by the respective SYBR® Green assay (not shown). Also, the specificity of the primers and their combinations were verified via cloning and sequencing of amplified products.

Validation of Real-Time qPCR Assays Using Field Samples

To evaluate the practical robustness and accuracy of the qPCR assays, two experiments were conducted to test the presence of the viruses using field samples. Additionally, conventional PCR assays were also performed. It was also studied if total RNA template as viral target was suitable for virus detection through qPCR.

In the first experiment, concerning the use of dsRNA from 30 field-collected samples from a Portuguese olive orchard, OLYaV was not detected with neither qPCR nor conventional PCR. For the other studied viruses, qPCR revealed 26 positive samples for TNV-D and/or OMMV and 25 positive samples for OLV-1 (Table 4 and Supplementary Table 1). Using conventional PCR, only six samples were positive for TNV-D and/or OMMV and three samples were positive to OLV-1.

TABLE 4. Comparison of SYBR® Green-based real-time quantitative reverse transcription PCR assays with conventional PCR, for virus detection in field-collected samples from a Portuguese olive orchard, with cv. “Galega vulgar.”
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To demonstrate the suitability of the qPCR methodology in different olive material and corroborate qPCR sensitivity, a second experiment was performed in 33 field-collected samples from 11 olive orchards, in several regions of Tunisia. For the qPCR experiment it was used as template total RNA from cortical scrapings from cuttings, instead of the highly laborious protocol for extraction of dsRNA used for conventional PCR. The results revealed that through qPCR and using total RNA as template, it was possible to detect all the studied viruses (Table 5 and Supplementary Table 1). qPCR revealed that the most prevalent virus detected in Tunisia orchards was OLV-1 (31 samples diagnosed), followed by OLYaV (20 samples diagnosed), and finally the combination in last TNV-D and/or OMMV (12 samples diagnosed). Results on conventional PCR revealed that 11 samples were OLV-1 positive, 10 samples were TNV-D and/or OMMV-positive and 10 samples were OLYaV positive, as determined by Zellama et al. (2018).

TABLE 5. Comparison of SYBR® Green-based real-time quantitative reverse transcription PCR assays with conventional PCR, for virus detection in field-collected samples from 11 olive orchards, in several regions of Tunisia.
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Both experiments performed here demonstrate qPCR tests as suitable for detection of virus infecting olive.



DISCUSSION

Since there is no known source of genetic resistance to olive viruses, a key component of viral disease management is the propagation of virus-free plant materials. The main approach used to obtain, propagate and commercialize plants free from harmful pathogens is through phytosanitary selection and certification programs. The obtention of pathogen-free material from infected trees is possible to achieve through sanitation treatments such as heat therapy, meristem tip culture and micrografting, although the use of these methodologies for virus elimination in olive is still limited (Albanese et al., 2012). Thus, sensitive, reliable and cost-effective assays for the detection of olive viruses are critical and of major importance to guarantee a sustainable production of the orchards. The use of the highly sensitive qPCR arises as an extremely useful tool for studying various agents of infectious. In plant pathology, this technology is increasingly being used for studying various causal agents of plant diseases, including viruses (Poojari et al., 2016; Malandraki et al., 2017; Abdullah et al., 2018; Baaijens et al., 2018; Campos et al., 2019).

The work performed here, describes for the first time the use of a SYBR® Green-based qPCR methodology for specific and reliable quantitative detection of highly spread olive viruses. Moreover, despite the low viral titres of the olive viruses (Martelli, 1999), qPCR turns possible the use of total RNA for the detection of viruses, instead of the highly laborious dsRNA extraction essential for RT-PCR (Varanda et al., 2010, 2014; Félix et al., 2012; Zellama et al., 2018). The primers used in the experiments successfully differentiated the target pathogens, and the results obtained show that qPCR is not only a faster method, but most importantly, a sensitive method for the detection and quantification of olive viruses directly from woody plant material. It was used a primer set that allow the simultaneous detection of TNV-D and OMMV (designed in the CP gene, see Cardoso et al., 2004), and newly designed primers targeting OLV-1 and OLYaV, that revealed E, R2 and slope consistent with the acceptance criteria (Broeders et al., 2014), confirming the accuracy and linear response of the assays over a wide range of dilutions, and suggesting absence of PCR inhibitors. These performance criteria further demonstrate that the developed assays, additionally to detection, constitute a reliable quantitative tool suitable for population or competition studies among the studied viruses in mixed infections in a variety of olive hosts. Conventional PCR conditions are different from qPCR conditions, with different optimized protocols and primers (only TNV-D and/or OMMV primer set was common to both methodologies), and consequently with not comparable results. Nevertheless, the idea of the higher sensitivity qPCR methodology, even with the low viral titres in olive tissues, is here reinforced. In the Portuguese cv. “Galega vulgar” the viruses OLV-1, TNV-D and/or OMMV were identified while OLYaV was not detected. OLV-1, TNV-D and/or OMMV were already identified in Portugal by RT-PCR methodology, although with lower rates (Cardoso et al., 2004, 2009; Varanda et al., 2010). In Tunisian orchards, independently of the cultivar, type of management or region, OLYaV, OLV-1, TNV-D and/or OMMV were detected, confirming previous RT-PCR results (Zellama et al., 2018), although qPCR registered a higher level of infection for the viruses under study. These results reinforce the idea of the sensitivity of the qPCR methodology, regardless of cultivar or region.

qPCR combined with the SYBR® Green methodology enabled, for the first time, a high level of reliability, sensitivity and reproducibility regarding the estimation of virus accumulation in infected olive trees, being an efficient tool for the early diagnosis of the diseases, and for the improvement of the viral diagnosis. The results achieved will allow gaining new insights in virus biology, essential for disease control. Furthermore, this robust diagnostic procedure will give an important contribute for the establishment of phytosanitary certification programs of olive and high-quality productions.
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Olive growing in Lebanon plays an important role at both a social and economic level. Nevertheless, the quality of olive oil produced in the country is rarely addressed. In this study, oil content, fatty acid, and phenolic profiles were studied along four different ripening stages for 11 varieties of olives, including two clones of the local variety “Baladi,” in addition to nine foreign varieties (“Ascolana Tenera,” “Bella di Cerignola,” “Itrana,” “Jabaa,” “Kalamata,” “Nabali,” “Salonenque,” “Sigoise,” and “Tanche”). Oil content was determined using the Soxhlet method and Abencor system. Fatty acid composition was determined using a GC-FID, total phenols using spectrophotometry, and the phenolic profile using HPLC-DAD. Results showed that variety, fruit ripening and their interaction have a significant effect on the overall studied oil parameters. Among the studied varieties, “Kalamata” presented the higher oil content on dry matter (OCDM = 48.24%), “Baladi 1” the highest oil content on humid matter (OCHM = 27.86%), and “Tanche” the highest oil industrial yield (OIY = 19.44%). While “Tanche” recorded the highest C18:1 (71.75%), “Ascolana Tenera” showed the highest total phenols (TP = 539 mg GAE/Kg of oil), “Salonenque” the highest oleacein (121.57 mg/Kg), and “Itrana” the highest oleocanthal contents (317.68 mg/Kg). On the other hand, oil content together with C18:2 and C18:0 increased along ripening while C18:1, total phenols and the main individual phenols decreased. Although preliminary, this study highlights the good quality of olive oil produced from both local and foreign varieties growing in Lebanon and encourages further investigations on the characterization and authentication of Lebanese olive oil.

Keywords: Olea europaea L., variety characterization, fruit ripening, oil yield, oil quality attributes


INTRODUCTION

Edible olives originate from areas along the eastern Mediterranean shore in what is now southern Turkey, Syria, Lebanon, and Palestine since 5,000–6,000 years ago (1, 2). Lebanon is rich in indigenous and ancient olive trees and its history of olive traditions is as old as its cultural history (3, 4). The Lebanese groves are dominated by the main traditional denomination “Baladi.” Other old varieties are still found in some ancient groves e.g., “Ayrouni,” “Sorani,” “Dal,” “Jlot,” and “Abou Chawkeh” across the country (5, 6). A few other varieties, introduced from neighboring Arab countries, are also found such as “Nabali” which is one of the oldest olive varieties in the Middle East. During the last few decades, grooves of foreign varieties have been planted, imported from Italy (“Frantoio,” “Leccino,” “Ascolana Tenera,” “Nocellara Del Belice”), Spain (“Manzanilla de Sevilla,” “Arbequina”), Greece (“Kalamata,” “Koroneiki”), France (“Salonenque,” “Picholine”), and Algeria (“Sigoise”) (7, 8).

The interest in olive varieties with higher oil content (OC), improved fatty acid composition, mainly high monounsaturated fatty acids (MUFAs) and a high content of phenolic compounds, has increased due to its stability and health benefits (9, 10). While OC is associated with oil quantity and olive growing profitability; the proportions of the different fatty acids and phenolic compounds are associated with oil quality. For example, a high percentage of MUFA, mainly oleic acid, is a primordial factor in determining the nutritional value of the oil as it reduces the risk of atherosclerosis (11) and protects against different kinds of cancers (12). In addition, fatty acid composition influences the stability of the oil through the contribution of polyunsaturated fatty acids (PUFAs) to oil rancidity (13). On the other hand, the amount of olive oil phenolic compounds, such as oleuropein derivatives is of primary importance when evaluating its quality, as these natural antioxidants improve oil resistance to oxidation and are responsible for its sharp bitter taste (14). The pharmacological interest of olive phenolic compounds is also well-known (15, 16).

Several agro-industrial parameters may modify the OC, the fatty acid composition and phenolic content of virgin olive oil (VOO). Indeed, previous studies showed that OC, fatty acid and phenolic profiles are a built-in genetic factor. Values between 10 and 30% of oil were reported when evaluating the different accessions of the World Olive Germplasm Bank in Cordoba-Spain (17). Moreover, in the Germplasm Banks of Catalonia and Cordoba, Tous et al. (18) and Uceda et al. (19), respectively, showed that more than 70% of the variation in the fatty acids (except for linolenic acid) and several minor components, such as phenolic compounds, bitter index (K225), and oil stability, was due to genetic effects. In addition, evaluation of new varieties obtained by breeding programs showed that genotypic variance was the main contributor to the total variance of fatty acids (20, 21) and of phenolic compounds (21, 22). In addition, fruit ripening affects oil quantity and composition as early harvested olives, especially green olives, give lower oil quantity but higher content in MUFAs and antioxidants than late harvested ones (23–25). Additionally, OC and composition may vary according to the climatic conditions of the year, the irrigation regimes and the processing systems among others (23, 25–27).

In the past few years, authenticity and characterization of olive oils have been the object of numerous studies due to the importance of the protection of consumers. Various physico-chemical determinations in association with chemometric analyses have been applied: fatty acids (28–31), fatty acids and triacylglycerols (32, 33), sterols (34), phenolic compounds (35), and aromas (36). Yet little attention has been given to the authentication and characterization of Lebanese olive oils. Chehade et al. (6, 37) described some oil traits for eight Lebanese olive varieties; however, many other varieties cultivated in Lebanon are still not comprehensively assessed. In this manuscript, we report the characterization of monovarietal olive oils for 11 varieties cultivated in northern Lebanon for their OC, fatty acid and phenolic composition along fruit ripening with the perspective of evaluating and valorizing Lebanese olive oil. Expected findings will allow the development of a set of practical recommendations providing farmers with knowledge of the best varieties to be grown and the best time for olive harvesting, to further improve Lebanese production of olive oil in terms of quantity and quality.



MATERIALS AND METHODS


Plant Material and Extraction of Olive Oil

Olive fruits were collected from 11 varieties growing in Abdeh station of the Lebanese Agricultural Research Institute (LARI) during the 2015 olive harvest season. This station, located at 18 m a.s.l., 34°31'0“ N and 35°58'0” E, has been hosting an international olive collection of 72 olive varieties, initially collected from Lebanon, Arabic, and European countries, since the early seventies. The Abdeh region is characterized by a typical Mediterranean climate with a dry summer from June to September. The average annual precipitation sums 870 mm, the soil is a clay type soil with 25% sand, 15% silt, and 60% clay with 2% organic matter content. The olive trees in the Abdeh collection are rainfed.

The 11 genotypes considered included two clones of the local traditional variety, “Baladi 1” and “Baladi 2,” as previously differentiated by Chalak et al. (38), in addition to nine foreign varieties i.e., “Nabali” and “Jabaa” (from Palestine), “Kalamata” (derived from Greece), “Salonenque” and “Tanche” (from France), “Ascolana Tenera,” “Bella di Cerignola” and “Itrana” (originating from Italy), and “Sigoise” (derived from Algeria) (2, 39–41). For each variety, three fruit samples were collected from three trees, at different harvesting dates, based on fruit skin color (0 = deep or dark green; 1 = yellowish-green; 2 = yellowish with reddish spots; 3 = reddish or light violet; and 4 = black), and the ripening index (RI). RI was determined on samples of 100 fruits according to the method described by Uceda and Hermoso (42) and modified by El Riachy et al. (43), following the formula:
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where, n0 to n4, is the total number of olive fruits in each category. Then, RI was categorized to the following five categories: RI ≤ 0.5 (RI0), 0.5 ≥ RI ≤ 1.5 (RI1), 1.5 ≥ RI ≤ 2 (RI2), 2.5 ≥ RI ≤ 3.5 (RI3), and finally RI ≥ 3.5 (RI4).

The olive oil was obtained using the Abencor system (MC2 Ingenierías y Sistemas, Sevilla, Spain). For each sample, ~500 g of fruits were ground to a paste using a hammer mill, stirred in the thermobeater for 30 min at 28 ± 1°C, and then centrifuged for 2 min to separate the oil, which was collected and left to decant in graduated cylinders. OIY was calculated using the following formula (44):
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where, V is the volume of oil obtained; and W is the weight of the processed olive paste. Finally, the oil extracted was collected and stored in glass vials in darkness at −20°C until analysis.



Chemical Reagents

The chemical reagents used for VOO characterization were of GC or HPLC grade. Methanol, acetonitrile, o-phosphoric acid and the Folin-Ciocateu (F-C) reagent were provided from Sigma-Aldrich (Steinheim, Germany), n-hexane from Hipersolv Chromanorm (Pennsylvania, USA), Na2CO3 anhydrous from Acros organics (New Jersey, USA) and KOH from Fisher Scientific (Loughborough, UK). Regarding the commercial standards, methyl palmitate, methyl palmitoleate, methyl stearate, methyl oleate, methyl linoleate, methyl linolenate, hydroxytyrosol, tyrosol, p-coumaric acid, luteolin, and apigenin were purchased from Sigma-Aldrich (Steinheim, Germany) and Fluka (Steinheim, Germany), vanillic and syringic acid standards were obtained from Acros organics (New Jersey, USA), gallic acid from Fisher Scientific (Loughborough, UK), and oleacein and oleocanthal were supplied by Prof. Prokopios Magiatis (Athens, Greece). Finally, deionized water (18 MΩ cm) from a Milli-Q water purification system (Millipore, Bedford, MA, USA) was used to prepare the mobile phases for HPLC analysis.



Determination of the Oil Content (OC) in the Olive Paste Using Soxhlet Method

OC in the olive paste was determined using a Gerhardt Soxhlet instrument (Gerhardt Soxtherm SE−416, Germany) (45). From each sample, an aliquot of 50–60 g of the olive paste was dried at 105°C to weight stability using a rapid moisture analyzer (Metler Toledo HS 153, Switzerland). One gram of the dry paste was placed on a filter paper which was folded and closed tightly using a cotton wire. Each prepared sample was placed in previously weighed soxhlet beakers containing three boiling chips. Petroleum benzene was used as a solvent. The total program length was 2 h and 20 min. When the process ended, the samples were thrown out, and the remaining solvent was eliminated by placing the beakers under a fume hood overnight, then, the beakers were dried in an oven at 105°C for 1.5 h in a desiccator for 45 min before being weighed. OC was calculated from both dry matter (OCDM) and humid matter basis (OCHM) as follows:
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where, m1 = beaker weight before extraction; m2 = beaker weight after extraction and MC = moisture content.



Determination of Fatty Acid Profile

Fatty acid methyl esters (FAMEs) were prepared based on a cold transmethylation reference method (46). A sample of 0.1 g oil was shaken manually with 2 mL n-hexane for 2 s then 0.2 mL of methanolic solution (2 N) of potassium hydroxide was added. The sample was mixed with a vortex for 1 min (1,400 rpm), before resting for 5 min. A volume of 975 μL of the upper phase that contains the FAME was transferred to 1.5 mL vials with 25 μL of external standard (nonadecanoate methyl ester 1,000 ppm). The separation of FAMEs was carried out using a Shimadzu gas chromatograph (GC-2010 Plus) equipped with a flame ionization detector (FID). A fused silica capillary column (DB-wax; Agilent Technologies, Wilmington, DE; 30 m length ×0.25 mm i.d. and 0.25 μm of film thickness) was used. Nitrogen was used as a carrier gas with a flow rate of 1.69 mL/min. As for the chromatographic gradient, the initial oven temperature was kept at 165°C for 15 min and then programmed to rise at 5°C/min up to 200°C, maintained for 2 min, and followed by a second gradient of 5°C/min to a final temperature of 240°C, which was held for 5 min. The injector and detector temperatures were 250 and 280°C, respectively. Hydrogen and compressed air were used for the flame detector. Finally, the injection volume was 1 μL with a split ratio of 50. Identification of the different fatty acids was achieved by a comparison of their retention times with those of authentic standards. Results were expressed as percentages of total fatty acids. Finally, the calculated sums and ratios were; saturated fatty acid (SFA), MUFA, PUFA, MUFA/PUFA, MUFA/SFA, PUFA/SFA, C16:0/C18:2, C18:1/C18:2, and C18:2/C18:3.



Extraction of Phenolic Compounds

Prior analysis samples were left to thaw at room temperature. Meanwhile, an internal standard solution was prepared by dissolving 15 mg of syringic acid in 10 mL of 60:40 v/v methanol–water. Then, 1 mL from this solution was diluted in a 25 mL volumetric flask with 60:40 v/v methanol–water.

The phenolic compounds in the olive oil were extracted using a modification of the procedure described by Montedoro et al. (47). An amount of 3 g of olive oil was shaken manually with 2 mL of n-hexane for 15 s. Then, a volume of 1.75 mL of 60:40 (v/v) methanol–water mixture was added together with 0.25 mL of the internal standard solution and shaken for 2 min to undergo the first extraction. For the second extraction, 2 mL of methanol/water (60/40) was added and shaken for 2 min. The extracts from both extractions were combined and placed in the dark at −20°C for further determinations.



Spectrophotometric Estimation of Total Phenols

The total phenols (TP) content of the oil extracts was determined according to the Folin-Ciocalteu spectrophotometric method (48). Briefly, 20 μL of the sample (with prior 1:50 dilution with water) was, in this order, mixed with 1.58 mL of water, 0.3 mL of 20% (w/v) Na2CO3 aqueous solution, and 0.1 mL of F–C reagent, and heated in an oven for 5 min at 50°C. Then, the resulting solution was allowed to stand for 30 min. The reaction product was spectrophotometrically monitored at 765 nm by a jenway UV/Vis spectrophotometer (Staffordshire, ST15 OSA, UK). A nine level calibration curve was prepared using gallic acid as a commercial standard (r2 = 0.998), and the results were expressed as mg gallic acid equivalent (GAE)/Kg of oil.



Chromatographic Analysis of Phenols by HPLC-DAD

The produced extract was also used to determine the following eight individual phenolic compounds: hydroxytyrosol, tyrosol, vanillic acid, p-coumaric acid, oleacein, oleocanthal, luteolin, and apigenin. The extracted phenolic fraction was injected in triplicate in a Shimadzu High Performance Liquid Chromatograph (HPLC) equipped with an automatic injector, a column oven and a diode array UV detector (DAD). Separation of individual phenols was achieved on a Microsorb-MV 100 C18 column (250 × 4.6 id mm, 5 μ particle size), maintained at 40°C. The injection volume was 20 μL and the flow rate 1.0 mL/min. Mobile phases were 0.2% o-phosphoric acid in water (mobile phase A) and a mixture methanol-acetonitrile (50:50, v/v) (B). The initial concentrations were 96% of A and 4% of B and the gradient was changed as follows: the concentration of B was increased to 50% in 40 min, increased to 60% in 5 min, and to 100% in 15 min, and maintained for 10 min. Initial conditions were reached in 7 min. The identification of individual olive oil phenols was performed at 280 nm, on the basis of their maximum absorption and retention times compared to those of commercial standard compounds. Phenolic compounds quantification was achieved using syringic acid as an internal standard and 9 point calibration curves of authentic standards. Results were expressed as mg of the target analyte per Kg of oil.



Statistical Analysis

The total number of samples was 129 samples. Each sample was loaded in triplicate for individual phenol analysis, in duplicate for fat content and for fatty acid determination, and just once for the TP estimation. Multivariate analysis of variance (MANOVA) was used to assess the combined effect of variety, fruit ripening, and their interaction on the different sets of variables; and one-way analysis of variance (ANOVA) was used to test the significance of the effect of the studied factors and their interaction on each parameter studied. For all traits studied, trait means, coefficient of variation, and standard error were calculated; while means were compared using Tukey's HSD test at (p < 0.05). A principal component analysis (PCA) was also performed in order to determine the degree of contribution of each of the characters to the total variation and to highlight the effect of the studied factors on those traits (49). Data processing was performed using the Statistics (Analytical Software, Tallahasse, FL, USA) and Unscrambler (CAMO A/S, Trodheim, Norway) statistical packages.




RESULTS

The combined effects of the variety, the fruit ripening and their interaction were assessed for the sets of variables related to OC, fatty acids and phenolic composition. The results of the MANOVA (Table 1) showed a highly significant effect of the interaction variety × fruit ripening (p < 0.001) on the three sets of variables. Similarly, each factor alone also showed a highly significant effect (p < 0.001) on these sets of variables. In this case, the variety and its associated error exhibited a more remarkable effect, expressed as partial η2, while 64% of the change in the OC set can be accounted for by the variety and its associated error; 83% in the fatty acid composition set; and 69% in the phenolic composition set. Moreover, the two studied factors and their interaction showed a very high power (=1) sufficient to detect such effects.



Table 1. Results of the Multivariate Analysis of Variance (MANOVA) of the three sets of variables: oil content (OC), fatty acids, and phenolics composition.
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To have more advanced information about the effects of the variety, the fruit ripening and their interaction on each of the studied variables, the Tests of Between-Subjects Effects, which are similar to many ANOVAs, were used (Table 2). Results highlighted the relative importance, expressed as percentages of the total sum of squares, of variety (29.38–92.32%), fruit ripening (0.38–55.07%), and their interaction (1.91–39.27%); with however, a greater contribution attributed to variety except in case of C16:0/C18:2 where fruit ripening recorded the greater contribution and in case of apigenin where the interaction variety × fruit ripening showed the greater contribution. The interaction variety × fruit ripening significantly affected MC and OIY (p < 0.0125); C16:0, C16:1, SFA, MUFA/PUFA, MUFA/SFA, PUFA/SFA, C16:0/C18:2, and C18:1/C18:2 (p < 0.003); and TP and all individual phenols studied (p < 0.005). As per each factor alone, significant differences were observed between varieties for OC traits, fatty acids, and phenolic composition. Similarly, significant differences were observed according to the fruit ripening for OC traits, C16:1, C18:1, C18:2, MUFA, PUFA, MUFA/PUFA, PUFA/SFA, C16:0/C18:2, C18:1/C18:2, C18:2/C18:3, TP, vanillic acid, oleacein, oleocanthal, and apigenin.



Table 2. Relative importance of varieties and ripening index expressed as percentages of total sum of squares and significance in the ANOVA for different traits under study.
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Mean comparisons (Table 3) showed that “Kalamata” recorded the highest OCDM (48.24%), “Baladi 1” the highest OCHM (27.86%), and “Tanche” the highest OIY (19.44%). As per the fatty acid composition, “Tanche” was characterized by the highest percentage of MUFA (72.43%) as it recorded the highest C18:1 (71.75%), the most important fatty acid characteristic of olive oil. On the other hand, “Jabaa” was characterized by higher percentages of PUFA (20.59%) due to the high percentages of C18:2 (19.47%) and C18:3 (1.12%) recorded in this variety. As per the SFA, “Saloneque” presented the highest percentage of C16:0 (17.34%) and “Bella di Cerignola” the highest C18:0 (4.35%), while the highest SFA was recorded in “Saloneque” (20.48%). Regarding the different ratios that strongly influence olive oil oxidative stability and health benefits, “Tanche” presented the highest MUFA/PUFA (7.02), the highest C18:1/C18:2 (7.64) and together with “Sigoise” the highest MUFA/SFA (4.62 and 4.74, respectively); and “Nabali” recorded the lowest PUFA/SFA (0.64). Regarding phenolic compounds, “Ascolana Tenera” presented the highest content of TP (539 mg/Kg), hydroxytyrosol (9.1 mg/Kg), tyrosol (8.97 mg/Kg), and vanillic acid (3.46 mg/Kg); “Itrana” the highest values of p-coumaric acid (2.59 mg/Kg) and oleocanthal (317.68 mg/Kg); “Saloneque” the highest content of oleacein (121.57 mg/Kg); and “Jabaa” the richest in Apigenin (7.93 mg/Kg).



Table 3. OC, fatty acids and phenolic compounds traits variability among the studied varieties cultivated in Lebanon.
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OC traits and the majority of fatty acids and phenolic compounds appeared to be significantly affected by the fruit ripening (Table 4). OC assessed as OCDM, OCHM, and OIY, showed a general increase along the ripening process; although, OCHM and OIY decreased with the increase of moisture content after rainfall. Indeed, OCDM increased progressively from 37.27% at RI = 1 to 45.75 at RI = 4; however, OCHM and OIY, increased from RI = 1 (19.88 and 9.51%, respectively) to RI = 3 (23.42 and 15.30%, respectively) before decreasing at RI = 4 (22.52 and 13.96%, respectively). Among fatty acids, C16:0 and C18:1 decreased; although the difference was only significant in case of C18:1 (p < 0.003). In contrast, C16:1, C18:0, and C18:2 increased with a significant difference only in the case of C16:1 and C18:2. Similarly, the studied phenolic compounds displayed different tendencies along ripening too. TP, oleacein and oleocanthal significantly decreased from 387 mg GAE/Kg, 61.87 mg/Kg, and 136.28 mg/Kg, respectively at RI = 1 to 250 mg GAE/Kg, 46.57 mg/Kg, and 81.13 mg/Kg, respectively at RI = 4. The rest of the phenols increased until RI = 2 in case of hydroxytyrosol, p-coumaric acid, luteolin, and apigenin and until RI = 3 in case of tyrosol and vanillic acid, before decreasing at RI = 4; although the difference was only significant (p < 0.005) in the case of vanillic acid and apigenin.



Table 4. Evolution of OC, fatty acids and phenolic compounds traits along ripening.
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The general evolution pattern described above along ripening was in some studied traits different between varieties (Figure 1). For instance, OIY increased along ripening in “Baladi 2,” “Itrana,” and “Nabali”; however, it increased until RI = 2 in case of “Ascolana,” “Baladi 1,” “Jabaa,” and Salonenque” and until RI = 3 in “Bella di Cerignola,” “Tanche,” “Kalamata,” and “Sigoise” before decreasing later on. Among fatty acids, C16:0 decreased along ripening in “Ascolana,” “Baladi 1,” “Baladi 2,” “Kalamata,” “Sigoise,” and “Tanche”; decreased until RI = 3 and then increased in “Bella di Cerignola” and “Nabali”; but increased until RI = 3 and then decreased slightly in “Itrana,” and “Salonenque.” While TP generally decreased along ripening in almost all varieties; it increased in “Bella di Cerignola” and Jabaa. The evolution of TP was noticeable in “Baladi 1,” “Baladi 2,” “Itrana,” and “Kalamata” as it increased from RI = 1 to RI = 2 and then decreased to values lower than those recorded at RI = 1. As per the most concentrated individual phenols, oleacein decreased in “Sigoise”; decreased in “Bella di Cerignola” till RI = 2 and then increased; decreased in “Baladi 1” and “Nabali” till RI = 3 and then increased; and decreased till RI = 2, increased till RI = 3 and then decreased in “Kalamata.” In contrast, oleacein content increased in “Baladi 2”; increased till RI = 2 in “Ascolana Tenera,” “Itrana,” and “Jabaa” and then decreased; and increased till RI = 3 and then decreased in “Salonenque” and “Tanche.” Oleocanthal showed the same evolution pattern as oleacein in the case of “Ascolana Tenera,” “Baladi 2,” “Bella di cerigonala,” “Itrana,” “Nabali,” and “Sigoise.” However, it increased till RI = 2, decreased at RI = 3 and increased beyond in “Baladi 1” and “Jabaa”; increased till RI = 2 and then decreased in “Salonenque”; increased till RI = 3 and then decreased in “Kalamata”; and decreased till RI = 2, increased at RI = 3 and then decreased beyond in “Tanche.”
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FIGURE 1. Evolution pattern along ripening of the different studied traits. MC, moisture content; OIY, oil industrial yield; TP, total phenols; RI, ripening index. □, “Ascolana Tenera;” ×, “Baladi 1;” ▴, “Baladi 2;” ◦, “Bella di Cerignola;” *, “Itrana;” •, “Jabaa;” +, “Kalamata;” ▵, “Nabali;” ♢”, “Salonenque;” ♦, “Sigoise;” ■, “Tanche”.



A Principal component analysis (PCA) was performed for fatty acid traits which are recognized as the most stable indicators for characterizing a given VOO (39). The results showed that the first two PCs explained 78.25% of the total variance (Figure 2). PC1 accounted for 58.49% of the total variance with a high positive correlation with PUFA and C18:2; and a high negative correlation with MUFA and C18:1. However, PC2 accounted for 19.76%, with a high positive correlation with SFA and C16:0. In addition, in the correlation circle, a negative correlation was observed between C18:1 and MUFA from one side and C18:2 and PUFA from the other side (data not shown).


[image: image]

FIGURE 2. Biplot of principal components 1 and 2 based on fatty acid profile components recorded for each variety at different ripening indexes. Asc, “Ascolana Tenera;” Bal1, “Baladi 1;” Bal2, “Baladi 2;” Bel, “Bella di Cerignola;” Itr, “Itrana;” Jab, “Jabaa;” Kal, “Kalamata;” Nab, “Nabali;” Sal, “Salonenque;” Sig, “Sigoise;” Tan, “Tanche.” 1, 2, 3, and 4 are the different harvesting times.



The PCA was able to differentiate more between harvesting times rather than between varieties, as it can be seen that in the individual score plot (Figure 2) the samples from harvest 1, with higher content of C16:0 and C18:1 in comparison with other harvests, are all grouped in the negative side of the PC1 and in the positive side of PC2 except the samples of “Jabaa” and “Salonenque” as these varieties are characterized by the lowest content of C18:1 (57.14 and 57.59%, respectively) and the highest content of C18:2 (19.47 and 17.94%, respectively) among all varieties studied.



DISCUSSION

In this study, the characterization of 11 olive varieties cultivated in Lebanon was reported at different ripening stages using 28 traits relevant to OC, fatty acid, and phenolic profile. Results showed the strong effects of variety, fruit ripening and their interaction on the majority of the studied traits. This strong genetic variability revealed here is in parallel with the results previously reported for advanced selections of the olive breeding program in Cordoba (Spain) (43, 50). Moreover, these results confirm the physical and chemical modifications occurring during fruit ripening, affecting OC, fatty acid and phenolic composition and consequently oil quality and oxidative stability (24, 51).

The OC traits, mainly OCDM (31.42–48.24%), OCHM (14.18–27.86%), and OIY (7.14–19.44%), showed high variability among varieties. Similar wide ranges of variation were observed by Chehade et al. (37) while characterizing the oil content and composition of five main Lebanese olive cultivars (“Aayrouni,” “Abou Chawkeh,” “Baladi,” “Del,” and “Soury”). These authors reported an OCHM between 17.8 and 36.4% and an OCDM between 42.5 and 56.2% in olives at spotted stage of ripening, with comparable values recorded for “Baladi” (28 ± 1% and 42.5 ± 1.8%, respectively). OCDM values increased along ripening reaching a significantly higher value at RI = 4; however, OCHM and OIY reached the maximum values at RI = 3 before decreasing later on probably due to rainfall in this period. This pattern of evolution of OC traits along ripening was also similar to the one described in other olive varieties in Spain (23, 24) and Tunisia (25, 52).

Regarding fatty acid profile, all percentages of fatty acids obtained in the present study fit, more or less, with the requirements established by the IOC for VOO, except for C18:3 which slightly exceeded the limit of IOC (C18:3 < 1%) in case of “Ascolana Tenera” (1.02%), “Jabaa” (1.12%), “Salonenque” (1.10%), and “Sigoise” (1.08%). Similarly, previous work found that the amounts of some fatty acids could be outside the ranges listed by IOC such as in French (53), Tunisian (54, 55), Moroccan (56), Argentinian (57), New Zealandian (58), and Italian olive varieties (59). On the other hand, our study revealed a wide variability in the percentages of the main fatty acids of olive oil in parallel with the findings of León et al. (20), Boskou (9), Diraman et al. (60), Sánchez de Medina et al. (50), and Chehade et al. (37). Oleic acid is well-recognized to be the most important fatty acid in olive oil, associated with its high nutritional value and oxidative stability (61, 62). An olive variety is considered as having a high content of oleic acid if C18:1 is about 65% and above (39). In the present study, eight of the 11 studied varieties including the local “Baladi” ones could be categorized as having high oleic acid content. In addition, “Baladi 1” and “Baladi 2” presented the lowest percentages of C18:3 (0.64%), and medium percentages of C18:2 (11.77 and 12.03%, respectively) which also increase their oxidative stability. These results are partially in agreement with those obtained by Chehade et al. (37) on the same variety (65.95% of C18:1 in 2011 but 62.44% in 2010; and 11.30% of C18:2 in 2011 but 16.39% in 2010). In addition, the results are close to those described by El Riachy et al. (63) who reported values of C18:1 between 69.42 and 71.46%, of C18:2 between 10.37 and 11.34%, and of C18:3 between 0.59 and 0.63%. These discrepancies are possibly due to the fact that the latter authors collected the samples from different altitudes (200–1,050 m a.s.l.), while, in the present study the samples were collected only from one site at a low altitude (18 m a.s.l.); and it is well known that C18:1 increases with altitude (63, 64). Regarding foreign varieties, “Sigoise” showed higher percentages of C18:1 and C18:2 in Lebanon (70.08 and 11.99%, respectively) than in Tunisia (around 68.5 and 10.02%, respectively) (65). However, “Salonenque” in Lebanon recorded higher percentages of C16:0 (17.34%) and C18:2 (17.94%) but a lower value for C18:1 (57.59%) in comparison to those recorded by Ollivier et al. (39) in France (14.55, 12.59, and 64.76%, respectively). This data variation could be attributed to the geographical area of growing and its climatic conditions which affect olive oil fatty acid profile (24).

Besides the individual fatty acids, several sums and ratios were evaluated in this study because of their importance in olive oil quality such as MUFA (61, 66). For instance, “Tanche,” “Sigoise,” and “Bella di Cerignola” presented the highest MUFA values. The local varieties “Baladi 1” and “Baladi 2” recorded lower values (68.1 and 67.54%, respectively) including values lower than those reported by Merchak et al. (64) who also collected the samples from different altitudes (0 to more than 700 m a.s.l.). The high ratios of MUFA/PUFA and C18:1/C18:2 recorded in “Tanche” and MUFA/SFA recorded in “Sigoise”; and the low PUFA/SFA ratio registered in “Nabali” are linked to the high oxidative stability and low rancidity of olive oil (13), and affects, in combination with other minor compounds, the organoleptic and health properties of VOO (9, 67).

Concerning the evolution of the different fatty acids along ripening, the results of this study showed a general decrease of C16:0 and C18:1 together with a significant increase of C18:2; in concordance with several previous studies (24, 64, 68). According to Gutiérrez et al. (23), the C16:0 level fell during the ripening process, possibly as a result of a dilution effect. However, the increase in C18:2 content could be linked to the activity of the enzyme oleate desaturase, transforming oleic acid into linoleic acid (23, 69). These changes will produce a decrease of the ratio C18:1/C18:2 together with an increase of the ratio PUFA/SFA which will have a detrimental effect on the oil oxidative stability reducing the shelf-life of olive oils obtained from late harvest.

Results of total and individual phenols also expressed a large variability among the varieties studied. These results are in agreement with previous works indicating that genetic variability is the main factor affecting the phenolic composition (22, 70). The TP values obtained for “Baladi 1” and “Baladi 2” are higher than those reported by Chehade et al. (37) and El Riachy et al. (63) for the same variety (167–249 mg GAE/kg of oil and 194–236 mg GAE/kg of oil, respectively). It is worth pointing out here the low content of secoiridoids in the local varieties in comparison to the foreign ones, which highlights the need for breeding to improve the traditional local varieties as these phenolic compounds have a detrimental effect on olive oil quality and nutraceutical properties and are very useful as selection criteria in breeding programs. Additionally, several works indicate a significant decrease of TP content during ripening (43, 54, 71) similar to the pattern described in the present paper. This decrease was most likely correlated with the increased activity of hydrolytic enzymes observed during ripening (72). In parallel, oleacein and oleocanthal also decreased from 61.87 to 46.57 mg/Kg and from 136.28 to 81.13 mg/Kg, respectively. It is worth noting that, the other studied individual phenols recorded the maximum values at RI between 2 and 3 before decreasing later on. Therefore, early harvesting (before black pigmentation, RI = 4) should be recommended to obtain higher content of phenolic compounds in addition to higher content of C18:1. These results are in partial agreement with other studies that reported an increase in TP content to a maximum level at the “spotted” and “purple” pigmentation, the content decreasing drastically as ripening progressed (24, 52).

Finally, PCA analysis showed that PC1 and PC2 explained the highest total variance (78%) when using the set of 15 traits related to fatty acid composition alone. This PCA allowed the classification of the samples according to the ripening stage with samples at RI = 1, having higher percentages of C16:0, C18:1, and MUFA, clustering together in the negative side of PC1 and positive side of PC2 (Figure 2). These results are in line with those obtained by León et al. (73) who separated 18 varieties growing in the World Olive Germplasm Bank (WOGB) of IFAPA (Cordoba, Spain) into four groups according to their fatty acid composition and to the country of origin, where the percentages of C18:1, C18:2, and saturated fatty acids were the main contributors of variation.

In conclusion, the present study reports the characterization of 11 local and foreign varieties growing under Lebanon climatic conditions. In comparison to foreign varieties, the local “Baladi 1” showed outstanding OCHM; however, both “Baladi 1” and “Baladi 2” recorded similar fatty acid composition but low phenolic composition. Indeed, many of the studied foreign varieties presented several outstanding characteristics such as “Kalamata” in terms of higher OCHM; “Tanche” in terms of higher OIY; “Tanche” and “Sigoise” in terms of higher C18:1, higher MUFA, higher MUFA/PUFA ratio, higher C18:1/C18:2, higher MUFA/SFA, and higher C18:1/C18:2; “Ascolana Tenera” and “Itrana” in terms of higher total phenols content; “Itrana” in terms of oleocanthal; and “Salonenque” in terms of oleacein. Taking into consideration that the appropriate time for harvesting is when a good balance between oil quality and oil quantity is achieved, and based on the fact that OCHM and OIY increased significantly until RI = 2 while C18:1, MUFA, MUFA/PUFA, C16:0/C18:2, C18:1/C18:2, TP, oleacein, and oleocanthal decreased along ripening, we can conclude that the best time for harvesting is at RI = 2 (when the color is yellowish green with reddish spots). This is true for all studied varieties, except “Sigoise” that must be harvested later at RI = 3 for better oil extractability. These findings on monovarietal olive oils should be confirmed over years in order to evaluate and valorize the local olive germplasm compared to the foreign one, and for the characterization and authentication of Lebanese olive oil. This is also critical in identifying the main default of the local varieties in order to start their genetic improvement through breeding programs.
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Olive is considered as a moderately salt tolerant plant, however, tolerance to salt appears to be cultivar-dependent and genotypic responses have not been extensively investigated. In this work, saline stress was induced in four olive cultivars: Arbequina, Koroneiki, Royal de Cazorla and Fadak 86. The plants were grown in 2.5 l pots containing 60% peat and 40% of pumice mixture for 240 days and were irrigated three times a week with half-strength Hoagland solution containing 0, 100 and 200 mM NaCl. The effects of salt stress on growth, physiological and biochemical parameters were determined after 180, 210, and 240 days of treatment. Saline stress response was evaluated in leaves by measuring the activity of GSH and CAT enzymatic activity, as well as proline levels, gas exchanges, leaves relative water content and chlorophyll content, and proline content. All the studied cultivars showed a decrease in Net Photosynthesis, leaves chlorophyll content and plant growth (mainly leaves dry weight) and an increase in the activity of GSH and CAT. In addition, the reduction of proline content in leaf tissues, induced an alteration of osmotic regulation. Among the studied cultivars Royal and Koroneiki better counteracting the effects of saline stress thanks to a higher activity of two antioxidant enzymes.
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INTRODUCTION

Environmental conditions may strongly impact plant crop growth (Kachaou et al., 2010; Feller and Vaseva, 2014; Pandolfi et al., 2017). In particular, abiotic constraints, such as drought, soil salinity and extreme temperatures, which cause water depletion in cells, are responsible for a large proportion of losses in agricultural productivity (Bose et al., 2014).

In order to overcome water shortages and to satisfy the increasing water demand for agricultural development, the use of water of low quality (brackish, reclaimed, drainage) that frequently has an high salinity level is becoming important in many countries (Chartzoulakis, 2005).

In particular, plants under high salinity conditions are subject to significant physiological and biochemical changes, for example a marked decrease in photosynthesis rate and transport of salt ions from roots to shoots (Ben Ahmed et al., 2009; Anjum et al., 2011; Singh and Reddy, 2011; Goltsev et al., 2012; Abdallah et al., 2018). A major biochemical alteration, also induced by other types of stress, is the production of reactive oxygen species (ROS) (Gill and Tuteja, 2010; Boguszewska and Zagdańska, 2012; Ozgur et al., 2013; Bose et al., 2014). An excess of ROS leads to lipid peroxidation, inhibition of enzymes, and modifications of nucleic acids (Proietti et al., 2013; Bose et al., 2014; Tedeschini et al., 2015). Under stress conditions, plants can nonetheless develop tolerance, that is, the ability to adequately survive, and often prosper, under an unfavorable environment, following a robust production of antioxidant enzymes (Ben Ahmed et al., 2009; Bhaduri and Fulekar, 2012; Keunen et al., 2013). Among these enzyme, superoxide dismutase (SOD), ascorbate peroxidase (APX), and glutathione reductase (GSH) are localized in chloroplasts and mitochondria (Pang and Wang, 2010; Del Buono et al., 2011; Proietti et al., 2013), whereas catalase (CAT) and guaiacol peroxidase (GPX) are generally present within microbodies and cytosol, respectively (Bhaduri and Fulekar, 2012; Hameed et al., 2013; Nath et al., 2016).

Mechanistically, tolerance may also include osmotic adjustments at cellular level (Ayala-Astorga and Alcaraz-Meléndez, 2010). Some plants implement this process by increasing the amount of solutes and lowering the water potential of root cells, thereby counteracting the water outflow. These substances, reported as osmolytes, can accumulate in large amount, but do not generally interfere with enzymatic activities and cytoplasmic pH, due to their zwitterionic nature. Osmolytes commonly used by plants are sugars, alcohols, quaternary amines, betaine, glycine and proline (Warren, 2014). In this regard, the concentration of proline in leaves and roots was reported as a response by the olive tree to saline stress (Ayala-Astorga and Alcaraz-Meléndez, 2010; Hayat et al., 2012; Iqbal et al., 2014; Abdallah et al., 2018). In fact, proline facilitates water retention in the cytoplasm and, therefore, its concentration is indicative of response to saline stress (Ben Ahmed et al., 2009; Gupta and Huang, 2014). Cultivated olive (Olea europaea subsp. europaea var. europaea) is a long-living, evergreen, thermophilic species. In the Mediterranean basin where olive is mostly cultivated salinity is becoming a relevant problem due to high rates of evaporation and insufficient leaching (Mousavi et al., 2019). In addition in costal areas the need for water of good quality for urban use is increasing while there is a large amount of low quality water mostly saline (EC > 2.0 dS m-1) that can be use for irrigation (Chartzoulakis, 2005). Olive is considered as a moderately salt tolerant plant and the tolerance appear to be cultivar dependent (Rugini and Fedeli, 1990). The olive crop counts a very rich varietal heritage (Mousavi et al., 2017) but genotypic responses of olive to NaCl salinity have not been extensively investigated, and only few works have been published (Al-Absi et al., 2003; Chartzoulakis, 2005). In this context it’s important to select cultivars that may give good performance when cultivated in soil with salinity problems or irrigated with saline water. Among the cultivars studied in the present work Arbequina and Koroneiki cultivars are the subject of increasing interest given their adaptability to super-intensive cultivation systems (Proietti et al., 2015). The identification of saline-resistant cultivars is of particular interest, especially for those cultivation systems, such as the super-intensive, which require large quantities of water as the availability of non-saline water will decrease dramatically in the future due to climate change.

The purpose of this work was to study the behavior of different olive cultivars during saline stress by analyzing the activity of the GSH and CAT enzymes, the proline content and the plant growth parameters.



MATERIALS AND METHODS

Plant Material, Growing Conditions and Salt Treatments

Sixty own-rooted plants for each olive cultivar Fadak 86, Royal de Cazorla (referred along the text as “Royal”), Koroneiki and Arbequina were used (20 plant replicates per treatment). Two-years old plants, approximately 1.3–1.5 m tall, were grown in greenhouse in black plastic pots (volume 2.5 L) containing a substrate composed of 60% peat and 40% pumice (w/w). Plants were irrigated three times a week, for 3 months, using half-strength Hoagland solution in the absence of salt. Subsequently, for the following 8 months from February, plants were irrigated three times a week with half-strength Hoagland solution containing 0, 100, and 200 mM NaCl, respectively. The salinity levels used were high since 137 mM NaCl has been is the tolerance limit for olive trees (Rugini and Fedeli, 1990) and were chosen accordingly to previous studies on salt stress in olive (Therios and Misopolinos, 1988; Tattini et al., 1995; Ben Ahmed et al., 2008). At beginning of treatment, to prevent osmotic shock, salt was added using daily increments of 25 mM up to the target levels. Electrical conductivity was determined weekly in the leaching solution with the conductometer “Hanna Instruments- HI 9033,” giving values of about 1.2, 12.4, and 21.4 dS m-1 in relation to the 0, 100, and 200 mM NaCl group, respectively, thus confirming that an irrigation rate with a leaching fraction of 20–30%, ensures a stable salinity level in pots throughout the course of the experiment (Perica et al., 2008).

Plants were exposed to natural light inside the greenhouse, and a ventilation system was automatically engaged by air temperature not exceeding 35°C.

During the entire course of the experiment, minimum and maximum daily temperatures ranged between 9.4 and 15.2°C, and 10.4–30.4°C, respectively.

Plant Growth

At the beginning of the experiment and at 240 days after treatment (DAT), five plants for each treatment (including control plants) were removed from the substrate, roots were washed with deionized water and separated into different parts. For each plant, basal diameter, total height, number of lateral shoots, total length of lateral shoots, total leaf area and fresh and dry weight (FW and DW) of roots, lateral shoots (after removing the leaves) and stems (principal axis) were determined. DW was obtained by oven-drying at 95°C until constant weight was achieved.

At the end of the experiment the relative growth rate (RGR) was calculated as follows (Hoffmann and Poorter, 2002):
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where: ln = natural logarithm; v2 e v1 = plant DW at the end (t2) and at the beginning (t1) of the experiment.

Leaf Net Photosynthesis (Pn), Stomatal Conductance (gs), Leaf Transpiration Rate (E), and Sub-Stomatal CO2 Concentration (Ci)

Photosynthesis, gs, E and Ci were determined at 180, 210 and 240 DAT in 15 leaves for each combination (cultivar + treatment). Leaf gas exchange rates were measured using a portable IRGA (ADC-LCA-3, Analytical Development, Hoddesdon, United Kingdom) and a Parkinson-type assimilation leaf chamber. Leaves were enclosed in the leaf chamber and perpendicularly exposed to sun’s rays inside the greenhouse. PPFD was always higher than 1,200 μmol m-2 s-1 (within the 1,500–1,900 range), which is known to be over the saturation point in olive (Proietti and Famiani, 2002). The flow rate of air passing through the chamber was kept at 5 cm3 s-1. During gas-exchange measurements, the external CO2 concentration was about 385 cm3 m-3 and the air temperature inside the leaf chamber was 2–4°C higher than outside. Measurements were taken under steady state conditions (about 30 s). Leaves were then returned to the laboratory for area measurements using a Delta-T Image Analysis System (“Delta-T Devices,” Cambridge, United Kingdom) and Pn, gs and E were expressed in relation to the leaf area.

Leaf Water Status and Chlorophyll Content

For each treatment, relative water content (RWC) was determined from leaves of five plants (three leaves each), collected at 180, 210, and 240 DAT. Leaves were detached, sealed in a plastic bag, and taken immediately to the laboratory to determine leaf water status according to the procedure previously described (Proietti et al., 2013).

Total chlorophyll content was determined by the portable SPAD-502 chlorophyll meter, which allows rapid, non-destructive measurements (Boussadia et al., 2011).

Chemical Analysis

Glutathione Reductase (GSH)

The enzymatic activity was measured by a modification of the previously published method (Flohé and Günzler, 1984) using H2O2 as substrate. GSH activity was measured in olive leaves (five leaves of about 1 g total for each combination cultivar+treatment) homogenized in 5 ml of KNaHPO4 (0.1 M) buffer at pH 7.0 containing EDTA 1 mM, with an ultra-Turrax T25 homogenizer (Tanke and Kunkel Ika Labortechnik) for 3 min in ice. The supernatant obtained by centrifugation (10 min at 3,000 rpm) was used as the source of enzyme activity.

The reaction mixture consisted of 0.2 mL of the extract supernatant, 0.4 ml of GSH (0.1 mM) and 0.2 ml of KNaHPO4 (0.067 M) containing EDTA 1 mM. The reaction mixture was kept at 25°C for 5 min, after which the reaction was started by adding 0.2 ml of H2O2 (1.3 mM), and then stopped 10 min later with 1 ml of trichloroacetic acid.

The mixture was cooled in ice for 30 min and centrifuged at 3000 rpm for 10 min; the supernatant (0.48 ml) was placed in a cuvette containing 2.2 ml of 0.32 M Na2HPO4 and 0.32 ml of 1 mM DTNB (Sigma-Aldrich), and read after 5 min in a Beckman spectrophotometer set at 412 nM.

Catalase (CAT)

Catalase activity was carried out in olive leaves (five leaves for each combination cultivar+treatment) homogenized for 3 min in ice by an ultra-Turrax T25 in 5 ml of 0.2 M Tris buffer (pH 7.8) containing 0.13 mM EDTA and 80 mM PVP. The homogenates were centrifuged at 3,000 × g for 10 min, after which the supernatants were used to measure CAT activity. CAT activity was determined based upon the consumption of hydrogen peroxide (coefficient of extinction 39.4 M-1 cm-1) at 240 nM for 2 min (Kraus et al., 1995).

The reaction mixture contained 2 ml of a 100 mM NaH2PO4/Na2HPO4 buffer (pH 6.5), and 0.05 ml of the extract. The reaction was started by adding 0.01 ml of 30% (w/v) hydrogen peroxide.

Proline

The determination of proline in leaves (five leaves for each combination cultivar + treatment of about 1 g total) was performed by HPLC using a Jasco 880-PU instrument equipped with a Jasco 821-FP fluorometric detector. The HPLC procedure was carried out according to the method described (Palmerini et al., 1985). Proline was measured in leaves homogenized in 5 mL of ultra-pure H2O with an ultra-TurraxT25 for 3 min in ice.

The extract supernatant (1 ml) was deproteinized with 0.2 ml of HClO4 (20% v/v) in ice, centrifuged at 8000 rpm for 5 min, and finally neutralized with 0.2 ml of KOH (20% by weight).

The supernatant (0.05 ml) was mixed with 0.15 ml (0.4 M) of borate pH 9, 0.05 ml of o-phthalide chloride (OPA) (150 mM) in methanol and 0.1 ml of 7-chloro-4-nitrobenzo 2 ossa-1,3-diazolo (NBD-Cl) (25 mM) in methanol. The reaction, set at 60°C for 3 min, was stopped in ice with 0.1 ml HCl (1 M).

The derivatized sample (0.02 ml) was injected into a HPLC Lichrosor RP-18 column (15 cm × 4.6 mm ID) and eluted under isocratic conditions with H2O/CH3CN (93/7), used as the mobile phase. The solvents used were previously passed through a 0.22-micron filter (Millipore Corporation).

NBD-derivatives were determined at 470 nM (excitation) and 530 nM (emission). NBD-proline was eluted in 6.5 min and quantified using a standard proline solution. Proline (0.043 M) and hydroxy-proline (0.038 M) standards were diluted 1 to 100 in H2O, derivatized with NBD-Cl and analyzed by the same HPLC method to generate reference data.

Statistical Analysis

All statistical analyses of data were performed using Graph Pad Prism 6.03 software for Windows (La Jolla, CA, United States). Tests for variance assumptions were conducted (homogeneity of variance by the Levene’s test, normal distribution by the D’Agostino-Pearson omnibus normality test). Significance of differences were analyzed by Fisher’s least significant differences test, after the analysis of variance according to the randomized complete factorial design. Differences with p < 0.05 were considered significant (Supplementary Tables S1–S14). The coefficient of variation (CV) was determined for each trait.



RESULTS

Leaf Net Photosynthesis (Pn), Stomatal Conductance (gs), Leaf Transpiration Rate (E), and Sub-Stomatal CO2 Concentration (Ci)

Plants treated with 100 and 200 mM NaCl showed lower values of Pn compared to control, especially at 210 and 240 days after treatment start (DAT). The Pn decrease in stressed plants started from 180 DAT, and the most significant impact was observed in “Arbequina,” and “Fadak 86” treated withf Pn compared to control, 100 and 200 mM NaCl and the plants of the same cultivars treated with 200 mM NaCl died at 220 DAT. Ci increased at 100 and 200 mM NaCl and the higher values were observed in Arbequina and Fadak 86 gs and E decreased at 200 mM.

As a general trend, in stressed plant, the decrease in Pn was accompanied by a decrease in gs. On the other hand, gs decrease is related with an increase in Ci and a decrease in E (Table 1).

TABLE 1. Gas exchanges in four cultivars treated with 0, 100, and 200 mM NaCl.
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Relative Water Content (RWC) and Chlorophyll Content

In general in stressed plants, RWC was lower than control starting from 210 DAT without differences between 100 and 200 mM NaCl (Table 2).

TABLE 2. Relative water content of leaves in four olive cultivars treated with 0, 100, and 200 mM NaCl.
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In all plants under saline stress of the four cultivars, low values of chlorophyll content than control were observed at 240 DAT, however, the major impact was observed in stressed plants of “Fadak 86” (Table 3).

TABLE 3. Chlorophyll content of leaves of different olive cultivars treated with 0, 100, and 200 mM of NaCl.
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Plant Growth

Salt treatments reduced dry weight (DW) in all plant parts of all examined cultivars at 100 and 200 mM NaCl. The larger DW reductions were observed in leaves while roots and shoots DW decreased only at 200 mM (Table 4 and Supplementary Figures S1–S4). The major DW reduction was observed in “Fadak 86.” Moreover, “Fadak 86” and “Arbequina” showed the lowest RGR values (data not shown).

TABLE 4. Dry weight (DW) (g) of different parts of olive plants treated with 100 and 200 mM NaCl at 240 DAT.
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Enzymatic Activity

In leaves of plants treated with 100 and 200 mM NaCl, GSH, and CAT activities systematically increased in relation to controls across the four cultivars and regardless of the duration of NaCl treatment (Figure 1). CAT increased more markedly with extended exposure to saline stress in “Fadak 86,” “Royal” and, less evidently, in “Koroneiki” and ‘”Arbequina,” whereas GSH activity exhibited higher values in “Royal” plants.
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FIGURE 1. Time-points of glutathione reductase (GSH) and catalase (CAT) activity in leaves of four olive cultivars under saline stress. (1) control, (2) 100 mM NaCl, and (3) 200 mM NaCl. Each value represents the average of five experiments ± SEM. Mean values followed by different letters are significantly different (P < 0.05).



Catalase increased more markedly with prolonged exposure to salt stress in “Fadak 86,” “Arbequina,” and “Koroneiki,” less noticeably, in “Royal,” while GSH activity showed higher values in plants “Koroneiki.”

At 240 DAT the enzymatic activity was determined in the leaves of “Arbequina,” and “Fadak 86” of the few survived trees treated with 200 mM NaCl.

Proline

Upon salt stress, proline concentration decreased in all four cultivars, and more evidently at the higher dose of NaCl (Figure 2). Notably, proline reduction did not correlate with duration of the induced stress. In control plants, the concentration of proline in leaves was higher in “Royal” and “Koroneiki” compared to “Arbequina” and “Fadak 86.” At 240 DAT the proline concentration was determined in the leaves of “Arbequina,” and “Fadak 86” of the few survived trees treated with 200 mM NaCl.
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FIGURE 2. Proline levels in leaves of four olive cultivars under saline stress. (1) control, (2) 100 mM NaCl, and (3) 200 mM NaCl. Each value represents the average of five experiments ± SEM. Mean values followed by different letters are significantly different (P < 0.05).





DISCUSSION

In all the four cultivars considered in this study, Pn reduction in leaves under stress conditions was associated with an increase in Ci. This is in agreement with Chartzoulakis (2005) who reports that low and moderate salinity is associated with reduction of CO2 assimilation rate. The increase in Ci due to reduction of Pn caused stomatal closure, with a consequent decrease in gs and E and this is in agreement with what postulated by Proietti et al., 2013. The Ci increase is likely indicative that Pn reduction is mainly caused by non-stomatal effects, and could be the result of a damage in the photosystem under saline stress (Proietti and Famiani, 2002; Ben Ahmed et al., 2010; Singh and Reddy, 2011; Proietti et al., 2012).

The reduction of the photosynthetic rate in plants exposed to salt stress togheter with the reduction in Leaf area caused a reduction of plant’s growth (Chartzoulakis et al., 2002; Karimi and Hasanpour, 2014; Pandolfi et al., 2017; Abdallah et al., 2018). In this regard, we noted that saline stressed plants clearly displayed, with time, a lower DW than controls. The DW reduction, mainly localized in leaves was observed also by Karimi and Hasanpour (2014), who found that if the amount of salt rises to a toxic level in the leaves, it causes premature leaf senescence and abscission.

Catalase and GSH enzymes were both investigated in light of their different cellular localization, since CAT is expressed in peroxisomes and removes H2O2 produced by the conversion of superoxide anion (Guerfel et al., 2009; Huang et al., 2012), while GSH is mainly present in chloroplasts and mitochondria, where it maintains a high ratio between reduced (GSH) and oxidized (GSSG) glutathione, despite formation of GSSG as a result of exposure to the superoxide anion (Bray, 2000; Yousuf et al., 2012; Keunen et al., 2013).

In the absence of stress, “Fadak 86,” “Koroneiki,” and “Arbequina” plants showed a greater activity of CAT, while only the cultivar “Koroneiki” expressed GSH. This may explain the greater resistance of ’Koroneiki’ to saline stress also confirmed by a lower reduction of Pn compared to “Fadak 86” and “Arbequina.”

Decrease in Pn and chlorophyll content after treatments with 100 and 200 mM NaCl, could be related to a greater catalytic activity of both CAT and GSH in the leaves of the four cultivars (Yasar et al., 2008; Sevengor et al., 2011; Keshavkant et al., 2012).

Overall, obtained results indicated significant increase in CAT and GSH enzymatic activities according to the increase of NaCl concentrations across the four cultivars, excepting for GSH at low salt level (100 mM) in “Royal.” The increased activity of CAT and GSH in response to the reduction of Pn indicates an altered redox state in the different cellular compartments of leaves of the four cultivars and can be considered an important marker of cellular response to saline stress, as also reported by Hernández et al. (2000). Indeed a low chlorophyll content in leaves of stressed plants, as observed in the olive plants, is a typical effect of NaCl exposure, associated with an increase of oxidative stress and, at the same time, an increase in ROS scavenging enzymes as a physiological response (Yasar et al., 2008; Gill and Tuteja, 2010; Saha et al., 2010; Din et al., 2011; Arjenaki et al., 2012).

Other reports on olive response to salt stress have shown that the concentration in leaves and roots of osmolytes such as proline, may refer to a possible mechanism of adaptation to unfavorable conditions (Feller and Vaseva, 2014; Iqbal et al., 2014). Proline promotes water retention in the cytoplasm and its higher content appears to represent a specific mechanism engaged by the plants to better tolerate stress conditions (Parida and Das, 2005; Ben Ahmed et al., 2010; Hayat et al., 2012; Iqbal et al., 2014). However, the involvement of osmolytes in carrying out a protective action under unfavorable environmental conditions is currently widely debated and has not yet been elucidated and clarified, considering that tolerance to dehydration also depends on the ability of cells to keep membranes intact and prevent protein denaturation (Munns and Tester, 2008; Iqbal et al., 2014; Cardi et al., 2015). Proline concentration in the four cultivars examined under non-stress conditions was different, that is, higher in “Royal” and “Koroneiki” and less pronounced in “Fadak 86” and “Arbequina.” In saline stressed plants, proline decrease was statistically significant across the four cultivars. This finding is in agreement with the observations of some authors (Ayala-Astorga and Alcaraz-Meléndez, 2010), however, it does not parallel what is reported by others, since in some cases it was shown an increase in proline during saline stress (Ben Ahmed et al., 2009). In this regard, it must be noted that the trend affecting proline concentration is likely associated with NaCl doses higher than 100 mM, usually used to evoke a saline stress (Ayala-Astorga and Alcaraz-Meléndez, 2010). Furthermore, a number of observations concerning proline and saline stress were made under different experimental conditions (e.g., NaCl doses), and by the application of different assay methods, such as non-specific, colorimetric determinations (e.g., ninhydrin), that might impact specificity and sensitivity of the determinations (Bates et al., 1973).

In conclusion, the increase of CAT and GSH in salt stress, induced by high levels of NaCl on the cultivars examined, indicates the presence of a high oxidative stress in progress.

In particular, the Koroneiki cultivar showed a greater response to saline stress, probably due to the prevalence of CAT and GSH in control coditions.

Therefore, it will be interesting to investigate whether the increased activity of CAT, GSH and proline, in basal conditions, may represent a possible prognostic marker of olive trees in the salt stress response.
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The main operators of the olive oil sector are continuously involved in the development of the olive oil mechanical extraction process with the common aim of increasing both the quality and the oil extraction yield coupled with the potential enhancement of the working efficiency of the olive mill. The pulsed electric field (PEF) is a recently studied technological innovation for the improvement of olive oil extraction technology. The impact of the PEF on the diffusion of oil and microconstituents, determined by the disruption effects on olive cell tissues carried out by the non-thermal method, was evaluated. A PEF can increase the permeability and breaking of the cell membranes with a consequent positive result on oil extractability and quality, mainly related to the compounds involved in the health and sensory properties of extra virgin olive oil. The PEF was tested on three Italian olive cultivars (Carolea, Coratina, and Ottobratica). The results showed a positive impact of the new technology on the oil yield, with an increase ranging from 2.3 to 6%, and on the concentration of hydrophilic phenols, with an increase ranging from 3.2 to 14.3%, with respect to the control tests. The data of the main compounds related to the health and sensory notes also showed high variability as a consequence of the genetic origins of the olive cultivars.

Keywords: extraction process, pulsed electric field, cultivar, oil yield, phenols, quality


INTRODUCTION

The technological evolution of the olive oil mechanical extraction process in recent decades has been mainly based on the improvement of extra-virgin olive oil (EVOO) quality, which is strictly connected with compounds characterized by their health and sensory properties (phenolic and volatile compounds). The activities concerning the control of the main technological parameters (time, temperature, and oxygen) and the critical steps of the crushing and malaxation phases (1–4) benefitted from the introduction of heat exchangers that could easily and rapidly regulate the temperature of the crushed olive paste in relation to the climatic conditions of the harvesting period and the specific needs of the olive mill to achieve a better quality product (5–9).

In contrast, the recent technologies applied to the extraction system, such as microwaves, ultrasounds, and pulsed electric fields (PEFs), are mainly focused on increasing oil extractability and improving plant working efficiency with little attention on their impacts on the legal, commercial, and quality parameters of EVOO (10–15). All of these recent technologies are based on the degradation of the olive fruit cells through thermal and non-thermal treatments that enable pore formation, membrane permeability alterations, water influx, swelling, and deflation with an overall consequence of rupturing the cell walls and membranes. Cell lysis results in an abundant release of micro- and macro-intracellular components into the water phase that leads to an increase in free olive droplets characterized by different qualitative and quantitative chemical compositions due to the destructive effects on the olive tissues altering the solubilization phenomena and improving the mass transfer rate (16–18). The use of PEFs for the improvement of the quality characteristics of different foods and beverages is mainly linked to the enhancement of quality attributes, such as color, texture, flavor, phenolic compounds, carotenoids, and vitamins, and bioactive compound extractability, and thus, PEFs have been investigated in recent years (19–25). The application of the PEF system to the virgin olive oil extraction process, and to the valorization opportunities of by-product (26, 27), is still very limited, and there are only a few preliminary studies concerning its effects on oil yield and quality. Both Abenoza et al. (10) and Puértolas and Martínez de Marañón (14) analyzed the impact of the new technology on the oil extractability and chemical and sensory parameters by processing Arbequina and Arroniz olives and carrying out PEF treatment on the olive pastes before and after the malaxation phase, respectively. The first author used a laboratory-scale extraction system equipped with a PEF system set up at an electric field strength of 1 and 2 kV cm−1 and a frequency of 125 Hz. The treatment of the crushed paste did not result in any significant increase in oil yield but was able to guarantee the same extractability at a reduced malaxation temperature with a consequent positive impact on the EVOO sensory notes. The other study (14) investigated the activity of PEF of 2 kV cm−1 applied to the olive paste at a frequency of 25 Hz before the horizontal centrifuge using an industrial oil extraction plant. The non-thermal treatment resulted in an increase in the oil extraction yield and an improvement in the VOO quality related to the enhancement of the polyphenol, phytosterol and tocopherol contents. However, both studies highlighted the need for further research to evaluate the influences of external factors, such as the cultivar, maturity index, temperature, and other process parameters, on the performance of PEF applied to the olive oil mechanical extraction system.

Based on the information from these recent studies, the cultivar impact on the yield and quality of EVOOs using a different PEF system, characterized by a different set up, was investigated. This study reports detailed data of the trials carried out for processing the olives belonging to different Italian cultivars with particular attention to the olive cell destruction process and the subsequent release of larger amounts of oil and the main components connected to the sensory and quality parameters of the olive oils, such as the contents of hydrophilic and lipophilic phenols and volatile compounds.



MATERIALS AND METHODS


EVOO Mechanical Extraction Process

Control and PEF treated EVOO samples were extracted from the olives of the Carolea, Ottobratica, and Coratina cultivars (Figure 1). The olive batches of the Carolea (fruit weight: medium-high, high; stone size: large; fruit-flesh/pit ratio: medium, medium-high; oil content: medium, medium-high; tree-harvest time: medium, medium-late) and Ottobratica (fruit weight: medium-low, low; stone size: small; oil content: medium; tree-harvest time: early) cultivars were harvested in October 2017 in the Calabria region, whereas the olives of Coratina (fruit weight: medium, medium-high; stone size: large; fruit-flesh/pit ratio: low; oil content: high; tree-harvest time: medium-late) belonging to the Apulia region were purchased in the area of Bari during the first week of November 2017 (28). All olives were harvested at a medium-low maturity index ranging from 0.8 to 1.5 (29). The control and PEF EVOO samples were obtained in triplicate using an industrial plant TEM 200 system (Toscana Enologica Mori, Tavarnelle Val di Pesa, Florence, Italy) consisting of a hammer mill, a malaxer with a gas controller system and a working capacity of 200 kg of olives and a two-phase decanter; additionally a vertical centrifuge [UVPX 305 AGT 14 (Alfa Laval S.p.A., Tavarnelle Val di Pesa, Florence, Italy)] was used to separate the olive oil from the residual water phase. Single trials of 180 kg of olives each were carried out using a heat exchanger to determine the rapid thermal conditioning of olive pastes at 25°C ± 0.5 after the crushing phase. The oil extraction system was equipped with an oliveCEPT Model 6.2 (Arcaroma Pure AB, Lund, Sweden), which is a PEF system based on closed environment PEF treatment (CEPT) technology and positioned after the malaxation phase. The PEF was set up at an electric field strength of 1.7 kV cm−1 and a specific energy of 17 kJ kg−1.
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FIGURE 1. Geographical origin of three different Italian olive cultivars.





EVOO Analyses

During the experimental study, the main quality parameters potentially influenced by the introduction of the technological innovation of the olive oil mechanical extraction process were evaluated without analyzing other characteristics of EVOO rarely modified by olive oil mechanical extraction process such as fatty acid composition, sterols, and waxes (10, 14, 15).



Chemicals

Phenolic alcohols such as hydroxytyrosol (3,4-DHPEA) and tyrosol (p-HPEA) were supplied by Cabru s.a.s. (Arcore, Milan, Italy) and Fluka (Milan, Italy), respectively. Lignans [(+)-1-acetoxypinoresinol and (+)-pinoresinol)] and the secoiridoid derivatives [dialdehydic forms of elenolic acid linked to 3,4-DHPEA and p-HPEA (3,4-DHPEA-EDA and p-HPEA-EDA), isomer of oleuropein aglycon (3,4-DHPEA-EA) and ligstroside aglycone] were obtained as quoted in the study of Veneziani et al. (8). The analytical standards of volatile compounds [pentanal, (E)-2-pentenal, hexanal, (E)-2-hexenal, (E, E)-2,4-hexadienal, 2,4-hexadienal (i), 1-pentanol, 1-penten-3-ol, (E)-2-penten-1-ol, (Z)-2-penten-1-ol, 1-hexanol, (E)-2-hexen-1-ol, (Z)-3-hexen-1-ol, (E)-3-hexen-1-ol, hexyl acetate], α-tocopherol and all the reagents used in the analysis were purchased from Merck (Merck KGaA, Darmstadt, Germany).



Legal Quality Parameters

The main legal quality parameters (free acidity, peroxide value, and the UV absorption characteristics) of the EVOOs were determined by the European Official Methods (30).



Moisture Content of Pomace

The moisture contents of the control and PEF EVOOs were evaluated following the method described by International Organization for Standardization (45). Five grams of each oil sample was weighed in an aluminum capsule and placed in a BINDER oven (BINDER GmbH, Tuttlingen, Germany) at 105°C for ~5 h until a constant weight was obtained.



Oil Content of Pomace

A Soxhlet extractor was utilized to analyze the pomace oil content; 10 g of dried sample and 5 g of pumice stone were loaded into a thimble made from thick filter paper and placed in the main compartment of the Soxhlet extractor. The process was carried out for 6 h using hexane as the extraction solvent. The solvent was removed by means of a rotary evaporator [Rotavapor R-210 (BUCHI Italia s.r.l, Cornaredo, Italy)], and the residual oil content was detected afterwards (31).



Phenolic Compounds

The phenolic fraction was recovered by a liquid-liquid extraction method mixing 20 g of EVOOs with 10 mL of methanol/water solution (80/20 v/v) using Ultra-Turrax T 25 homogenizer (IKA Labortechnik, Staufen, Germany) at 17,000 rpm for 2 min. The mixture was centrifuged at 935 × g for 10 min at room temperature (Andreas Hettich GmbH & Co.KG, Tuttlingen, Germany) than the supernatant was recovered (32). The extraction was repeated twice. The quantitative and qualitative phenolic concentrations of the EVOOs were determined by high-performance liquid chromatography (HPLC) using an Agilent Technologies model 1100 controlled by ChemStation (Agilent Technologies, Palo Alto, CA, USA). A C18 column, Spherisorb ODS-1 (250 × 4.6 mm), with a particle size of 5 μm (Phase Separation Ltd., Deeside, UK) was used. The mobile phase was composed of 0.2% acetic acid (pH 3.1) in water (solvent A) with methanol (solvent B). The gradient was changed as follows: 95% A/5% B for 2 min, 75% A/25% B in 8 min, 60% A/40% B in 10 min, 50% A/50% B in 16 min, 0% A/100% B in 14 min. This composition was maintained for 10 min and was then returned to the initial conditions and equilibration in 13 min. The final running time was 73 min with a flow rate of 1 mL min−1 (Figure 2). The phenolic compounds were identified and quantified according to the procedure reported by Selvaggini et al. (33).
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FIGURE 2. HPLC chromatogram of EVOO methanolic extract of cv. Peranzana recorded with DAD at 278 nm. Peak numbers: 1, 3,4-DHPEA; 2, p-HPEA; 3, vanillic acid; 4, 3,4-DHPEA-EDA; 5, p-HPEA-EDA; 6, (+)-1-acetoxypinoresinol; 7, (+)-pinoresinol; 8, 3,4-DHPEA-EA; 9, ligustroside aglycone [4′ and 5′ structures identified by Rovellini et al. (44)].





Volatile Compounds

The headspace, solid-phase microextraction followed by gas chromatography mass spectrometry (HS-SPME/GC-MS) technique was used to detect and quantify the volatile compounds in the control and PEF EVOOs of the Carolea, Ottobratica, and Coratina cultivars.

The SPME was carried out holding the vials, with 3 g of EVOO and 50 μL of a standard methanolic solution, at 35°C and then the SPME fiber (a 50/30 μm 1 cm long DVB/Carboxen/PDMS, Stableflex; Supelco, Inc., Bellefonte, PA, USA) was exposed to the vapor phase for 30 min to detect the volatile compounds.

The GC-MS analysis were conducted using a Varian 4000 GC-MS equipped with a 1079 split/splitless injector (Varian). The fused-silica capillary column (DB-Wax-ETR, 50 m, 0.32 mm i.d., 1 μm film thickness; J&W Scientific, Folsom, CA, USA) was operated with helium regulated by an electronic flow controller (EFC) at a constant flow rate (1.7 ml min−1). All the operative conditions was set following the method described by Veneziani et al. (7) without any modifications. The data of the peak areas were evaluated on the basis of calibration curve of each different compound and expressed in μg kg−1 of EVVO (Figure 3).


[image: image]

FIGURE 3. HS-SPME-GC-MS volatile fraction total ion current chromatogram of virgin olive oil cv. Peranzana. Peak numbers: I.S., internal standard (Isobutyl acetate); 1, hexanal; 2, (E)-2-hexenal; 3, hexyl acetate; 4, (Z)-3-hexenyl acetate; 5, 1-hexanol, 6, (Z)-3-hexen-1-ol; 7, (E)-2-hexen-1-ol; 8, (E, E)-2,4-hexadienal.





α-Tocopherol

The α-Tocopherol EVOOs were evaluated by HPLC–DAD–FLD analysis: 1 g of oil was dissolved in 10 mL of n-hexane, filtered with a 5-μm polyvinylidene difluoride (PVDF) syringe filter (Whatman, Clifton, NJ) and injected into the HPLC system. The HPLC analysis was conducted using the Agilent Technologies Model 1100, and the α-Tocopherol was detected at an excitation wavelength of 294 nm and at an emission wavelength of 300 nm as described by Esposto et al. (34).



Oxidative Stability

The oxidative stability of the control and PEF EVOO of Coratina was assessed using a Rancimat (Methrom Ltd., Herisau, Switzerland) as described by Baldioli et al. (35). The oils were treated with a flow of purified air (20 L h−1) at 120°C for 24 h. The oxidative stability was detected as the oxidation induction time (OIT), expressed in hours.




RESULTS AND DISCUSSION

A PEF system was applied to the olive oil mechanical extraction process to evaluate its technological performance on the oil extractability and its impact on the main quality parameters of EVOO. Compared to the others previous studies on the effect of PEF applied to the oil mechanical extraction process, the trials were carried out by processing three different Italian olive cultivars to better understand the effects of the technology in relation to the different genetic origins of the three olive varieties. As reported by Bartolini et al. (28), Carolea, Ottobratica, and Coratina are characterized by different geographical, morphological and agronomical characters that could influence the performance of PEF system in the improvement of oil yield and EVOO quality, mainly related to phenolic and volatile compounds.

The EVOOs obtained from the PEF-assisted extraction showed an increase in the oil yield for all of the processed cultivars, indicating the efficient degradation of the olive tissues to guarantee an improvement in the oil extractability of the mechanical extraction plant. The release of a large amount of oil in the free water phase of the olive paste enhanced the total oil extracted at the end of the mechanical separation process with a variability that is a function of the different genetic origins of the olives (Table 1), with enhancement values ranging from 2.3 to 6.0%. The data were also confirmed by the analysis of oil content of pomaces that showed a lower values in the PEF samples compared to the control tests (Table 1). The above statement is in accordance with the results presented in a previous work (36), which showed that the impacts of different settings of PEF on oil extraction yields were also influenced by the cultivar and the dimension of the olive fruits. The PEF trials highlighted a putative, cultivar-dependent effect that was probably due to the different fruit-flesh/pit ratios and the moisture and oil contents of the olives, which were able to modify the power and activity levels of the electric field on the fruit cells, reducing or increasing the degradation process. Olive paste is a very complex matrix composed of different ratios of water, wood, pulp, and oil that is primarily related to the cultivar and secondarily to agronomic factors, such as the growing area, irrigation, climatic season, ripening stage, and soil management (7, 37, 38). The different elements that form the olive fruit can interfere with and influence the homogeneous diffusion of the electric field into the olive paste, altering the effects of treatment.



Table 1. EVOOs extraction yield, moisture and oil contents of pomaces obtained from olives Control and treated using PEF of three different cultivara.
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The PEF treatment did not significantly alter the free acidity, peroxide value, or UV spectrophotometric indices of the EVOOs of any of the cultivars compared to the respective control test (Table 2).



Table 2. Legal quality parameters of Control and PEF EVOOs of three Italian cultivar.
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The evaluation of hydrophilic phenols in the experimental trials showed an increase in phenolic compounds in all of the EVOOs extracted from different cultivars compared to the control test, which was confirmed by Puértolas and Martínez de Marañón (14). The overall positive effect of the PEF system on the phenolic fraction of the EVOOs led to the conclusion that the non-thermal treatment applied to the malaxed olive paste improves the release of phenols and solubilization into the oily phase. Figure 4 shows the percentage increases in the phenolic fractions of the PEF-EVOOs expressed as total phenols, oleuropein derivatives (sum of 3,4-DHPEA, 3,4-DHPEA-EDA, and 3,4-DHPEA-EA), ligstroside derivatives (p-HPEA, p-HPEA-EDA, and ligstroside aglycone) and lignans (sum of (+)-1-acetoxypinoresinol and (+)-pinoresinol). The phenolic enhancement was qualitatively due to the amount of 3,4-DHPEA-EDA and 3,4-DHPEA-EA, which are the main phenolic compounds influenced by technological processes, whereas ligstroside derivatives and lignans seemed more stable than the other molecules (4, 5, 9, 10, 39). The significant increases of total phenol, 14.3, 7.05, and 3.2% for Carolea, Ottobratica, and Coratina, respectively, showed a high variability, probably due to the different genetic origins of the olive cultivars, even if the lowest enhancement, which was detected during the extraction of the Coratina EVOOs, could be the result of saturation phenomena in the oil as a consequence of the high amount of phenols detected (~1.5 g kg−1), which is probably very close to the limit value of the product.
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FIGURE 4. Phenolic composition (mg kg−1) of the PEF and control EVOOs of the three different Italian olive cultivars. Phenolic content was expressed as total phenols, oleuropein derivatives (sum of 3,4-DHPEA, 3,4-DHPEA-EDA, and 3,4-DHPEA-EA), ligstroside derivatives (p-HPEA, p-HPEA-EDA and ligstroside aglycone) and lignans [sum of (+)-1-acetoxypinoresinol and (+)-pinoresinol]. The data are the mean values of three independent extractions analyzed in duplicate, ± standard deviation. The values of each phenolic group with different letters (a–f) are significantly different from one another (p < 0.05).



In contrast, the content of α-tocopherol was not influenced by the PEF treatment and did not show any significant differences in concentration in any of the cultivars. The concentration of lipophilic phenols was 204.2 and 203.3 mg kg−1 (cv. Carolea), 313.5 and 314.7 mg kg−1 (cv. Ottobratica), 261.3 and 266.3 mg kg−1 (cv. Coratina) for control, and PEF EVOOs, respectively.

The same trend was detected for the volatile fractions of the EVOOs treated using PEF technology that did not modify the concentration of the main aldehydes, alcohols, and esters involved in the flavor of the olive oils (Figure 5). The PEF system was performed in the oil extraction phase, during which the largest amount of volatile compounds were already produced and probably did not have time to interfere with the activity of the enzymes of the lipoxygenase pathway. In addition, the non-thermal treatment did not negatively alter the concentrations of the developed volatile compounds in the EVOOs, as reported by other authors in several food products (40–43).
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FIGURE 5. Volatile composition (μg kg−1) of the PEF and control EVOOs of the three different Italian olive cultivars responsible for oil flavor. Volatile content was expressed as alcohols [sum of 1-pentanol, 1-penten-3-ol, (E)-2-penten-1-ol, (Z)-2-penten-1-ol, 1-hexanol, (E)-2-hexen-1-ol, (Z)-3-hexen-1-ol, and (E)-3-hexen-1-ol], esters [sum of hexyl acetate and (Z)-3-hexenyl acetate] and C5 and C6 saturated and unsaturated aldehydes [sum of pentanal, (E)-2-pentenal, hexanal, (E)-2-hexenal, (E,E)-2,4-hexadienal and 2,4-hexadienal (i)]. The data are the mean values of three independent extractions analyzed in duplicate, ± standard deviation. The values of each volatile compound group with different letters (a–c) are significantly different from one another (p < 0.05).



The electrodes that generated the pulsed electric field (PEF) could release traces of metals, such as iron and cupper, characterized by pro-oxidant activities into the product, which could possibly negatively impact the oxidative stability of the food matrices. No data were found in the literature about this possible effect of PEF treatment of olive paste and its potential consequences on the EVOO quality. For that reason, the oxidative stability, analyzed by the Rancimat test, was also detected in the EVOOs extracted from the Coratina olives to evaluate the differences in the oxidation induction time (OIT). The data showed a longer OIT of the EVOO from the PEF sample (21.1 h) compared to the control (20.3 h), highlighting the absence of possible metals issued by the electrodes in the PEF oil, which should increase the rate of oil oxidation. The higher OIT for the PEF sample was due to the major concentration of antioxidant compounds (Figure 4).



CONCLUSION

The impact of the PEF technology applied to the olive oil mechanical extraction process showed a significant effect on the EVOO yield for the tests conducted on Carolea, Ottobratica, and Coratina olives. The percent increase in the oil yield (ranging from 2.3 to 6%) should be cultivar dependent, probably in relation to the different ratios of the constituent parts of the fruits, which is mainly influenced by the genetic origins of the olive drupes and by the ripening stage. As also supposed in a previous study (14), the different fruit-flesh/pit ratios and the moisture and oil contents influenced PEF extraction performance. The PEF also showed a positive impact on the quality of the EVOO characterized by an enhancement of the phenolic compounds responsible for health-promoting benefits, with an increase ranging from 3.2 to 14.3% that is a function of the different olive cultivars and their maturity index.

The alteration of the olive tissue structure induced by the PEF treatment and the subsequent release of intracellular matrices into the water phase did not affect the legal quality parameters or the oxidative stability of the product as a consequence of the possible release of pro-oxidant metals from the PEF chamber. The concentrations of α-tocopherol and the main classes of volatile compounds responsible for the EVOO flavor were not significantly modified compared to the control test. The new technology improved the oil extractability and the antioxidant contents of the EVOO without altering the main qualitative and organoleptic characteristics of the product.
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Non-crop cultivated plants can provide agriculture with ecosystem services, such as biological pest control and, a sound knowledge of the relationships between these plants and arthropod communities is important. Given its entomophilous characteristics, Dittrichia viscosa, a plant commonly found in the Mediterranean region, could potentially be used in integrated pest management systems. The aim of this study is to investigate arthropofauna associated with D. viscosa in olive groves during its pre-flowering, flowering and post-flowering stages and to determine the possible relationships between different groups of arthropods. Using vacuum-sampling, the study was carried out on D. viscosa plants bordering and inside olive groves. The plants produced new leaves in April and flowered between August and October. Miridae, Aphididae, Hymenoptera parasitoids, Formicidae, Araneae, and Aleyrodidae were the most abundant groups of arthropods collected during the pre-flowering and flowering stages. Plant phenology differentially influenced the arthropod populations of the different groups, with the Aleyrodidae family found to be more abundant during the pre-flowering stage, while Hymenoptera parasitoids were more numerous during the flowering stage. During the post-flowering stage, the number of arthropods captured was very low. Numerous correlations between and within the different functional groups were observed throughout the life cycle of D. viscosa. Our results clearly show that D. viscosa plants in olive groves have great potential as a reservoir of different predators and Hymenoptera parasitoids and that these olive groves were not attacked by any D. viscosa-related phytophages.

Keywords: ecological infrastructure, Olea europaea, Hymenoptera parasitoids, Miridae, Araneae, Formicidae, Aleyrodidae


INTRODUCTION

The intensification of agriculture has led to a simplification of the landscape and a reduction in biodiversity, which have affected various ecosystem services, such as natural pest control and pollination (Zhang et al., 2007). The agroecological strategy of habitat management could help to reverse this situation by enhancing conservation biological control, as the presence of semi-natural habitats increases landscape diversity and supplies resources (pollen, nectar, alternative hosts, refuge, and oviposition sites) to natural enemies and pollinators which provide these ecosystem services (Landis et al., 2000; Bianchi et al., 2006; Holland et al., 2016, 2017). However, as the effect of landscape and vegetation on arthropod populations (pests and natural enemies) is based on complex mechanisms, the conditions that contribute to increasing and reducing biological control need to be investigated. It is also crucial to determine how key plant species are managed (Simon et al., 2010; Carrié et al., 2012; Chaplin-Kramer et al., 2013; Miñarro and Prida, 2013). To do this, it is necessary to explore the relationships between available resources in each type of habitat and its associated arthropod community, the spatial-temporal distribution of resources in the landscape and interactions with other factors that play a role in pest regulation (Holland et al., 2016).

Dittrichia viscosa (L.) Greuter (Asterales: Asteraceae) is a plant of considerable interest, given its distribution throughout the Mediterranean region, its adaptation to a wide range of stress conditions, and its various uses including phytoremediation, as well as its role as a bioaccumulator and bioindicator (Parolin et al., 2014). In addition, given its entomophilous character, it has great potential for use in the integrated pest management of Mediterranean agroecosystems (Parolin et al., 2014). Indeed, D. viscosa has been proven to play an outstanding role in maintaining and expanding predatory mirid populations in different agroecosystems (Alomar et al., 2002; Perdikis et al., 2007; Lambion, 2011; Lykouressis et al., 2012) and as a reservoir of aphid parasitoids (Kavallieratos et al., 2002) and phytoseiid mites (Tixier et al., 2000). However, it is also worth noting that D. viscosa can boost the presence of phytophages, such as whiteflies (Homoptera: Aleyrodidae) (Parolin et al., 2013) and can act as a reservoir of tomato infectious chlorosis viruses (Orfanidou et al., 2016).

In olive groves, numerous studies are being carried out on the role played by different types of vegetation in biological pest control and other regulatory ecosystem services, such as fertility, erosion and pollination (Villa Serrano, 2016; Alcántara et al., 2017; Paredes et al., 2017; Porcel et al., 2017; Gómez et al., 2018). The plant species D. viscosa associated with olive groves, is of considerable interest in relation to its role in olive pest control, as its flowers are attacked by the gall-producing Myopites stylatus (Fabricius, 1974) (Diptera: Tephritidae). Its larvae are parasitized by Eupelmus urozonus (Hymenoptera: Eupelmidae), which, in turn, parasitizes the olive fly Bactrocera oleae (Rossi, 1790) (Diptera: Tephritidae), one of the principal olive pests (Warlop, 2006; Franco-Micán et al., 2010; Mota et al., 2011). It is also important to note that the flowering period of D. viscosa lasts from September to October (Parolin et al., 2014), when floral resources in olive groves are scarce and crop vegetation cover has been eliminated due to soil management requirements (Alcántara et al., 2017). This explains why, among native Mediterranean plants, D. viscosa is considered a potential source of food for natural enemies of olive pests (Nave et al., 2017). Its floral architecture has been found to facilitate access to pollen and nectar for four of the principal parasitoids of Prays oleae (Bernard, 1788) (Lepidoptera: Plutellidae), another important olive pest. However, it also prevents access to adults of this phytophage and Chrysoperla carnea, one of its most notable predators (Nave et al., 2016).

Before floral resources are introduced into an agroecosystem to improve or expand ecosystem services, such as biological control, in-depth entomological and agronomic studies need to be carried out (Araj and Wratten, 2015), as the arthropod community can respond in different ways to environmental factors at the local and spatial level, as previously observed in the case of spiders in olive groves (Picchi et al., 2016).

Thus, the objective of this study is to investigate arthropofauna associated with D. viscosa present in olive groves during its pre-flowering, flowering and post-flowering stages and to determine the possible relationships between different groups of arthropods.



MATERIALS AND METHODS


Area of Study

The study was carried out in two olive (Olea europaea L.) groves (Granada 37°10′34″N; 3°34′51″W; 880 m and Jaén 37°40′49″N; 3°48′3″W; 872 m) in Andalusia (Spain). The olive variety was “Picual,” with a planting layout of 10 × 10 m. D. viscosa natural plants can be found in these olive groves, some bordering and others inside the crop. In the latter case, there are also cultivated D. viscosa plants between the rows of olive trees. As in the case of ditches and trenches in roads, this plant, which is attracted by unstable and collapsed lateral walls, has colonized most of the gullies in the olive groves (Simões et al., 2013; Parolin et al., 2014).

The natural plants bordering the olive groves are surrounded by olive trees, grazing land, such as Daucus carota L., Convolvulus arvensis L., Taraxacum sp. F. H. Wigg., and Foeniculum vulgare Mill., and forest mainly composed of Pinus sp. L., Quercus coccifera L., and Quercus rotundifolia Lam. The cultivated D. viscosa plants located inside the crop are placed one meter apart and are surrounded by olive trees and others plant species, such as Capparis spinosa L., Daucus carota L., Cichorium intybus L., Convolvulus arvensis L., Psoralea bituminosa L., Bromus rubens L., and Foeniculum vulgare Mill. The distance between the natural plants, which are in gullies, varies from one to three meters and are surrounded by olive trees and different herbaceous and shrub species, such as Rubus idaeus L., Spartium junceum L., Asparragus acutifolius L., Smilax aspera L., Aristolochia baetica L., Cynodon dactylon L., and Carduus sp. L.

Both olive groves have a meso-Mediterranean climate, with an average temperatures ranging from 15 to 18°C and an average rainfall of between 477 and 560 mm (Valle Tendero et al., 2005).



Collection of Arthropods

The study was carried out between June and December 2014. In order to analyze the arthropods in the different phenological stages of D. viscosa, sampling was carried out in June during the pre-flowering stage, in September during the flowering stage and in November during the post-flowering stage in the three areas studied: bordering (natural plants) and inside the olive grove (cultivated and natural plants). In each area, five sites were sampled, and the plants were vacuum-sampled for 40 s with the aid of an entomological aspirator (Modified CDC Backpack Aspirator Model 1412, John W. Hock Co., Gainsville, FL, USA). After vacuuming, the samples were labeled and cold-stored to avoid any interactions between the arthropofauna captured before going to the laboratory where they were stored at −20°C.

Under a stereomicroscope (Nikon SMZ800 Model CP-S, Nikon Co., Tokyo, Japan), the samples were cleaned and the arthropods were separated from vegetal material, which were then conserved in 70% alcohol. All the material was identified using Hymenoptera of the World (Goulet and Huber, 1993), Heteroptera Families of the Iberian Peninsula (Mata and Goula, 2011) and Bases para un Curso Práctico de Entomología (Barrientos, 1988) as keys. We also used molecular analysis to identify the mirid species Macrolophus (Castañé et al., 2013).

The phenological states of D. viscosa were noted at each sampling and subsequent visits.



Statistical Analysis

All analyses were carried out using the R program version 3.5.0 (R Development Core Team, 2017). Analysis began with a data exploration (Zuur et al., 2010). We analyzed differences in the abundance of the majority taxonomic groups of phytophages (Aphididae and Aleyrodidae), predators (Araneae, Formicidae, Miridae) and Hymenoptera parasitoids according to their location (bordering or inside the olive grove) and the phenological stage of D. viscosa (pre-flowering, flowering, and post-flowering). In the case of plants situated inside the olive groves, we needed to pinpoint any differences between cultivated and natural D. viscosa plants. Depending on whether or not abundance data followed a normal distribution pattern, we opted for the Least Significant Difference test (Fisher-LSD) or the Kruskal-Wallis test, with a Bonferroni adjustment in both cases, using the “agricolae” software package (De Mendiburu, 2017). Additionally, we performed Pearson correlations with a confidence level of 95% (α = 0.05) between the taxonomic groups in all cases.




RESULTS


Phenology of D. viscosa

Following the winter rest period, with the appearance of new leaves, D. viscosa emerged in early April, continued to grow until mid-June and stopped growing with the arrival of summer and drought conditions. The plants began to produce flower buds at the end of July and then flowered from August until October. In September, the first fruits were observed which matured between October and November. Galls formed in the plants during the months of October to November and remained during winter. The arrival of cold weather led to some leaf senescence in the plant (Figure 1).


[image: image]

FIGURE 1. Evolution of the phenology of D. viscosa in 2014 in the olive groves studied.





Arthropods Collected

A total of 2,249 individuals were collected, corresponding to 11 Orders of arthropods (Tables 1, 2). The most abundant family was Miridae (968 individuals), in which Macrolophus melanotoma (Costa, 1853) predominated, followed by the Aphididae family (364 individuals) represented by Brachycaudus sp. Hymenoptera parasitoids (222 individuals), composed of 15 families, were the third most abundant group, followed by the Formicidae family (167 individuals), with six genera (predominantly Plagiolepis sp.), the Order Araneae (149 individuals), with seven families, being (predominantly Oxyopidae and Thomisidae), and the family Aleyrodidae (142 individuals), mostly made up of Trialeurodes sp.



Table 1. Number of individuals collected during sampling period in bordering and inside olive grove.
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Table 2. Number of individuals collected to the Order Araneae and the family Formicidae during sampling period inside and bordering olive groves.
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Impact of Phenological Stage and Location of D. viscosa on Arthropod Abundance and Its Relationship Between Different Groups of Arthropods

The post-flowering period was not analyzed due to the small number of captures, which accounted for 3.7% (83 individuals) of total arthropods collected.

We studied the most abundant groups of arthropods (Aphididae, Aleyrodidae, Araneae, Formicidae, Miridae and Hymenoptera parasitoids), which accounted for 89.5% (2,012 individuals) of total captures.



D. viscosa Bordering Olive Groves

During the pre-flowering stage, in the most abundance taxonomic groups, a total of 196 arthropods were captured, while the number of arthropods captured dropped to 100 during the flowering stage.

The various groups of arthropods responded differently to the phenological changes in D. viscosa. The Aleyrodidae family occupied a predominant position during the pre-flowering period, although the presence of flowers led to a significant reduction in their populations (Kruskal-Wallis χ2 = 6.31; d.f. = 1; p < 0.05). The abundance of the other groups (Hymenoptera parasitoids, aphids, and predators) was not found to be affected by phenological changes in D. viscosa. Populations of the Miridae family remained high in the pre-flowering and flowering stages (Table 3).



Table 3. Average number (mean ± SE) of individuals of different taxonomic groups captured during the pre-flowering and flowering stages of D. viscosa bordering olive groves.
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In the pre-flowering stage, we observed a significantly negative correlation between the abundance levels of Araneae and Aphididae (Pearson cor = −0.94, p < 0.05), while the correlation between Aleyrodidae and Formicidae was positive (Pearson cor = 0.97, p < 0.01) (Table 4). During the flowering period, a significantly negative correlation between abundances of spiders and parasitoids was observed (Pearson cor = −0.96, p < 0.05).



Table 4. Average number (mean ± SE) of individuals of different taxonomic groups captured before and during the flowering period of D. viscosa located inside the olive groves.
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D. viscosa Inside Olive Groves

The number of individual arthropods captured in the most abundance taxonomic groups during the pre-flowering period reached 794, which increased to 904 individuals during the flowering period.

The populations of Aleyrodidae and Aphididae, the principal phytophage families present, were found to be affected in opposite ways by flowering. In the case of the Aleyrodidae family, as observed in D. viscosa plants bordering the olive groves, its populations diminished significantly (Kruskal-Wallis χ2 = 9.15; d.f. = 1; p < 0.01), while Aphididae populations were observed to rise considerably in this period (Kruskal-Wallis χ2 = 10.74; d.f. = 1; p < 0.01) (Table 4). Hymenoptera parasitoid populations, which multiplied 5-fold, were significantly higher during the flowering period (Kruskal-Wallis χ2 = 13.25; d.f. = 1; p < 0.001). As for the response of the different predator groups, the abundance of spiders was observed to diminish significantly in this period (Kruskal-Wallis χ2 = 8.81; d.f. = 1; p < 0.01); populations of the Formicidae family were similar in both periods, while those of the Miridae family, which reached high levels in both periods, declined, with no significant inter-period differences being observed (Table 4).

In the pre-flowering period, we noted a significantly positive correlation between Aphididae and Miridae (Pearson cor = 0.86, p < 0.01). During the flowering stage, a positive correlation was observed between Formicidae and Hymenoptera parasitoids (Pearson cor = 0.73, p < 0.05).

With respect to the comparison between cultivated and naturally growing D. viscosa plants, we observed that, among the majority taxonomic groups, during the pre-flowering and flowering periods in the cultivated plants, 354 and 353 individuals were captured, respectively; on the other hand, in the naturally growing plants, the numbers rose to 440 and 551 individuals, respectively. During the pre-flowering period, the abundances of the Aleyrodidae and Aphididae families were low, although Aleyrodidae populations were significantly higher in the cultivated plants (Fisher-LSD MSerror = 16.55; p < 0.05), while Aphididae populations were higher in the natural plants (Kruskal-Wallis χ2 = 6.91; d.f. = 1; p < 0.01). Populations of the other groups were similar in both types of plants (Figure 2). In addition, during the pre-flowering stage of natural D. viscosa plants, a positive correlation was observed between Aphididae and Miridae (Pearson cor = 0.91, p < 0.05), while no significant correlation in cultivated plants was found.
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FIGURE 2. Number of individuals (media ± SE) of the different taxonomic groups during the pre-flowering and flowering periods of D. viscosa plants in natural and cultivated hedgerows inside olive groves.



During the flowering period, the abundance of the Formicidae family in cultivated plants was higher than that in natural plants (Kruskal-Wallis χ2 = 6.99; d.f. = 1; p < 0.01). The other groups analyzed (Aphididae, Aleyrodidae, Araneae, Miridae and Hymenoptera parasitoids) did not show any significant differences between the two types of plants (Figure 2). With respect to relationships between the groups in the natural plants, a negative correlation between aphids and Hymenoptera parasitoids was observed (Pearson cor = −0.89, p < 0.05). In cultivated plants, we found positive correlations between Aleyrodidae and Araneae (Pearson cor = 41, p < 0.05), between Araneae and Formicidae (Pearson cor = 0.64, p < 0.001) and Miridae (Pearson cor = 0.6, p < 0.001) and between Miridae and Hymenoptera parasitoids (Pearson cor = 0.47, p < 0.01).




DISCUSSION

D. viscosa plants adapted well to conditions in the areas studied, and their phenology did not differ significantly from other Mediterranean regions (Parolin et al., 2013). However, their phenology can be affected by agricultural vegetation cover management, as the timing and frequency of clearance can affect the plant's growth and floral development. Thus, late vegetation cover management in summer reduces the quantity of flowers (Simões et al., 2013) and prevents leaf senescence in winter (Parolin et al., 2013).

Throughout its life cycle, D. viscosa is colonized by numerous arthropods from different functional groups, whose populations can vary depending on requirements. The leaves, present from the beginning of April to December, can be used as food, whose importance for arthropod colonizers has not been analyzed (Parolin et al., 2014). The pollen and nectar of its open flowers are important sources of food for beneficial arthropods, as the nectar contains high concentrations of sugars (Hidalgo and Cabezudo, 1995), which, together with the scarcity of other flowering plants at that time of year in different agroecosystems, make D. viscosa a plant of considerable importance (Nave et al., 2017). Due to gall production by M. stylatus, the numerous larvae inside the flower during winter can be used as hosts by different families of Hymenoptera parasitoids, whose adults begin to emerge during the month of May (Franco-Micán et al., 2010; Mota et al., 2011).

Aleyrodidae are an abundant family in the group of phytophages associated with D. viscosa (Parolin et al., 2013; Rodríguez et al., 2018). In our study, Trialeurodes sp. was found to be present in both olive groves studied, preferentially during the pre-flowering period. This is in line with the finding of Rodríguez et al. (2018), who reported that no whiteflies were captured during the flowering period, which explains why Trialeurodes sp. may mostly feed on leaves during the pre-flowering period. Its positive correlation with the Formicidae family could be due to honeydew secreted by this aleyrodid. Another noteworthy phytophage is the aphid, belonging to the genus Brachycaudus sp., whose populations increased during the flowering period of D. viscosa plants located inside the olive groves. In the pre-flowering stage, we observed a positive correlation with the Miridae family, one of the principal enemies of the family Aphididae (Perdikis et al., 2007). Although an extract of D. viscosa showed aphid antifeedant activity (Mamoci et al., 2012), this plants species was colonized by various aphid species. These aphids can be parasitized by individuals belonging to the Aphelinidae family, as D. viscosa is considered a reservoir of aphid parasitoids (Kavallieratos et al., 2002).

The group of Hymenoptera parasitoids associated with D. viscosa in our study is highly complex, with 15 families, notably Scelionidae, Aphelinidae, and Eulophidae, having been identified. Their presence during both the pre-flowering and flowering stages of plants bordering and inside the olive groves points to their potential role in maintaining these natural enemies together with others associated with D. viscosa galls in different locations (Alcalá Herrera et al., 2017). In plants located inside olive groves, Hymenoptera parasitoid populations increased significantly during the flowering period. This could be due to the ability of adult Hymenoptera parasitoids to feed on pollen and nectar as well as to find possible hosts; although D. viscosa flowers have protected nectaries, the size of their corolla (5.91 mm deep and 1.19 mm wide) permits parasitoids, such as Ageniaspis fuscicollis (Hymenoptera: Encyrtidae) and Elasmus flabellatus (Hymenoptera: Eulophidae), to enter the corolla in order to feed (Nave et al., 2016).

Predators belonging to the Miridae family, principally M. melanotoma, were highly abundant in D. viscosa plants both bordering and inside olive groves; however, in other studies, mirid bugs were found to be more abundant in outer rows with higher whitefly densities (Alomar et al., 2002). M. melanotoma is present during pre-flowering and flowering periods. In Greece, Macrolophus sp. is present throughout the year in D. viscosa, reaching maximum levels in June and July, as it can feed on the plant and different types of prey (Perdikis et al., 2007). The small number of mirids found in the post-flowering stage were mirid nymphs, which is in line with the situation observed in the north of Spain, where winter populations of M. melanotoma are mostly composed of nymphs (Alomar et al., 1994). In pre-flowering plants situated inside the olive groves, mirid populations correlated with the Aphididae family, which constitutes the best prey for the development of mirids, while predator numbers were found to respond to the presence of aphids, such as Capitophorus inulae in spring (Perdikis et al., 2007). Another group of predators, spiders, was present in the areas studied, particularly during the pre-flowering stage in plants located inside the olive groves, possibly because they usually respond to fluctuations in their prey, as availability of food is a critical factor in their relationships (Picchi et al., 2016). The spiders present in olive groves are highly diverse, and, although most are generalist, some species specialize in certain prey (Cárdenas et al., 2011). Ants, whose populations vary throughout the year and are affected by vegetation cover management, are known to constitute a highly abundant group in olive groves (Redolfi et al., 1999). In our study, ant populations captured in D. viscosa did not differ significantly between the pre-flowering and flowering stages in either location, possibly due to their capacity to feed on many different types of food (Way and Khoo, 1992).

Differences between cultivated and natural plants were mainly observed in the pre-flowering stage, which affected both phytophage groups, with the Aphididae family showing the highest abundance in natural plants and the Aleyrodidae family in cultivated plants. This could be due to differences in existing plant diversity surrounding D. viscosa plants.

Our findings clearly show that arthropod communities associated with D. viscosa and the relationships between different groups of arthropods can vary during the pre-flowering and flowering stages. However, in all locations studied (inside and bordering olive groves) and in cultivated and natural plants, D. viscosa is still potentially of considerable interest as a reservoir of different predators and Hymenoptera parasitoids, although it is important to point out that none of the phytophages present affected the olive trees. Nevertheless, it should be noted that, in olive groves and commercial plantations, D. viscosa, which is very difficult to remove using herbicides and has significant resprouting capacity, is considered to be a problematic plant (Simões et al., 2013); these two factors should therefore be taken into account when D. viscosa is incorporated into the ecological infrastructure.
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Reactive oxygen species (ROS) are produced in the olive reproductive organs as the result of intense metabolism. ROS production and pattern of distribution depend on the developmental stage, supposedly playing a broad panel of functions, which include defense and signaling between pollen and pistil. Among ROS-producing mechanisms, plasma membrane NADPH-oxidase activity is being highlighted in plant tissues, and two enzymes of this type have been characterized in Arabidopsis thaliana pollen (RbohH and RbohJ), playing important roles in pollen physiology. Besides, pollen from different species has shown distinct ROS production mechanism and patterns of distribution. In the olive reproductive tissues, a significant production of superoxide has been described. However, the enzymes responsible for such generation are unknown. Here, we have identified an Rboh-type gene (OeRbohH), mainly expressed in olive pollen. OeRbohH possesses a high degree of identity with RbohH and RbohJ from Arabidopsis, sharing most structural features and motifs. Immunohistochemistry experiments allowed us to localize OeRbohH throughout pollen ontogeny as well as during pollen tube elongation. Furthermore, the balanced activity of tip-localized OeRbohH during pollen tube growth has been shown to be important for normal pollen physiology. This was evidenced by the fact that overexpression caused abnormal phenotypes, whereas incubation with specific NADPH oxidase inhibitor or gene knockdown lead to impaired ROS production and subsequent inhibition of pollen germination and pollen tube growth.

Keywords: NADPH oxidase, NOX, pollen, Rboh, sexual plant reproduction, olive

Introduction

Pollen–pistil interaction is recognized as a key aspect of sexual plant reproduction. The pollen grains must undergo a tightly controlled sequence of physiological events after landing on compatible stigmatic papillae. These processes involve the initial pollen rehydration and germination, the pollen tube growth through the female tissues, and the final interaction with the embryo sac to eventually achieve the double fertilization and generate the progeny. To assure the success of the sexual plant reproduction, pollen and the female tissues of the pistil must accomplish an efficient cross talk, which involves a large number of signaling mechanisms. Redox regulation and signaling are now proposed as a crucial mechanism able to manage different aspects of the sexual plant reproduction, where ROS and NO molecules seem to act as mediators in such an interchange of information between pollen and pistil tissues (Traverso et al., 2013b; Domingos et al., 2015).

NADPH oxidase enzymes are eukaryotic proteins able to catalyze the physiological generation of the short-lived superoxide radical (O2•−) throughout membranes (Lambeth, 2004), which is rapidly dismutated leading to H2O2 accumulation (Lamb and Dixon, 1997). This protein family shares six transmembrane central domains, two heme-binding sites, and a long cytoplasmic C-terminal end owning FAD- and NADPH-binding domains. In addition, Ca2+-binding EF-hand motifs in the N-terminus are a distinctive feature of plant NADPH oxidases as well as NOX5 and DUOX human NADPH oxidases (Bedard et al., 2007). In Arabidopsis thaliana, 10 NADPH oxidase homologues are encoded (Torres et al., 1998; Dangl and Jones, 2001), which are also designed as “respiratory burst oxidase homologs” (Rbohs).

Rbohs play crucial roles in a broad range of responses to biotic interaction (pathogenic or symbiotic) as well as in the response to different kinds of abiotic stresses and adaptation mechanisms. Moreover, Rbohs have been shown to be involved in cell growth (diffuse or polarized) and other developmental events (Marino et al., 2012). Cell-to-cell communication over long distances in plants has also been shown to be mediated by Rboh-derived O2•− (Miller et al., 2009). Among these enzymes, Arabidopsis RbohH and RbohJ seem to be specifically expressed in pollen and stamens (Sagi and Fluhr, 2006). Moreover, NADPH oxidase-produced ROS are detected through pollen tube growth, subsequently to pollen rehydration (Speranza et al., 2012) and seem to be essential for pollen apical elongation (Potocky et al., 2007) and then upon fertilization (Kaya et al., 2015).

The activity of plant Rboh proteins has been shown to be highly regulated by multiple factors. Diverse studies have described specific regulatory mechanism involving the N-terminus of these proteins (Suzuki et al., 2011), such as the activation by Ca2+ (Takeda et al., 2008) and phosphorylation in a synergistic way (Ogasawara et al., 2008; Drerup et al., 2013). Also, small GTPases from the Rop family and phosphatidic acid (PA) have been shown to stimulate NADPH oxidase production of ROS (Ono et al., 2001; Zhang et al., 2009). These regulatory interactions have been progressively confirmed for pollen Rbohs as well (Potocky et al., 2012; Boisson-Dernier et al., 2013; Kaya et al., 2014; Lassig et al., 2014; Jimenez-Quesada et al., 2016).

Recent studies point to RbohH and RbohJ as the source for most ROS produced at the pollen tube apex in Arabidopsis, since the corresponding double mutant shows defective in vivo and in vitro ROS generation (Boisson-Dernier et al., 2013; Kaya et al., 2014). However, different species seem to show distinct patterns for ROS production. Thus, the generation of ROS in lily (Lilium formosanum) pollen tubes was previously proposed to have a mitochondrial origin, showing an alternative localization in the subapical zone, instead of at the tip (Cardenas et al., 2006). In the cucumber (Cucumis sativus cv. Marketer) pollen tube, ROS are first detected at the tip but progressively become extended to the entire tube (Sirova et al., 2011). Superoxide production in kiwifruit pollen does not exhibit a clear tip localization (Speranza et al., 2012). In the growing pollen tubes of Picea meyeri, different ROS sources—mitochondria in the pollen tube shank and NADPH oxidase at the apex—are considered (Liu et al., 2009). Concerning their subcellular localization, and besides the expected occurrence in the plasma membrane associated to lipid microdomain (Liu et al., 2009), pollen Rbohs have been also localized at the cytoplasm (Lassig et al., 2014). Wide differences in timing, developmental patterns, and localization of ROS also occur in the stigma of numerous plant species (Zafra et al., 2016).

The study of RbohH/RbohJ double mutants of Arabidopsis suggests that RbohH and RbohJ modulate and stabilize pollen tube growth and are involved in maintenance of cell-wall integrity (Boisson-Dernier et al., 2013; Kaya et al., 2014; Lassig et al., 2014). Also, the involvement of flavoenzymes others than Rbohs in pollen tube growth cannot be excluded (Lassig et al., 2014).

Most studies carried out to date in pollen have been performed in model plants such as Arabidopsis, tobacco, or lily with a variety of results. This raises the question about how NADPH oxidase-produced ROS behave in pollen from other species, like the agronomically important and allergy relevant species Olea europaea L. (olive tree). Olive pollination is preferentially allogamous, and this plant shows genotypes with different degrees of self-incompatibility (SI), which is likely of the gametophytic type, although the precise mechanism underlying this system remains unclear (Mookerjee et al., 2005; Díaz et al., 2006; Vuletin Selak et al., 2014). Previously, ROS have been involved in gametophytic SI systems in Angiosperms (McInnis et al., 2006). The production of ROS and NO has also been analyzed in olive reproductive tissues along floral development (Zafra et al., 2010). However, the biochemical and molecular pathways governing and regulating the specific production of superoxide in the reproductive tissues of this plant have not been yet determined.

In this paper, we characterize the ROS-producing activity in olive pollen. For this purpose, we have cloned an Rboh-type gene from olive, designated as OeRbohH. It is mainly expressed in pollen, both during the ontogeny and the subsequent germination and tube growth. OeRbohH is a plasma membrane protein of the pollen tip. The use of specific NADPH oxidase inhibitors as well as antisense oligodeoxynucleotides (ODNs) to manage gene knockdown have demonstrated that OeRbohH is probably a tightly regulated protein required for ROS production in olive pollen. Furthermore, this ROS-producing OeRbohH activity has been revealed to be crucial for olive pollen germination and tube growth.

Materials and Methods

Plant Material and Growing Conditions

Olea europaea L. plant material was collected from selected olive trees of the cultivar “Picual,” located at the Estación Experimental del Zaidín (CSIC, Granada, Spain) or from 2-week in vitro germinated plantlets from embryos of the same cultivar, according to Zienkiewicz et al. (2011a). Olive pollen samples were collected during anthesis in large paper bags by vigorously shaking the inflorescences and were sequentially sieved through 150- and 50-μm mesh nylon filters to eliminate debris. All biological samples were immediately used or stored at −80°C. Tobacco (Nicotiana tabacum) pollen was collected as previously described (Potocky et al., 2003).

Olive pollen in vitro germination was initiated by a pre-hydration step in a humid chamber at room temperature for 30 min. Pollen was then transferred to the germination medium (10% [w/v] sucrose, 0.03% [w/v] Ca[NO3]2, 0.01% [w/v] KNO3, 0.02% [w/v] MgSO4, and 0.03% [w/v] boric acid), as described previously (M’rani-Alaoui et al., 2002). Pollen was maintained at room temperature in the dark, and samples were taken after hydration and at different times of germination (5 min; 1, 2, 4, 6, and 8 h). Germinated and non-germinated pollen grains from each sample were separated by filtration through 50-μm and 20-μm meshes. Tobacco pollen was in vitro germinated according to Kost et al. (1998).

The NADPH oxidase inhibitor diphenylene iodonium chloride (DPI, Sigma) was added to the germination medium when indicated (50 µM final concentration stocked in 2% DMSO) either at the beginning of the process (to study germination inhibition) or when pollen grain had already germinated, that is, at the beginning of third hour of in vitro germination (to analyze the effect on the elongation). Negative control samples were treated with DMSO, in the same proportion (2% v/v). Pollen tube length was measured using ImageJ software (http://rsb.info.nih.gov/ij/).

Molecular Biology

Determination of OeRbohH Sequences

Total RNA was obtained from olive mature pollen (untreated pollen obtained immediately after anther dehiscence) using the RNeasy Plant Total RNA Kit (Qiagen). cDNA was synthesized with 1 μg of total RNA, oligo(dT)19 primer and M-MLV reverse transcriptase (Fermentas), according to the manufacturer’s instructions. Taq (BioTools) or Pfu (Promega) polymerases were used for PCR amplification purposes. RACE 3’ and 5’ were performed following manufacturer’s specifications (SMARTer RACE, Clontech).

Gene Expression Analysis

Semi-quantitative PCRs for gene expression analysis were performed using specific primers designed at the 3′-untranslated region, with Oe18S as housekeeping gene. The number of cycles was optimized for both genes to avoid reactive depletion. For quantitative PCR (qPCR), total RNA was reverse transcribed using Transcriptor High Fidelity cDNA Synthesis Kit (Roche) according to manufacturer’s instruction. Specific primers for qPCR were designed using the Primer3 software (http://frodo.wi.mit.edu/primer3/). Samples were prepared according to the LightCycler 480 SYBR Green I Master protocol, and a LightCycler 480 Instrument (Roche) was used for quantification. Relative gene expression was monitored and quantified after normalization with actin expression as the internal control. Fold variation over a calibrator was calculated using a method with kinetic PCR efficiency correction (Pfaffl, 2001), operating the relative expression ratio R = (Etarget)ΔCP target (control−sample)/(Eref)ΔCP ref (control−sample), where E is the efficiency of target or reference amplification, and CP is the cycle number at the target or reference detection threshold (crossing point). PCR efficiencies were estimated from the calibration curves generated from the serial dilution of cDNAs.

Obtaining Upstream Regulatory Sequences

Genomic DNA was obtained using a NucleoSpin Tissue Kit (Macherey-Nagel). The upstream regulatory sequences were obtained by PCR walking, using an olive genomic DNA library generated according to Devic et al. (1997) as the template. Olive pollen genomic DNA libraries were generated by digestion with restriction enzymes (DraI, EcoRV, PvuII, ScaII, SspI, StuI, and HpaI) and ligation of known sequence adaptors in both extremes. MBLong polymerase (MOLBIOLAB) was used. A fragment of 1.8 kb from the start codon of OeRbohH was obtained.

Construction of the OeRbohH Promoter-β-Glucuronidase (GUS) Fusion

The fragment of 1.8-kb upstream the start codon of OeRbohH was amplified with specific primers incorporating a restriction site (Supplementary Table 1) to allow cloning into the binary vector pBI101.1 (Clontech) at the initiation codon of the promoterless GUS gene.

Construction of OeRbohH-GFP and OeRbohH-YFP Fusions

YFP fusion proteins were constructed in vectors pWen240 for (N-terminal fusion) and pHD32 (C-terminal fusion), under the control of the pollen-specific Lat52 promoter. Sequences were obtained using the specific forward oligonucleotide OeRboh-Ngo-F and the reverse oligonucleotides OeRboh-Xma-RS or OeRboh-Xma-RNS, to incorporate the appropriate restriction site.

Construction of OeRbohH Expression Vector

For open reading frame (ORF) cloning purpose, 2,502-bp-long cDNA of OeRbohH was cloned into the expression vector pET51b+ expression vector (Novagen). The sequence was amplified using the specific forward oligonucleotide OeXbaRbohF and the reverse OeSacRbohR, to incorporate in the appropriate restriction site (XbaI/SacI).

All primers used in this work are described in Supplemental Data, Table S1.

Biochemistry

Protein Extracts

For protein extraction, pollen was powdered in liquid nitrogen and re-suspended in extraction buffer [50 mM phosphate buffer (pH 7.8), 1mM PMSF] to a proportion of 15 ml solution per gram of fresh tissue, and proteins were eluted by stirring for 2 h at 4°C. After centrifugation at 13,000 ×g for 20min at 4°C, the supernatants were filtered through a 0.22-μm mesh and used for activity assays and Western blot analysis. The protein concentration in each sample was measured following the Bradford (1976) method, using the Bio-Rad reagent and bovine serum albumin (BSA) as standard.

Native PAGE and In-Gel NADPH Oxidase Activity Assay

Samples prepared as above were loaded into a 7.5% native acrylamide gel (80 μg protein per lane) as described by Davis and Ornstein (1964). Proteins were separated using a Mini-PROTEAN II system (Bio-Rad, U.S.A.).

The presence of NADPH-dependent production of O2•− was tested in gels by the NBT (Nitroblue tetrazolium) reduction method as previously described (Potocky et al., 2007). The gel was incubated in the developing solution [50mM Tris-HCL (pH 7.4), 0.2mM MgCl2, 1mM CaCl2, 0.5 mg/ml NBT (Sigma), and 0.2 mM NADPH (Sigma)] and incubated at RT overnight under gentle shaking. The reaction was stopped by immersing the gel in distilled water. To test the effects of specific inhibitors, DPI (50 μM) and sodium azide (10 mM) were added to the developing solution.

In Vitro Expression of OeRbohH in Escherichia coli and Rise of an OeRbohH Antibody

Recombinant protein carrying a 10-His tag in N-terminus was over-expressed in  Escherichia coli strain BL21 Rosetta 2 (Novagen) according to Traverso et al. (2013a). An overnight pre-inoculum (1ml) was added to LB medium supplemented with 50 mg/ml of ampicillin and 34 mg/ml of chloramphenicol and incubated at 21–22°C until OD600 of 0.6 was reached. Expression was then induced with 0.4 mM isopropylthio-b-galactoside (IPTG), and cells were incubated for another 12 h. Finally, cells were harvested by centrifugation. Crude protein extracts corresponding to the disrupted bacteria, both from the expression construct and the negative control, were subjected to SDS-PAGE analysis. Differential bands were excised, digested with trypsin, and subjected to LC-ESI-MS/MS in the proteomic facilities of CNB-CSIC (Madrid, Spain). Mass data collected were used to search using a local Mascot server (Matrix Science, London, UK) against an in-house-generated protein database composed of protein sequences of Viridiplantae. Carbamidomethylation of cysteine (+57Da) and oxidation of methionine (+16Da) were set as variable modifications. Protein identification was confirmed using a Mascot’s threshold score of identity at a 95% confidence level.

One of the fragments (corresponding to a 35-kDa band) was used to immunize hens in order to obtain a polyclonal antibody against OeRbohH (Davids Biotechnologie GmbH).

Immunoblotting of OeRbohH

Total protein per sample was loaded on 12% (w/v) polyacrylamide gels and electrophoresed using a Mini-PROTEAN 3 apparatus (Bio-Rad). After electrophoresis, proteins were electroblotted onto a polyvinylidene fluoride (PVDF) membrane in a Semi-Dry Transfer Cell (Bio-Rad) at 100V during 1h. For immunodetection, membranes were incubated in blocking buffer [3% (w/v) milk in Tris-buffered saline (TBS) buffer] at RT during 1 h, followed by incubation in primary antibody (anti-OeRbohH), diluted 1:1,000 in TBS buffer (pH 7.4) containing 0.1% (v/v) Tween-20 overnight at 4°C under shaking. Incubation in secondary antibody (1:2,000 dilution) conjugated to Alexa Fluor 488 (Invitrogen) was performed at RT during 1 h under agitation. The fluorescent signal was detected in a Pharos FX Molecular Imager (Bio-Rad).

Nucleic Acid Transfection

Arabidopsis thaliana Transformation and GUS Assays

Binary constructions were introduced into Agrobacterium tumefaciens (C58pMP90). Arabidopsis (Arabidopsis thaliana; ecotype Columbia) was transfected by the floral dip method (Clough and Bent, 1998). T1, T2, and T3 seedlings were selected in vitro on Murashige and Skoog medium supplemented with 1% (w/v) sucrose, 0.8% (w/v) agar, and 30 μg/ml kanamycin under a 16-h-light/8-h-dark regime at 22°C. Plants were cultivated in soil and under the same conditions as described above. GUS histochemical staining was performed according to Jefferson et al. (1987).

Biolistic Transformation

Germinated pollen grains from olive and tobacco were bombarded with gold particles alternatively coated with two different in-frame constructs of OeRbohH and the fluorescent yellow protein (YFP either at the amino- or the caboxi-terminus of the construct) and with the YFP alone (control), using the PDS-1000/He instrument (Bio-Rad) as previously described (Traverso et al., 2013a; Potocký et al., 2014).

Design of Antisense Oligodeoxynucleotides (ODNs) and Delivery Into Growing Pollen Tubes

OeRbohH sequence was tested for accessibility prediction and effective design of antisense ODNs with Soligo software (http://sfold.wadsworth.org/cgi-bin/soligo.pl). Proposed antisense and corresponding sense control ODNs were synthesized with phosphorothioate modifications in both the 5′- and 3′ terminus. Three antisense/sense ODNs pairs were essayed, and the most effective pair was selected (antisense: TAAGCAATCTTCGCCTGGTG; sense: CACCAGGCGAAGATTGCTTA). For the transfection, ODN-cytofectin complexes were prepared as described previously (Moutinho et al., 2001; Bezvoda et al., 2014) and incorporated to the germination medium. Control samples were incubated as described; however, no ODNs were used.

Microscopy Analyses

Immunocytochemistry

For immunocytochemistry, fresh anthers at different stages of development were prepared as described previously (Zienkiewicz et al., 2011b). Germinated pollen samples were fixed, and tube walls were digested as described before (Zienkiewicz et al., 2010). Slides containing semi-thin sections of olive anthers at different developmental stages and germinated pollen samples were incubated in blocking solution containing 1% (w/v) BSA in phosphate buffered saline (PBS) solution (pH 7.2) for 1 h at room temperature. OeRbohH was immunodetected by incubation of slides overnight at 4°C with the anti-OeRbohH primary Ab (diluted 1:10 in blocking solution) followed by an anti-chicken IgG-Alexa Fluor 488–conjugated secondary antibody (Ab) (Molecular Probes, USA) (diluted 1:100 in blocking solution) for 1 h at 37°C. In control sections, the preimmune serum was used. A few drops of an anti-fading solution of Citifluor (Sigma-Aldrich) were added, and samples were observed with a Zeiss Axioplan epifluorescence microscope under blue light irradiation.

Detection of O2•− Production

Detection of O2•− production in growing pollen tubes was determined by incubation in growth medium containing 1 mg ml−1 NBT for 5 min. Negative control experiments were carried out the same; however, no NBT was added to the growth medium. Inhibition experiments were performed by incubating pollen tubes in growth medium containing 50 μM DPI (30 min) before NBT staining. Alternatively, the effect of sodium azide (10 mM) was also tested. Samples were observed with a Zeiss Axioplan microscope under bright field. Quantification of the intensity of the dark purple-colored precipitate was performed in the pollen tubes through 50 µm along the apical region of the pollen tubes starting at the pollen tube apex. Quantification was achieved by using the Nikon EZ-C1 viewer (3.30) software, selecting the region of interest (ROI) and analyzing pixel intensity, which was referred to the area of the ROI, therefore calculating the ratio color intensity/area in arbitrary units. Both average and standard deviation were calculated after measurement of a minimum of 10 images of pollen tubes per experiment, along three independent experiments.

Bioinformatic Tools

Protein amino acid sequences were aligned using Clustal Omega multiple alignment tool with default parameters (McWilliam et al., 2013). Phylogenetic trees were constructed with the aid of the software SeaView (Gouy et al., 2010) using the maximum likelihood (PhyML) method and implementing the most probable amino acid substitution model (LG) previously calculated by the ProtTest 2.4 server (Darriba et al., 2011). The branch support was estimated by bootstrap resampling with 100 replications. OeRbohH motifs were predictively analyzed by the software “PredictProtein” according to the proteins HsNox2 (Sumimoto, 2008; von Lohneysen et al., 2010) and OsRbohB (Oda et al., 2010).

Statistical Analysis

Statistical significance was determined by Kruskal–Wallis one-way analysis of variance followed by Kruskal–Wallis Multiple-Comparison Z-Value Test (Dunn’s Test).

Results

OeRbohH Is an Rboh-Type Gene Present in the Olive Tree, Which Is Mainly Expressed in Pollen

Considering that superoxide (O2•−) generation in mature pollen is described as mainly produced by the physiological activity of NADPH oxidases (Potocky et al., 2007); we decided to investigate the occurrence of NADPH oxidases in the olive (O. europaea L.) tree. For such purpose, we initially obtained the sequence of an olive Rboh gene expressed in pollen. Several pairs of degenerated primers were designed on conserved domains identified in other species (Supplemental Data, Figure S1). Using primers OeRboh804F and OeRboh2286R, we initially sequenced a 300-bp fragment. From this nucleotide sequence, two primers were designed and used to obtain the 5’ and 3’UTR (untranslated) sequences by RACE (rapid amplification of cDNA ends) (OeRbohRW2 and OeRbohFW2, respectively). This enabled us to obtain the whole coding sequence (CDS) of 2,502bp (GenBank KX648357).

The corresponding translated amino acid sequence was denominated OeRbohH according to its identity with AtRbohH (62.11%), which was higher than that displayed with AtRbohJ (60.77%). It also contained all the characteristics structural and catalytic motifs to be considered as a plant Rboh (Figures 1A, B). Secondary structural motifs and domains were identified in silico accordingly to the proteins HsNox2 (Sumimoto, 2008; von Lohneysen et al., 2010) and OsRbohB (Oda et al., 2010), and the predictive software “PredictProtein.” Thus, OeRbohH enzyme was predicted to contain six α-helix transmembrane domains—which included the conserved heme-coordinating His residues—together with two terminal cytosolic extensions. The C-terminus contained four sites for NADPH binding and two sites for FAD binding, and the N-terminal end was predicted to contain two EF-hand Ca2+-binding motifs (Figures 1A, B).

Moreover, a phylogenetic analysis among OeRbohH and other available plant Rboh sequences showed OeRbohH clustered in a subgroup containing the pollen specific Rbohs from A. thaliana and tobacco (Figure 1C), which are the unique pollen-specific Rbohs identified so far (Potocky et al., 2007; Boisson-Dernier et al., 2013). In addition, primers OeRbohF and OeRbohR were designed and used to amplify the genomic sequence (GenBank KX648358) corresponding to the whole ORF (4,025 bp). Alignment between the obtained genomic sequence and the corresponding ORF allowed us to identify 13 introns (Supplemental Data, Figure S2) whose positions relative to the ORF were conserved within the plant Rboh family (Supplemental Data, Figure S3).
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Figure 1 | (A) Amino acid sequence alignment and predicted motifs of OeRbohH, AtRbohH, AtRbohJ, and NtNOX. Conserved residues are highlighted in red. The blue boxes indicate the predicted calcium-binding domains (2). Predicted transmembrane domains (6) are boxed in green, including the conserved heme-coordinating histidine residues (4) highlighted with black circles. The predicted FAD-binding sites are marked with purple boxes (2). Predicted sites for NADPH binding (4) are indicated with red boxes. (B) Analogous color coding was used to show domains/motifs in a simplified diagram of OeRbohH. (C) Phylogenetic relationships of the 10 NADPH oxidase proteins from Arabidopsis (AtRbohA-J), together with olive pollen OeRbohH and a partial tobacco pollen sequence Rboh NtNOX. The tree was constructed by the maximum likelihood (ML) from Clustal Omega multiple alignment and rooted with human NOX isoform HsNOX5. Numbers at nodes indicate bootstrap values. The circle marks the putative pollen-Rboh subgroup.



With the purpose of studying gene expression pattern of OeRbohH, a pair of primers was designed in the 3’UTR region of OeRbohH, and cDNAs from different vegetative and reproductive organs were synthesized to be used as template. Semiquantitative PCRs were carried out in a first approach, and OeRbohH expression was almost exclusively detected in flowers (Figure 2A, see discussion). Within the flower, expression was detected in pollen (Figure 2A) and not in the gynoecium.
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Figure 2 | (A) OeRbohH expression analysis using semiquantitative PCR of seedling and tree tissues (upper panel), floral tissues (medium panel), and pollen ontogeny (lower panel). (B) mRNA levels of OeRboh determined by real-time PCR in pollen along in vitro germination, expressed as percentages compared to the mRNA level of the mature pollen (100%). Averages of three biological replicates ± SD are presented. No significant differences were found. ANOVA test (p < 0.05).



We also measured the gene expression level of OeRbohH throughout pollen ontogeny by using cDNA from anthers at different stages. OeRbohH was expressed both during microsporogenesis (pollen mother cells to the tetrad stage) and microgametogenesis (Figure 2A). Evidently, this result does not allow us to discriminate whether the expression of OeRbohH in the anther takes place in the sporophytic or the gametophytic tissues. In addition, taking into account that pollen Rbohs has been suggested to be involved in pollen tube growth (Kaya et al., 2014; Lassig et al., 2014); qPCR analysis was performed in the course of pollen in vitro germination. Variations of gene expression at these stages would differently involve OeRbohH in different aspects of pollen physiology. However, the expression level of OeRbohH during pollen tube growth was rather stable, with a relative, although not statistically, significant peak of expression at 1 h of in vitro germination (Figure 2B).

In order to improve our knowledge about OeRbohH, we also decided to analyze the expression pattern of the reporter gene β-glucuronidase (GUS; UidA) under the control of a 1.8-Kb fragment from the upstream regulatory sequences of OeRbohH in Arabidopsis thaliana transgenic lines. However, in these lines, we were unable to detect UidA expression (data not shown), which is in good agreement with the low expression level found during the semi-quantitative analyses (see discussion).

Bacterial Expression of OeRbohH and Determination of the Specificity of the Risen Antibody

In vitro expression of OeRbohH in E. coli as a recombinant protein tagged with a multiple His was monitored by SDS-PAGE. The E. coli strain expressed OeRbohH efficiently, although the extracts of the induced cultures displayed three differential bands of c.a. 100, 80, and 35 kDa in the insoluble fraction, the latter showing reactivity to an anti-His Tag antibody in further Western blotting experiments (Supplemental Data, Figure S4, A, B).

The three bands were excised from gels and subjected to mass spectrometry (MS) analysis. They were identified by LC-ESI-MS/MS (liquid chromatography–electroSpray ionization–tandem mass spectrometry) as different fragments corresponding to translated product of OeRbohH (Supplemental Data, Table S2). Fragment 3 was used to obtain the antibody (see material and methods).

The binding specificity of the anti-OeRbohH antibody developed in hen was tested by immunoblotting (Supplemental Data, Figure S4, C). The antibody recognizes a single band in the membranes resulting from the transference of native gels with electrophoresed extracts of both mature pollen and pollen during in vitro germination. These bands were coincident in electrophoretic mobility with the activity bands revealed by in-gel NADPH oxidase activity assay (Supplemental Data, Figure S4, D).

Using this anti-OeRbohH antibody, we performed the immunoanalysis to investigate the protein expression during pollen ontogeny and in vitro pollen germination (Figure 3A). One band was detected in all of the developmental stages analyzed, although cross-reactivity with other Rboh isoforms expressed in anthers could not be rejected. We then probed pollen protein extracts at different times after the onset of the in vitro germination, and a single band was detected during the process (Figure 3B).
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Figure 3 | OeRbohH protein expression along pollen ontogeny (A) and in vitro pollen germination (B). Western blot using the anti-OeRbohH antibody (lower panel) was performed after native-PAGE (upper panel).



OeRbohH Protein Localizes in Both the Developing Pollen Grains and the Sporophytic Tissues of the Anther

Immunohistochemical experiments were performed to localize OeRBOH in situ along pollen ontogeny. OeRbohH antibody signals were evident not only in the developing pollen grains but also in some cell types from the sporophytic surrounding tissues (Figure 4).
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Figure 4 | Fluorescence microscopy localization of OeRbohH in the olive anther and in vitro germinated pollen grains. Sections from olive anthers at the following stages: pollen mother cells prior to meiosis (A), tetrads (B), young microspores (C), vacuolated microspores (D), and mature pollen (E) were incubated with an anti-OeRbohH Ab, followed by an anti-chicken IgG-Alexa Fluor 488–conjugated secondary Ab. In insets, detailed view of gametophytic tissue is shown in B-E. Right insets in D and E show a detailed view of the sporophytic tissues of the anther. Negative control sections (anthers at the tetrad stage) were treated with the preimmune serum (F). In vitro germinated pollen grains were also used for fluorescence microscopy localization of OeRbohH. Recently emerged pollen tube showed intense labeling at the pollen tube tip (G, arrow). Elongated pollen tubes also showed intense labeling at the tip (H, arrow). High magnification of the pollen tube apex after immunolocalization of OeRbohH (I). The protein accumulates at the very tip, although it can be also weakly localized at the plasma membrane (arrowheads). Negative control (using the preimmune serum as the primary antibody) did not show labeling (J). Note the autofluorescence of the exine. En, endothecium; Ep, epidermis; IC, intermediate cells; Mi, microspore; MP, mature pollen grain; T, tapetum; Te, tetrad; YP, young pollen. Bar = 20µm. Boundaries of the anther layers and the pollen grain/pollen tube contour are shown for reference in several pictures (A, F, H, J).



Young anthers containing pollen mother cells were barely labeled (Figure 4A). Anti-OeRbohH labeling was detected during microsporogenesis at spots placed in the vicinity of the plasma membrane within the tetrad. In addition, signal was likewise detected in a low level in both the anther wall layers (Figure 4B). These anther tissues showed a more evident OeRbohH labeling after microspore release (Figure 4C). OeRbohH signal was located at the plasma membrane of young free microspores (Figure 4C, magnification) and vacuolated microspores which were also labeled intracellularly at unidentified spots/rings (Figure 4D). The mature pollen grain showed signal at the plasma membrane and also at cytoplasmic spots (Figure 4E). During pollen maturation, fluorescence was present in both the endothecium and the tapetum remnants (Figures 4D, E, magnifications). Negative control sections, treated with the preimmune serum instead of the anti-OeRbohH antibody, showed no relevant fluorescent signal (Figure 4F).

OeRbohH Is a Plasma Membrane Protein With Enhanced Activity at the Pollen Tip, Whose Activity Must Be Highly Regulated

OeRbohH localization during olive pollen tube growth was carried out by immunohistochemistry. In vitro germinated pollen displayed enhanced fluorescence at the pollen tube tip since tube emergence, and until the tube reaches high lengths (Figure 4G–I), in contrast with the samples subjected to the control treatment (Figure 4J), which displayed no signal.

We also used an in vivo strategy to analyze the subcellular localization of OeRbohH. The fluorescent chimeras OeRbohH-YFP or YFP-OeRbohH were transiently expressed in growing pollen tubes of a heterologous system (tobacco) by biolistic transformation driven by the control of the pollen-specific Lat52 promoter, whereas olive pollen transformants were barely found. Pollen tubes expressing YFP only showed homogenous fluorescence signal all-through the pollen tube cytoplasm (Figure 5A). Alternatively, growing pollen tubes transformed with the YFP-OeRbohH (Figure 5B) or OeRbohH-YFP (Figures 5C–F) constructs were preferentially labeled at the tip plasma membrane along with signal detected in the cytoplasm and the endomembrane system (Figures 5B, C), as it has been previously reported in Arabidopsis pollen (Boisson-Dernier et al., 2013; Lassig et al., 2014). Accumulation of fluorescence also occurred at the proximal boundary of the callose plugs (referred to the pollen grain) in the OeRbohH-YFP transformed pollen tubes (Figure 5D). Several morphological alterations, i.e., accumulations in the endomembrane system and presence of accumulation spots (Figures 5E, F), suggest a physiological unbalance due to an excess of OeRbohH in the transformants. Furthermore, pollen tube elongation was reduced in the transformant grains (Figure 5G).
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Figure 5 | Transient expression of OeRbohH in tobacco pollen tubes as YFP fusions, observed by CLSM. (A) YFP construction alone (control) showed homogeneous yellow fluorescence throughout the cytoplasm of the pollen tube. (B) YFP : OeRbohH and (C–F) OeRbohH : YFP transformants showed labeling in the plasma membrane (arrowheads) as well as in the cytoplasm without significant differences among both constructs. (D) Fluorescence was also observed at the edge of callose plugs in their proximal side (referred to the pollen grain). The majority of transformed pollen tubes showed accumulation spots (C, E, F) and abnormal phenotypes (i.e., swelling) at the tip (E–F), and their growth was significantly inhibited after 4h in vitro culture (G). Insets at pictures B, C, and D show bright field images of the pollen tubes for reference. CP, callose plug; Cy, cytoplasm. *indicates that the mean is significantly different from the control at P < 0.05. n = 100 from three independent experiments. Bars = 20 µm.



OeRbohH is an Rboh-type protein from olive, which localizes to the plasma membrane and endomembranes in the growing pollen tube tip and whose over-expression affects pollen tube integrity and physiological growth.

Oxidative Burst in the Olive Pollen Tube Tip Depends Mainly on NADPH Oxidase Activity

To provide empirical evidence supporting the involvement of NADPH oxidase activities during the germination of olive pollen, as it has been previously proposed for model plants such as Arabidopsis or tobacco (Potocky et al., 2007; Boisson-Dernier et al., 2013), a set of experiments were carried out during olive pollen in vitro germination. The short-lived superoxide radical was preferentially produced at the tip of the growing pollen tube as it was revealed by the NBT staining (Figures 6A, B, D). Occasionally, the cytoplasm in the proximity of the proximal end of the callose plugs (referred to the pollen grain) was also labeled (Figures 6C, D).

In addition, with the aim of determining the physiological role of NADPH oxidases in germination and pollen tube growth, the NOX inhibitor DPI, which has been shown to inhibit both mammalian and plant oxidases (Frahry and Schopfer, 1998; Chen et al., 2013; Altenhöfer et al., 2015), was added to the germination medium. Such addition led to a dramatic reduction in the staining due to superoxide radical. In order to discriminate between NADPH oxidase and peroxidase activities as O2•− sources (Carter et al., 2007), we assayed the sensitivity of the staining to sodium azide, which has been described to inhibit different peroxidases (Ortiz de Montellano et al., 1988; Tuisel et al., 1991; Gabison et al., 2014). In this case, no inhibition of the staining was detected (Figure 6E). Likewise, germination ratio was 4-fold reduced when the samples were treated with DPI at the very beginning of the in vitro germination process (Figure 7). NADPH oxidase activity resulted equally critical for pollen tube growth as tube length effectively decreased when the inhibitor was added during the in vitro germination process (Figure 7). In agreement with the results described above, NADPH oxidase enzymatic activity observed after native PAGE (Figures 8A, C) experienced some decrease upon pollen hydration and then was progressively enhanced throughout olive pollen in vitro germination when compared to the mature pollen grain. The DPI addition inhibited this activity, while the in-gel activity was not affected by azide (Figures 8B, D).
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Figure 6 | Detection of O2•− putatively generated by NADPH oxidase activity in pollen tubes. (A) Control sample incubated in growth medium in the absence of NBT. (B) NBT precipitate is observed in the pollen tube near the apex and in the proximity of callose plugs. (C) NBT stain remains even in the presence of sodium azide, an inhibitor of NADPH peroxidase. (D) Addition of NBT in the presence of DPI, an inhibitor of NADPH oxidases, did not lead to staining. (E) Quantification of the precipitate intensity along 50 µm of the apical region of the pollen tubes. Data represent means ± SEM. *indicates that the mean value is significantly different from the control at P < 0.001. n = 100 from three independent experiments. Bars = 10 µm. NBT, NBT-treated samples; DPI+NBT, samples treated with NBT and DPI; AZIDE+NBT, samples treated with NBT and sodium azide; A.U., arbitrary units.
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Figure 7 | DPI inhibits germination and pollen tube elongation. Control sample (A). When the NADPH oxidase inhibitor was added at the beginning of the process, the in vitro germination percentage was affected (B). When the inhibitor was added during the germination, the length of the pollen tube was affected (C) in both cases when compared to the control. Representative pictures from three independent experiments are shown. Quantification of the germination rate (D) and pollen tube lengths (E). Data represent means ± SEM. n = 100. *indicates that the mean is significantly different from the control at P < 0.05. Bars = 100 µm.
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Figure 8 | (A) In gel NADPH oxidase activity of mature (MP), hydrated (H), and germinated pollen extracts at different times (1, 4, 8, and 12 h) fractionated by native PAGE (50 µg/lane). (B) In mature pollen, the activity revealed by NBT was challenged by the addition of sodium azide or DPI during the incubation. (C, D) Densitometry quantification of NADPH oxidase activity as in (A) and (B), respectively. *indicates that the mean from three independent experiments is significantly different from the control (mature pollen) at P < 0.05.



We also carried out olive pollen transfections with specific sense/antisense ODNs corresponding to the OeRbohH ORF sequence. Although a slight difference in pollen tube length average was observed when germinated pollen grains were treated with sense ODNs, this difference was not statistically significant. Alternatively, the treatment with antisense ODNs produced a relevant and statistically significant reduction in both the pollen tube growth and the superoxide production, which visualized as a decrease in NBT staining (Figure 9).
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Figure 9 | Transfection of olive pollen tubes with OeRbohH-specific antisense oligodeoxynucleotides (ODNs). The OeRbohH sequence obtained was used to design antisense ODNs. Control samples (A, E). Transfection of olive pollen tubes with such antisense ODNs resulted in pollen tube growth inhibition (B) as well as in a reduction of the production of tip-localized O2•− (F) when compared with the control samples or the sense ODNs (C, G). Quantification of pollen tube lengths (D) and precipitate intensity (H). Data represent means ± SEM; n = 300. *indicates that the mean value is significantly different from the control at P < 0.05. Bars in upper panel = 100 µm. Bars in bottom panel = 10 µm.



Discussion

In this work, we have carried out a complex characterization of a superoxide-producing Rboh-homologous protein from olive pollen (OeRbohH), which allowed us to identify it as a key protein involved in both pollen germination and pollen tube growth.

Studies focused on ROS production in pollen from different species have revealed that the enzymatic origin of these chemicals is controversial, as well as the localization of these oxygen metabolism products. In fact, it has been suggested that the classically used NOX-inhibitor DPI may cause tube growth inhibition not just because it could be affecting NADPH oxidase activity but also inhibition of other flavoenzymes (Lassig et al., 2014). According to this view, the activity of mitochondrial NAD(P)H dehydrogenases has been suggested to be involved in ROS production in lily (L. formosanum) pollen (Cardenas et al., 2006). The presence of different sources of ROS may also suggest different localizations of the product. In lily, ROS are detected in the subapical region of the pollen tube, a cell position also coincidental with most of mitochondria present in this structure. Contrary to that, in tobacco growing pollen tubes, ROS are concentrated at the pollen tube tip (Potocky et al., 2007), and NADPH oxidase has been proposed as the source for superoxide. Moreover, in Arabidopsis pollen, and although NADPH oxidase-produced ROS were detected at the tip, the signal was higher in the shank of the pollen tube (Boisson-Dernier et al., 2013), and the authors suggested mitochondria as well as peroxisomes as the possible origins for these chemical species. This dual pollen-ROS source was also suggested in other study carried out in P. meyeri (Liu et al., 2009). Furthermore, in kiwifruit pollen tube, there is not a clear tip pattern of ROS generation (Speranza et al., 2012), whereas in cucumber, ROS are detected at the apex during germination onset but in the whole tube throughout the progress of the pollen tube growth (Sirova et al., 2011). Also, a double localization is proposed for pollen specific Rbohs: RbohH and J are both detected in the subapical region, but RbohJ was also located in the pollen shank (Lassig et al., 2014). Thus, further analyses are needed to clarify these potential species-related differences.

We decided to investigate the involvement of Rboh proteins in the sexual plant reproduction of the non-model species O. europaea L., not only due to its economic importance but also considering the proposed link between the ROS produced by pollen-intrinsic NADPH oxidase activity and the allergic inflammatory response (Bacsi et al., 2005; Dharajiya et al., 2008). Olive pollen allergy is an especially important disease in the case of olive in Mediterranean countries (Liccardi et al., 1996). This possible pollen NADPH oxidase ability to trigger allergy symptoms (Pazmandi et al., 2012) has already been suggested for other allergenic pollen grains owning NADPH oxidase activity (Boldogh et al., 2005; Wang et al., 2009), although disagreeing studies are also found (Shalaby et al., 2013). OeRbohH must be also considered the first Rboh protein involved in sexual plant reproduction characterized in a tree (Potocky et al., 2007; Kaya et al., 2014).

One of the first challenges to develop this work was the lack of available genomic databases from olive at the time of the onset of the study. This fact forced us to identify conserved domains from different plant Rbohs to design degenerated primers. These included three Rboh sequences, which were decisive for such propose. We initially isolated a first coding fragment, and then, using a variety of PCR-based methodologies, we were able to obtain both the coding and the whole genomic sequences of a Rboh-homologous protein from olive pollen. According to sequence similarity and intron positions, our translated protein can be clustered in the subgroup of plant Rboh proteins showing preferential expression in pollen grain, where AtRbohJ and AtRbohH from A. thaliana and a NtNOX from tobacco are included (Potocky et al., 2007; Boisson-Dernier et al., 2013). According to this similarity, the olive sequence was also named as OeRbohH, due to the high level of identity with pollen AtRbohH from A. thaliana. These results will be reviewed after the recent release of an olive genome draft (Cruz et al., 2016), which allowed retrieving 12 genomic sequences similar to Rboh (unpublished results), together with the implementation of an improved olive reproductive transcriptome, now underway after the generation of new Illumina sequencing reactions and RNA-Seq analysis. Such new data will allow assessing the possibility of other OeRboh genes being expressed in the anther tissues at prior stages of pollen development or even at the mature pollen grain itself, as the result of the higher reliability and the increased number of readings.

Using a PCR-walking approach, we also obtained a fragment of 1.8kb from the 5-upstream region of OeRbohH. However, this regulatory fragment was not able to yield detectable GUS activity in the generated transgenic lines of A. thaliana. Although this result was initially intriguing, we thought it was due to a low gene level expression of OeRbohH. This suggestion agrees with the low-level expression that we found during the PCR quantification experiments. According to this fact, it must be mentioned that a pollen-specific Rboh promoter analysis was included in a study focused on low expressed genes in Arabidopsis (Xiao et al., 2010). This low expression was also revealed for OsRbohH in a previous study (Wong et al., 2007). In addition, several Rboh genes from Medicago truncatula were not included in a promoter study by GUS fusion approach, because of their very low gene expression levels (Marino et al., 2011). We have attempted different approaches focused to the detection of low GUS activity in order to improve histochemical detection (Rech et al., 2003), with identical negative results.

OeRbohH was almost exclusively expressed in pollen and anthers. Similarly, Kaya et al. (2014) showed that AtRbohH as well as AtRbohJ are specifically expressed in the pollen grain and pollen tubes of Arabidopsis flowers. Curiously, we also noticed a very low level of expression in seeds and seedling roots, which were only observed when a high number of PCR cycles were used (not shown).

We have also shown here the occurrence of OeRbohH during olive pollen ontogeny. The results are in accordance with a previous study where superoxide production was detected in the rice anther in a stage-dependent way, with the localization restricted to tapetal cells and microspores (Hu et al., 2011). These authors detected a low level of superoxide anion before meiosis, followed by a noticeable increase during the formation of the tetrads (anther developmental stage 8), and especially when the free microspores were released (stage 9). The following stages showed again a low amount of superoxide, until the rise of mature pollen (stage 12), exhibiting increased superoxide content once again. This pattern is in line with our results regarding superoxide localization (Zafra et al., 2010) in the olive anthers through flower development and indirectly supports our findings concerning OeRbohH gene expression and immunohistochemistry.

OeRbohH immunolocalization during pollen ontogeny is in good agreement with the results obtained by PCR. However, we cannot exclude that the signal may also correspond to cross-reaction with other Rboh proteins present in gametophytic and/or sporophytic germlines. In fact, the importance of the Rboh homologous RbohE in the tapetal programmed cell death to proper pollen development has been recently highlighted (Xie et al., 2014).

In addition, different transcriptomic data also indicated that AtRbohH and AtRbohJ increased their expression levels throughout the microgametogenesis, mainly after the second pollen mitosis originating tricellular pollen (Honys and Twell, 2004). According to our results, the present work would be the first evidence about the presence of pollen RbohH proteins during pollen ontogeny in both the gametophytic and sporophytic tissues of the anther.

The presence of transmembrane domains as well as the protein size initially represented a challenge for the recombinant expression of OeRbohH and the subsequent purification process. A recombinant Rboh-type protein from Arabidopsis was successfully obtained by Zhang et al. (2009), and we were encouraged to carry out a similar approach. However, the obtained results were different, as RbohH was in vivo digested by the host (E. coli) during the recombinant expression, yielding three protein fragments mainly identified in the non-soluble protein fraction. This fact was used (after band identifications) to obtain a polyclonal antibody, which ultimately helped us to obtain several important results and conclusions.

Using the polyclonal antibody anti-OeRbohH as well as the YFP fusions, we have shown the occurrence of RbohH in plasma membrane, as it has previously been described for other Rboh isoforms (Keller et al., 1998; Sagi and Fluhr, 2001; Wong et al., 2007; Takeda et al., 2008) and for AtRbohH and J (Boisson-Dernier et al., 2013; Kaya et al., 2014). YFP fluorescence was detected at the plasma membrane and also intracellularly in the endomembrane system with analogous pattern for both constructs, suggesting that the position of the tag does not affect fusion protein localization. Together with the plasma membrane localization, the isoform RbohF is associated with internal membranes (Drerup et al., 2013). Intracellular presence of NtRbohD was also reported in the form of what the authors (Noirot et al., 2014) called rings (identified as Golgi) and dots (suggested to be exocytic compartment). In addition, Lassig et al. (2014) localized Arabidopsis pollen Rbohs also at the cytoplasm. Previous Western blotting assays of Rbohs after membrane fractionation drove to a weak signal in internal membrane fractions, which was considered a contamination by the authors (Heyno et al., 2008). In mammals, NOX2 was found at the plasma membrane as well as in endosomes, and NOX4 was described to accumulate in intracellular membranes, the endoplasmic reticulum, and the nuclear compartment (Ushio-Fukai, 2006). However, the presence of NADPH oxidases associated with endomembrane system is not as well documented in plant as in animals.

Our data indicate a critical role of OeRbohH in the control of pollen germination and pollen tube elongation. Initially, we detected a decrease of NADPH oxidase activity when olive mature pollen became hydrated and this activity then raised during the whole process of germination. This activity has been suggested to be involved in changes in the mechanical features of the pollen cell wall during pollen elongation (Smirnova et al., 2014). Contrary to the NADPH oxidase activity, no significant differences were found in OeRbohH gene expression with a relative rise after 1 h of in vitro germination. These steady gene expression levels are in good agreement with the data extracted from transcriptome analysis previously achieved in Arabidopsis pollen in vivo and through semi-in vivo germination, and pollen tube growth (Wang et al., 2008; Qin et al., 2009).

The presence and activity of regulatory molecules and networks able to modulate OeRbohH activity are likely to be behind the differences between enzyme RNA expression and enzyme activity. As mentioned before, the production of superoxide by OeRbohH and other RbohHs has been demonstrated to be modulated by multiple factors including Ca2+ signaling, acidic signaling phospholipids, and small GTP-binding proteins from the Rac/Rop family (Potocky et al., 2012). Moreover, we have evidence of OeRbohH regulation by S-nitrosylation events, which may exert changes in its function (Jimenez-Quesada et al., 2017a; Jimenez-Quesada et al., 2017b). Such PTM is highly dependent on the levels of NO (GSNO) (Corpas et al., 2013), which are critically acting on olive pollen germination physiology (Jimenez-Quesada et al., 2017a; Jimenez-Quesada et al., 2017b).

We established a link between RbohH-produced superoxide and pollen tube growth using specific antisense ODNs and DPI, indicating a key role of RbohH in pollen physiology. NADPH oxidase inhibitor DPI was able to prevent olive pollen germination and superoxide production. This is in agreement with previous results described in tobacco (Potocky et al., 2007), although it does not take place in cucumber, where the NADPH oxidase inhibitor was, on the contrary, able to promote the germination (Sirova et al., 2011). During olive pollen tube growth, we detected superoxide at the tip, with a minor fraction of tubes lacking the NBT stain (about 20% of them), as it has been previously noted also in tobacco pollen tubes (Potocky et al., 2007). The occurrence of NBT staining close to the callose plugs, and in their proximal side only (as referred to the pollen grain), which is described here for the first time, occurred in a significant proportion of such structures. Different explanations for this localization can be proposed. First of all, NBT staining might be the result of superoxide accumulation rather than indicative of superoxide production, as the result of the physical impediment of superoxide transit caused by the callose plugs. Callose synthases have been localized in close proximity to these structures, taking part in their synthesis (Cai et al., 2011). Also, it has been suggested that the activity of callose synthases is enhanced by GTPases like RabA4c, at least during pathogen-induced callose biosynthesis (Ellinger et al., 2014). Because GTPases (at least small GTPases) have been also proposed to induce positively the activity of Rbohs (Potocky et al., 2012), an accumulation of superoxide concomitant to callose synthesis might be foreseen. However, these hypotheses have to be further analyzed experimentally. Our results may also indicate that both the presence of the NADPH oxidase enzyme and likely its activity and consequent superoxide accumulation are polarized, as they occur in the proximal side of the callose plugs in reference to the pollen grain (and in parallel, at the pollen tube tip), likely addressing pollen tube metabolism and direction of growth.

Antisense ODN knockdown strategy inhibited both superoxide production and olive pollen tube growth, as it occurred with the NADPH oxidase inhibitor, indicating a key role of RbohH in such processes. These observations support the hypothesis of OeRbohH as the main responsible of the NADPH oxidase activities and signals found in all previous experiments, and the most important source of O2•− during olive pollen germination and tube growth. However, we cannot reject the hypothesis of other flavoenzymes also prone to inhibition by DPI, which might be involved in pollen tube growth. This idea is consistent with the proposal of mitochondria or peroxisomes as ROS sources in other pollen species (Cardenas et al., 2006; Boisson-Dernier et al., 2013).

The idea of RbohH as a mere pollen tube growth promoter is incomplete according to our opinion, considering that the over-expression analysis was able to produce plasma membrane invaginations and abnormal pollen tubes and, finally, tube growth prevention. Furthermore, onion cells expressing the GFP-RbohH fusion were severely disturbed, probably due to the toxic effect of the protein (data not shown). Alterations of pollen tube tip integrity by pollen-Rboh over-expression have been recently reported and connected to over accumulation of cell-wall material (Boisson-Dernier et al., 2013). Altogether, our data are consistent with the idea of RbohH as source of ROS in olive growing pollen tube, and as a key element in controlling tube expansion, interacting with a plethora or other numerous factors, including cGMP, Ca2+, ions, and the multitasked signaling gas nitric oxide (Domingos et al., 2015).
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The role of nutrients in plant growth is generally explained in terms of their functions in plant metabolism. Nevertheless, there is evidence that plant tolerance or resistance to biotic or abiotic stresses could be affected by the nutritional status. Although not well studied, an adequate nutritional status for optimal plant growth is thought to also be optimal for plant tolerance to stress. Considering the current global trend toward sustainability, studies that clarify the relationships between nutrition and stress are of great interest. For example, potassium plays an important role in the regulation of water status in the olive, improving drought tolerance, while calcium is involved in sodium exclusion mechanism, which can increase tolerance to salinity. Nitrogen excess, in contrast, increases susceptibility to spring frost and olive leaf spot. Silicon is not an essential element for plant growth, but it is considered a beneficial element; among its roles in the control of pests and diseases is the formation of a physical barrier that occurs through silicon deposition in the epidermal cells of the leaves. The presence of soluble silicon also facilitates the deposition of phenolic and other compounds at sites of infection, which is a general defense mechanism to pathogen attack. In olive, silicon application, either by foliar sprays or through irrigation water, reduces the incidence of olive leaf spot. This review summarizes the current status of olive nutrition, the relationships with biotic and abiotic stresses, and the effects of silicon.
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Current Status of Olive Nutrition

The olive, as with other perennial, woody plants, usually requires lower nutrient application than annual plants because it has nutrient storage organs and the ability to reuse these nutrients to support new growth. In mature olive trees growing under rainfed conditions, the amounts of nitrogen, potassium, and calcium removed annually by fruit yield, and pruning were 54.4, 45.5, and 57.9 kg.ha−1, respectively (Fernández-Escobar et al., 2015). The amounts of other macronutrients removed, such as phosphorus and magnesium, were less than 7 kg.ha−1, while those of micronutrients were less than 0.12 kg.ha−1. Under irrigated cultivation, estimations of fruit removal of N, P, and K showed similar or slightly elevated values (Erel et al., 2018). Considering that the current practice in many orchards is to leave a mulch of pruning material, nutrient removal from olive orchards will be lower than the above values.

The small amounts of nutrients removed suggest that, in orchards established on fertile soils, the need for fertilization of olive trees is relatively low. Even with nitrogen, the mineral element required in the greatest amounts by plants, the balance in unfertilized orchards, i.e., the difference between nitrogen input and output that represents the gain or loss of nitrogen in an orchard, was positive (Fernández-Escobar et al., 2012). 
In contrast, nutrient deficiencies can occur when olive orchards are established on unfertile soils with low availability of a specific nutrient, or when a specific nutrient is blocked due to the physical or chemical characteristics of the soil. Potassium deficiency represents the major nutritional disorder in olives growing both in drylands and on calcareous soils, due to its interaction with water shortage and calcium, respectively (Parra et al., 2003; Restrepo-Díaz et al., 2008). Calcium deficiency is also expected in acidic soils, and deficiencies of other nutrients are occasional and localized. Iron deficiency chlorosis has been reported in calcareous soils in Spain (Fernández-Escobar et al., 1993; Sánchez-Alcalá et al., 2012) and Israel (Zipori et al., 2011). Boron deficiency, meanwhile, has been described in California (Hartmann et al., 1966) and Italy (Sanzani et al., 2012), whereas an excess of boron was observed in some areas of Greece (Chatzissavvidis and Therios, 2010). Zinc deficiency is very rare, although it has been observed in some areas of Turkey (Başar and Gürel, 2016), Sicily (Sanzani et al., 2012), and Israel (Zipori et al., 2018). No references to other nutritional disorders have been reported for olives cultivated under field conditions.

Despite this, large amounts of nutrients are applied annually in many olive orchards. The perception that the annual application of large amounts of fertilizer ensures a good crop, even in orchards established on fertile soils, as well as the low cost of fertilizers in relation to the crop value, has led to unnecessarily high levels of fertilizer application. This practice results in environmental hazards, negative effects on the tree and the crop, and increased costs. Table 1 shows the negative effects of excess nitrogen application. Nitrogen is the most commonly applied element in olive orchards and is usually applied in excess (Fernández-Escobar, 2011), as also occurs for other fruit tree species (Weinbaum et al., 1992; Faqi et al., 2008). The case of phosphorus is unique. Phosphorus deficiency is very rare in mature fruit trees (Shear and Faust, 1980; Erel et al., 2016), and although there is normally a lack of response to phosphorus application in olive orchards (Hartmann et al., 1966; Jiménez-Moreno and Fernández-Escobar, 2016; Ferreira et al., 2018), phosphorus is still applied in many fertilization programs. However, the reserves of phosphate rock, the main source of phosphorus fertilizer, are finite and could disappear this century (Dawson and Hilton, 2011; Gilbert, 2009), indicating the need for a more responsible and efficient use of phosphorus fertilizers, particularly for woody crops. In contrast, potassium fertilization has been frequently ignored, even though it represents the major nutritional disorder in rainfed olives. This indicates that olive nutrition is based mainly in tradition, repeating the same fertilization program, and also in the testimony of the neighbors. In a study comparing the environmental impacts of several olive-growing systems in Spain, Romero-Gámez et al. (2017) found that the manufacture and application of fertilizers were the primary contributors in all impact categories and cropping systems. These authors concluded that the reduction and optimization of fertilizers would be the most efficient way to improve the sustainability of fertilization practices.







	
Table 1 | Negative effects of excess nitrogen on olive trees.





	
Effect


	
Reference





	
Increase soil pollution


	
Fernández-Escobar et al., 2009a





	
Decrease oil quality


	
Fernández-Escobar et al., 2006





	
	
Dag et al., 2018





	
Reduce flower fertility


	
Fernández-Escobar et al., 2008





	
Affects frost tolerance


	
Fernández-Escobar et al., 2011





	
Reduce rooting and cutting survival


	
Dag et al., 2012





	
Delays fruit maturation


	
Fernández-Escobar et al., 2014a





	
Reduce root and shoot growth


	
Othman and Leskovar, 2019





	
Reduce nitrogen uptake efficiency


	
Fernández-Escobar et al., 2014b





	
Reduce potassium uptake


	
Antonaya-Baena and Fernández-Escobar, 2012





	
Increase susceptibility to Fusicladium oleagineum


	
Roca et al., 2018














Performing a rational and sustainable fertilization program is simple. A nutrient should be supplied only when there is evidence that it is needed to assure normal growth and productivity, and when an economic gain is expected from the application of the fertilizer. For this, leaf nutrient analysis is currently the best method available for diagnosing tree nutritional status and the need for fertilization (Shear and Faust, 1980; Benton Jones, 1985; Fernández-Escobar et al., 2009b). Fully expanded leaves from the middle to the basal portion of the current season’s growth must be collected for leaf analysis in July in the northern hemisphere. The analytical results must then be compared with standard values established for these samples, which are shown in Table 2. The strategy is to maintain all the nutrients at the adequate levels indicated in the table. When this is achieved, nutrients should not be applied the following season. A nutrient must be applied only if leaf analysis shows values below the sufficiency (adequate) threshold. But if a nutrient is below that threshold because another element interacts with it, usually because it is in excess or deficient, the action should be concentrated on this element. If several nutrients are low (between deficient and adequate) or deficient, application of the lowest or most deficient element is usually enough to correct the problem. If leaf analysis in the following season shows that one of these nutrients is still below sufficiency, it may then be necessary to apply that nutrient. A detailed description of the procedure can be found in Fernández-Escobar (2017) and Fernández-Escobar (2007).









	
Table 2 | Interpretation of nutrient levels in olive leaves sampled in July in the northern hemisphere, expressed as dry matter. Adapted from Fernández-Escobar (2018). 





	
Element


	
Deficient


	
Adequate


	
Toxic





	
Nitrogen, N (%)1


	
1.4 (1.2)


	
1.5-2.0 (1.3-1.7)


	
(>1.7)





	
Phosphorus, P (%)2


	
0.05


	
0.1-0.3


	
–





	
Potassium, K (%)


	
0.4


	
>0.8


	
–





	
Calcium, Ca (%)


	
0.3


	
>1


	
–





	
Magnesium, Mg (%)


	
0.08


	
>0.1


	
–





	
Manganese, Mn (ppm)


	
–


	
>20


	
–





	
Zinc, Zn (ppm)


	
–


	
>10


	
–





	
Copper, Cu (ppm)


	
–


	
>4


	
–





	
Boron, B (ppm)


	
14


	
19-150


	
185





	
Sodium, Na (%)


	
–


	
–


	
>0.2





	
Chloride, Cl (%)


	
–


	
–


	
>0.5






	
1In brackets, nitrogen levels proposed by Molina-Soria and Fernández-Escobar (2012).

2Toxicity symptoms were observed at 0.21% in young plants (Jiménez-Moreno and Fernández-Escobar, 2016).














Estimating the amount of fertilizer required when leaf analysis indicates the need for fertilization is not simple. It should be based on judgments of tree nutritional status, crop demand, nutrient availability, and other site-specific variables. Nutrient removal of a deficient element is a simple first approach to determine the amount of that nutrient to be applied. Additionally, Fernández-Escobar (2017) suggests application rates that can be used to correct deficiencies.

The timing of nutrient application must consider that the uptake and use of a nutrient are usually not simultaneous processes. Thus, the aim of fertilization is to maximize nutrient uptake efficiency to increase its content in the tree, which normally occurs when the tree is active. Once taken up, the nutrient may be stored in the tree or used for growth.




Relationships With Biotic and Abiotic Stresses

The roles of nutrients in plant growth can usually be explained in terms of their functions in plant metabolism. However, there is evidence that plant tolerance or resistance to biotic or abiotic stresses can be affected by the nutritional status (Huber et al., 2012; Sanzani et al., 2012). These relationships have not been well studied, particularly in woody plants, but it is generally assumed that an adequate nutritional status for optimal plant growth is also optimal for plant tolerance to these stresses. Consequently, good management of olive nutrition, as described above, may mitigate the negative effects of some biotic or abiotic stresses.

Some abiotic factors are well known to influence tolerance to pests and disease (Sanzani et al., 2012). In contrast, it is still unclear how global warming affects the incidence of current olive pests or pathogens, or the emergence of new ones. Nevertheless, all practices in olive culture should encourage sustainability, and studies that clarify the relationships between olive nutrition and biotic and abiotic stresses will be of great interest, particularly considering that European regulations have led to a drastic reduction in the number of authorized active materials for olive pest and disease control.



The Role of Mineral Nutrients in the Tolerance to Abiotic Stresses

The olive is a crop that is commonly subjected to various stress situations (Sanzani et al., 2012). It is traditionally cultivated in marginal areas, often on calcareous soils, and usually under rainfed conditions, but is sometimes also irrigated with low-quality water. Although cultivated almost exclusively under Mediterranean conditions, olive orchards can be found in many different regions with diverse climates. Many older olive orchards are still based on traditional growing systems, but new plantations are based on more intensive growing methods. The use of new varieties, different cultural practices, and new environments may influence the effects of abiotic stresses.

Since most olive orchards are cultivated in drylands, K deficiencies can be expected (Restrepo-Díaz et al., 2008). There is insufficient information available to fully understand the role of nutritional status on drought tolerance. However, it is well known that K-deficient plants lose water more easily than well-nourished ones (Hsiao and Läuchli, 1986; Fournier et al., 2005). One plausible explanation may be that K plays an important role in stomatal opening and closure (Poffenroth et al., 1992) and, consequently, in the regulation of plant water status. In the olive, stomatal conductance under drought conditions is reportedly higher in K-deficient plants than in well-nourished ones displaying lower water-use efficiency (Arquero et al., 2006; Benlloch-González et al., 2008). Erel et al. (2014) reported that, under these conditions, the addition of Na+ increases stomatal conductance. Since K plays an important role in the regulation of water status in olive trees, maintaining leaf K concentrations above the sufficiency threshold is highly recommended. However, it has also been reported that K uptake by olive trees is restricted by both K deficiency of the tree and water stress (Restrepo-Díaz et al., 2008), indicating that K fertilizer must be applied before the deficiency threshold is reached, and when trees present a good water status, usually in spring if growing in drylands.

Water demand for irrigation is increasing in olive orchards because of increased yields. Since olive trees are considered moderately tolerant to salinity (Maas and Hoffman, 1977; Rugini and Fedeli, 1990; Marin et al., 1995) and water resources in the Mediterranean basin are scarce, irrigation with saline water is often used. As in other glycophytic species (Greenway and Munns, 1980), salt tolerance in the olive is associated with ion exclusion mechanisms located in the roots (Benlloch et al., 1991; Tattini et al., 1995; Melgar et al., 2006), which reduce translocation and accumulation of Na+ and Cl− to the aerial part. Olive trees are less sensitive to leaf Cl− than Na+ (Bongi and Loreto, 1989; Tattini et al., 1992), and the Cl− ion does not cause toxicity in olive trees (Melgar et al., 2009). In contrast, Na+ toxicity is usually a concern when Ca2+ concentrations are relatively low (Bañuls et al., 1991; Maas, 1993). Indeed, when Ca2+ was applied to saline irrigation water, leaf Ca2+ concentrations increased with the amount of Ca2+ applied, but with a concomitant decrease in leaf Na+ concentrations (Melgar et al., 2006). This indicates that Ca2+ plays an important role in the Na+ exclusion mechanism, and that maintaining adequate Ca2+ nutrition can protect olive trees against Na+ toxicity (Melgar et al., 2007; Tattini and Traversi, 2009; Methenni et al., 2018). The results obtained from a long-term experiment under field conditions (Melgar et al., 2009) suggest that supplying Ca2+ in irrigation water to prevent Na+ toxicity using drip irrigation until winter rest, as well as growing a tolerant cultivar, can allow the use of high-saline irrigation water for extended periods without affecting olive tree growth or yield.

The olive is more tolerant to high than low temperatures (Sebastiani, 2018). Damage due to high temperatures is very rare in the olive and is often associated with drought or dry, hot winds (Sanzani et al., 2012). Under these conditions, Benlloch-González et al. (2016) found that the olive tree has a great capacity to accumulate K in the root, which is used by the tree to maintain the growth of the aerial part since, as mentioned previously, K plays an important role in the regulation of water status in the olive. However, when high temperatures affect both the aerial part and root system, both K transport from the roots and tree growth are inhibited.

Low temperatures in winter and spring are limiting for olive growth. According to Sanzani et al. (2012), the extent of frost damage depends on the time of the year when the frost occurs. Little damage is expected during the fall, but in winter, the aerial part of the plant can be damaged at temperatures below −7°C (Palliotti and Bongi, 1996), and tree death can occur at −12°C (Larcher, 1970). In spring, olive trees are susceptible to frost injury. The threshold temperature below which symptoms of cold damage appear depends on numerous factors, including the nutritional status of the tree. Nitrogen has been associated with frost tolerance in many crops, although the study results are controversial. Depending on the species and/or the reference, increasing plant N may increase, decrease, or have no influence on cold tolerance (Pellett and Carter, 1981). In a study developed to determine the influence of N status on the frost tolerance of olive trees under field conditions, Fernández-Escobar et al. (2011) found that, in October, before the onset of dormancy, excess N resulted in increased frost tolerance. During dormancy, all the trees exhibited greater tolerance to low temperatures, and no differences were observed among them. In April, after budbreak, trees become more sensitive, and those with an excess of N were more sensitive to low temperatures. These results may explain some of the controversial results reported in the literature for other species. In Italy, K fertilization is recommended to reduce frost damage in the spring (Proietti and Famiani, 2005), likely due to the role of K in the regulation of water status.

Interactions among mineral nutrients are frequent, particularly in the soil. For instance, it is well known that K, Ca, and Mg interact in the soil exchange complex, sometimes inducing deficiencies in one element through an excess of another. Interactions also occur at the plant level, such that a deficiency or excess of one element may affect the uptake or utilization of another. However, the exact nature of some of these interactions remains unclear. As mentioned above, the main nutritional concerns in many olive orchards growing in the Mediterranean area, particularly in Spain, are low or deficient levels of plant K as well as N overfertilization. Reports regarding N and K interactions are scarce and mostly refer to annual plants. In the olive, preliminary results obtained with potted plants showed a significant interaction between N and K. Plants well-nourished with K increased both K content and vegetative growth, depending on the amount of N applied. In contrast, plants poorly nourished with K exhibited decreased K content and vegetative growth at the highest amounts of N applied (Antonaya-Baena and Fernández-Escobar, 2012). These results indicate that K uptake could be reduced in K-deficient plants with an excess of N. Moreover, leaf K concentrations are low in many Spanish olive orchards growing in soils with high levels of available K but subjected to N overfertilization.




The Role of Mineral Nutrients in the Tolerance to Biotic Stresses

Although plant tolerance to pests and disease is a genetic characteristic, it can also be affected by environmental factors like plant nutrition. The effect depends on the nutrient, plant species, and parasite, although it may be small in very tolerant or very susceptible cultivars.

Many studies have been carried out on the effects of N and K, and their interaction, on plant tolerance to pests and disease (Huber et al., 2012), although the results have sometimes been controversial. However, overall, excess N tends to favor disease development (Huber and Thompson, 2007), while K deficiency increases susceptibility to parasites (Huber and Arny, 1985). The efficiency of disease control also depends on the N:K ratio, since the effect of K may vary depending on the plant N nutritional status (Prabhu et al., 2007). The role of Ca is also well documented, particularly its effects on disease control during fruit storage (Shear, 1975; Scott and Wills, 1979; Rahman and Punja, 2007). Other mineral nutrients can also affect disease incidence, but to a lesser extent (Datnoff et al., 2007; Marchner, 2012), although Cu is used extensively as a fungicide for many species, including the olive. In addition, the role of phosphite [image: ] in the control of Phytophthora cinnamomi in many tree species is well documented (Fenn and Coffey, 1984; Fernández-Escobar et al., 1999).

Reports relating to olive nutrition and tolerance to biotic stresses are limited. Recent studies showed the effect of N on the incidence of olive leaf spot, the most common foliar disease in the olive, which is caused by the fungus Fusicladium oleagineum (currently Venturia oleaginea). Experiments developed under different growing conditions, including hydroponic culture, potted plants, and mature trees growing under field conditions, showed that disease incidence was significantly higher in plants subjected to a high-N treatment than in those subjected to a low-N treatment under all conditions (Roca et al., 2018). These results suggest that N excess increases susceptibility to olive leaf spot.

Mycorrhization of nursery olive plants has become common practice as it results in increased plant tolerance to biotic and abiotic stresses (Castillo et al., 2006; Porras-Soriano et al., 2009). However, mycorrhization of young olive plants with Glomus intraradices (currently Rhizophagus irregularis) has recently been observed to interact with the presence of high levels of P in the substrate (Jiménez-Moreno et al., 2018), resulting in reduced plant growth. In contrast, when the substrate contained low P concentrations, root growth increased compared to a control without mycorrhization. These results suggest that P should not be supplied to the substrate if plants are to be mycorrhized.

Tree tolerance to pest attack often depends more on the presence of repellents or toxic compounds than the effect of a nutrient (Huber et al., 2012). However, young plants or those with rapid vegetative growth are generally more susceptible to pest attack. In the olive, excessive N fertilizer application may increase the incidence of Saissetia oleae, likely due to the emergence of numerous new shoots that facilitates a suitable place for nymphs to settle (Ben-Dov and Hodgson, 1997).




The Role of Non-Essential 
Elements: Silicon

Some elements are not essential for plant growth, but are considered to have beneficial effects on plants, particularly due to their roles in plant tolerance to biotic and abiotic stresses. One such element is silicon (Si), the second most abundant element in the earth’s crust after oxygen. Silicon in soils can be found in a solid phase composed mainly of silica (SiO2) and silicates adsorbed to soil particles and Fe and Al oxides and hydroxides, or in a liquid phase mainly in the form of monosilicic acid (H4SiO4) (Tubana et al., 2016). Monosilicic acid does not dissociate at pHs below 9 and plants uptake Si from the soil solution in this form (Epstein, 1994; Ma and Takahashi, 2002). All plants growing in soil contain Si in their tissues, and the concentration of Si in plant tissues depends on the soil and plant species (Tubana et al., 2016; Debona et al., 2017).

The Si taken up by plants is transported from the roots to shoots, either actively or passively, via the transpiration stream. In the shoot, silicic acid is concentrated through loss of water due to transpiration and is polymerized into insoluble silica, forming a silica gel layer between the cuticle and epidermal cells (Debona et al., 2017; Wang et al., 2017) and preventing Si translocation to new, growing leaves. This silica layer constitutes a physical barrier that is believed to reduce the incidence of pests and disease, as well as to improve photosynthetic rates and tolerance to water stress, drought conditions, and other abiotic stresses (Marchner, 2012). Silicon also forms a chemical barrier, inducing the production of phenolic compounds, phytoalexins, and other products that activate plant defense mechanisms (Debona et al., 2017; Wang et al., 2017).

Consequently, plants supplied with Si may have enhanced resistance to multiple biotic and abiotic stresses (Luyckx et al., 2017). Ma (2004) suggests that the more Si accumulates in the shoots, the larger the effect. Therefore, although Si is abundant in the soil, many plants cannot take up enough Si to increase their tolerance to biotic and abiotic stresses. Since Si deposited in the leaves is immobile, a continuous supply of Si is required in newly formed leaves for optimal tolerance to these stresses (Huber et al., 2012). Silicon can be applied by foliar sprays, directly to the soil, or through irrigation water, although Savva and Ntatsi (2015) indicated that application through the soil is more effective than foliar application in increasing Si levels in plant tissues.

Although many studies investigating the effect of Si application in plants have recently been undertaken, limited information is available on Si application in fruit tree crops. In the olive, recent studies reported that continuous Si application in young olive plants significantly reduces symptoms in leaves inoculated with V. oleaginea, even at low doses (Nascimento-Silva et al., 2018). Cultivar differences were evident in the responses to Si application, and the effect was more pronounced in 'Arbequina', a moderately susceptible cultivar, than in the more susceptible cultivar 'Picual'. Additionally, this study clearly showed that both foliar spray and application through irrigation water were effective in increasing leaf Si concentrations. However, at the highest doses applied, foliar sprays were more effective at increasing leaf Si concentrations in 'Arbequina', but not 'Picual'. These results are interesting because most olive trees are grown in drylands, and foliar spraying is the method commonly used for agrochemical applications.
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Global warming will likely lead to temperature increases in many regions of South America where temperatures are already considered to be high for olive production. Thus, experimental studies are needed to assess how water use in olive trees may be affected by global warming. The objectives of this study were to (i) evaluate the response of olive tree sap flow, stomatal conductance, and xylem anatomy to elevated temperature and (ii) determine whether fruit load may affect the temperature responses. A warming experiment using well-irrigated olive trees (cv. Arbequina) in open-top chambers (OTCs) with two temperature levels was performed from fruit set to the end of fruit growth in two seasons. Temperature levels were a near ambient control (T0) and a treatment 4°C above the control (T+). Trees were in the chambers for either one (2015–2016) or two seasons (2014–2015, 2015–2016) and were evaluated only in the second season when all trees were 3 years old. Whole-tree sap flow on leaf area basis, stomatal conductance, and aspects of xylem anatomy were measured. Sap flow was slightly higher in T+ than T0 trees heated for one season early in fruit development (summer) likely due to the elevated temperature and increase in vapor pressure deficit. Later in fruit development (fall), sap flow was substantially higher in the T+ trees heated for one season. Total vessel number per shoot was greater in the T+ than the T0 trees at this time due to more small-diameter vessels in the T+ trees, but this did not appear to explain the greater sap flow. The T+ trees that were heated for two seasons had less fruit load than the T0 trees due to little flowering. In contrast to trees heated for one season, sap flow was less in T+ than controls late in fruit development the second season, which was likely related to lower fruit load. An independent experiment using untreated trees confirmed that sap flow decreases when fruit load is below a threshold value. The results emphasize that multiple, interacting factors should be considered when predicting warming effects on water use in olive orchards.

Keywords: fruit load, global warming, heating, open-top chamber, sap flow, xylem anatomy



Introduction

Global warming has already led to temperature increases around 1°C, and further increases are expected at an increasing rate for the coming decades (IPCC, 2014). This temperature increase together with changes in rainfall patterns will likely have a negative impact on crop production in semiarid and arid environments (Fereres et al., 2011; De Ollas et al., 2019). Olive (Olea europaea) is a widely cultivated fruit tree species in the semiarid Mediterranean Basin and has expanded considerably over the last few decades to new warm, dry regions in the southern hemisphere including parts of Argentina and Australia (Torres et al., 2017). In such regions, current high temperatures are associated with little flowering in some cultivars (Ayerza and Sibbett, 2001; Aybar et al., 2015), as well as reductions in oil yield and quality (Mailer et al., 2010; Rondanini et al., 2014; García-Inza et al., 2014, García-Inza et al., 2016). Manipulative, warming experiments have also shown that increasing temperatures by 3°C to 4°C above current levels is likely to be detrimental for yields in southern Spain and northwest Argentina (Benlloch-González et al., 2018; Miserere et al., 2018; Benlloch-González et al., 2019).

In semiarid and arid regions, competition for water between agriculture and other sectors of the society is of critical importance and will likely only increase in the future as water scarcity intensifies (Fernández and Torrecillas, 2012). Regional climate modeling has indicated that the combination of increasing temperature and decreased rainfall in much of the Mediterranean Basin will lead to a greater need for irrigation (Tanasijevic et al., 2014). Further modeling suggests that increasing CO2 concentrations may lessen expected increases in crop water use under high temperature conditions by reducing stomatal conductance (Lorite et al., 2018). Due to the number of uncertainties involved, manipulative field experiments of water use under increased temperatures would provide much needed information.

Tree transpiration depends on the available soil water, leaf area, and the atmospheric demand. In a 2-year field experiment using open-top chambers (OTCs), sap flow of heated grapevines was higher than that of control plants the first season due to greater chamber vapor pressure deficit (VPD) and leaf area (Bonada et al., 2018). However, sap flow was less in the heated grapevines the second season due to depletion of soil water. In 30-year-old Scots pine trees, sap flow was higher under long-term warming conditions because of increases in stomatal conductance and needle area (Kellomäki and Wang, 2000). In olive, the sap flow response to prolonged warming has not yet been addressed to the best of our knowledge.

Whole-tree transpiration in olive has been observed to be sensitive to current air temperature conditions in the field. Transpiration under well-irrigated conditions was found to represent approximately 70% to 80% of crop evapotranspiration in 7-year-old cv. Manzanilla fina trees in northwest Argentina with sap flow increasing linearly over a wide range of daily mean temperatures (13°C–32°C) (Rousseaux et al., 2009). Below mean daily values of 13°C, sap flow was minimal. Similarly, transpiration values in a mature cv. Picual orchard showed a linear relationship with mean daily air temperature when normalized for intercepted solar radiation (Orgaz et al., 2007). Under rainfed conditions or deficit irrigation, low soil water content would likely alter such relationships due to reductions in stomatal conductance and water potentials (Fernández et al., 1997; Cuevas et al., 2013; Chebbi et al., 2018).

Water lost from trees including olive is regulated in large part by stomatal aperture (Jones, 1998; Hernández-Santana et al., 2016). In the short term, stomatal conductance (gs) increased with temperature in poplar and loblolly pine when measured at a similar VPD under controlled conditions in well-watered plants (Urban et al., 2017). However, increases in temperature under field conditions are often accompanied by greater VPD. When atmospheric demand increases, gs has been consistently shown to decrease in olive trees (Moriana et al., 2002; Rousseaux et al., 2008). During a 2-week-long heat wave event in Italy, gs dropped considerably in young trees when midday temperatures reached 40°C and recovered quickly following the heat wave (Haworth et al., 2018). Nevertheless, information is lacking as to how gs in olive trees responds to more prolonged warming.

In the long term, changes in xylem anatomy in response to growth conditions can modify hydraulic conductivity and ultimately transpiration rates (Maseda and Fernández, 2006; Hacke et al., 2017). Elevated temperature increased the stem conduit area and hydraulic conductivity of saplings from several temperate and boreal species in a prolonged field experiment, particularly in species that were near the colder limit of their natural distribution (McCulloh et al., 2016). Furthermore, an increase in vein density and a decrease in vein diameter were observed in leaves of Arabidopsis ecotypes from different latitudes with increasing growth temperature (Adams et al., 2016). In this same study, leaf transpiration increased linearly with vein density when plants were evaluated under similar growing conditions. Olive is a species with small-diameter vessels compared to some other fruit trees species such as orange (Citrus sinensis) (Fernández et al., 2006) and has a low vulnerability to xylem embolisms and loss of hydraulic conductivity under moderate water stress (Tognetti et al., 2009; Torres-Ruiz et al., 2013). Yet, the effects of warming on the xylem anatomy of olive are not currently known.

Fruit load is important to consider in fruit tree studies because fruit are a significant carbon sink and affect plant water relations (Grossman and DeJong, 1994; Naor et al., 2008). In olive, whole-tree transpiration measured using lysimeters increased linearly with fruit load (Bustan et al., 2016). Stomatal conductance has also been shown to increase with fruit load in olive field studies in some cases (Martín-Vertedor et al., 2011; Naor et al., 2013), but not in others (Proietti et al., 2006; Bustan et al., 2016). In a warming experiment, gs was higher in heated grapevines compared to controls on days with high gs (Sadras et al., 2012b). However, low fruit load may have reduced the positive impact of elevated temperature on gs. Given that warming can affect flowering in olive, fruit load should be carefully considered in whole-tree warming experiments.

The objectives of the present study were to (i) evaluate the responses of olive tree sap flow, stomatal conductance, and xylem anatomy to prolonged elevated temperature and (ii) determine whether fruit load may have affected the temperature responses. A warming experiment was conducted in which olive trees were grown either in control OTCs with near ambient air temperature or in heated OTCs that were several degrees above the control temperature for 5 months. An independent experiment using plants with a wide range of fruit load allowed for a more rigorous interpretation of the warming experiment.




Materials and Methods



Plant Material

Cv. Arbequina olive trees were grown in an open, field nursery at the experimental field station of CRILAR-CONICET in Anillaco, La Rioja, in northwestern Argentina (28° 48′ S, 66° 56′ W, 1325 masl). The region is adjacent to the Andes mountains and is hot and dry with an annual evapotranspiration of about 1,600 mm and annual precipitation of 100 to 400 mm (Gómez-del-Campo et al., 2010; Searles et al., 2011). Own-rooted trees obtained from cuttings of a mother tree (San Gabriel Nursery S.A.; La Rioja) were transplanted when they were 14 months old in October 2013 to 30-L plastic pots filled with a 5:2 sandy soil:perlite mix and irrigated using 2 L h−1 drip emitters. The estimated water requirements were based on a previously derived function between mean daily temperature and sap flow (Rousseaux et al., 2009). Additional irrigation (30%) was provided in order to account for water losses from soil evaporation. Fertilization with macronutrients (15 N: 15 P: 15 K) was performed manually at a monthly interval, and micronutrients (B, 0.02% by weight; Cu, 0.01%; Fe, 3%; Mn, 1%; Zn, 1%, Mo 0.007%) + nitrogen (2.8%) + magnesium (0.5%) were applied weekly (Aminoquelant minors, Brometan, Spain).




Warming Experiment—Treatments

The warming experiment was conducted from final fruit set (December 1) to the end of fruit and vegetative growth (early May) during two growing seasons (2014–2015 and 2015–2016). The trees were warmed during either one or both growing seasons in OTCs (Table 1). All measurements presented in this study were performed the second season (2015–2016) when all trees were 3 years old. Trees receiving two seasons of temperature treatment were transferred to the OTCs for the first season of warming on December 2014. After approximately 5 months of warming, these trees returned to the adjacent field nursery in May 2015. The same group of trees was heated again in 2015–2016 along with a second group of previously unheated trees of the same age. Control trees were also placed in the OTCs in a similar manner both seasons.




Table 1 | Description of the warming experiment in the open-top chambers (OTCs) during two growing seasons (2014–2015, 2015–2016). 
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The two temperature levels evaluated using the OTCs were a control slightly above ambient air temperature (T0) and a warming treatment with a target temperature set at 4°C above the control (T+). There were four OTCs per temperature level in a randomized complete block design with two factors (temperature and number of seasons heated in the OTCs). Blocks were used to account for any variability between OTCs in plant response that could have been related to the prevailing wind direction or minor differences in the heating system setup. Each OTC was designed to hold up to four trees, but only two trees per OTC were utilized in this study. One tree received its first season of warming, and the other received its second season. All trees were placed in cavities of about 30-cm soil depth with the soil surface in the pot being at the same level as the surrounding soil to avoid an increase in root temperature.

All OTC sidewalls (1.5 m each side and 2 m tall) were covered with 150-μm-thick, translucent polyethylene with low infrared transmittance (Premium Thermal Agrotileno PLDT221510; AgroRedes, Argentina). The T0 OTCs had some passive heating from the sidewalls but were not actively heated. The T+ OTCs had two complementary, active heating methods to increase temperature: a 6-m-long plastic sleeve with blackened stones through which heated air was sucked into the OTCs by fans during the daylight hours and an electric space heater (model AX-CA-1900 W; Axel, Argentina) whose operation was crucial during the night. Heated air from both methods entered into the OTCs via a PVC pipe with the pipe outlet positioned in the middle of the chamber at a height of 30 cm from the ground surface. Air flow from the outlet was redirected throughout the chamber by an air baffle. The electric heater was regulated by an electronic control system to avoid overheating (Cavadevices, Argentina). Shielded temperature sensors (TC1047A, Microchip Inc., China) were placed in each OTC at tree crown height (1.0 m), and the sensors were attached to a data logger recording every 15 min. The control program turned on or off the electric heater according to the 4°C differential target between T0 and T+ OTCs. Further details of the OTC design and function can be found in Miserere et al. (2019).

In addition to the air temperature readings from each OTC, relative humidity (RH) was recorded every 30 min using one sensor located at tree crown height in a T0 OTC and another in a T+ OTC. The sensors were moved every 2 to 3 days to a new pair of OTCs, and VPD was calculated based on the RH and temperature data (Allen et al., 1998). Outside of the chambers, air temperature and photosynthetic photon flux density (PPFD) were also monitored every hour in the field nursery adjacent to the OTCs. The PPFD was measured at a height of 3 m above the nursery trees (sensorPAR; Cavadevices), and air temperature was measured at tree crown height as was done within the OTCs. The PPFD inside the OTCs was measured periodically with a 1-m-long light bar (Cavadevices) and was about 75% of the PPFD above the field nursery due to absorption by the polyethylene walls and metal OTC structure with no differences between T0 and T+ OTCs.




Warming Experiment—Plant Measurements

All fruit on each tree were harvested at the end of the season (April 29 2016) to determine fruit number and total fresh fruit weight per tree. On May 10, all leaves were removed from each tree to obtain leaf biomass after drying at 70°C until constant weight was reached in an oven, and specific leaf mass was calculated from leaf disks of known area sampled from 50 leaves per tree. Leaf area per tree was then estimated by dividing leaf dry weight per tree by specific leaf mass. Lastly, fruit load was calculated as fruit number per tree divided by leaf area.

Sap flow of the main trunk was determined using the heat balance method (Flow 32, Dynamax Inc., TX, USA). This method consists of applying a known amount of heat (Pin) to the entire trunk perimeter and measuring the vertical (up and down; Qu and Qd) and radial (Qr) dissipation of heat using several sets of thermocouples. The heat dissipated by sap flux (Qf) is then calculated by subtraction (Equation 1). The flux rate (F) is Qf divided by the average difference in temperature (dT) between upstream and downstream thermocouples and the heat capacity of water (Cp) (Equation 2).
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Given that the above method integrates the entire trunk, azimuth variations that often occur in sap flux measurements (López-Bernal et al., 2010) should be largely eliminated.

Measurements were conducted in both January (summer) and April (fall) (Table 1). In January, sap flow was measured for 10 consecutive days in the trees heated two seasons (2014–2015; 2015–2016) and their corresponding controls. One tree per OTC was measured including a total of four trees in T+ OTCs and four trees in T0 OTCs. Because only eight sensors were available due to economic limitations, the trees heated one season were measured for a similar 10-day period immediately following the two-season trees. In April, similar measurements were conducted, but the one-season trees were measured first. Measurements on the same tree were conducted over a limited number of consecutive days in order to better allow for comparisons between one- and two-season trees and to avoid possible damage to the trunk given that olive tree trunks can be damaged by heating (i.e., cracking) over extended periods (Rousseaux et al., 2009). Sensors were installed on trees with trunk diameters ranging from 20 to 30 mm (model SGB 16 and SGB25). The trunks were cleaned prior to installation, and canola oil was sprayed lightly on the trunk to improve contact between the trunk and the sensor. Power supply was adjusted daily by changing the heater input (0.25–0.3 W) to keep the average difference in temperature between upstream and downstream thermocouples (dT) between 0.7°C and 5°C. The dT was minimum at midday when sap flow was high and maximum at dawn when sap flow was negligible. Although the trunk was heated at night, this occurred in both the control and T+ trees. All sensors were heavily insulated and at least 15 cm from the soil surface to reduce heat flux from the soil. The sensors were connected to a Campbell CR10X data logger (Campbell Scientific, Logan, UT, USA) with readings taken every 60 s and averaged over 15 min. Daily sap flow was calculated as the accumulation of sap flow values along the day and expressed on a leaf area basis.

Stomatal conductance (gs) was measured at least once during each measurement period on leaves from both the trees heated one or two seasons using a portable porometer (model AP4; Delta-T Devices Ltd, UK). Two sunlit, fully expanded leaves were measured per tree on shoots with no fruit (i.e., vegetative shoots) for each measurement date. Additionally, leaves from shoots with fruit (reproductive shoots) were measured on some occasions. Measurements were performed at midday (13:00 to 14:00 h solar time) when temperatures were near their maximum daily values to coincide with the time of day when sap flow was likely highest, although it is recognized that maximum gs most often occurs at midmorning (Moriana et al., 2002). The porometer was calibrated on each measurement date within both the T0 and T+ OTCs to properly reflect the temperature and humidity conditions. Potential oscillations in gs were not directly considered (López-Bernal et al., 2018), but sap flow monitored at 5-min intervals on one day did not detect any significant oscillations.

Xylem anatomy including the diameter and number of vessels was evaluated in one current-year shoot from each of the one- and two-season trees heated in the 2015–2016 growing season. The shoots were collected at predawn in the OTCs at the end of the season (2015–2016). In the laboratory, the shoots were introduced in humidified labeled nylon bags and kept in the refrigerator until processing. Four cross sections from each shoot were submerged in a 10% sodium hypochlorite solution, washed with distilled water, and stained with safranin (1%) (Zarlavsky, 2014). Then, the cross sections were mounted on a slide with Canadian balsam. The cross sections were observed with an optical microscope (Carl Zeiss Axiostar Plus, Germany) connected to a digital camera (Canon Power Shot G9, Japan). ImageJ software was used for the image processing (version 1.50i; National Institutes of Health, USA).




Fruit Load Experiment

To better interpret the warming experiment, eight olive trees from the field nursery with a wide range of fruit number per tree (33–900 fruit tree−1) were used to evaluate sap flow and gs responses to fruit load (# m−2 leaf area). The different fruit numbers per tree were naturally obtained because of differences in flowering intensity and fruit set. The trees in the nursery were of the same age and characteristics as those used in the warming experiment. To determine fruit load, fruit and leaf number were counted visually on the field nursery trees in February 2016. These values were corroborated at the end of the season (April 20, 2016) by harvesting the fruit and removing the leaves from each of the eight trees.

Sap flow was measured on each tree between February 23 and March 13 in 2016. Only 13 days were included in the analyses because of electrical outages. Protocol for the measurements was the same as that of the warming experiment. On March 1, gs was measured on three sunlit, fully expanded leaves of both vegetative and reproductive shoots per tree between 13:00 and 14:00 h solar time.

At the end of the season (April 20, 2016), a number of yield-related variables were measured in the eight trees including total fresh fruit weight, individual fruit dry weight, maturity index, and oil concentration (%). Individual fruit weight and maturity index were obtained using 50 fruit per tree when sufficient fruit were available. The fruit maturity index was calculated using the standard color evaluation of the skin and flesh with a 0- to 7-point scale (Uceda and Hermoso, 2001). Oil concentration (%) was ascertained from dried fruit (50) by nuclear magnetic resonance (model SLK-200; Spinlock, Argentina).




Statistical Analyses

Most variables from the warming experiment such as fruit number, leaf area, gs, and number of vessels were analyzed using an ANOVA for fixed effects and a Duncan post-test to determine differences among treatment means (p ≤ 0.05). Assumptions of homogeneity of variances and normality of the data were previously confirmed using Levene and Shapiro-Wilk tests, respectively. The analysis of variance was performed in InfoStat statistical software (Di Rienzo et al., 2016). Linear and bilinear functions between mean daily temperature and response variables such as daily sap flow were determined in the warming experiment. Differences between the slopes of mean daily temperature and sap flow were evaluated using the Student t test. The significant functions presented in the tables and figures correspond to the highest r2 value for a particular variable. A similar approach was utilized in the fruit load experiment. Linear regression or bilinear regressions were analyzed with GraphPad Prism version 6.01 software (GraphPad Prism Software, Inc., LaJolla, CA, USA).





Results



Warming Experiment

Mean daily, ambient air temperature outside the OTCs was high during the January sap flow measurement period in the summer (18°C–32°C) and somewhat lower in April in the fall (13°C–26°C) (Figure 1A). The daily temperature in the experimental OTCs varied in accordance with the ambient air temperatures, and the daily mean temperature was 0.4°C and 3.9°C above the ambient temperature in the T0 and T+ OTCs, respectively. Mean daily VPD values were about 0.4 to 0.5 kPa greater in the T+ OTCs than in the T0 OTCs in both January and April (Figure 1B). Maximum VPD values were 6.3 in T+ and 5.0 kPa in T0 during the early afternoon of January 23. Daily PPFD values outside of the OTCs during the sap flow measurements varied between 20 and 53 mol m−2 d−1 in January and 16 to 42 mol m−2 d−1 in April for the dates available (Figure 1C). The lower values in April were due to the combined effect of lower solar elevation and shorter days.
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Figure 1 | Mean daily temperature (A), mean daily vapor pressure deficit (VPD; B), and daily integrated photosynthetic photon flux density (PPFD; 
C) during the sap flow measurement periods of the warming experiment from January to April 2016. The daily temperature and VPD values were measured inside the control (T0) and heated (T+) open-top chambers (OTCs). Symbols represent the average of four independent OTCs. Ambient temperature values outside the OTCs are also shown with a dotted lined, and PPFD was measured only outside the OTCs. PPFD values were not available for the latter part of April.







At final harvest, fruit number averaged 750 fruit per tree in both T0 and T+ OTCs for trees that were treated only one season in 2015–2016 (Figure 2A). In contrast, trees growing in the OTCs for two seasons (2014–2015, 2015–2016) had significantly lower fruit numbers following the first season. Average fruit number was 540 fruit tree−1 in T0 and only 200 fruit tree−1 in T+. Given that fruit number was similar in the T0 and T+ trees in the first season since warming started after final fruit set in the summer, the reduced flowering intensity in the T+ trees the second season did not appear to be directly related to differences associated with alternate bearing. Fruit load (# m−2 leaf area) showed a similar pattern (Figure 2B) since leaf area at the end of the season was not affected by warming in either trees with one or two seasons of temperature treatment (Figure 2C).
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Figure 2 | Fruit number per tree (A), fruit load (B), and leaf area per tree (C) at harvest in 2016 for trees in the control (T0) and heated (T+) open-top chambers (OTCs). The trees were treated in the OTCs either one (2015–2016) or two seasons (2014–2015, 2015–2016). All trees were 3 years old during 2015–2016. Bars represent the averages ± one standard error (n = 4). Different letters indicate statistical significant differences between means (p ≤ 0.05).





Diurnal sap flow patterns per unit of leaf area showed a sharp increase in the early morning with maximum rates between 10 and 16 h solar time, followed by a decrease until 20 h when sap flow became negligible (p ≤ 0.05; Figure 3). Regardless of being in either T0 or T+ OTCs, trees with one season in the OTCs and high fruit load (Figure 3A) had consistently higher sap flow values at midday than trees with two seasons in the OTCs and lower fruit load in January (Figure 3C; p ≤ 0.01). Although these measurements were conducted on different dates, mean ambient daily temperature was similar for the one- (25.7°C) and two-season (25.9°C) trees (Figure 1). With respect to warming, the T+ trees had slightly higher sap flow rates than T0 trees in January early in fruit development for both trees in the OTCs either one or two seasons (Figures 3A, C; p ≤ 0.10). Later in fruit development (April), the results were different. T+ had much higher sap flow than T0 in the one-season trees despite fruit load being the same in both OTC types (Figure 3B; p ≤ 0.01), while T+ had lower sap flow than T0 in the two-season trees (Figure 3D; p ≤ 0.01). In this latter case, fruit load was significantly lower in the T+ trees.
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Figure 3 | Diurnal sap flow per tree in January (A, C) and April (B, D) 2016 for 3 consecutive days in control (T0) and heated (T+) open-top chambers (OTCs). The trees were treated in the OTCs either one (2015–2016) or two seasons (2014–2015, 2015–2016). All trees were 3 years old during 2015–2016. Each line represents the average of four OTCs.





Daily sap flow per unit leaf area of T0 and T+ trees was explained by a single linear relationship with mean daily temperature in January in both one- and two-season trees (Figures 4A, C). In contrast, daily sap flow of T+ trees increased linearly at twice the rate of T0 plants (0.048 vs. 0.023 kg m−2 d−1 °C−1; p ≤ 0.05) in one-season trees in April (Figure 4B). Thus, T+ sap flow was higher than that of T0 for a given mean daily temperature. However, as suggested by the diurnal sap flow pattern in Figure 3D, the daily sap flow of T+ trees increased linearly with mean daily temperature in April, but at a rate three times less than T0 trees (0.021 vs. 0.068 kg m−2 d−1 oC−1; p ≤ 0.05) (Figure 4D). Lastly, mean daily temperature was highly correlated with mean daily VPD (r = 0.93), maximum daily temperature (r = 0.91), and maximum daily VPD (r = 0.90). For this reason, relationships between daily sap flow and these variables were similar to the relationships shown for mean temperature (data not shown).
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Figure 4 | Daily sap flow per tree in January (A, C) and April (B, D) 2016 as a function of mean daily temperature in control (T0) and heated (T+) open-top chambers (OTCs). The trees were treated in the OTCs either one (2015–2016) or two seasons (2014–2015, 2015–2016). All trees were 3 years old during 2015–2016. Each point represents the average of four OTCs. Different regression lines are shown when the slopes are significantly different between the T0 and T+ data (p ≤ 0.05).






Stomatal conductance of leaves from vegetative and reproductive shoots was similar between T0 and T+ for one-season trees, which all had high fruit load (Table 2). In contrast, gs of leaves from vegetative and reproductive shoots was generally lower in T+ than T0 for two-season trees (p ≤ 0.05). As mentioned earlier, fruit load was low in the T+ trees and intermediate in the T0 trees. However, no differences were apparent in gs values between the two shoot types for these same trees.





Table 2 | Stomatal conductance (mmol m−2 s−1) at midday of leaves on vegetative and reproductive shoots in control (T0) or heated (T+) open-top chambers. 
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With respect to xylem anatomy, T+ trees had a greater number of small-diameter vessels than T0 in both one- and two-season trees (Figure 5; p ≤ 0.05), and only T0 had vessels in the largest size classes. Furthermore, the total number of vessels per shoot was significantly greater in the T+ trees (634 vessels for the entire cross-sectional area of the shoot) than the T0 trees (561) for one season (Figure 5A). Shoot cross-sectional areas averaged 3.15 and 3.65 mm2 in the T0 and T+ trees, respectively. A similar response occurred for the two-season trees (T+, 715; T0, 571) with cross-sectional areas of 2.86 in T+ and 3.51 mm2 in T0 (Figure 5B).





[image: ]

Figure 5 | Vessel diameter distribution in 2016 for current-season shoots in control (T0) and heated (T+) open-top chambers (OTCs). The trees were treated in the OTCs either one (2015–2016; A) or two seasons (2014–2015, 2015–2016; B). All trees were 3 years old during 2015–2016. Bars represent the averages ± one standard error (n = 4). Asterisks between bars indicate statistically significant differences between means for a given vessel diameter class (p ≤ 0.05).







Fruit Load Experiment

As was expected, the wide range of fruit load on these young trees strongly affected most yield-related variables (Table 3). Total fresh weight per tree increased with fruit load up to reaching a plateau at 200 fruit m−2 of leaf area above which no further increase occurred. Fruit maturity index decreased bilinearly with increasing fruit load, while individual fruit dry weight decreased linearly. Fruit oil concentration (%) was constant with fruit loads lower than 145 fruit m−2 and then decreased linearly as fruit load increased.






Table 3 | Yield-related variables at harvest of the fruit load experiment in 2016. Fruit load was measured as the fruit number divided by the leaf area per tree (# m−2). 
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Daily sap flow increased with fruit load up to a threshold of 400 fruit m−2 leaf area with no further increase above that value (Figure 6A). A rate of increase of 0.3 kg m−2 d−1 for each increase of 100 fruit m−2 leaf area occurred with sap flow being three times greater in trees at 400 or more fruit m−2 leaf area than those at minimal fruit loads. Similarly, gs increased with fruit load up to 180 fruit m−2 in leaves on vegetative shoots and 250 fruit m−2 in leaves on reproductive shoots, with a higher dispersion of the data for reproductive shoots (Figures 6B, C). Differences in the fruit load values at which the plateau was reached for sap flow and gs are likely attributable to the limited number of trees measured.
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Figure 6 | Daily sap flow (A), stomatal conductance of leaves on vegetative shoots (gs; B), and stomatal conductance of leaves on reproductive shoots (C) as a function of fruit load in the independent fruit load experiment. Each point represents the average sap flow for 13 days for an individual tree with mean daily temperature ranging from 17°C to 27°C. Stomatal conductance was measured on March 1. A data point is not shown for the tree with 9.1 fruit m−2 leaf area in panel A due to a technical malfunction of the sap flow sensor. Data points shown for all trees are present in the other two panels.







Modeling Sap Flow Responses to Warming With Fruit Load

Sap flow responses to warming during the later stages of fruit development (April) were reanalyzed using bilinear models to account for fruit load (Figure 7). Daily sap flow increased significantly with fruit load up to a threshold of 280 fruit m−2 leaf area (Figure 7A). Above this threshold, sap flow values were highly variable, which resulted in a modeled r2 value of 0.39 between fruit load and sap flow. In part, this was likely a consequence of sap flow being measured on different dates in one- and two-season trees (Table 1). Stomatal conductance, which was measured on the same dates in all trees, showed a similar bilinear function, but a much larger percentage of the variability was explained by fruit load (Figures 7B, C). The values of r2 were approximately 0.60 between fruit load and gs for both vegetative and reproductive shoots.
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Figure 7 | Daily sap flow (A), stomatal conductance of leaves on vegetative shoots (gs; B), and stomatal conductance of leaves on reproductive shoots (C) as a function of fruit load in control (T0) and heated (T+) open-top chambers (OTCs). The trees were treated in the OTCs either one (2015–2016) or two seasons (2014–2015, 2015–2016). All trees were 3 years old during 2015–2016 when measurements were performed. Sap flow data correspond to the average of 9 (one season; March 14–22) and 24 (two seasons; March 23– April 17) measurement dates. Stomatal conductance is the average of two measurement dates (March 17, April 4) with similar weather conditions. Each point represents one tree per OTC.








Discussion

This study employed an experimental approach for determining the water use of young olive trees under prolonged, elevated temperature (+4°C) conditions using OTCs. A modest increase in VPD accompanied the temperature increase in the heated OTCs as has been seen in other studies (Norby et al., 1997; Sadras et al., 2012a), but other microclimate variables such as PPFD were similar to the control OTCs. Our experimental approach is consistent with regional climate models, which predict that aridity will increase by midcentury in our Andean region (Penalba and Rivera, 2013; Zaninelli et al., 2019). The active heating system also allowed for maintaining the high level of heating necessary to obtain a +4°C temperature increase. More open systems using infrared heaters provide more natural microclimate conditions, but obtaining large temperature differences is difficult under windy conditions (Kimball et al., 2018).

Whole-tree sap flow in young olive trees was slightly higher in the heated than the control trees early in fruit development in January for both trees in the OTCs either one or two seasons (Figures 3A, C). Leaf photosynthetic gas exchange measurements also indicated higher transpiration rates in the T+ trees (Miserere, unpublished results). In grapevines, even a modest warming between 1°C and 2°C resulted in higher sap flow due to both greater leaf area and slightly higher VPD in heated vines than control vines under field conditions (Bonada et al., 2018). Aspen trees also showed significant increases in water use when heated by 5°C under growth chamber conditions because of greater growth and whole-tree hydraulic conductance in heated seedlings (Way et al., 2013). In the current study, leaf area per tree was similar between T+ and T0 trees (Figure 2C) most likely because the trees were heated either one or two seasons in the summer and fall when shoot growth was fairly low. Even in young olive trees, vegetative growth at that time of the year is very limited due to fruit growth and oil accumulation (Rosati et al., 2018). Also, root biomass did not show any differences between T0 and T+ trees (data not shown). Thus, it did not appear that differences in root biomass contributed to the sap flow responses.

The higher sap flow of the heated trees was explained by a single linear relationship with mean daily temperature early in fruit development (January) in both trees heated either one or two seasons (Figures 4A, C). Given that neither leaf area nor gs (Table 2) was affected by heating for one season, it appears likely that elevated temperature accompanied by greater VPD led to the higher daily sap flow in these trees. In the trees heated for two seasons, gs tended to be lower in January, although sap flow was somewhat higher in these same trees. Stomatal conductance has been shown to decrease with increasing instantaneous VPD values up to approximately 3.5 kPa in some previous olive field studies, but to be largely unresponsive to higher VPD values (Fernández et al., 1997; Rousseaux et al., 2008). In the present study, midday VPD values when gs was measured were substantially higher than the 3.5 kPa threshold in both T+ and T0 trees. Thus, it is suggested that the decrease in gs at midday may have been an early response to the low fruit load rather than VPD in the T+ trees. As will be discussed further, gs often decreases with fruit load (Martín-Vertedor et al., 2011; Naor et al., 2013).

Later in fruit development (April), T+ trees had much higher diurnal values of sap flow than T0 trees for trees heated during the current season (i.e., one-season trees) (Figure 3B). Higher sap flow values in the T+ trees were even apparent for a given mean daily temperature (Figure 4B). This response could be explained by acclimation to temperature after several months of warming. In addition to greater tree sap flow, current season shoots of T+ trees had a higher total vessel number than the T0 trees due to more small-diameter vessels (Figure 5A). In olive, modifications in vessel density and diameter of current season shoots have been previously reported in response to deficit irrigation (Torres-Ruiz et al., 2013; Rossi et al., 2013), but not as a function of growth temperature. An increase in vessel number can be indicative of greater shoot water transport capacity in trees (Way et al., 2013), although this is not always the case. Further analysis shows that the theoretical specific hydraulic conductivity of the T+ trees was actually somewhat lower than that of the T0 trees based on the Hagen-Poiseuille equation (data not shown) (Tyree and Ewers, 1991). This occurred because the increase in vessel number in the T+ trees was due to more small-diameter vessels, which have little conductivity, and some tendency to have fewer large vessels that have very high conductivities. Thus, it does not appear that changes in vessel number in our study and their distribution resulted in the greater sap flow in the T+ trees. López-Bernal et al. (2010) also did not find a good correlation between the theoretical specific conductivity and sap velocity in mature olive trees. Other mechanisms in T+ trees such as lower leaf water potential due to osmotic adjustment as occurs under water stress in olive trees (Dichio et al., 2005; Lo Bianco and Scalisi, 2017) or less sap viscosity at higher temperature (Cochard et al., 2000) might explain the greater sap flow. Further research is needed in this regard. Lastly, the increase in small-diameter vessel number could suggest a safer water transport system based on redundancy and potentially less vulnerability to cavitation as reviewed by Hacke et al. (2017).

In contrast to the T+ trees heated for one season, sap flow was lower in T+ trees heated for two seasons compared to T0 trees late in fruit development for any given temperature (Figure 4D). The T+ trees had high fruit loads similar to the T0 trees the first season, but fruit load was much lower in the T+ trees than the controls the second season due to less flowering (Figure 2B). Moreover, total fruit dry weight was also lower in T+ than T0 (148 vs. 547 g tree−1) because of the combined effect of a lower fruit load and smaller individual fruit size (0.8 vs. 1.01 g fruit−1) due to the temperature treatment. Whole-tree water use using lysimeters has previously been shown to be low under low fruit loads with water use increasing markedly as fruit load increased, and the response to fruit load was much greater late in the season when fruit size was near maximum (Bustan et al., 2016). In the present study, the gs was also lower in the T+ trees in April during the second season of heating. As mentioned previously, similar changes in gs with fruit load have been reported in some other olive field studies (Martín-Vertedor et al., 2011; Naor et al., 2013), although this is not always the case (Proietti et al., 2006; Bustan et al., 2016). Sap flow and gs in our study also showed a strong response to increasing fruit load when trees with a wide range of fruit loads were evaluated in an independent experiment in our field nursery (Figure 6).

A reanalysis of the warming experiment corroborated that fruit load explained a significant portion of the sap flow and gs results in the warming experiment (Figure 7). Bilinear models best fit the relationship between sap flow and gs with fruit load, although sap flow was variable at high fruit loads. Such information may be of use in predicting complex responses to global warming using simulation models in olive (Morales et al., 2016). One future scenario is that if flowering and subsequent fruit load are reduced by warming in olive trees (Vuletin Selak et al., 2014; Benlloch-González et al., 2018), warming would lead to less whole-tree transpiration and lower irrigation needs in olive orchards. Alternatively, different cultivars may respond differently to warming (De Ollas et al., 2019), and responses may vary due to regional climate. Such possibilities suggest a wider range of future scenarios.




Conclusions

Sap flow of young olive trees appeared to increase due to elevated temperature and accompanying increases in VPD in the short term with further increases apparent over several months in the first season of warming. In contrast, trees heated for more than one season had lower fruit loads, which decreased sap flow in heated trees late in the season when fruit were near full size. These results provide a further understanding of the ecophysiological responses of olive trees to temperature and emphasize that multiple, interacting factors should be considered when predicting warming effects on water use in olive orchards.
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Currently, table olives, unlike oil olives, are harvested manually. Shortage of manpower and increasing labor costs are the main incentives to mechanizing the harvesting of table olives. One of the major limiting factors in adopting mechanical harvest of table olives is the injury to fruit during mechanical harvest, which lowers the quality of the final product. In this study, we used the Israeli germplasm collection of olive cultivars at the Volcani Institute to screen the sensitivity of many olive cultivars to browning in response to injury. The browning process after induced mechanical injury was characterized in 106 olive cultivars. The proportional area of brown coloring after injury, compared to the total fruit surface area, ranged from 0 to 83.61%. Fourteen cultivars were found to be resistant to browning and did not show any brown spot 3 h after application of pressure. Among them, there are some cultivars that can serve as table olives. The different response to mechanical damage shown by the cultivars could be mainly due to genetic differences. Mesocarp cells in the fruits of the sensitive cultivars were damaged and missing the cell wall as a result of the applied pressure. The cuticles of resistant cultivars were thicker compared to those of susceptible cultivars. Finally, we showed that the browning process is enzymatic. We suggest cuticle thickness as an indicator of table olive cultivars suitable for mechanical harvest. A shift to browning-resistant cultivars in place of the popular cultivars currently in use will enable the mechanical harvest of table olive without affecting fruit quality.

Keywords: Olea europaea, browning, table olive, mechanical harvest, germplasm collection



Introduction

Worldwide production of table olives has risen steadily over the last 30 years from 0.95 million tons in 1990 to 2.9 million tons in 2018. Consumption of table olives has not been far behind, rising from about 1 million tons worldwide in 1996 to 2.7 million tons in 2018 (IOOC, 2019).

Oil olives are harvested when a light green to purple coloration is achieved and fruit softening begins. In contrast to this, most table olives are harvested toward the end of the mesocarp development stage (before physiological maturation), when fruit detachment force (DF) is very high. This hinders fruit harvesting and increases the effort necessary in carrying out this task. Currently, table olives are still harvested manually. Shortage of manpower for hand harvesting and increasing labor costs are the major reasons for mechanizing the harvesting of table olives. At present, manual harvesting is the most expensive phase of table olive production (Ferguson et al., 2010; Zipori et al., 2014). The two major obstacles involved in shifting from manual to mechanical harvesting of table olives are harvesting efficiency and fruit injury.

Abscission agents currently in use for lowering fruit DF before harvest, as a pretreatment for mechanical harvesting of oil olives, are ethylene-releasing compounds such as ethephon (2-chloroethyl phosphonic acid), which achieve consistent fruit loosening. However, ethephon application also resulted in attendant leaf loss coincident with fruit loosening (Hartmann et al., 1970; Martin, 1994; Burns et al., 2008). Recently, we have shown that treating olive-bearing trees with a combination of ethephon and antioxidants reduces DF fruit without weakening that of the leaves (Goldental-Cohen et al., 2017). However, mechanical harvesting technologies used for harvesting oil olives cannot be applied to table olives, due to the high percentage of fruit damaged during mechanical harvesting (Gambella et al., 2013; Jiménez-Jiménez et al., 2013b; Zipori et al., 2014; Jiménez et al., 2016).

As in other fruits, bruising of olives causes changes in the fruit skin color (Samim and Banks, 1993; Conway et al., 2003). The current food industry demands high-quality products. In small fruits such as olives, classification is based on visual characteristics such as the color of the skin or the presence of external defects. Currently, most factories use automatic machines for sorting defective olives by color, and defective fruits are rejected and cause considerable financial loss (Diaz et al., 2000; Diaz et al., 2004; Garrido Fernández, 2006).

Olive fruit is characterized by a thin exocarp surrounding fleshy mesocarp tissue, which makes up the edible portion of the table olive.

The damage caused by impact during mechanical harvesting of olives appears as brown spots on the fruit’s exterior (Castro-Garcia et al., 2009). The browning process begins with a darkening of a section of the green color on the olive fruit surface. After a while, depending on the severity of the impact, the browning spreads over the exocarp and the mesocarp as well and can even affect the endocarp (Jiménez et al., 2011; Jiménez-Jiménez et al., 2013b). The browning process in olive, as in many other fruits, is produced by oxidation of phenolic compounds by different enzymes, particularly polyphenol oxidase (PPO) (Segovia-Bravo et al., 2007; Segovia-Bravo et al., 2009; Segovia-Bravo et al., 2011). Susceptibility to browning in other fruits was reported to be dependent on multiple factors such as fruit size, fruit shape, firmness, cell wall strength, and others (Studman, 1997; Grotte et al., 2000; Berardinelli et al., 2005; Bollen, 2005). Produce type and cultivar differences account for most of the differences in browning susceptibility. However, it is still not yet clear which factors mostly contribute to the potential of susceptible cultivars to bruising (Opara and Pathare, 2014). In olives, susceptibility to browning was seen to vary among different cultivars. For example, “Manzanillo,” the main table olive in Israel and in other countries, was shown to be relatively sensitive to browning in response to impact (Jiménez-Jiménez et al., 2013a; Jiménez et al., 2016).

Jiménez et al. (2016) described and quantified anatomical changes in the olive mesocarp in response to bruising in olive fruits after an induced impact. They studied the browning characteristics of the cultivars “Manzanillo” and “Hojiblanca” at two time points, 4 and 24 h after induced impact. In response to the impact, fruits exhibited damaged mesocarp tissue, including ruptured cells, loss of cell wall thickness, and discoloration of the damaged areas. These changes were greater in the more sensitive cultivar, “Manzanillo,” compared to the more resistant cultivar, “Hojiblanca.”

As mentioned above, mechanical harvest of green olives, particularly of table olives, can cause brown spots on the fruits. Rejection of these fruits represents financial loss to the farmer. Pre-harvest treatment of olives by an anti-browning agent has been very limited to date, and the inhibitory effect of anti-browning agents on reducing PPO activity was found to be cultivar-dependent (Mohsenabadi et al., 2017). Assuming that cultivar susceptibility is the main factor contributing to browning in response to impact, large scale screening of various cultivars has not been performed, neither the factors causing some cultivars to be more resistant than others to browning have been indicated.

The aim of this study was to evaluate the variation in susceptibility to browning among olive cultivars in order to identify those more resistant and to understand the main factors influencing browning resistance. Olive fruits from 106 olive cultivars in the Israeli germplasm collection were subject to mechanical injury. Elasticity as well as browning level were characterized for all cultivars at 3 and 24 h after impact. Exocarp cells remained unharmed after the impact even in the more susceptible cultivars. However, mesocarp cells were damaged only in the susceptible cultivars. We suggest that the major factor contributing to the variation in susceptibility to browning among cultivars is the thickness of the cuticle.




Materials and Methods



Plant Material

The Israeli germplasm collection consists of 119 cultivars, each represented by three 23-year-old trees growing in an irrigated olive orchard. It is located at the Volcani Center (ARO) in Bet Dagan, Israel (31°58’57.7”N 34°49’47.4”E). This collection includes oil producing strains, as well as table olive cultivars from different geographic origins, and represents the most popular varieties grown around the world.

Once a week, beginning September 1st 2016, we visually screened the olive orchard containing the Israeli germplasm collection, in order to identify cultivars in which fruit color changed from green to yellow indicating the physiological stage suitable for the harvest of table olives. Ten fruits from three trees (3–4 fruits from each tree) of each cultivar showing color change were sampled and the fruit immediately taken for analysis of their response to applied mechanical pressure. Out of the 119 cultivars, 13 bore no fruit; therefore, fruits from only 106 cultivars were analyzed. Damage induction and elasticity evaluation of the 20 cultivars whose response to mechanical pressure registered at the two extremes of the scale (10-resistant and 10-sensitive) were analyzed once again a year later.




Damage Induction and Elasticity Evaluation

At the time of the table olive harvest, 10 fruits from each cultivar were sampled as described above and immediately subjected to mechanical pressure. Monitoring of pressure and elasticity was done by a force gauge FG-5000A (MRC, Holon, Israel). We used a flat circle pinhead, 8-mm diameter, for both damage induction and elasticity evaluation. Five fruits per cultivar were subjected to damage induction. Each fruit was placed on a metal base and pressed with the force gauge at 3 kg of pressure. Each group of five fruits from the same cultivar was placed in a small plastic tray and incubated at room temperature for 24 h. Fruits were photographed 3 and 24 h after being pressed. Images were collected by Fujifilm FinePix S4300 digital camera (FujiFilm, Ramat Gan, Israel) fixed on a metal stand 10 cm above the fruits. The remaining five fruits from each cultivar were used for evaluating elasticity as follows: fruits were placed on a metal base and pressed 3 mm from the surface of the fruits toward the fruit endocarp. We measured the force needed to move the pinhead 3 mm toward the inner part of the fruit.




Brown Spot Area

We used Adobe Photoshop software (Onstott, 2012) to calculate the proportion of brown spot resulting from injury to the fruit, relative to the surface area of the fruit. The proportion of brown area was calculated as follow: brown area (cm2) = brown pixels/(total pixels/cm2). For each cultivar, the average proportion of brown area on five fruits was calculated 3 and 24 h after pressure was applied.




Fruit Mesocarp and Exocarp Structures

Mesocarp and exocarp structures as well as the cuticle thickness of four resistant and four sensitive cultivars were analyzed. Tissue blocks (approx. 3.0 mm × 1.5 mm × 1.5 mm sizes) were cut revealing the mesocarp and exocarp in longitudinal view. The samples were fixed in 70% ethanol followed by dehydration in gradual ethanol series (90, 95, 100, and 100%). Samples were dried in critical point dryer (K850 Quorom). The dry tissues were attached to a metal stub by double-sided carbon tape and coated with gold palladium (Quorum SC7620 Mini Sputter Coater). Images were taken with a JEOL JCM-6000 benchtop scanning electron microscope (SEM). Analysis was performed using the SEM software. The thickness of the cuticular flange wedged between epidermal cells was measured (Lanza and Di Serio, 2015).

Penetration force was measured using Lutron fruit hardness tester model FR 5105 (Scientific Instrument & Optical Sales, Brisbane, Queensland, Australia) with a 3-mm measuring tip. From each of eight cultivars (four resistant and four sensitive), we tested 20 fruits and measured the force needed to penetrate the exocarp.




Enzyme Inactivation

In order to test whether the brown spots which appeared in response to the injury caused by mechanical pressure applied to the fruit are enzyme-dependent, we used 10 fruits of the sensitive cultivar “Koroneiki.” All 10 fruits were pressed with the force gauge, and five of these were immediately incubated in a water bath at 65°C for 10 min enclosed in a covered plastic container. All 10 fruits were exposed for 3 h at room temperature then photographed as described above.




Statistical Analysis

The ratio between brown area and total surface area (after arcsine transformation), elasticity coefficient, thickness of the cuticular flange, and penetration force among cultivars were measured and subjected to one-way analysis of variance (ANOVA) with Tukey–Kramer test using JMP Software (SAS Institute, 2007). The damaged areas as appeared 3 and 24 h after pressing were compared using linear regression and Pearson correlation, in order to derive the regression coefficient (slope) and correlation coefficient. The same analysis was carried out to compare the degree of browning 3 h after pressing and the elasticity coefficient of each cultivar. The degree of browning of the genetic clusters was subjected to a one-way ANOVA and a Tukey–Kramer test. The same procedure was carried out for the elasticity coefficients. The delineation of the various genetic clusters was determined visually according to the dendrogram characterizing the phylogenetic relationships among 119 cultivars of the Israeli germplasm collection, based on a set of 138 SNPs (Biton et al., 2015).





Results



Distribution of the Degree of Browning in the Germplasm Collection, as a Result of Mechanical Injury to Olive Fruit

After deliberately injuring fruits of the cultivars composing our germplasm collection, the damaged outer area was measured. Some cultivars proved to be more sensitive to injury than others, and their color began changing from green to brown in the area surrounding the injury (Supplementary Clip). The proportional area of the brown spots was measured. Significant variations among cultivars were found. In addition, browning level measured 3 and 24 h after pressing was similar in all cultivars but three. We performed regression analysis between the damaged outer areas 3 and 24 h after pressing. The regression coefficient was 1.033. The proportional area of brown coloring of 3 out of the 106 cultivars, “Dolce de Marocain,” “Memecik,” and “Gemlik,” was much higher 24 h after pressing (54.83, 54.6, and 50.86, respectively) compared to 3 h after pressing (16.94, 18.09, and 19.37%, respectively). However, regression analysis for all cultivars other than the three mentioned above resulted in a regression coefficient of 1.02 and a correlation coefficient of 0.956 (P < 9.34X10−37). On this basis, we used the browning level 3 h after pressing to evaluate the variation among cultivars.

The proportional area of brown coloring 3 h after injury, compared to the fruit surface as measured by the two dimensional photograph of the fruit, ranged from 0% in certain cultivars to 83.61% in cultivar UC13A6, with an average of 16.8% (Figure 1A and Table 1).
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Figure 1 | (A) Proportional area (expressed in percentage) of the olive surface turned brown as a result of injury. This was measured by a two-dimensional photograph of the fruit of each cultivar. The values were plotted as a column graph. The green and brown column bars at each segment represent the percentage of green and brown colors, respectively, on the surface of the fruit. (B) Elasticity coefficient of each cultivar. Error bars represent confidence limits (n = 5; α = 0.05).












	
Table 1 | For each cultivar of the germplasm collection, the table describes country of origin, the purpose of the olive cultivar (O, oil cultivar; T, table cultivar; D, dual purpose cultivar), the proportion of brown area 3 h after induced pressure, and the elasticity coefficient (n = 5).





	
Cultivar


	
Origin


	
Purpose


	
% green


	
% brown


	
E(N/mm)





	
Hojiblanca


	
Spain


	
D


	
100


	
0


	
17.38





	
Jabaluna


	
Spain


	
O


	
100


	
0


	
11.71





	
Kadesh


	
Israel


	
T


	
100


	
0


	
11.96





	
Kadeshon


	
Israel


	
T


	
100


	
0


	
14.68





	
Morrut


	
Spain


	
O


	
100


	
0


	
18.33





	
Nabali


	
Palestine


	
D


	
100


	
0


	
13.73





	
Niedda de gonnos


	
Italy


	
D


	
100


	
0


	
15.57





	
Niedda de oliana


	
	
 


	
100


	
0


	
20.00





	
Picual


	
Spain


	
D


	
100


	
0


	
15.61





	
Sevillano Aust


	
Spain


	
T


	
100


	
0


	
17.09





	
Tonda calliari


	
Italy


	
D


	
100


	
0


	
12.48





	
Tonda oliana


	
Italy


	
D


	
100


	
0


	
20.00





	
Verdial De Jaen


	
Spain


	
O


	
100


	
0


	
12.35





	
190-191


	
Israel


	
 


	
100


	
0


	
10.39





	
Round Greek


	
Greece


	
T


	
99.92


	
0.08


	
16.36





	
Zorzariega


	
Spain


	
D


	
99.71


	
0.29


	
16.25





	
Picual III


	
Spain


	
O


	
99.69


	
0.31


	
16.12





	
Ascolana - 88


	
Italy


	
T


	
99.56


	
0.44


	
12.31





	
Biancet


	
?


	
O


	
99.48


	
0.52


	
17.73





	
Amigdalolia


	
Greece


	
D


	
99.47


	
0.53


	
15.97





	
Arauco


	
Argentina


	
T


	
99.43


	
0.57


	
15.59





	
Lavee


	
Israel


	
D


	
99.34


	
0.66


	
15.08





	
Nocellara Etnea


	
Italy


	
D


	
99.24


	
0.76


	
15.18





	
G. de Sicily


	
Italy


	
T


	
99.17


	
0.83


	
13.23





	
Cakir


	
Turkey


	
D


	
98.81


	
1.19


	
20.00





	
Conservolia


	
Greece


	
T


	
98.29


	
1.71


	
8.57





	
Tanche 


	
France


	
D


	
97.64


	
2.36


	
9.12





	
Baladi


	
Lebanon


	
O


	
97.12


	
2.88


	
16.30





	
Pizz’e Carroga


	
Italy


	
O


	
96.64


	
3.36


	
11.37





	
Ayvalik


	
Turkey


	
O


	
96.41


	
3.59


	
16.96





	
Saiali Magloub


	
Tunisia


	
 


	
96.40


	
3.60


	
9.24





	
Sorani


	
Syria


	
D


	
96.26


	
3.74


	
15.19





	
Leccio


	
Italy


	
O


	
95.99


	
4.01


	
16.62





	
Leccino


	
Italy


	
O


	
95.91


	
4.09


	
15.48





	
San Francisco


	
Italy


	
O


	
95.81


	
4.19


	
6.87





	
Ascolana


	
Italy


	
T


	
95.50


	
4.50


	
12.26





	
Azapa


	
Chile


	
T


	
95.41


	
4.59


	
13.36





	
Moresca


	
Italy


	
D


	
94.93


	
5.07


	
14.60





	
Picudo


	
Spain


	
O


	
94.89


	
5.11


	
17.06





	
Manzanillo


	
Spain


	
T


	
94.50


	
5.50


	
14.14





	
Taggiasca


	
Italy


	
O


	
94.22


	
5.78


	
20.00





	
Moraiolo


	
Italy


	
O


	
93.84


	
6.16


	
15.26





	
Zarza


	
Spain


	
 


	
93.76


	
6.24


	
10.54





	
G. de Sardinia


	
Italy


	
T


	
93.47


	
6.53


	
10.78





	
Sant’ Agostino


	
Italy


	
T


	
93.47


	
6.53


	
18.17





	
Galega


	
Portugal


	
O


	
93.45


	
6.55


	
20.00





	
Bosana


	
Italy


	
O


	
92.43


	
7.57


	
15.54





	
Hebroni


	
Palestine


	
T


	
91.98


	
8.02


	
15.02





	
Sepoka


	
Israel


	
T


	
91.13


	
8.87


	
17.56





	
Sevillano Ein Hanaziv


	
Israel


	
T


	
90.70


	
9.30


	
9.97





	
Toffahi


	
Egypt


	
T


	
90.22


	
9.78


	
16.48





	
Coratina


	
Italy


	
O


	
89.18


	
10.82


	
11.43





	
Broza


	
Israel


	
T


	
89.05


	
10.95


	
10.94





	
Empeltre


	
Spain


	
O


	
88.96


	
11.04


	



	
Picholine Languedoc


	
France


	
D


	
88.65


	
11.35


	
10.95





	
Uslu


	
Turkey


	
D


	
88.60


	
11.40


	
15.19





	
Amigdalolia Nana


	
Greece


	
D


	
88.34


	
11.66


	
14.83





	
Maalot


	
Israel


	
O


	
85.53


	
14.47


	
12.58





	
Lechin de sev.


	
Spain


	
O


	
85.51


	
14.49


	
11.24





	
Changlot Real


	
Spain


	
O


	
84.62


	
15.38


	
14.58





	
Verdial


	
Spain


	
O


	
83.51


	
16.49


	
11.86





	
Souri


	
Israel


	
D


	
83.47


	
16.53


	
14.54





	
Domat


	
Turkey


	
T


	
83.43


	
16.57


	
7.03





	
Dolce de Marocain


	
Morocco


	
 


	
83.06


	
16.94


	



	
Comun de Sicilia


	
Italy


	
	
82.79


	
17.21


	
6.98





	
Vasilikada


	
Greece


	
 


	
82.48


	
17.52


	
10.35





	
Rubra


	
?


	
O


	
82.14


	
17.86


	
10.11





	
Memecik


	
Turkey


	
D


	
81.91


	
18.09


	
16.35





	
Pendolino


	
Italy


	
O


	
81.52


	
18.48


	
18.21





	
Arbequina


	
Spain


	
O


	
81.36


	
18.64


	
12.62





	
Cucco


	
Italy


	
T


	
81.35


	
18.65


	
8.15





	
Muhasan


	
Palestine


	
D


	
81.08


	
18.92


	
10.19





	
Gemlik


	
Turkey


	
D


	
80.63


	
19.37


	
6.79





	
Sigoise


	
Algeria


	
D


	
80.18


	
19.82


	
5.42





	
Oblonga


	
USA


	
O


	
78.88


	
21.12


	
13.76





	
Paragon


	
Australia


	
O


	
78.67


	
21.33


	
7.57





	
Giarraffa


	
Italy


	
T


	
77.87


	
22.13


	
6.25





	
Mission New Norcia


	
?


	
O


	
76.92


	
23.08


	
9.20





	
Barnea


	
Israel


	
O


	
76.70


	
23.30


	
20.00





	
Carrasquenha


	
Portugal


	
T


	
75.36


	
24.64


	
12.23





	
Tlemcen


	
Algeria


	
D


	
74.78


	
25.22


	
12.90





	
Picholine Marocaine


	
Morocco


	
D


	
74.25


	
25.75


	
8.24





	
Uovo di Piccione


	
Italy


	
T


	
71.83


	
28.17


	
11.78





	
Canino


	
Italy


	
O


	
71.06


	
28.94


	
12.87





	
Frantoio


	
Italy


	
O


	
70.93


	
29.07


	
14.10





	
Rowi


	
?


	
 


	
70.80


	
29.20


	
4.75





	
Merhavia


	
Israel


	
T


	
69.28


	
30.72


	
9.30





	
Ispaniki


	
Spain


	
O


	
68.40


	
31.60


	
13.31





	
Tell


	
Algeria


	
D


	
66.68


	
33.32


	
8.02





	
Kalamata


	
Greece


	
T


	
65.18


	
34.82


	
8.49





	
Chemlali


	
Tunisia


	
O


	
63.74


	
36.26


	
10.97





	
Dolce Agogia


	
Italy


	
O


	
63.67


	
36.33


	
9.15





	
Leuco Carpa


	
Italy


	
O


	
63.14


	
36.86


	
10.09





	
Verdial De BadaJoz


	
Spain


	
 


	
62.86


	
37.14


	
8.39





	
Cornezuelo


	
Spain


	
T


	
61.77


	
38.23


	
5.48





	
Farga


	
Spain


	
O


	
59.37


	
40.63


	
9.02





	
Benjamina


	
Palestine


	
O


	
55.01


	
44.99


	
14.20





	
Carolea


	
Italy


	
T


	
50.00


	
50.00


	
10.33





	
Olea Oleaster


	
Italy


	
 


	
49.65


	
50.35


	
11.43





	
Marfil


	
Spain


	
O


	
44.14


	
55.86


	
10.60





	
Koroneiki


	
Greece


	
O


	
43.94


	
56.06


	
10.78





	
Frangivento


	
Italy


	
O


	
38.30


	
61.70


	
5.12





	
ORS


	
Australia


	
O


	
34.12


	
65.88


	
10.67





	
MCSSON 0517


	
?


	
 


	
33.19


	
66.81


	



	
Jericho


	
Palestine


	
T


	
20.28


	
79.72


	
8.20





	
UC13A6


	
USA


	
T


	
16.39


	
83.61


	
5.44





	















In order to evaluate the variation in hardness of different cultivars, we also measured the elasticity coefficient of the fruits of each cultivar. Elasticity coefficient of the various cultivars ranged between 4.75 and 20 N/mm, with an average of 12.67 N/mm (Figure 1B and Table 1). The degree of browning and the elasticity coefficient of each cultivar was found to be significantly and negatively correlated with a correlation coefficient of −0.526 (P < 1.16X10−8). As part of the Israeli breeding program, we tested the average fruit weight and oil content of all cultivars composing the Israeli germplasm collection during 5 consecutive years (data not shown). No significant correlation was found between degree of browning and fruit weight (r = −0.09; P = 0.39) or to oil percentage (r = 0.05; P = 0.65).

Fourteen cultivars were found to be resistant to browning and did not show any brown spot 3 h after application of pressure. Among them, there are several table olives such as the cultivars “Sevillano Australia,” “Kadesh,” and “Kadeshon.” The latter two are table olive cultivars developed as part of the Israeli olive breeding program. Some of the resistant cultivars are dual purpose and can be used either as table or oil olives; these include the cultivars “Hojiblanca,” “Nabali,” “Niedda de gonnos,” “Picual,” “Tonda calliari,” and “Tonda oliana.” Finally, among the resistant cultivars, there are typical oil cultivars such as “Jabaluna,” “Morrut,” and “Verdial de Jaen” (Figure 2A). At the other end of our scale, several cultivars exhibited severe browning in response to injury by the 3-kg press. The most sensitive cultivars were the table olive cultivars “UC13A6” and “Jericho,” which showed 83.61 and 79.72% brownings, respectively. In addition, the oil cultivars “ORS,” “Frangivento,” “Koroneiki,” “Marfil,” “Benjamina,” and “Farga” showed browning proportions greater than 40%. Last are the table olive cultivars “Carolea” and “Cornezuelo,” which showed 50 and 38.23% brownings, respectively (Figure 2B).
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Figure 2 | Photographs of five fruits from each of the most resistant (A) or susceptible (B) cultivars to browning, 3 h after induced mechanical pressure.






No significant differences were detected between browning degree or cuticle elasticity among cultivars on the basis of their geographical origin.

The genetic relationships between the 119 cultivars making up the major part of the Israeli germplasm collection had been analyzed by means of a set of 138 SNPs (Biton et al., 2015). According to the dendrogram previously obtained, we clustered the olive cultivars into 13 genetic groups. We then analyzed the differences in browning level and elasticity coefficient among the 13 groups. The average browning level and elasticity coefficient of the cultivars from each of the 13 genetic groups were significantly different (P < 1.17X10−15 and P < 0.008, respectively) (Figure 3). Many cultivars that are closely related genetically showed similar browning characteristics. For example, the cultivars “UC13A6,” “MCSSON 0517,” and “ORS” are part of the same genetic cluster and show high browning levels (83.61, 66.81, and 65.88%, respectively). The cultivars “Fragivento” and “Jericho” are also genetically close and exhibit high rates of browning (61.7 and 79.72%, respectively). At the other end of the cluster distribution, “Kadesh,” “Kadeshon,” and “Sevillano Australia” are on the same genetic cluster and are all resistant to browning. Although some cultivars showed a unique pattern of browning, unlike other cultivars of the same genetic cluster, such as the browning-sensitive cultivar “Cornezuelo” or the semiresistant cultivar “Galega,” most of the cultivars showed a similar browning pattern as their neighbors, in all clusters (Figure 3).









[image: ]

Figure 3 | Neighbor-joining tree of 119 cultivars making up most of the Israeli germplasm collection, based on a set of 138 SNPs (Biton et al., 2015). The branches of different clusters appear in different colors. Sub-clusters are enlarged, including the names of the relevant cultivars. For each of the enlarged clusters, the proportion of brown area appears next to the cultivar name, as a pie chart with green and brown areas representing the green and brown proportions of the cultivar fruits as a response to mechanical injury.










Fruit Mesocarp Cells Are Damaged by the Press

In order to understand the relationship between the damage caused by the simulated injury to the fruit and the browning phenomenon, the exocarp and mesocarp cells of the pressed fruits were screened using a scanning electron microscope. Tissue and cell structure were compared after the application of pressure in four sensitive cultivars (‘ORS,” “Carolea,” “Benjamina,” and “Farga”) and four resistant ones (“Hojiblanca,” ‘Morrut,” “Nabali,” and “Kadesh”). Exocarp cells of both groups suffered any damage from the applied pressure. However, some of the mesocarp cells in the fruits of the sensitive cultivars were totally disrupted, and their cell walls were missing as a result of the applied pressure (Figure 4).





[image: ]

Figure 4 | Images before and 3 h after the induced pressure of a representative fruit of browning-resistant (“Nabali”; A–F) and browning-susceptible (“ORS”; G–L) cultivars. For each fruit, before (A–C, G–I) and after (D–F, J–L) exposures to mechanical pressure, three images are presented representing a comprehensive view (A, B, G, J), a zoom in on the exocarp cells (B, E, H, K) and a zoom in on the mesocarp cells (C, F, L, L). Mesocarp cell rupture is marked by a yellow star.








The Cuticle of the Resistant Cultivars Is Thicker Than That of Sensitive Cultivars

In order to understand the factors which cause some cultivars to be resistant while others are sensitive to pressure, we measured the thickness of the cuticle of fruits from various cultivars. The thickness of the cuticular flange that is wedged between epidermal cells was measured by SEM and compared in fruits sampled from sensitive (“ORS,” “Carolea,” “Benjamina,” and “Farga”) versus resistant (“Hojiblanca,” “Morrut,” “Nabali,” and “Kadesh”) cultivars. The average thickness of the cuticle of the resistant cultivars, whose mesocarp cells remained intact, was 28.21 µm, while the cuticle thickness of the sensitive cultivars was 21.49 µm. This difference in cuticle thickness between resistant and sensitive cultivars was significant (P < 6.66X10−5) (Figure 5A).
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Figure 5 | Cuticle thickness measured by SEM. (A) Cuticle of a browning-resistant (“Nabali,” left) and a browning-susceptible cultivar (“ORS,” right). (B) Average cuticle thickness of browning-resistant and -susceptible cultivars (green and brown columns, respectively). (C) Penetration force of browning-resistant and -susceptible cultivars (green and brown columns, respectively). Error bars are confidence limits (n = 5; α = 0.05).






We also measured the penetration force of the cuticle. The average penetration force in the resistant cultivars was 2.5 kg, while the penetration force in the sensitive cultivars was significantly less, 1.6 kg (P < 1.3X10−35) (Figure 5B).




The Browning Is an Enzyme-Dependent Response

In order to test if the browning response to fruit injury is enzyme-dependent, we sampled fruits from “Koroneiki,” a cultivar of proven sensitivity to pressure. Fruits were pressed by the force gauge, and half the fruits were dipped in boiling water for 10 min, while the other half was incubated at room temperature. The fruits were photographed 3 h after passing through the press. Heated fruits had no brown spots, while control fruits clearly showed large brown spots in response to the applied pressure (Supplementary Figure 1).





Discussion

Mechanical harvesting of oil olives, mostly by trunk shaker or by harvester, is now a common practice in orchards. However, mechanical harvest of table olives is still very limited (Tous and Tous, 2011; Zipori et al., 2014). Recently, we published a study suggesting the use of ethephon and ascorbic acid as a pretreatment to facilitate mechanical harvest of green table olives (Goldental-Cohen et al., 2017). This pretreatment was shown to decrease the DF of the fruits without causing defoliation. However, in order to enable mechanical harvest of table olives, it is also necessary to prevent external fruit color change or browning. In this study, we used our germplasm collection to screen for browning-susceptible and -resistant cultivars. The various olive cultivars differ in their degree of browning in response to injury. Fruits of some cultivars are completely resistant and remained green 24 h after impact, while others developed a large brown spot around the point of impact. We also found that the browning process in response to impact begins with damage to the mesocarp cells while a thick cuticle inhibits this process.



Some Cultivars Are Resistant to Browning

In this study, the parameter used to evaluate the differences among cultivars was the two-dimensional proportion of the brown area around the impact point in relation to the surface area of the whole fruit. Although this parameter may be inaccurate in evaluating total damage to the fruit, because it takes into account only two dimensions, it should provide enough information to be used as a fast and easy method for screening commercial quantities of fruit. Using this parameter, we were easily able to screen the damaged area of each of 5 fruits from 106 cultivars for a total of 530 fruits. Jiménez et al. (2016) quantitatively defined bruising damage to olives by 11 parameters. Of these, they recommended the use of three parameters as the most discriminant, the easiest to assess and the most useful for the evaluation of susceptibility to bruising. One of them is the total damaged area of the mesocarp. In contrast, we focused on the visible outer layer of the fruit to quantify browning. Since most factories currently use automatic machines for sorting defective olives by color, the parameter of visual color of the skin, which was measured in this study, is the relevant parameter based on which defective drupes are discarded, causing financial losses.

There was significant variation in the different cultivars susceptibility to browning. Some were completely green after impact whereas others were extremely brown several hours after impact. In apples, it has been suggested that variation in bruise size for a given impact energy occurs across cultivars and depends on a number of factors such as maturity and temperature (Samim and Banks, 1993). We tested the cultivars at their “green maturity” stage (table olive harvest time). However, observation of the developmental stage for all cultivars was performed visually and may not always have been accurate. In addition, since each cultivar was tested on a different day, according to its stage of development, the temperature at harvest was not identical. However, the temperature at this season (during September) is fairly stable in Israel. In addition, extreme cultivars were retested, and validation of their susceptibility/resistance to browning was performed. Comparison of the phylogenetic relationships among cultivars analyzed in a previous study (Biton et al., 2015) with the browning pattern and elasticity coefficient of the various cultivars revealed that genetically close cultivars tend to show a similar browning level and elasticity coefficient (Figure 3). Therefore, although our analysis may contain some biased results, we are convinced that, in general, and especially for the extreme cultivars, the level of browning presented here for each cultivar is mainly due to genetic differences among cultivars.




Timing of the Browning Phenomenon

Brown spots appeared on the fruits immediately after the induced pressure and spread over time, until they reached their final size 3 h after pressure was applied. The differences in most cultivars between 3 and 24 h after the induced pressure were not significant. The regression coefficient between the browning proportion at 3 and 24 h after injury was found to be 1.033. This is very close to a regression coefficient of 1, corresponding to equality between the two tested variables. Apart from the three cultivars, “Dolce de Marocain,” “Memecik,” and “Gemlik,” in which the browning process continued after 3 h, in the remaining 103 cultivars, the browning process reached its full extent during the first 3 h after injury. Other studies reported that discoloration continued spreading and reached its final size 24 after the induced pressure (Jiménez-Jiménez et al., 2013a; Jiménez et al., 2016; Jiménez et al., 2017). However, these studies used methods of simulating injury such as dropping the fruits from a height of 1 m to induce damage, whereas we used direct pressure on the fruits. The different methods used could explain the differences in spreading time of the bruising.

The “Manzanillo” cultivar is the most popular table olive in Israel, as well as in other countries (Diego and Rallo, 2000). In this study, the “Manzanillo” showed 5.5% browning 3 h after application of pressure. Other cultivars used as table olives showed resistance to browning, such as “Hojiblanca,” “Kadesh,” “Kadeshon,” “Nabali,” “Niedda de gonnos,” “Picual,” “Sevillano,” “Tonda calliari,” and “Tonda oliana.” Other studies have also shown that there are cultivars more resistant to bruising than the “Manzanillo,” such as “Hojiblanca” (Jiménez et al., 2016) and “Manzanillo Cacerena” (Jiménez et al., 2017). Switching to mechanical harvest of table olives with minimum injury to the harvested fruits can be achieved by replacing sensitive trees with a browning-resistant cultivar.




A Thick Cuticle Promotes Resistance to Browning

Injuries incurred during mechanical harvesting can be either from blows received from canes used to assist the mechanical shaker in helping the fruit drop from the tree or from fruitshitting the ground after falling from the tree. In both cases, the impact is flat and not sharp. Therefore, we used a force gauge with a flat rounded pinhead to mimic the impact inflicted on the fruit by the mechanical harvester. Not surprisingly, the flat pressure did not damage the exocarp tissue. However, damage was found in the mesocarp layer. Jiménez et al. (2016) also found that no damage was observed in the exocarp as a result of olive fruits falling to the ground. However, mesocarp cells were injured from this treatment. When the penetration force needed to damage the exocarp with a sharp pinhead was measured, significant differences in the resistance of susceptible cultivars were found. Not surprisingly, the susceptible cultivars were characterized by a lower penetration force (Figure 5). This validated our presumption that the cuticle of the resistant cultivars may be thicker than that of the susceptible cultivars. It has already been suggested that cuticle thickness is one of the major factors influencing susceptibility to browning (Hammami and Rapoport, 2012). However, this was never tested on several cultivars. A significant difference was found between the cuticle thickness of the cultivars susceptible to browning and that of the resistant cultivars (Figure 5). This significant disparity, together with the observation that the exocarp cells remain unharmed after induced pressure even in the susceptible cultivars, while the mesocarp cells were clearly damaged in response to this pressure, suggests that the main factor in determining the difference among cultivars in their susceptibility to browning is the thickness of their cuticle. We used the cuticular flange wedged between epidermal cells to evaluated cuticle thickness. A difference of 31% was found between the average cuticle thickness of the susceptible compare to the resistant cultivars (21.49 and 28.21 µm, respectively). Our results are in agreement with other studies that found thicker cuticles in the more resistant cultivars (Hammami and Rapoport, 2012; Jiménez et al., 2017).




The Browning Process in Green Olives

Browning of olive fruits after induced injury can be prevented by dipping the fruits in boiling water (Supplementary Figure 1).

It was important to ascertain, as suggested by other studies, that the parameter we evaluated—the proportion of brown color on the fruit skin—is the result of an enzymatic process. Several studies have found that dipping the olives in NaOH also inhibits the browning process (Ben-Shalom et al., 1978; Sánchez et al., 2006; Zipori et al., 2014). In plants, PPOs known for their role in post-harvest browning of fruits and vegetables are localized into plastids (Sullivan, 2015). It has also been suggested that this class of enzymes is involved in the browning process of green olives after damage (Ben-Shalom et al., 1978; Sciancalepore and Longone, 1984). PPOs and their potential phenolic substrates have been considered to be physically separated from one another, with most PPOs targeted to the chloroplasts, while phenolic compounds accumulate primarily in the vacuole and cell wall (Vaughn et al., 1988; Steffens et al., 1994). Postharvest browning occurs in damaged plant tissues due to the contact between phenolic compounds and PPOs, leading to transformation of phenolic compounds to colored polymers (Araji et al., 2014; Croguennec, 2016). Based on the results of other studies mentioned above and the conclusions we have reached from our present study, we would like to suggest that the browning process in olives is driven by the PPOs enzymes. We suggest that, as a result of the injury, physical contact between the PPOs and phenolic compounds leads to the brown spots appearing on the surface of the fruit. In the resistant cultivars identified in this study, the mesocarp cells were not harmed by the induced pressure; the PPO and the phenolic compounds remained localized in different cell components, and therefore, no brown spots appeared on the fruits of these cultivars.





Conclusions

This study describes the variation found in olive cultivars regarding their susceptibility to fruit browning in response to injury occurred during mechanical harvest. The varied browning level as a response to mechanical damage shown by the cultivars could be mainly due to genetic differences among cultivars. Many cultivars can be characterized as browning-resistant due to their thick cuticle. We therefore suggest this simple method of induced pressure described above, in order to screen for new browning-resistant table olive cultivars as the first step in a breeding program aimed at identifying table olive phenotypes suitable for mechanical harvesting.

The two major factors involved in shifting from manual to mechanical harvesting of table olives are harvesting efficiency and prevention of injury to fruit. High harvesting efficiency demands pretreatment which will enable fruit abscission without defoliation. In a recent study, added antioxidants such as ascorbic acid or butyric acid to ethephon spray as a pretreatment to green olive harvest inhibited leaf abscission while enhancing fruit abscission (Goldental-Cohen et al., 2017). In our present study, we have identified 14 cultivars that showed resistance to browning after induced pressure. Among them, nine cultivars are known to produce table olives or to serve as dual purpose. Work is in progress to screen these nine cultivars regarding their response to ethephon and ascorbic acid. Those that respond similarly to “Manzanillo” to ethephon and ascorbic acid then could be used as table olive cultivars suitable for mechanical harvest.
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Supplementary clip | Fast-forward play of the three hours following induced pressure, as the browning-sensitive cultivar fruit changes color from green to brown in the area surrounding the point of injury.

Supplementary Figure 1 | Illustration of induced pressure by the force gauge, the dipping of fruits in a bath of boiling water and the images taken 3 hours after incubation of the browning-sensitive cultivar ‘Koroneiki’ fruits with and without treatment in boiling water (right and left images, respectively). Boiling the fruits for ten minutes prevented appearance of brown spots on the surface of the fruits.
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The 70% worldwide surface of olive orchards is irrigated. The evaluation of non-conventional water resources and water-saving techniques has gained importance during the last decades in arid and semiarid environments. This study evaluated the effects of irrigation with two water sources: low-cost water DEsalination and SEnsoR Technology (DESERT) desalinated water (DW) ECw ~1 dS m−1) and reclaimed water (RW) (ECw ~ 3 dS m−1) combined with two irrigation strategies: full irrigation (FI) (100% of ETc) and regulated deficit irrigation (RDI, 50% of ETc) on fruit yield, ripening indices, and oil yield and quality of olive trees cv Arbosana planted in Mediterranean conditions. Our results showed that RW without water restrictions increased the fruit yield by 35% due to a slight increase in the fruit weight and, mainly, to a greater fruit set than the control trees; although this did not result in a higher oil yield (g tree−1) since the oil content per fruit dry weight was reduced. The RDI strategy did not decrease the fruit yield despite the fact that olive weight tended to decrease, and it increased the oil yield by ~14.5%. The combination of both stresses (RW and RDI) neither decreased the fruit yield; however, it significantly reduced oil yield (25% less in 2018) since oil content per fruit dry weight was strongly reduced (40%) compared to control trees. Both RDI treatments, regardless water source, determined acidity levels in olive paste lower than in FI treatments; however, it reduced oil extractability and fatty yield. The finding about oil quality indicated that olive exposure to RW, regardless of the water amount, decreased oil quality mainly due to the reduction of oleic acid and the increase of C18:2/C18:3 ratio and peroxides; on the contrary, both RW and RDI improved the total polyphenols. In all cases, the parameters met the legislation. In short, with appropriate management, RW and RDI have great potential to manage oil olive production; nevertheless, studies subjected to long-term use of these techniques should be experienced to ensure the sustainability of oil yields and quality.

Keywords: acidity, Arbosana, fruit weight, oil extractability, oleic acid, polyphenol, peroxide, total production



Introduction

Water is essential for agricultural production and food security. Our freshwater resources are dwindling at an alarming rate. It is estimated that by 2025, around 2 billion people will be affected by absolute water scarcity (Riemenschneider et al., 2016). Thus, growing water scarcity is now one of the leading challenges for sustainable development. This challenge will become more pressing as the world’s population continues to grow, their living standards increase, diets change, and the effects of climate change intensify, increasing temperatures across the world. In this context, more frequent and severe droughts are already having an impact on agricultural production, where rising temperatures translate into increased crop water demand.

Agriculture, which is the most water-demanding economic sector worldwide, is both a major cause and casualty of water scarcity. Farming accounts for almost 70% of all water withdrawals, and up to 95% in some developing countries, with freshwater resources heavily stressed by irrigation and food production (FAO, 2018). In Italy, the dimensions of economic loss in the farming sector were predicting losses of 2 billion Euros (EC, 2018) due to the droughts of summer 2017. In particular, Apulia region (southeast of Italy), which exhibits a Mediterranean climate characterized by hot, dry summer, requires a high volume of irrigation water because many hectares of fruit tree crops (olive, grapes, almond, sweet cherry) account for 80% of the region’s irrigated land (Arborea et al., 2017). Besides, extensive exploitation of wells by Apulian regional farmers is causing the progressive salinization and depletion of relevant portions of the regional aquifers reducing the water available for agriculture (Vivaldi et al., 2019).

Thus, techniques for optimizing water productivity as the regulated deficit irrigation (RDI), where water deficits are imposed during phenological periods when the tree is the least sensitive to water stress, and with little impact on fruit yield (Romero-Trigueros et al., 2017) or the use of non-conventional water sources in agriculture as a component of effective water conservation strategies, are required in regions with water scarcity (Romero-Trigueros et al., 2019). Doing so will not prevent a drought from occurring, but it can help in preventing droughts to result in famine and socioeconomic disruption (FAO, 2018).

With respect to non-conventional water sources, reused reclaimed water (RW) is considered non-expensive and reliable, particularly for irrigation in agriculture. It is estimated that, globally, the market for reuse was on the verge of expansion and expected to outpace desalination in the future. It is foreseen that, by 2030, water reuse will represent about 1.7% (26 billion m3 year−1) of the total water use (Global Water Market, 2017). RW usually may contain not only essential nutrients, which are beneficial for crop growth and economy of the growers, but also salts, toxic ions, and micropollutants, which discharge into the environment and can accumulate in the soil and crops over time, affecting plants, soils, and underground water bodies (Romero-Trigueros et al., 2014). For this reason, reducing salt concentrations in these water sources, leading to desalinated water, using technologies, could be an imperative need. Nevertheless, the technologies used must be adequately validated in real crops, ensuring their sustainability, and knowing how it affects the fruit yield and quality. Olive crop is considered moderately tolerant to salinity (Gucci and Tattini, 1997; Erel et al., 2019) with water electrical conductivity (ECw) between 3 and 6 dS m−1, causing no effect to growth or yields (Ayers and Westcot, 1985). In addition, in the Mediterranean region, olive is a major tree crop, and more than 90% of the world’s olive oil is produced. Concretely, in Apulia region, olive is the most representative fruit tree crop irrigated with 383,650 ha cultivated (33 % of total olive orchards in Italy) and with a production of 205,983 t of olive (48% of total Italian production) (ISTAT, 2017; ISMEA, 2018). Salinity tolerance mechanisms of olive trees apparently include a strong ability to exclude potentially toxic ions from above-ground tissues (Kchaou et al., 2010). There are some studies where the saline RW has been used to irrigate olive trees in Mediterranean countries (Greece, Israel, Italy, Spain, Jordan, Egypt, and Tunisia), which reported that the tolerance to salinity depends on the olive varieties. Most of the works evaluated soil properties and leaf nutrients (Aragüés et al., 2005; Ben Rouina et al., 2011; Segal et al., 2011; Petousi et al., 2015; Bourazanis et al., 2016; Erel et al., 2019), root nutrient (Bedbabis et al., 2014), vegetative growth (Kchaou et al., 2010; Ben-Gal et al., 2017), fruit nutrient (Melgar et al., 2009; Batarseh et al., 2011; Bedbabis et al., 2014), and oil yield and quality (Melgar et al., 2009; Ayoub et al., 2016; Tietel et al., 2019).

Regarding the effects of RDI in olive crop, recent works showed that linoleic acid content in olive oil (Hernández et al., 2018), the vegetative growth (Rosecrance et al., 2015; Hernández-Santana et al., 2018), the fruit yield (Gucci et al., 2019) were decreased by water stress. However, a moderate water stress can increase olive oil yield and quality and accelerate fruit maturity (Rosecrance et al., 2015).

To our knowledge, however, nothing has been published about the effects of (i) the irrigation with desalinized water (DW) or of the combination of both water sources (DW and RW) with the RDI strategy and (ii) the strategies on cultivar Arbosana, which is the variety object of study of this work. This cultivar is characterized by early bearing (2nd year after planting), low vigor, and slow canopy growth so that it is the most suitable cultivar to new super high-density olive (SHD) cropping systems (Godini et al., 2011; Rallo and Provenzano, 2013; Vivaldi et al., 2015). SHD olive orchards are spread on over 200,000 ha all over the world on five continents (Olint, 2018). Arbosana, despite being a cultivar widely cultivated has been under-assessed; only Kchaou et al. (2010) studied it in a greenhouse pot experiment with nutrient solution. Indeed, most of works used other olive cultivated varieties, such as Barnea, Leccino (Segal et al., 2011; Ben-Gal et al., 2017; Erel et al., 2019; Tietel et al., 2019), Arbequina (Aragüés et al., 2005; Rosecrance et al., 2015; Hernández et al., 2018; Hernandez-Santana et al., 2018), Chemlali (Ben Rouina et al., 2011; Bedbabis et al., 2014; Bedbabis and Ferrara, 2018), Koroneiki (Petousi et al., 2015; Bourazanis et al., 2016), Nabali Muhassan (Ayoub et al., 2016), Frantoio (Gucci et al., 2019), and Picual (Melgar et al., 2009). 

This work intends to assess the effects of the use of desalinated and saline RW combined with two irrigation strategies, full irrigation (FI) and RDI on (i) fruit yield and ripening indices and (ii) oil yield and quality of olive trees cv Arbosana.




Materials and Methods



Experimental Site and Plant Material

The study was conducted at an experimental site located in the southeast of Italy (Bari, Apulia Region) (41°06′41′′N, 16°52′57′′E) (5 m above sea level) during 2017 and 2018. The crop used was 2 years self-rooted olive trees (cv Arbosana) planted on not covered 100-L polyethylene pots (diameter, 50 cm; height, 65 cm). Pots were on the ground with a 1.85 × 2.10 m planting system in rows oriented N-NE to S-SW. The soil texture within the first 90 cm depth was classified as loam (44.78 % sand, 12.32 % clay, and 42.90 % silt) (USDA textural soil classification). 




Irrigation Treatments

Two irrigation water sources were examined. First was low-cost water DEsalination and SEnsoR Technology (DESERT) DW, obtained by treating secondary wastewater coming from Bari secondary wastewater treatment plant with ECw 1.2 dS m−1 by ultrafiltration, active carbon, and reverse osmosis till reaching an ECw of 1.0 dS m−1. DESERT is an innovative water desalination and sensor technology compact module for continuously monitoring water quality that has been developed in the framework of the DESERT European project (Water JPI, 2016) with participating partners from Italy, Spain, and Belgium. DESERT technology, to contrast water scarcity and to increase the water quality, enhances the energy savings using solar energy to treat the non-conventional water. The second one is saline RW, which is obtained by mixing the secondary wastewater (ECw 1.2 dS m−1) with the brine produced on the DESERT prototype till reaching an ECw of 3 dS m−1). 

Two irrigation treatments were established for each water source. The first treatment was FI treatment throughout the growing season to fully satisfy crop water requirements (100% ETc). The second one was an RDI treatment with an irrigation regime similar to FI, except during the initiation of the first stage of oil accumulation, when it received half the water as applied to the FI (50% ETc). This RDI period was chosen because it corresponded to approximately the end of maximum rate of pit hardening and before the rapid phase of fruit growth and oil accumulation begins, thus avoiding the fruit set period (Stage 1), when olive trees are more sensitive to water stress (Gucci et al., 2019; Rosecrance et al., 2015). The DW-RDI was considered as the control treatment. The irrigation was scheduled on the basis of daily evapotranspiration of the crop (ETc) accumulated during the previous week. ETc values were estimated by multiplying reference evapotranspiration (ET0) (Equation 1) as recommended by FAO (Allen et al., 1998):

	[image: ]	(1)

where Kr is reduction coefficient (Kr = 0.75) and Kc (0.40 Kcini, 0.90 Kcmid, 0.65 Kcend) is crop coefficient. ET0 was calculated by Penman–Monteith methodology, and all data were provided by a climate station located 100 m far from the experimental platform. The monthly evolution of the ET0 during the experiment is shown in Figure 1. The water was supplied by drip irrigation with three pressure compensated drippers per tree, each with a flow rate of 2 L h−1.
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Figure 1 | Seasonal evolution of rainfall (mm·month−1), reference evapotranspiration (ET0, mm∙month−1), vapor pressure deficit (VPD, kPa), and full (FI) and regulated deficit (RDI) irrigation depths (mm∙month−1) during 2017 and 2018. 







All trees received the same amount of NPK macronutrients through a drip irrigation system. Integrated pest management and pruning were those commonly used by growers in the area, and no weeds were allowed to develop within the orchard.




Water Quality and Plant Water Status

The inorganic solute content, pH and ECw of each irrigation water source were assessed monthly during the irrigation seasons in 2017 and 2018. The samples were collected in glass bottles, transported in an ice chest to the laboratory, and stored at 5°C before being processed for chemical and physical analyses. The concentrations of macronutrients (N, K, P, Ca, and Mg) and micronutrients including B were determined by inductively coupled plasma optical emission spectrometer (ICP-ICAP 6500 DUO Thermo, England). Anions (Cl−, NO3−, PO43−, and SO42−) were analyzed by ion chromatography with a liquid chromatograph (Metrohm, Switzerland). ECw was determined using a PC-2700 meter (Eutech Instruments, Singapore), and pH was measured with a pH-meter Crison-507 (Crison Instruments S.A., Barcelona, Spain).

Stem water potential (SWP) was determined weekly during the irrigation periods at midday, using a pressure chamber (model 3000, Soil Moisture Equipment Corp., California, USA), according to Scholander et al. (1965), on one fully expanded leaf per tree from the mid-shoot area, which were bagged within foil-covered aluminum envelopes at least 2 h before the measurement (Shackel et al., 1997).




Fruit Yield and Ripening Indices

The harvesting was made on October 31, 2017, and November 21, 2018, at the appropriate ripening stage, when detachment index reached at least 2 N g−1. All olives were manually and separately collected and weighed to determine the fruit yield (g tree−1). The fruit number per tree was calculated by dividing the fruit yield by average single fruit weight.

Fifty olives from each tree of each treatment were randomly sampled immediately after harvest to determine the different fruit ripening indices, following the methodology reported by Camposeo et al. (2013). For fresh weight (FWe), dry weight (DWe), and water content (WC) calculated as (FWe-DWe)·FWe−1·100, fruits were brought to the laboratory to determine the FWe on a digital balance (XS105 Dual Range, Mettler Toledo, Greifensee, Switzerland). Then, these were oven-dried for 48 h at 65°C, cooled for 30 min in a desiccator and again weighted. The detachment index (DI; N g−1) was calculated as: DI = DF·FWe−1 where DF is the detachment force (N) measured using a manual dynamometer (Somfy Tec). Fruit firmness was measured with a penetrometer ADEMVA (mod.TR) using a tip Ø 2 mm on the equatorial zone. 

Fruit color was determined as pigmentation index (PI) calculated in Equation (2):
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where i is the number of the group, ni is the number of fruits per group, N is the total number of fruits in the sample. The procedure consisted in distributing the sample of olives in six groups, according to the following characteristics: group 0, green skin; group 1, <50% black skin with white flesh; group 2, ≥50% black skin with white flesh; group 3, 100% black skin with white flesh; group 4, 100% black skin with <50% purple flesh; and group 5, 100% black skin and ≥50% purple flesh (0 ≤ PI ≤ 5).




Oil Extraction and Quality

Fatty yield (%), humidity (%), and acidity (%) were determined by near-infrared spectroscopy in part of fruits which were crushed in a hammer mill (FOSS Olivia™, Barcelona, Spain), the resulting olive paste malaxed at 25°C for 30 min (Servili et al., 2007). 

To determine oil industrial extractability (%) after olive paste was obtained, the oil was extracted and separated by vertical centrifugation, collected, and left to decant. The oil samples were filtered and stored at 14°C in a dark and cool place in amber glass bottles until analysis. Results were also expressed as oil content per dry and fresh fruit weight (%) and oil yield (goil tree).

Olive oil free acidity (FA), given as percent of oleic acid (C18:1), (% C18:1 per 100 g olive oil), peroxide value (meq O2 kg−1 oil), and UV determinations (K232, K270, and ∆K) were carried out according to the European Union Commission Reg. 61/2011 (EEC, 2011) and International Olive Council (IOC) standard methods. The parameters or extinction coefficients, K232 and K270, have oil absorbance at 232 and 270 nm, respectively, and ∆K was calculated from the absorbances at 232, 268, and 274 nm. Spectrophotometric determinations, K232, K270, and ∆K analyses, were carried out using a Shimadzu UV-1601 spectrophotometer (Shimadzu, Kyoto, Japan).

Profiles of fatty acids methyl esters (FAME) were determined by gas chromatography (EEC, 2011). Olive oil was diluted in hexane (1% oil) and 0.4-ml solution was added to 0.2-ml methanol solution with KOH 2 N. The mixture was vigorously shaken for 1 min and 2 µL of the hexane organic phase was collected for the GC injection. A Shimadzu mod. GC-17A equipped with flame ionization detected (FID) (Shimadzu Italia, Milan, Italy) was used for the analysis. The acquisition software was Class-VP Chromatography data system 4.6 (Shimadzu Italia, Milano, Italy). A FAME capillary column, 60 m, 0.25 mm i.d. with 0.25 mm 50% cyanopropyl-methyl phenyl silicone, was used (Quadrex Corporation, New Heave, USA). Chamber was held at 170°C for 20 min using a rate of 10°C min−1 until 220°C, held for 5 min. Injector temperature and FID temperature was 250°C; carrier gas, Helium; column flow, 2 ml min−1; split ratio, 1/60; injected volume, 20 µl. Peaks identification was performed by comparing retention times of fatty acids with those of pure compounds (mixture of pure methyl esters of fatty acids; Larodan, Malmoe, Sweden) injected in the same condition. 

Phenolic compounds were extracted and determined according to Caponio et al. (2015) with slight modifications. Extraction was carried out on 1 g of oil by adding 1 ml of hexane and 5 ml of methanol/water (60:40v/v). After vortexing for 1 min and centrifuging at 4000 rpm for 10 min, the hydroalcoholic phase was recovered and filtered through nylon filters (pore size 0.45 μm, Sigma-Aldrich, Milan, Italy). Then, 100 ml of extract were mixed with 100 ml of Folin–Ciocalteu reagent by Folin and Ciocalteau (1927) and after 4 min, with 800 ml of a 5% (w/v) solution of sodium carbonate. The mixture was stored in the dark for 30 min, and the total phenol content was determined at 750 nm by a Shimadzu UV-1601 spectrophotometer (Shimadzu, Kyoto, Japan). The total phenolic content was expressed as gallic acid equivalents (mg∙kg−1).

Chlorophyll and carotenoids determination was carried out by measuring the absorption of the oil/hexane solution (1:1 v/v) at wavelengths of 670 nm for chlorophyll and 450 nm for carotenoids using a Shimadzu UV-1601 spectrophotometer (Shimadzu, Kyoto, Japan) (Minguez et al., 1991).




Experimental Design and Statistical Analysis

A total of 40 trees were used in this study (10 per treatment). The experimental design of each irrigation treatment was five replicates distributed following a completely randomized design. Each replica consisted of two trees. To evaluate the fruit yield and ripening indices, all trees per treatment (10 trees per treatment) were used. For the study of the SWP, oil yield and quality five trees per treatment (one per replicate) were evaluated.

A weighted analysis of variance (ANOVA) followed by Tukey’s test (P ≤ 0.05) was used for assessing differences among treatments. Linear regressions among the different variables measured were calculated. Pearson’s correlation coefficients were used to assess the significance of these relationships. These statistical analyses were performed using SPSS (vers. 23.0 for Windows, SPSS Inc., Chicago, IL). To discriminate significant differences among parameters of different linear regressions (slope and intercept) analysis of covariance (ANCOVA) were performed using Statgraphics software (Statgraphics Plus for Windows Version 4.1). The data also were analyzed using a two-way ANOVA with water quality and water amount as the main factors.





Results



Climatic Data

Climate conditions at the experimental site followed typical Mediterranean patterns, with hot and dry weather from May to September, reaching ET0 values of 318.81 and 278.28 mm∙month−1 in 2017 and 2018, respectively, and being mild and wet for the rest of the year. The total rainfall was 467 and 535 mm in 2017 and 2018, respectively. Most of the annual rainfall occurred between September and May (Figure 1). The daily average vapor pressure deficit (VPD) values reached 1.53 and 1.15 kPa in August of 2017 and 2018, respectively (Figure 1). There was a clear different climatic pattern between years. The first year was hotter and more arid than the second one. In particular, during the ripening period (from September to November), the sum of ET0 values was much higher in 2017 than in 2018 (332.5 mm vs 60.6 mm, respectively).




Irrigation Water Quality and Plant Water Status

The results of the chemical analysis of both irrigation water sources used in the experiment, DW and RW, during 2017 and 2018, are presented in Table 1. In general, both waters were characterized by a slight alkaline; within the range of proper irrigation water (Bedbabis et al., 2010). The pH values were weakly higher in RW than in DW, and both within the limits allowed by the D.L. 185/2003. RW had significantly higher salinity than DW (31 ds∙m−1 versus 1 ds∙m−1). The sodium absorption ratio (SAR) also was higher in RW than DW, and both sources presented values below the limit. The Cl− concentrations were around 200 mg∙L−1 for DW and almost double (380 mg∙L−1) for RW, exceeding, in this last case, the threshold values indicated in D.L. 185/2003. Likewise, Na presented higher levels in the RW than in the DW, mainly in 2017. Regarding nutrients and elements considered essential for plant growth and development, RW contained higher amounts of NO3−, PO43−, and K, with respect to DW. Similarly, Mg and Ca concentrations in RW were around the double in comparison with DW. Boron, an important micronutrient for olive tree production (Saadati et al., 2013) was found in both sources at a quite similar concentration. The micronutrients as Fe, Mn, and Zn also were slightly higher in RW than in DW (Fe, only in 2018, and Mn presented values about almost double both years). Others toxic heavy metals as Cd, Cr, and Pb were not detected in any of the water sources, whereas the highest Al and Ni levels were in RW.




Table 1 | Physical and chemical properties for DESERT desalinated water (DW) and reclaimed water (RW) in 2017 and 2018.
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The irrigation season lasted from May 1 to October 31 and from May 15 to November 9 for 2017 and 2018, respectively. The amounts of water applied were 3679.63 and 3062.34 m3∙ha−1 for FI and RDI treatments in 2017 and 2460.49 and 2011.23 m3∙ha−1 for FI and RDI treatments in 2018, respectively (Figure 1). Therefore, the RDI treatment saved about 21% of irrigation water. The RDI period in 2017 began on DOY 180 (29th June 2017) and ended on 213 (August 1, 2017). The RDI period in 2018 started on DOY 180 (June 29, 2018) and ended on DOY 243 (August 31, 2018). The RDI period in 2017 lasted 1 month less than in 2018 for two reasons: (i) the trees were very young and (ii) the trees were shortly transplanted (1 year).

The water quality did not affect the SWP. However, the RDI treatments reached SWP values significantly more negative (−1.90 and −3.05 MPa in 2017 and 2018, respectively) than the control treatment (−1.02 and −1.29 MPa in 2017 and 2018, respectively) during the RDI periods. The SWP was lower in the water stressed trees during the second year than in the first one because the RDI period was longer.




Properties of the Fruit Production

Harvest data for each year are shown in Figure 2. In general, the fruit yield was very low in the first year of the experiment with an average value of 218 g per tree. In the following year, Arbosana trees started to bearing, with a yield of 2.01 kg per tree. The average individual fruit weight ranged between 2.2 and 2.5 g and between 2.0 and 2.6 g for 2017 and 2018, respectively. The fruit number per tree ranged from 81.3 to 110.3 in 2017 and from 734.3 to 972.0 in 2018. Considering the different treatments, there were no differences among them neither in yield, nor in fruit weight or number of fruit in 2017. However, the RW-FI treatment had a fruit yield significantly higher than the rest of treatments, about 35% more than DW-FI (Figure 2A) in 2018. This was mainly due to an increase in the olive weight (7%) and to a greater number of fruits per tree (21%), although there were no significant differences in these two parameters (Figures 2B, C). Water stress caused by the RDI strategies did not affect significantly the fruit yield, regardless of the water quality, although we observed an increase in the number of fruits per tree (32.4% and 23.5% for DW-RDI and RW-RDI, respectively) and a decrease in the fruit weight (21% and 6.8% for DW-RDI and RW-RDI, respectively) with respect to the DW-FI, mainly in the DW-RDI.
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Figure 2 | (A) Olive fruit yield (g tree−1), (B) fruit fresh weight (g fruit−1) and (C) number of fruit (olives tree−1) for each treatment: DW-FI (DESERT water-full irrigation), DW-RDI (DESERT water-regulated deficit irrigation), RW-FI (reclaimed water-full irrigation), and RW-RDI (reclaimed water-regulated deficit irrigation) for 2017 and 2018.





Regarding fruit ripening indices at harvest (Table 2), neither quality water (RW treatments) nor water amount (RDI treatments) affected significantly detachment index, fruit firmness, and PI. Nevertheless, some trends were observed. Fruits from RW trees (i) were detached more easily than control trees, although the fruit detachment force was not significantly lower in the RW-FI versus the DW-FI (Table 2), and (ii) had a higher PI than the DW-FI in the first year (63%). Besides, in 2017, the mean PI was 1.5 and in the second one decreased about 0.9. During the RDI period, DW-RDI fruits looked wrinkled. When such period ended, fruits visually recovered the firmness; although the lowest values of firmness were observed in this treatment at harvest. Finally, the fruit WC was significantly higher in the RDI treatments in 2018 (4.9% and 4.2% for DW-RDI and RW-RDI, respectively).





Table 2 | Ripening indices: water content, detachment index, fruit firmness and pigmentation index for each treatment: DW-FI (DESERT water-full irrigation), DW-RDI (DESERT water-regulated deficit irrigation), RW-FI (reclaimed water-full irrigation) and RW-RDI (reclaimed water-regulated deficit irrigation) in 2017 and 2018.
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Oil Determination

The fatty yield was affected by water stress in 2018 because both RDI treatments had less fatty performance than the DW-FI (a reduction of 15.2 and 11.0% for DW-RDI and RW-RDI, respectively) (Figure 3A). Similarly, oil industrial extractability also was decreased by RDI strategies in 2018 (a reduction of 16.2% and 11.6% for DW-RDI and RW-RDI, respectively) (Figure 3B). Humidity percentage in olive paste was higher in all stressed treatments compared with DW-FI in the second year. With respect to acidity, olive paste of RDI treatments also presented a mild reduction in its levels in both years, being significant for the DW-RDI in 2018 (6.1%) (Figure 3C). Moreover, taking into account all the treatments, humidity was significantly correlated to fatty yield (R = 0.82, p < 0.005***) and oil extractability (R = 0.80, p < 0.005***), so that as humidity increased, the fatty yield and oil extractability decreased. With less significance, humidity also correlated negatively with acidity (R = 0.60, p < 0.01**). In this sense, overall, the levels of fatty yield and oil extractability decreased by 4% and 1.2%, respectively, from 2017 to 2018. The fatty yield average values were around 24% in 2017 and decreased about 20% in 2018 and, like the oil extractability averages, were 16.4% in 2017 and 15.2% in 2018. On the contrary, humidity was higher in 2018 (61%) than 2017 (53%).
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Figure 3 | (A) Fatty yield (%), (B) oil extractability (%), (C) acidity (%) and (D) humidity (%) for each treatment: DW-FI (DESERT water-full irrigation), DW-RDI (DESERT water-regulated deficit irrigation), RW-FI (reclaimed water-full irrigation), and RW-RDI (reclaimed water-regulated deficit irrigation) in 2017 and 2018.





There were no significant differences among treatments for the oil content per fresh and dry fruit weight and for the oil yield in the first year of the experiment. However, oil content was affected by the water quality in the next year by two-way ANOVA (Figures 4A, B). Concretely, the oil content based on fresh fruit weight ranged from 8.20% to 13.50% and in the RW-FI and RW-RDI a reduction by 25% and 33%, respectively, was found (Figure 4A). In DW-RDI, on the contrary, a tendency to increase (10.6%) was observed. Oil content based on dry fruit weight showed the same behavior than oil content based on fresh weight in 2018, with values between 20% and 33%. A decrease by 22.9% in RW-FI and also a strong decrease by 39.93% in the RW-RDI, with respect to the DW-FI, were observed. Contrary, we observed a slight increase by 18.3% in the DW-RDI (Figure 4B).The oil yield was 0.22, 0.25, 0.21, and 0.16 goil tree−1 for DW-FI, DW-RDI, RW-FI, and RW-RDI, respectively, in 2018. Despite the two-way ANOVA indicating that this parameter was not affected by the quality or quantity of water (Figure 4C), Tukey’s test did show a tendency, that is, the oil yield decreased by 1.72% in RW-FI, despite such treatment having the highest olive fruit production, and markedly decreased by 24.8% in trees with the combination RWRDI. An increase by 14.5% in the DW-RDI was also found.
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Figure 4 | Oil content based on (A) fresh fruit weight (%), (B) oil content based on dry fruit weight (%) and (C) oil yield (g tree−1) for each treatment: DW-FI (DESERT water-full irrigation), DW-RDI (DESERT water-regulated deficit irrigation), RW-FI (reclaimed water-full irrigation) and RW-RDI (reclaimed water-regulated deficit irrigation) in 2017 and 2018.






Oil Quality

The most nutritional and chemical quality parameters accepted in oil evaluation were evaluated (Tables 3 and 4, and Figure 5). 
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Figure 5 | (A) Total polyphenols, (B) chlorophyll and (C) carotenes (ppm) in oil samples of each treatment: DW-FI (DESERT water-full irrigation), DW-RDI (DESERT water-regulated deficit irrigation), RW-FI (reclaimed water-full irrigation), and RW-RDI (reclaimed water-regulated deficit irrigation) in 2017 and 2018.






Taking into account the different irrigation treatments, the FA had no clear tendency (Table 3). We observed that it slightly decreased in DW-RDI in 2 years, similar to the data found for the acidity during industrial extraction (Figure 3). The peroxides decreased in DW-RDI in both years and increased in RW treatments in 2017, with respect to the control trees. The RW-RDI did not show a clear tendency for both years. The K232 and K270 indices are also indicators of the presence of oxidation compounds in oil, other than peroxides. The mean values of the specific extinction coefficients ranged from 1.51 to 2.41 and from 0.12 to 0.18, respectively, for K232 and K270. K232 had the highest values in the RDI treatments, mainly in DW-RDI, but was only significant in 2017. As for K270, it increased in the DW-RDI and decreased in the RW-RDI, being statistically significant only in 2017. The delta K index showed the highest values in RW treatments in 2017. In general, it is also important to highlight, that in the second year, the values of peroxides and K232 were higher than in the first year in all cases.




Table 3 | Oil quality chemical parameters: free acidity (FA), peroxides, K232, K270 and ∆K for each treatment: DW-FI (DESERT water-full irrigation), DW-RDI (DESERT water-regulated deficit irrigation), RW-FI (reclaimed water-full irrigation) and RW-RDI (reclaimed water-regulated deficit irrigation) in 2017 and 2018.
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On the other hand, significant effects among treatments on the fatty acid (FAME) composition of the major fraction of the olive oil, also known as saponifiable fraction, were observed (Table 4). The saturated and monounsaturated acids palmitic (C16:0) and palmitoleic (C16:1) were affected by quality and amount of water. C16:0 increased by RW (FI and RDI) only in 2017 and C16:1 by the combination of water and saline stress (RW-RDI). The saturated stearic acid (C18:0) and monounsaturated oleic acid (C18:1) significantly decreased in the RW treatments, mainly in the RW-RDI, this last one ranging between 69.03% and 70.57%. The polyunsaturated linoleic (C18:2), known as ω6, increased by RW around 9.2% and 7.1% in 2017 and 2018, respectively, being more marked again in the RW-RDI for 2017. However, linolenic acid (C18:3, ω3) was not affected by any treatment, ranging between 0.63% and 0.67%. Consistently, the C18:2/C18:3 ratio increased about 10.3% in both RW treatments (FI and RDI). As for the acids with hydrocarbon chain of 20 or more carbons, C20:0 was higher in all treatments, with respect to the DW-FI in 2017 and only in the RW-RDI in the next year. The acid C20:1 decreased by RDI (DW-RDI) in 2017. C22:0 obtained the higher values in the DW-RDI and the RW-FI. Finally, C24:0 increased in the DW-RDI and tended to decrease by effect of RW in the first year. 






Table 4 | Profiles of fatty acids methyl esters in the oil samples of each treatment: DW-FI (DESERT water-full irrigation), DW-RDI (DESERT water-regulated deficit irrigation), RW-FI (reclaimed water-full irrigation) and RW-RDI (reclaimed water-regulated deficit irrigation) in 2017 and 2018.
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The main FAME of olive oil was oleic acid consisting around 70% of the FAMEs found (Table 4). The second most abundant FAME was palmitic, and the third one was the polyunsaturated FAME linoleic. The order from higher to lower concentration of the different acids was as follows: 

C18:1>C16:0>C18:2>C18:0>C16:1>C18:3>C20:0>C20:1>C17:1>C22:0>C17:0>C24:0

Within the unsaponifiable minority fraction of olive oil, polyphenols and pigments were evaluated (Figure 5). Total polyphenols content ranged between 390 and 460 ppm and between 562 and 772 ppm in the first and second year, respectively. Their levels significantly improved in all treatments, with respect to the control trees, mainly in RW-RDI. The increases were 12.9%, 4.0%, and 17.5% in 2017 and 20.9%, 29.3%, and 37.3% in 2018 for DW-RDI, RW-FI, and RW-RDI, respectively. The differences among treatments were higher in 2018 than in 2017. This response can be explained by the highest values of 2018 (Figure 5A). 

Regardless of the treatments, the chlorophilic and carotenoids levels were lower in the second year than the first one (Figures 5B, C). The RW irrigation increased chlorophyll and decreased carotenoid contents; the combination of both stresses (RW-RDI) strongly decreased the two pigments by in the first experimental year: 47.7% less chlorophyll and 27.0% of carotenoids than the rest of treatments. In 2018, a tendency to decrease both pigments by DW-RDI was observed. 





Discussion



Water Quality

Treated RW contain soluble minerals which depend quantitatively and qualitatively on the original source of the water and the type of treatment (Petousi et al., 2015). Our results were roughly in line with what we would expect from a properly performing secondary wastewater treatment plant. Although the EC and SAR values of RW were relatively higher than DW, they met the limits of the D.L. 185/2003. Besides, it is known that olive trees can tolerate irrigation water salinity of up to 5 dS·m−1 with a SAR of 18 (Tattini et al., 1992). The phytotoxic Cl− and Na also were higher in RW, with respect to DW and the Cl− levels exceed the limit. Moreover, RW contained quantities of nutrients as well as essential elements higher than DW source, although it also showed elevated levels of Al and Ni, according to Rosecrance et al. (2015).




Effects of the Water Quality and Amount on the Olive Production Properties

In the first year of our experiment, trees were still under juvenile phase, giving a very low fruit yield response. In the second year, Arbosana trees started to bear, confirming what was well stated in the literature (Camposeo and Vivaldi, 2018). Water quality was key in terms of fruit yield. The higher yield obtained in RW full-irrigated trees was a consequence of the increasing in fruit weight and number due to the presence of nutrient elements. Thus, RW irrigation worked as fertigation. In the RDI treatments, the fruit yield was not affected by water stress although the percent of fruit set was higher and fruit weight was lower than in the control, mainly in DW-RDI, without any significant differences (Figure 2). Our results are in agreement with the finding of other researchers who reported that olive irrigation with treated wastewater significantly increased the fruit yield (Bedbabis et al., 2010; Bourazanis et al., 2016; Ayoub et al., 2016). A long-term experiment of 8 years conducted in Israel with “Barnea” and “Leccino” trees irrigated with saline wastewater of lower EC than ours (ECw~1.7 dS·m−1) and fresh water reported that fruit yield was not significantly different among treatments in any individual season; however, the highest values of total yield in “Barnea” olives for the entire experiment was found in the wastewater treatment (Erel et al., 2019). . In other experiments carried out in Córdoba (Spain) under field conditions with Picual olive, two saline treatments (ECw = 5 dS∙m−1 and ECw = 10 dS∙m−1), without using wastewater from treatment plants, did not change annual yield in any of the 9-year studies (Melgar et al., 2009). In contrast, authors Gucci and Tattini, (1997) reported that a significant yield reduction occurs in olives cultivated under high-saline conditions (ECw >7.5 dS∙m−1). Ben-Gal et al. (2017) also informed that fruit yield decreased with increasing salinity in “Barnea” trees irrigated with water of different ECw (from 2 to 11 dS∙m−1). Other studies, such as Ben Ahmed et al. (2007) and Chartzoulakis (2011), reported that saline waters might reduce yield compared with good quality water. Concerning fruit characteristics like fruit weight, Bourazanis et al. (2016) found that treated wastewater produced heavier fruit than those irrigated with fresh water, as in our results. However, Melgar et al. (2009) showed that salinity did not affect fruit weight.

Regarding water amount, a decrease in biomass production due to deficit irrigation for many fruit trees does not necessarily lead to a parallel reduction in fruit yield because of changes in biomass partitioning between the different organs (Gucci et al., 2019). As a result, no reductions in yield have been reported for peach (Gelly et al., 2003), plum (Intrigliolo and Castel, 2010), almond (Stewart et al., 2011), pear-jujube (Cui et al., 2009), apricot (Perez-Pastor et al., 2014) when the stress applied during the irrigation season was moderate. In olive trees, the water volume can be reduced well below the level of full satisfaction of water needs with limited or no effects on fruit yield (Moriana et al., 2003; Gucci et al., 2007; Lavee et al., 2007; Gómez del Campo, 2013), as in our results.

As for ripening indices, the detachment index and the fruit firmness are usually used to detect the optimal harvesting time for cultivars with a long maturation period, as “Arbosana” (Camposeo et al., 2013). The lowest detachment index was found in RW-FI with values about 2.1 N∙g−1, being this really positive for the mechanical harvesting efficiency, which is maximum (90–95%) when the detachment index is around 2 N∙g−1 (Farinelli et al., 2012; Camposeo et al., 2013). The RDI strategies did not affect the detachment index, unlike Rosecrance et al. (2015) who reported that the RDI had a lower fruit detachment force, contributing to greater percentage fruit removal. A low fruit firmness was presented by water stress with DW (DW-RDI), contrary to another study that did not observe differences on fruit firmness by deficit irrigation (Rinaldi et al., 2011). In the case of the RW-RDI, a low fruit firmness was not observed likely due to the salinity from RW. Regarding fruit WC, it is known that moisture levels below 50% and about 60% are difficult for the mill to extract the oil (Rosecrance et al., 2015). In our study, all treatments are within that range, although the RDI had the highest values, in contrast with Rosecrance et al. (2015) who found that water stress decreased fruit WC. Finally, crop load could explained the higher PI in 2017 (1.5; very low bearing year), with respect to 2018 (bearing year) since it is known that fruit ripening strongly depends on crop load, among other factors as the climatic conditions (Camposeo et al., 2013).




Effects of the Water Quality and Amount on Oil Industrial Variables

In the process of oil extraction, the irrigation water amount was more decisive than water quality. The treatments under water stress (RDI) presented the lowest fatty yield and oil extractability, which is probably caused by the increase in humidity in the olive paste which hindered the oil extraction, as García et al. (2013) explained. Other researchers have also found that too high fruit humidity content decreases oil extraction (Gómez-del-Campo, 2013). The acidity levels, however, improved with the RDI.

Concerning oil yield, it is known that it is a function of the fruit yield as well as the percent of oil (Ben-Gal et al., 2017). In our study, the water quality was a more determining factor than the amount of water. The lowest values of oil content per dry or fresh weight were found in RW trees. Thus, although the RW-FI had the highest fruit yield, the oil yield did not improve, with respect to the control. So far, nothing has been published accordingly with our results about effects of RW-FI on the oil yield. Ayoub et al. (2016) did not find differences on oil content per dry fruit weight basis among fresh water and RW. Ben-Gal et al. (2017) cited that oil content in fruit is increased with the water EC during two years in Barnea trees irrigated with saline water. Bourazanis et al. (2016) also indicated that Koroneiki trees irrigated during two years with treated water produced more oil per tree than those irrigated with fresh water. Similar results have been also described by Segal et al. (2011), reporting a slight but non-significant increase in olive and oil yield in Barnea and Leccino. With regard both stresses combined (RW-RDI), there is nothing mentioned in the literature.

Moreover, as for water amounts, oil content dry weight-based slightly increased in the treatment with water stress (20% more in DW-RDI respect to the control), leading to the highest oil yield, despite its low oil extractability. Water stress could indirectly increase oil yield in many ways including: (1) improving the light environment for oil accumulation, (2) hastening fruit maturity at harvest, and (3) increasing fruit removal percentages from the trees (Rosecrance et al., 2015). In this work, only the first hypothesis would be possible. Trees growing under water stress (DW-RDI) had lower branches length than control trees (data not shown), and although light environments were not measured, these smaller trees likely had a greater proportion of the fruit exposed to high irradiance which likely contributed to increased oil yields. Other authors already found that to maximize olive oil yield, high irradiance is needed (Gómez-del-Campo et al., 2009; Cherbiy-Hoffmann et al., 2013).

There is dispersion in the literature about the effects of water stress on oil yield. Similar results to ours were found by a number of authors who reported curvilinear relationships between oil yields and water application, indicating that oil yields are maximized at water application rates below 100% of FI (Moriana et al., 2003). This is, the oil percentages can be increased with moderate water stress (Gucci et al., 2009; Caruso et al., 2013; Gómez-del-Campo, 2013; Rosecrance et al., 2015). Other authors cited the water volume can be reduced well below the level of full satisfaction of water needs with limited or no effects on fruit yield and oil yield (Gucci et al., 2007; Gispert et al., 2013; Gómez-del-Campo, 2013; Hernández et al., 2018).

Contrary to our results, in Fernández et al. (2013), a small reduction in oil yield by 26% was observed when the water applications were reduced by 72% in an olive orchard of “Arbequina.”




Effects of the Water Quality and Amount on Oil Quality Parameters

In many parameters, differences between the two experimental years of the study were found as a consequence of the different duration of the RDI period as well as of environmental factors and fruit load, which are known to affect oil quality (Ayoub et al., 2016).



FA, Peroxides, K232, K270, Delta K Index

As for oil quality legal attributes, water quality (RW-FI and RW-RDI) did not affected the FA, according to Bedbabis and Ferrara (2018) who showed that acidity values were not significantly increased by saline water, as also reported by Bourazanis et al. (2016) using wastewater. However, the RW source accelerated the oxidation of the oil causing elevations in the peroxides and ∆K in 2017. Other works affirmed that these parameters were not affected by RW (Bourazanis et al., 2016).

The reduction of water amount combined with DW (DW-RDI), slightly decreased FA and peroxides, improving oil quality; however, it increased the K232 and K270 characteristics compared with the control, although only in the first year. A high value of these coefficients results in a lower resistance to oxidation of the oil and with a greater degree of oxidation. Changes in oil quality due to water deficit have been reported for many olive cultivars (Servili et al., 2007; Gómez-del-Campo and García, 2013; Caruso et al., 2014, Caruso et al., 2017; Hernández et al., 2018). Although most of these studies have shown that the irrigation regime had negligible or no effects on parameters as FA, peroxide values, spectrophotometric indices (K232, K270 and ∆K) (Gucci et al., 2019). 

In general, the values of FA, peroxides, and K232 and K270 for all oil samples examined here were lower than the maximum limits established by the cited EU legislation for the extra virgin olive oil (EVOO) category (FA ≤ 0.8; Peroxides Index ≤ 20; K232 ≤ 2.5; K270 ≤ 0.22; ∆K ≤ 0.01). 




Fatty Acid Profile

When we evaluated the FAME profile, oleic acid was the dominant acid in the olive oil obtained in all irrigation treatments (ranging from 69% to 71%), followed by palmitic (15.34–15.74%), linoleic (8.24–9.26%), and stearic acid (2.03–2.17%), with their concentration falling within the range of the values for characterizing it as EVOO.

The FAME composition was more affected by water quality than by water amount. Previous studies reported increases in palmitoleic (Ben Brahim et al., 2016) and linoleic (Bedbabis and Ferrara et al., 2018) acids in treatment irrigated with saline water, as in our results. The important increase (7–9%) of the linoleic acid was probably due to the fatty synthase enzymes stimulation as fruit maturity progressed in RW treatments. Since linolenic acid were not affected by RW, according to Bourazanis et al. (2016), the ω6/ω3 ratio of oil from RW treatments increased around 10%, as also Tietel et al. (2019) indicated. Furthermore, other important acids as oleic and stearic reduced their percentages when the olive trees were irrigated with RW.

Moreover, in our experiment the reduction of the water amount (DW-RDI) only affected a few minority fatty acids as C20:1, C22:0, and C24:0 and decreased the linoleic acid respect to the DW-FI, although only in 2017. Accordingly, Hernández et al. (2018) found a decrease in linoleic acid under severe RDI conditions. Moreover, several studies for many cultivars have shown that the water deficit had negligible or no effects on FAME composition (Gómez-del-Campo and García, 2013; Caruso et al., 2014, Caruso et al., 2017).

As for the effects of the combination of both stresses (RW-RDI) on fatty acid, we observed that the reduction of oleic acid and the increase of linoleic were more pronounced than in RW-FI. It is not possible to discuss these results with other work because, so far, nothing has been published about the combination of RW and RDI strategies.

The effects reported here regarding FAME profile did not show very great differences among treatment from an agronomical point of view. However, they have a large nutritional significance, since they reflect a trend of declining nutritional and health quality of olive oil as a result of irrigation with RW. Many of the health-promoting traits of olive oil are ascribed to its monounsaturated fatty acid content, mainly the oleic acid. This has been clinically proven to enhance cardiovascular health and improve blood-lipid profile, in addition to other metabolic-syndrome-related advantages (Tietel et al., 2019). In addition, the low levels of saturated fatty acids and the ω6/ω3 ratio play a key role in the bioactivity of olive oil as a functional food (Tietel et al., 2019). Specifically, higher ω6/ω3 ratios, as occurred in this experiment with the use of RW, increase the risk for obesity (Simopoulos, 2016).




Parameters of the Minority Unsaponificable Fraction 

Both water quality and amount affected the polyphenol levels, which play a role in the stress response and defense mechanism of the tree. In our experiment, saline RW (RW-FI) increased oil polyphenols , probably due to stress response to high salt levels, as reported by Chartzoulakis (2011). Salinity stress causes subsequent water deficit, which has been shown to be involved in the activation of phenylalanine ammonia lyase (PAL) (Ben Ahmed et al., 2009), a key enzyme directly involved in polyphenol biosynthesis in fruit, which causes an accumulation of phenolic compounds in the oil (Patumi et al., 2002).

Regarding RDI strategy (DW-RDI), it also improved the polyphenols content in oil, consistent with many studies (Gómez-del-Campo and García, 2013; Rosecrance et al., 2015; Caruso et al., 2017) due to water deficit enhanced synthesis of these compounds in the fruit, according to Alagna et al. (2012). Severe conditions trigger antioxidation mechanisms activated by the plant in response to oxidative stress, and hence accumulate in oil (Tietel et al., 2019). Others findings suggest that the catabolism of phenolic substances in the fruit is likely influenced by water stress too (Cirilli et al., 2017).Moreover, RW-RDI was the treatment that showed the greatest increases in polyphenols both years. As far as we know, it is the first time that data are reported respect to the combination of water and saline stresses and nothing has been published in the literature.

From the point of view of food quality, the irrigation effects on the polyphenols levels are relevant for oil sensory quality and for the health-promoting effects of the oil (Clodoveo et al., 2015; Tietel et al., 2019) as the prevention of the formation of cancer cells, so that European Food Safety Authority (EFSA) launched a specific health claim (EU, 2012). In addition, polyphenols are also key contributors to oxidative stability, mainly 3,4-DHPEA and its secoiridoid derivatives (Servili et al., 2004). Thus, irrigation with RW and RDI and mainly the combination of both might also greatly positively affect oil shelf life and nutraceutical claim.

Finally, the climatic pattern during ripening period could explain the strong increase of 25% of total oil polyphenols contents in 2018 with respect to 2017. Indeed the second year was colder than the former. In the literature, it has been stated that low temperature stimulates polyphenol accumulation in olive oil (Artajo et al., 2006).

Color is a basic attribute for determining the characteristics of olive oil although analysis of the pigmentation is not required in the corresponding EU Regulation. The trees full irrigated with RW increased chlorophyll levels in 2017, being a positive aspect since most consumers associate the presence of chlorophyll with quality. Nevertheless, our results are contradictory with other studies (Ghrab et al., 2014; Bedbabis et al., 2015). As for carotenoids, their levels decreased in RW-FI, as Ghrab et al. (2014) also cited.

In summary, the trees full irrigated with RW improved the fruit yield although it did not increase the oil yield since the oil content dry weight-based was lower than control trees. The changes in oil fatty acid composition of these trees demonstrated tendencies that are undesirable, including increased unsaturated acids, as well as the ratio ω6/ω3. The peroxides also increased. On the contrary, higher levels of the polyphenols in oil were presented. The deficit irrigation, with DW, did not affect the fruit yield, although there was an increase in the number of fruits which showed less weight and firmness during the RDI period. Despite the reduction of the fatty yield and oil extractability due to the high fruit WC, this treatment presented the highest oil yield since oil content fruit dry weight-based improved by 20%. Furthermore, there was a reduction in the acidity and peroxides and an increase in the polyphenols of the oil by water stress. Some negative aspect were also found: an increase in K232 and K270, although within the legal limit, and in some minority acid as C20:0, C22:0, and C24:0. Finally, the combination of RW and RDI neither reduced fruit yield. Besides, its fruits did not lose as much weight or firmness as in DW-RDI. However, although the fatty yield and oil extractability decreased less than in DW-RDI, the oil yield values of these trees under both stresses were the lowest compared with the rest of treatments since the low oil content fruit dry weight-based. As for the oil quality of RW-RDI, similar results as in RW-FI were observed, plus an important decrease of pigments in the first year. It is important to highlight also that the highest levels of polyphenols were displayed in this treatment. These aspects described about the combination of both stresses in this paper are reported in the literature for the first time. These findings could help optimize crop management of cv Arbosana in new olive cropping system, where environmental sustainability represent a key factor.
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Regeneration capacity, via somatic embryogenesis, of four wild olive genotypes differing in their response to defoliating Verticillium dahliae (resistant genotypes StopVert, OutVert, Ac-18 and the susceptible one, Ac-15) has been evaluated. To induce somatic embryogenesis, methodologies previously used in wild or cultivated olive were used. Results revealed the importance of genotype, explant type, and hormonal balance in the induction process. Use of apical buds obtained from micropropagated shoots following a methodology used in cultivated olive (4 days induction in liquid 1/2 MS medium supplemented with 30 µM TDZ–0.54 µM NAA, followed by 8 weeks in basal 1/2 MS medium) was adequate to obtain somatic embryos in two genotypes, StopVert and Ac-18, with a 5.0 and 2.5% induction rates, respectively; however, no embryogenic response was observed in the other two genotypes. Embryogenic cultures were transferred to basal ECO medium supplemented with 0.5 µM 2iP, 0.44 µM BA, and 0.25 µM indole-3-butyric acid (IBA) for further proliferation. Somatic embryos from StopVert were maturated and germinated achieving a 35.4% conversion rate. An analysis of genetic stability on StopVert, using Simple Sequence Repeats (SSRs) and Random Amplified Polymorphic DNA (RAPDs) markers, was carried out in embryogenic callus, plants regenerated from this callus and two controls, micropropagated shoots used as explant source, and the original mother plant. Polymorphism was only observed in the banding pattern generated by RAPDs in 1 of the 10 callus samples evaluated, resulting in a variation rate of 0.07%. This is the first time in which plants have been regenerated via somatic embryogenesis in wild olive.

Keywords: somatic embryo, oleaster, adult explants, embryo conversion, Verticillium wilt



Introduction

The cultivated olive Olea europaea L. subsp. europaea var. sativa, Oleaceae family, is a long-lived, evergreen medium-size tree, adapted to dry and poor soils. Fruits have high nutritional value due to their high lipid content. Olive is one of the most important oil crops within the Mediterranean basin (Rugini, 1995). This region accounts for over 96% of the 11.4 million ha of olive trees cultivated worldwide (Rallo et al., 2018). In 2017, total olive oil production was ca. 2,881 thousand tons, with Spain, Italy, Greece, and Portugal as more relevant producing countries (IOC, International Olive Council, 2018).

Wild olive (O. europaea L. subsp. europaea var. sylvestris) is considered as the main progenitor of cultivated olive since both have the same ploidy level (2n = 2x = 46) and similar morphological traits and environmental requirements (Besnard and Rubio de Casas, 2016). Wild genotypes could be useful germplasm sources in olive breeding for introducing resistance to biotic (Colella et al., 2008) or abiotic stress (Murillo et al., 2005). Additionally, in recent years, there has been an increasing interest in the use of pathogen-resistant selections of wild olive as rootstocks to reduce the negative impact of some diseases, especially Verticillium wilt (Jiménez-Fernández et al., 2016). This disease, caused by the soil-borne pathogen Verticillium dahliae Kleb., is considered as the main threat to olive production worldwide (Jiménez-Díaz et al., 2012). Most economically important cultivated genotypes are susceptible or extremely susceptible to this disease (López-Escudero et al., 2004). Some wild olive selections highly resistant to defoliating V. dahliae pathotype have been identified and used to develop a grafted commercial product, Vertirés, currently available to growers (Jiménez-Díaz, 2018; Jiménez-Díaz and Requena, 2018).

Although olive is generally difficult to manipulate in vitro, it has been possible to micropropagate selected olive cultivars through nodal segmentation of elongated shoots (Rugini, 1984; Roussos and Pontikis, 2002; Lambardi et al., 2013). In few cases, buds (Bahrami et al., 2010) or plants (Mencuccini and Rugini, 1993) have been obtained through adventitious organogenesis from petiole and leaf sections derived from in vitro grown shoots of adult origin. However, the most widely used method for adventitious regeneration in both cultivated and wild olive is somatic embryogenesis, although, in this case, most investigations have been carried out with juvenile material, i.e., either immature zygotic embryos (Rugini, 1988) or radicle and cotyledon segments from mature embryos (Orinos and Mitrakos, 1991; Mitrakos et al., 1992; Cerezo et al., 2011). Regarding adult material, Rugini and Caricato (1995) developed a double regeneration system, using petioles derived from shoots of adventitious origin as explants, to obtain somatic embryos and plants from the Italian cvs. Canino and Moraiolo. Other authors used leaf and petioles isolated from in vitro shoots of cultivars Dahbia (Mazri et al., 2013) and Picual (Toufik et al., 2014). In wild olive, self-rooted plants in greenhouse were an adequate source of explants; however, plant regeneration was not reported (Capelo et al., 2010).

Alterations originating during in vitro culture, referred as somaclonal variation (SV) (Larkin and Scowcroft, 1981), are one of the main drawbacks of in vitro techniques for clonal propagation or plant regeneration of elite germplasms. These variations can occur due to several factors, i.e., in vitro propagation method, genotype, type of explant, growth regulator type and concentration, time in culture, as well as stress generated during the in vitro phase (Bairu et al., 2011). In general, micropropagation through axillary branching seems to be quite reliable in terms of genetic stability (George and Debergh, 2008), while indirect somatic embryogenesis is considered to be a genetically unstable process, especially when material has been kept for prolonged time in culture (Vázquez, 2001; Bradaï et al., 2016). The balance and type of growth regulators affect the frequency of occurrence of SV; in fact, high levels of auxins and cytokinins induce changes in DNA methylation patterns (LoSchiavo et al., 1989) or ploidy levels (Bouman and De Klerk, 2001). Hence, somatic embryogenesis protocols should be assessed for their effects in the obtainment of true-to-type plants. To examine genetic stability several molecular markers have been recommended, being microsatellites or Simple Sequence Repeats (SSRs) and Random Amplified Polymorphic DNA (RAPDs) the most commonly used (Bairu et al., 2011). RAPD markers are considered less reproducible than SSRs; however, both methods have been employed in olive to ascertain genetic stability of in vitro material (García-Férriz et al., 2002; Doveri et al., 2008; Leva and Petruccelli, 2012).

The main objective of this study was to evaluate the embryogenic capacity of different explants of adult origin, from V. dahliae-resistant and susceptible genotypes, of wild olive. Afterwards, genetic stability of embryogenic callus as well as plants regenerated from somatic embryos was evaluated by using SSRs and RAPD markers.




Materials and Methods



Plant Material and Culture Establishment

In vitro shoots from adult plants of wild olive genotypes highly resistant (namely Ac-18, OutVert and StopVert) or susceptible (namely Ac-15) to D V. dahliae (Colella et al., 2008; Jiménez-Fernández et al., 2016) were used as explants source. Shoot cultures had been established from lateral buds of self-rooted mother plants, grown in the greenhouse (Supplementary Figure 1), and were maintained on RP proliferation medium [DKW macro and micronutrients as modified by Roussos and Pontikis (2002), vitamins of Roussos and Pontikis (2002)] with a 2 mg/L zeatin riboside supplement (Vidoy-Mercado et al., 2012). Subculturing was carried out at 6–8 week intervals.




Somatic Embryogenesis Induction

To induce somatic embryogenesis, different types of explant were used: shoot apex with emerging leaf primordia (1.5–2 mm), the first pair of developing leaves without petiole (3–4 mm), the basal part of the following pair of developing leaves (4–5 mm), and petioles from this pair of leaves (1 mm). Leaves were cultured on the medium with adaxial side up.

Initially, and following the protocol of Capelo et al. (2010) for mature wild olive, explants from Ac-18 and Ac-15 genotypes were cultured on MS induction medium supplemented with 12.25 µM indole-3-butyric acid (IBA)–4.56 µM zeatin (Zea) for 3 months. Afterwards, calli were transferred to MS medium without growth regulators for 12 weeks. Subculturing was carried out at 4-week intervals.

In a different experiment, the protocol of Mazri et al. (2013) for cultivated olive was evaluated, i.e., explants of the four genotypes (Ac-18, OutVert, StopVert and Ac-15) were cultured on 5 ml liquid induction medium composed by 1/2 MS mineral elements, MS vitamins, 100 mg/L myo-inositol, 30 µM TDZ and 0.54 µM NAA, in septate Petri dishes for 4 days, over an orbital shaker (platform size 41 × 41 cm, New Brunswick Scientific, Edison, NJ), at 80 rpm. Afterwards, explants were cultured on solid 1/2 MS medium without growth regulators for two recultures of 4 weeks each. Callus formed after each reculture (4 and 8 weeks) was characterized according to color, texture, and proliferation rate, estimated as the percentage area of explant covered by callus using a rating scale from 0–3 (0: no callus; 1: 1–40% explant surface covered with callus; 2: 40–80%; 3: > 80%) (Supplementary Figure 2). Afterwards, isolated calli were transferred to olive cyclic embryogenesis medium, ECO medium (Pérez-Barranco et al., 2009), containing 1/4 OM macroelements (Rugini, 1984), 1/4 MS microelements (Murashige and Skoog, 1962), 1/2 OM vitamins, 550 mg/L glutamine, 0.25 µM IBA, 0.5 µM 2iP, 0.44 µM BA, and a 200 mg/L cefotaxime supplement, for further proliferation. Callus was recultured in this medium at 4-week intervals.

In callus induction experiments, 20–40 shoot apices, 40 petioles, and 40 leaf explants of each type were used. Cultures were incubated at 25 ± 2°C in darkness. All culture media were supplemented with 30 g/L sucrose and media solidified with 6 g/L agar. The pH of media was adjusted to 5.74.

To evaluate multiplication rate of embryogenic callus from StopVert and Ac-18 genotypes, 0.5 g of globular structures, < 3 mm diameter, were cultured on 25 ml solid ECO medium in darkness (Pérez-Barranco et al., 2009). Average weight increment from five Petri dishes was calculated at 4-week intervals during four subcultures.




Maturation and Germination of Somatic Embryos

Globular somatic embryos, <3 mm diameter, from embryogenic callus of StopVert genotype were maturated according to Cerezo et al. (2011), i.e., embryos were cultured in Petri dishes containing basal ECO medium, supplemented with 1 g/L activated charcoal, for 2 months under dark. During the second month, somatic embryos were cultured onto a semipermeable cellulose acetate membrane (MW cut-off 12,000, Sigma D9777).

For germination, mature embryos were cultured on modified MS medium with 1/3 MS macroelements, MS microelements, and 10 g/L sucrose (Clavero-Ramírez and Pliego-Alfaro, 1990) for 2 recultures of 6 weeks each. Afterwards, isolated shoots were cultured on modified RP proliferation medium according to Vidoy-Mercado et al. (2012). Shoots derived from different germinated embryos were micropropagated separately. Embryo germination and shoot micropropagation were carried out under 40 µmol·m-2·s-1 light irradiance.




Analysis of Genetic Stability



Plant Material

The genetic stability of the embryogenic callus derived from shoot apex of StopVert genotype, as well as plants regenerated from this callus, was evaluated by SSRs and RAPDs analyses. The embryogenic callus had been maintained for over 20 months on ECO medium with regular subcultures at 4–5 week intervals. For regenerated plants, leaf pieces from 10 independent shoots micropropagated in RP medium were examined. Two controls were used, a) leaves from micropropagated shoots, used as explant source, and b) leaves from the original donor plant maintained in the greenhouse. The micropropagated shoots had been initiated from lateral buds of the donor plant and maintained in RP proliferation medium for over 36 months. Different plant materials used, and the number of samples analyzed is indicated in Table 1.



Table 1 | Plant material of StopVert genotype used for genetic stability analysis.
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DNA Extraction

For genomic DNA extraction, embryogenic callus or leaf material, 0.04–0.06 g, was powdered in liquid nitrogen using the TissueLyser II (Qiagen). In the case of the donor plant, young leaves were washed in 70% ethanol prior to powdering. DNA was extracted using the protocol of Gawel and Jarret (1991), resuspended in sterile milliQ water and treated with 1 µl of RNase (10 µg/ml) at 37°C for 2 h. DNA concentration and purity were visualized on a 0.8% agarose gel.




SSRs Analysis

Five SSR markers were selected to evaluate genetic stability: AJ279854, AJ279859 and AJ279867 (Sefc et al., 2000), and AJ416322 and AJ416323 (De la Rosa et al., 2002) (Table 2). The forward primer of each pair was labelled with a fluorescent dye (ABI dyes: 6-FAM™ or HEX™). All PCRs were carried out in a Mastercycler (Eppendorf) DNA thermal cycler. PCR was carried out following the protocol of MyTaq™ DNA polymerase (Bioline), being the final volume 20 µl. Samples contained approximately 10 ng of genomic DNA, 0.5 µM of each primer, and 1.25 U of MyTaq DNA polymerase in the buffer provided by the enzyme manufacturer with all needed PCR reagents (containing dNTPs and MgCl2). Amplification conditions were: 1 min at 95°C, 35 cycles of 15 s at 95°C, 15 s at the Tm of each specific pair of primers (Table 2), and 10 s at 72°C, with a final extension step of 10 min at 72°C. PCR products were visualized on a 1.5% agarose gel under non-denaturing conditions with ethidium bromide. Amplification products were analyzed in an automated ABI3730 sequencer by the company SECUGEN S.L. (Madrid, Spain). Results were analyzed with GeneMarker (v1.90 software, SoftGenetics, LLC).



Table 2 | Microsatellites markers used in the genetic stability analysis of StopVert genotype.
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RAPD Analysis

Five RAPD markers from Operon Technologies Inc. (Alameda/CA, USA) collection were used (A1: 5´- CAGGCCCTTC-3´; B7: 5´- GGTGACGCAG-3´; B15: 5´- GGAGGGTGTT-3´; E19: 5´- ACGGCGTATG-3´; F10: 5´- GGAAGCTTGG-3´). PCR was carried out modifying the protocol of MyTaq™ DNA polymerase, being the final volume of 25 µl. Samples contained approximately 10 ng of genomic DNA, 0.8 µM of a single decanucleotide, and 1.5 U of MyTaq DNA polymerase in the reaction buffer. Amplification conditions were: 2 min at 94°C, 35 cycles of 45 s at 92°C, 1 min at 37°C, and 2 min at 72°C, with a final extension step of 10 min at 72°C. PCR products were visualized by loading 12 µl on a 1.5% agarose gel under non-denaturing conditions. The size of the amplified bands was related by reference to the molecular size marker (100 Base-Pair Ladder, GE Healthcare). All PCRs were carried out at least in duplicate, in a Mastercycler (Eppendorf) DNA thermal cycler.






Results



Somatic Embryogenesis Induction

Use of the protocol described by Capelo et al. (2010) for wild olive did not yield embryogenic callus in any of the explants evaluated from Ac-18 or Ac-15 genotypes. After 4 weeks on induction medium (MS supplemented with 12.25 µM IBA–4.56 µM zeatin), explants of Ac-15 genotype showed higher callus proliferation rate than those from the Ac-18 genotype. The higher amount of callus was observed in shoot apex and first pair of leaves, while smaller calluses appeared in petiole explants. After two additional recultures in induction medium, calluses became compact, of white color, and showed a noticeable increase in size; however, some calluses of Ac-15 genotype were easily crumbled. Following transfer to basal MS medium, calluses started to get brown and roots appeared in some of those derived from shoot apex explants; however, no clear embryogenic structures could be identified.

In a subsequent experiment, the protocol of Mazri et al. (2013) was assayed using the four genotypes. No noticeable changes were observed after 4 days in liquid induction medium (1/2 MS 30 µM TDZ-0.54 µM NAA) (Figure 1A). Calli started to form at the edges of explants after 2 weeks on solid basal medium (1/2 MS) and were clearly visible in most explants 2 weeks later (Figure 1B). A general increase in callus formation was observed after four additional weeks in 1/2 MS basal medium. Best response in terms of percentage of explants forming callus and amount of callus after 8 weeks of culture was observed in shoot apex explants (Table 3). Generally, calli were white and with a certain grade of compactness; in some cases, translucent areas were observed. Although all tested explants from the four genotypes produced callus, embryogenic structures (Figure 1C) were only visible in shoot apex derived callus from StopVert and Ac-18, yielding percentages of embryogenic induction of 5.0% and 2.5%, respectively (Table 3).
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Figure 1 | Somatic embryogenesis induction and plant recovery from adult wild olive. (A) Shoot apex explants after 4 days on 1/2 MS liquid medium supplemented with 30 µM TDZ–0.54 µM NAA. (B) Callus after 4-week culture on 1/2 MS solid basal medium. (C) Callus after 8-weeks culture on 1/2 MS solid basal medium with emerging embryogenic structures (arrow). Calli from StopVert (D) and Ac-18 (E) genotypes proliferating in ECO medium supplemented with 0.25 µM IBA, 0.5 µM 2iP–0.44 µM BA and 200 mg/L cefotaxime. (F) Somatic embryos of StopVert selection with white opaque appearance following culture on semi-permeable cellulose acetate membrane on basal ECO medium with activated charcoal. (G) Plant of StopVert genotype regenerated from somatic embryo after 12 weeks on germination medium. Bars correspond to 0.5 cm (A–D) and 1 cm (E–G).




Table 3 | In vitro response of different type of explants from four wild olive genotypes after 4 days induction in liquid 1/2 MS medium supplemented with 30 µM TDZ–0.54 µM NAA followed by 8 weeks culture on basal 1/2 MS medium.

[image: ]




Embryogenic calli were isolated and cultured on ECO medium to enhance proliferation; however, while calli of StopVert performed well showing globular structures and stable growth rate throughout four subcultures (0.85 ± 0.12 g of weight increase per subculture) (Figure 1D), embryogenic callus from Ac-18 genotype grew poorly under these conditions (Figure 1E).




Maturation and Germination of Somatic Embryos

Following the protocol of Cerezo et al. (2011), 81 globular somatic embryos from StopVert genotype were transferred to ECO maturation medium over cellulose acetate membranes and 48 of them (59.3%) changed to a white opaque appearance (Figure 1F). Afterwards, these mature embryos were transferred to germination medium with 1/3 MS macroelements and a 10 g/L sucrose supplement. After 12 weeks, 17 independent shoots (35.4% shoot germination) were obtained, corresponding to embryos that had formed either a single shoot or a shoot and a root (Figure 1G). Shoots from different germinated embryos were cultured individually on RP medium to enhance development of axillary shoots.




Microsatellites Assay

After amplification, fragments generated from all materials were compared to the mother plant. The five SSR markers produced six alleles or fragments. Band size ranged between 138 and 236 pb (Table 4), being similar to the values described by De la Rosa et al. (2002) and Sefc et al. (2000) for olive. Samples of embryogenic callus, shoots regenerated from this callus and control shoots used as explant source, were monomorphic when compared to the mother plant for each primer pair. All analyzed markers were homozygous, except for AJ279859, which was heterozygous (Table 4). Electropherograms for SSR ssrOeUA-DCA09 for each type of sample analyzed are shown in Figure 2. The genetic stability analysis using these molecular markers showed that the genetic fidelity was 100% with respect to the mother plant.



Table 4 | Allele size obtained with the amplification of five microsatellite markers in StopVert genotype.
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Figure 2 | Amplification of the (6-FAM™)ssrOeUA-DCA09 in material of StopVert genotype. Electropherograms, from top to bottom: donor plant, a micropropagated plant, a piece of embryogenic callus derived from shoot apex and a plant regenerated from a somatic embryo. Electropherograms showed heterozygous individuals with two alleles, being the fragments size 165 and 173 bp.






RAPDs Assay

In this analysis, all samples previously studied were included, except regenerated plant from embryo number 4, since with this sample attempts to get PCR amplification were unsuccessful. RAPD profiles were generated using primers A1, B7, B15, E19, and F10, which amplified a high number of bands. A total of 50 bands were obtained, ranging the number of bands obtained per amplification between 9 and 11, and their size between 200 and 1,800 bp (Table 5). The genetic stability analysis with these five RAPD markers showed that shoots regenerated from somatic embryos and control shoots used as explant source presented the same band pattern than that of the mother plant (Figure 3). However, an additional band of 650 bp was amplified in a callus sample with primer A1 (Figure 3), indicating a level of polymorphism of 0.2% in the samples of the callus analyzed. Considering all samples, the variation rate was 0.07%.



Table 5 | Number of scored bands and size band range (bp) with the amplification of five RAPDs markers in StopVert genotype.
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Figure 3 | RAPD pattern obtained with the primer A1 in different samples of material of StopVert genotype, corresponding to D (donor plant), C1–C10 (callus samples from embryogenic callus from shoot apex), M1–M10 (micropropagated shoots derived from axillary buds of donor plant), and E1–E15 (plants regenerated from somatic embryos). The arrow shows the sample with a different band pattern. M = marker (100–2000 bp).







Discussion



Somatic Embryogenesis Induction and Plant Regeneration From Adult Material in Wild Olive

Somatic embryogenesis has previously been observed in a few number of cultivated (Rugini and Caricato, 1995; Mazri et al., 2013; Toufik et al., 2014) and wild olive (Capelo et al., 2010) genotypes using adult explants. In general, embryogenic capacity is lower in mature explants than in those of juvenile origin. Cells of adult explants are less prone to dedifferentiation and reprogramming processes than their juvenile counterparts. Some authors pointed out that recalcitrance could have either a genetic (von Arnold, 2008) or epigenetic basis (Gahan, 2007). In this research, we have evaluated the embryogenic response of adult material from four wild olive genotypes, using two different induction protocols and different types of explants.

Genotype, type of explant, mineral formulation, and auxin/cytokinin ratio are key factors in embryogenic induction in adult material. In our case, embryogenic response was only observed in two out of the four selections evaluated. Along this line, Correia et al. (2011) pointed out the need to optimize culture conditions for a determined selection, since several genotypes could respond in a different manner. However, genotypes with a high embryogenic potential have less nutritional and hormonal requirements than those with low embryogenic capacity.

Type of explant plays a key role in embryogenic induction. Leaf sections (Corredoira et al., 2015) and shoot apex (San-José et al., 2010; Corredoira et al., 2015) of adult origin have been used in other woody species. In cultivated and wild olive, leaf and petiole explants had been recommended (Rugini and Caricato, 1995; Capelo et al., 2010; Mazri et al., 2013; Toufik et al., 2014); however, in this research, following comparison of three explant types, leaf, petiole, and shoot apex, embryogenic calli were only obtained when shoot apices were used, confirming previous observations of Corredoira et al. (2015) in eucalyptus. These authors indicated that shoot apex and leaves from the first node would be the most effective explants for somatic embryogenesis induction due to their high proliferation capacity and low differentiation stage.

Somatic embryogenesis induction generally requires addition of auxin and sometimes, cytokinin, to the culture medium. After hormonal treatment, some cells acquire embryogenic capacity being expressed in a medium without or with lower auxin concentration. In juvenile material from cultivated (Mitrakos et al., 1992) and wild olive (Orinos and Mitrakos, 1991), embryogenic induction process was achieved using a high auxin/cytokinin ratio (25 μM IBA–2.5 μM 2iP). In adult olive, positive results have been reported using either a low (Rugini and Caricato, 1995; Mazri et al., 2013) or a high (Capelo et al., 2010) auxin/cytokinin ratio. In our case, we only obtained embryogenic callus when using a high concentration of cytokinin (TDZ) and a low concentration of auxin (NAA), as reported by Mazri et al. (2013). In species, such as Arachis hypogaea, TDZ was more effective than auxin to induce direct somatic embryogenesis (Murthy et al., 1995). This hormone has been related to the modification of endogenous auxin synthesis (Murthy et al., 1998); probably, in adult olive, an increase in endogenous auxin levels could have occurred; i.e., auxin increases have been shown to play a key role in embryogenic induction in other systems (Rodríguez-Sanz et al., 2014; Fehér, 2015; Corredoira et al., 2017). Interestingly, in Pelargonium × hortorum, presence of auxin biosynthesis inhibitors in a TDZ supplemented medium interfered with induction of the embryogenic process (Hutchinson et al., 1996). In any case, additional studies are needed to elucidate the mechanisms of action of TDZ (Guo et al., 2011). Percentages of embryogenic response in adult material are variable and, in general, lower than those observed for juvenile explants. Mazri et al. (2013) reported about 10% response in cv. Dahbia, whereas in wild olive, the obtained percentages were in the range 2.28–27.6% (Capelo et al., 2010). In this research, embryogenic induction rates of 2.5% and 5% were obtained for Ac-18 and StopVert genotypes, respectively. Moreover, the latter showed a much better proliferation capacity of the embryogenic callus, confirming the important effect of genotype.

Using the protocol developed by Cerezo et al. (2011), somatic embryos from StopVert genotype could be maturated and converted to plants. The percentage of shoot germination, 35.4%, was lower than that reported by Cerezo et al. (2011) for somatic embryos derived from radicle explants (55%). In adult olive, only Rugini and Caricato (1995) were able to regenerate plants from cvs. Canino and Moraiolo. To our knowledge, this is the first report where plant regeneration via somatic embryogenesis has been obtained in adult material from wild olive.




Regenerated Plants of the Wild Olive Genotype StopVert are Genetically Stable

The in vitro regeneration system plays a key role in the genetic stability of the material obtained. In olive plants, of juvenile origin, regenerated via somatic embryogenesis, contradictory results have been observed, i.e., Shibli et al. (2001) did not observe any changes in morphology, whereas Bradaï et al. (2016) reported a strong effect of genotype and time in culture in the appearance of variations such as fasciated shoots, three shoots per whorl, or double leaves. Leva (2009) obtained two variant phenotypes, BOS (shrubby) and COS (columnar), from somatic embryos derived of cotyledon explants. These results confirm previous observations of Karp (1994) and Wang and Wang (2012), about the important effect of genotype and time in culture in the occurrence of SV. In this investigation, morphological alterations were not observed in regenerated plants derived from somatic embryos of StopVert genotype.

Molecular markers have been widely used as a complementary tool to detect somaclonal variation in regenerated plants. Lopes et al. (2009) did not find variations between embryogenic material and the mother plant in O. europaea, as well as in O. maderensis, using SSR markers. Similarly, in this investigation, no SSR variations were detected when comparing embryogenic callus and shoots regenerated from this callus with the controls. Contrary to these results, a low rate of variation in the embryogenic callus was obtained when using RAPD markers. All RAPD profiles generated were monomorphic, except for one callus sample, which amplified an additional 650 bp band with primer A1, absent in the rest of samples. Variations detected by RAPD markers in callus but not in the regenerated plants have also been found in other species such as Picea glauca (De Verno et al., 1999). In cork oak (Lopes et al., 2006), a high level of polymorphism was obtained using SSR markers in somatic embryos but not in regenerated plants. Some authors have proposed that this could occur due to de novo mutations during the differentiation–dedifferentiation process in vitro (Jain, 2001). Thus, embryogenic callus would be formed by a mix of stable and unstable cells, but only cells with an unaltered genome could regenerate plants (De Verno et al., 1999; Miñano et al., 2014). In this research, since regenerated plants showed uniformity with both molecular markers, it can be suggested that the protocol used to induce somatic embryogenesis from adult material in wild olive did not produce genetic alterations that could be detected by SSR and RAPD markers. Despite this fact, total genetic fidelity is not possible to assure since these techniques analyze only a piece of genome. Moreover, further molecular analysis as well as a study of true-to-type phenotype of regenerated plants would be recommended, especially if embryogenic callus were kept for a long time in culture. In any case, taking into account that commercial olive micropropagation shows a strong genotype effect (Zuccherelli and Zuccherelli, 2002), regeneration and genetic fidelity of adult plants derived from somatic embryos open new opportunities to propagate recalcitrant cultivars, i.e., obtained material could be used as revitalized mother plants and further multiplied either in vitro, through nodal segmentation of elongated shoots, or in vivo, by rooted minicuttings, as reported in other woody species (Martínez et al., 2012; Georget et al., 2017).




Conclusions

In this research, somatic embryogenesis has been induced from adult material of two wild olive genotypes, StopVert and Ac-18, highly resistant to D V. dahliae pathotype. The type of explant played a key role in the process, being the shoot apex the most responsive. Plants from somatic embryos of StopVert genotype have also been regenerated and molecular analysis using SSRs and RAPDs markers confirmed genetic fidelity of the recovered plants. As far as we know, this is the first time that plants have been regenerated via somatic embryogenesis using adult explants of wild olive. The protocol described in this research will open the door to propagate recalcitrant olive genotypes; in addition, it will allow the development of biotechnological tools, such as genetic transformation and gene editing, and their application to study the genetic mechanisms underlying resistance to D V. dahliae pathotype in these wild olive genotypes, with the final purpose of introducing this trait into cultivated olive.
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The need for the olive farm modernization have encouraged the research of more efficient crop management strategies through cross-breeding programs to release new olive cultivars more suitable for mechanization and use in intensive orchards, with high quality production and resistance to biotic and abiotic stresses. The advancement of breeding programs are hampered by the lack of efficient phenotyping methods to quickly and accurately acquire crop traits such as morphological attributes (tree vigor and vegetative growth habits), which are key to identify desirable genotypes as early as possible. In this context, an UAV-based high-throughput system for olive breeding program applications was developed to extract tree traits in large-scale phenotyping studies under field conditions. The system consisted of UAV-flight configurations, in terms of flight altitude and image overlaps, and a novel, automatic, and accurate object-based image analysis (OBIA) algorithm based on point clouds, which was evaluated in two experimental trials in the framework of a table olive breeding program, with the aim to determine the earliest date for suitable quantifying of tree architectural traits. Two training systems (intensive and hedgerow) were evaluated at two very early stages of tree growth: 15 and 27 months after planting. Digital Terrain Models (DTMs) were automatically and accurately generated by the algorithm as well as every olive tree identified, independently of the training system and tree age. The architectural traits, specially tree height and crown area, were estimated with high accuracy in the second flight campaign, i.e. 27 months after planting. Differences in the quality of 3D crown reconstruction were found for the growth patterns derived from each training system. These key phenotyping traits could be used in several olive breeding programs, as well as to address some agronomical goals. In addition, this system is cost and time optimized, so that requested architectural traits could be provided in the same day as UAV flights. This high-throughput system may solve the actual bottleneck of plant phenotyping of “linking genotype and phenotype,” considered a major challenge for crop research in the 21st century, and bring forward the crucial time of decision making for breeders.

Keywords: remote sensing, unmanned aerial vehicle, table olive, breeding program, training system, tree crown area and volume, point cloud



Introduction

The olive tree (Olea europaea L.) area amounts to more than 10 million hectares world-wide, with over 97% of this being concentrated in the Mediterranean Basin (FAOSAT, 2017; IOC, 2017). The olive industry plays a key economic role in this area, since it accounts for 96% of the world’s olive production, i.e. 18.5 million tons approximately. Spain leads the world ranking both in production and surface area, followed by Greece, Italy, and Turkey (FAOSAT, 2017). In addition, Mediterranean countries are the largest consumers of olive oil with a quota about two-thirds of world consumption (IOC, 2017). Besides being one of the most important agro-food chains in the Mediterranean Basin, olive growing constitutes a key element of rural society as a significant source of income and employment for rural populations (Stilliano et al., 2016). Furthermore, olives are expanding to many regions outside the Mediterranean Basin such as the United States, Australia, China, and South Africa as well as other sub-tropical and warm temperate areas, making the olive tree the most extensively cultivated fruit crop in the world (FAOSAT, 2017). Besides, olive products are very appreciated not only as healthy food, but also in medical and cosmetic use (Fabbri et al., 2009).

The need for the modernization of olive farms in producing countries and its diffusion outside traditional areas of growth have led to farm investments to improve the productive framework through more efficient crop management strategies, such as irrigation, pruning and harvesting mechanization, and new training systems (e.g. super-high-density hedgerow). These new growing techniques are encouraging the development of cross-breeding programs to release new olive cultivars more suitable for mechanization and use in intensive orchards, with high quality production and resistance to biotic and abiotic stresses (Fabbri et al., 2009; Stilliano et al., 2016; Rallo et al., 2018). Plant breeding programs have benefited from recent advances in genomics and biotechnology by improving genotyping efficiency (Rugini et al., 2016), whereas the lack of efficient phenotyping methods still represents an important bottleneck in these programs (White et al., 2012). Traditional methods to collect phenotypic data (i.e. observable morphological traits related to growth, development, and physiology) rely on manual or visual sampling, which is time-consuming and laborious (Madec et al., 2017; Yang et al., 2017). Improving the acquisition of crop traits such as morphological attributes, flowering time, and yield has therefore become the main challenge limiting designing and predicting outcomes in breeding programs (Zaman-Allah et al., 2015). This aspect is particularly crucial for olive breeding due to the large genetic variability commonly obtained in seedling progenies (Rallo et al., 2018), coupled with the great complexity of collecting data on common large olive plots, which requires major logistical considerations (Araus and Cairns, 2014).

To overcome the challenge of automated and fast collection of phenotypic crop data, high-throughput phenotyping platforms have become crucial due to their ability to rapidly phenotype large numbers of plots and field trials at a fraction of the cost, time, and labor of traditional techniques (White et al., 2012; Zaman-Allah et al., 2015; Yang et al., 2017). Among the high-throughput phenotyping platforms for non-destructive plant data collection under field conditions such as autonomous ground vehicles (Shafiekhani et al., 2017; Virlet et al., 2017), tractor-mounted (Montes et al., 2007), pushed platforms (Bai et al., 2016), or cable-driven (Newman et al., 2018); unmanned aerial vehicles (UAVs) have been highlighted due to their capacity to generate field scale information using a wide range of sensors and operating on demand at critical moments and at low flight altitude, thus meeting the critical requirements of the spatial, spectral, and temporal resolutions of breeding programs (Shi et al., 2016; Tattaris et al., 2016; Yang et al., 2017; Ostos et al., 2018; Torres-Sánchez et al., 2018a). Nevertheless, little information exists on the use of UAVs for olive breeding. In this regard, Díaz-Varela et al. (2015) used a camera on board a UAV platform to estimate tree height and crown diameter in both discontinuous and continuous canopy systems of olive orchards. However, early phenotyping of olive trees (i.e., phenotyping in the first few years after planting) using UAVs has not been addressed. The genotype evaluation in olive cross-breeding programs usually follows a multi-step protocol that includes the initial evaluation of seedlings and their successive clonally propagated selections in field trials (Rallo et al., 2018). Each of these field stages (seedlings, pre-selections, advance selections, comparative trials) involves a high cost of maintaining a large number of trees over the years required for the evaluation of the target traits according to the breeding goals. Tree vigor and other architectural traits are relevant parameters to be evaluated in any of these breeding stages, since early vigor is known to be related to the juvenile period length in seedlings (De la Rosa et al., 2006; Rallo et al., 2008), and vegetative growth habits are key to evaluate the suitability of selected genotypes to be cultivated under different planting systems, such as superhigh density hedges (Hammamia et al., 2012; Rosati et al., 2013). Therefore, the ability to quantify these traits through cost-efficient methods in young trees would allow the identification of desirable genotypes as early as possible, thus saving time, labor, and money (Rallo et al., 2018). In addition, the knowledge of tree geometry can be used as a valuable tool to design site-specific management strategies (De Castro et al., 2018a).

Geometric traits can be estimated from 3D point clouds or Digital Surface Models (DSMs) based on UAV-imagery due to the ability of UAVs to fly at low altitudes with high image overlap (Torres-Sánchez et al., 2015; Yang et al., 2017; De Castro et al., 2018b). In the context of woody crops, these 3D models offer the rapid and accurate assessment of growth traits in poplar (Peña et al., 2018), vineyard (Matese et al., 2017; De Castro et al., 2018a), almond (Torres-Sánchez et al., 2018b), lychee (Johansen et al., 2018), and olive (Díaz-Varela et al., 2015; Torres-Sánchez et al., 2015; Jiménez-Brenes et al., 2017). Among these approaches, 3D point clouds have been highlighted for improving 3D reconstruction as they provide more height information (Z-value) at each coordinate (X,Y), while DSMs are defined as 2.5D datasets as they have only one height value at each 2D coordinate (Monserrat and Crosetto, 2008; Torres-Sánchez et al., 2018b). However, the large amount of detailed crop data embedded in the UAV-based 3D point clouds information requires the development and implementation of robust image analyses. In this regard, object-based image analysis (OBIA) techniques have reached high levels of automation and adaptability to high-data images. Furthermore, OBIA overcomes the limitations of pixel-based methods by segmenting images into groups of adjacent pixels with homogenous spectral values, called “objects”, which are used as basic elements of the classification analysis where spectral, topological, and contextual information are combined, thus providing successful automatic classifications in complicated agricultural scenarios (Blaschke et al., 2014; Peña et al., 2015; López-Granados et al., 2016; De Castro et al., 2018b).

As per the above discussion, a UAV-based high-throughput system was developed and tested in experimental trials within an olive breeding program with the aim to quantify plant architectural traits of very young olive trees. To achieve this goal, a full protocol to collect the UAV images and create 3D point clouds was described, and a novel and customizable 3D point cloud-based OBIA was developed to characterize the 3D structure of the young plants, measured by tree height, crown area, and volume, in the first two years after planting, without any user intervention. In addition, the potential applications of these estimated olive plant traits for olive breeding programs were discussed.




Materials and Methods



Study Fields

The experiment was carried out in two field trials located in Morón de la Frontera, Sevilla (Southern Spain). Both fields were planted in October 2015 in the framework of the University of Sevilla table olive breeding program, which were drip-irrigated, with flat ground and an approximate surface area of 1.20 ha each. The two trials were selected to account for differences in training systems: the intensive discontinuous canopy (intensive trial) and the super high density continuous hedgerow (hedgerow trial). The first trial (intensive trial) consisted of trees planted at a 7 × 5-m spacing (286 trees/ha) in a north–south orientation as single trunk open vase forming a discontinuous canopy of scattered trees (Figures 1B, D). Twenty-six olive genotypes (10 trees per genotype) were included in the intensive trial in a randomized design with two trees per elementary plot and five repetitions. In the second trial (hedgerow orchard), olive trees were planted in a 1.75 × 5 m pattern (1143 trees/ha) and trained to a central leader system, designed to form a continuous canopy later in crop development (Figures 1A, C). The hedgerow trial comprised of 14 olive genotypes arranged in a randomized design with rows of 20 trees per elementary plot and three repetitions (60 trees per genotype). The experiment was carried out at two different early stages of tree development: 15 months after planting, i.e., when the plants completed their first growth cycle in the field; and 27 months after planting, after 2 years in the field, which corresponded with each flight date. No pruning was performed during the experimental period to allow the genotypes following their own growth habit.



[image: ]

Figure 1 | General view of the olive field trial studied: (A) hedgerow trial and (B) intensive trial in 2017; and (C) hedgerow trial; and (D) intensive trial in 2018.






UAV-Based Phenotyping Platform

The remote images were acquired at midday on 16th January 2017 and 10th January 2018 with a low-cost commercial off-the-shelf camera, model Sony ILCE-6000 (Sony Corporation, Tokyo, Japan) mounted in a quadcopter model MD4-1000 (microdrones GmbH, Siegen, Germany), which was modified and calibrated to capture information in both NIR and visible light (green and red) by removing the internal NIR filter commonly present in the visible cameras and adding a 49-mm filter ring to the front nose of the lens, all done by the company Mosaicmill (Mosaicmill Oy, Vantaa, Finlandia) (Figure 2). This model has a 23.5 × 15.6 mm APS-C CMOS sensor, capable of acquiring 24 megapixel (6,000 × 4,000 pixels) spatial resolution images with 8-bit radiometric resolution (for each channel), and is equipped with a 20 mm fixed lens. The flights were carried out at the same time as the on-ground data were taken to ensure the same meteorological conditions, which consisted of sunny days with calm winds. Moreover, similar weather conditions were reported between flight campaigns.
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Figure 2 | The MD4-1000 UAV flying over the intensive trial in the second studied date (January 2018).




The UAV can either be manually operated by radio control (1,000 m control range) or execute user-defined flight routes autonomously by using its Global Navigation Satellite System (GNSS) receiver and its waypoint navigation system. The UAV is battery powered and can load any sensor weighing up to 1.25 kg. The camera was mounted in the UAV facing downward for nadir capture, and the UAV routes were designed to take images at 50 m flight altitude, resulting in a spatial resolution of 1 cm pixel size, and with forward and side overlaps of 93% and 60%, respectively, which are large enough to achieve the 3D reconstruction of olive orchards, according to previous research (Torres-Sánchez et al., 2015; Torres-Sánchez et al., 2018a). Every yearly campaign consisted on a unique 15-min flight for both field trials that covered a surface of 5 ha. The flight operations fulfilled the list of requirements established by the Spanish National Agency of Aerial Security including the pilot license, safety regulations, and limited flight distance (AESA, 2017).




Point Cloud Generation

A 3D point cloud was generated by using the Agisoft PhotoScan Professional Edition software (Agisoft LLC, St. Petersburg, Russia) version 1.4.4 build 6848. The process was fully automatic, with the exception of the manual localization of six ground control points in the corners and in the center of each field trial with a Trimble R4 (Trimble, Sunnyvale, CA, USA) to georeference the 3D point cloud. The GPS worked in the Real Time Kinematic (RTK) model linked to a reference station of the GNSS RAP network at the Institute for Statistics and Cartography of Andalusia (IECA), Spain. This GNSS-RTK system provided real time-corrections that resulted in an accuracy of 0.02 m in planimetry and 0.03 m in altimetry. The whole automatic process involved two main stages: 1) aligning images, and 2) building field geometry. First, the camera position for each image and common points in the overlapping images were located and matched, which facilitated the fitting of camera calibration parameters. Next, the point cloud was built based on the estimated camera positions and the images themselves by applying the Structure from Motion (SfM) technique (Figure 3). Thus, every point consisted of x, y, and z coordinates, where z represents the altitude, i.e., the height above sea level. The point cloud files were saved in the “.las” format, a common public file format that allows the exchange of 3D point cloud data. More details about the software processing parameters are given in De Castro et al. (2018a).
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Figure 3 | (A) General View of the Intensive Field Trial-2018; and (B) Partial View of the Corresponding 3D Point Cloud Produced by the Photogrammetric Processing of the Remote Images Taken With the UAV Platform.






OBIA Algorithm

The OBIA algorithm for the identification and characterization of the olive seedling was developed with Cognition Network programming language in the eCognition Developer 9.3 software (Trimble GeoSpatial, Munich, Germany). The algorithm is fully automatic, it therefore requires no user intervention, and was composed of a sequence of phases (Figure 4), using only the 3D point cloud as input, as follows:
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Figure 4 | Graphical examples of the Object Based Image Analysis (OBIA) procedure outputs for identification and characterization of the olive seedling: (A) 3D point cloud for a square of 2 m side size, DTM is represented in pink color; (B) tree point cloud; (C) 2D representation, following the x,y axes, of the tree point cloud; (D) sliced tree point cloud along Z axis; (E) points belonging to the point cloud included in the selected slice portion.




1.	Digital Terrain Model (DTM) generation: A chessboard segmentation algorithm was used to segment the point cloud in squares of 2 m side size based on the studied olive tree dimension and the planting patterns (Figure 4A). Each square was then assigned a height value corresponding to the average of 15% of the lowest height points to create the DTM layer (Figure 4A), i.e., a graphical representation of the terrain height without any objects like plants and buildings, as based on previous studies (Torres-Sánchez et al., 2018b).

2.	Tree point cloud creation: First, the height above the terrain of every point composing the cloud was obtained based on the DTM. Next, the 0.3 m value was used as the suitable threshold to accurately identify tree points and therefore create the tree point cloud (Figure 4B). This threshold was based on the tree size in the stage studied and the lack of cover crops. The height threshold is an easily implemented and accurate tool used for olive detection, either from the UAV photogrammetric point cloud (Fernández et al., 2016) or terrestrial laser scanner point cloud (Escolà et al., 2017).

3.	Tree crown delineation: After tree point identification, a grid of 0.1 m size was overlaid on the terrain and every projected square with the presence of a tree point was classified as tree, which were then merged to compound each individual tree crown. This parameter was fixed to 0.1 m to be well suited for tree reconstruction using UAV imagery (Torres-Sánchez et al., 2018b).

4.	Point cloud slicing: Once the tree point cloud was divided into 2D-squares following the x,y axes, the tree point cloud was then segmented into slices from bottom to top along the Z axis according to intervals of 0.1 m (Figure 4D) resulting in 3D-grids (voxels) with 0.1 m side. Therefore, the point cloud was included into a tridimensional regular grid composed by small volumetric units (voxels) to be processed. Next, a new image layer called “Voxels” with a resolution of 0.1 m, similar to the voxel size, was created at the ground level, where each pixel stored the number of voxels above (i.e. voxels with the same x,y coordinates at different heights) containing points of the olive crown. The voxel size was set at 0.1 m according to Phattaralerphong and Sinoquet (2005), who reported that the optimal voxel sizes for crown volume estimates ranged from 10 to 40 cm. The size of the voxel has previously been related to the accuracy of the crown volume estimate (Park et al., 2010; Li et al., 2013; Zang et al., 2017), the larger the voxel size, the greater the estimation accuracy. However, oversized voxels lead to the creation of few voxels resulting in statistically insignificant descriptions of canopy features. Thus, taking into account the small size of the olive trees, 0.1 m was selected as the optimal voxel size.

		The voxel-based methodology is considered one of the more advanced techniques for accurately reproduced the tree (Hosoi and Omasa, 2006), where the voxel is the smallest information unit element of a three-dimensional matrix. This methodology allows process the coordinates of each voxel, analyze 3D-models as digital images and consider points measured from successive shots as a single voxel without oversampling (Fernández-Sarría et al., 2013), making voxel-based methodology one of the most useful methods in point cloud analysis. It has been successfully used in tree point cloud analysis generated by LiDAR (Hosoi and Omasa, 2006; Fernández-Sarría et al., 2013; Underwood et al., 2016) and photogrammetric techniques (Gatziolis et al., 2015; Dandois et al., 2017; Torres-Sánchez et al., 2018b).

		Due to the difficulty in obtaining information inside the tree crown of the UAV-photogrammetric approach, the squares surrounded by the crown limit were classified as tree crown, and those voxels taken into account in the process.

5.	Olive tree characterization: For every olive tree, the volume occupied by the crown was automatically quantified in each pixel of the “Voxels layer” by multiplying the number stored, i.e. voxels containing olive crown points, and the voxel volume (0.1 × 0.1 × 0.1 m3). Similarly, Underwood et al. (2016) calculated the crown volume in almond orchards using terrestrial LiDAR point clouds. Furthermore, the maximum height of each olive was calculated by subtracting the highest height value of the pixels that composed the olive crown to the DTM. Then, the rest of the geometric features (width, length, and projected area) were automatically calculated for every crown tree object delimited in a previous step (Tree crown delineation) of the process. Finally, the geometric features of each olive, as well the identification and location, were automatically exported as vector (e.g., shapefile format) and table (e.g., Excel or ASCII format) files.

The algorithm was fully automatic and common for both planting patterns and training systems, with only one exception in the Tree crown delineation phase for the super high density continuous hedgerow (hedgerow trial) on the second date. In this training system, the tree exhibited adjacent canopies, starting the formation of a continuous canopy, i.e., a hedgerow trial, making it difficult to isolate the individual crown (Figure 1C). Thus, to solve this limitation, the location of every tree exported on the first date was used to identify each olive tree on the second date, so any square classified as “Tree” with its center at a distance of 1 m from the center of a tree was considered as part of that same tree. This 1 m-value was set taking into account the distance between trees. If no UAV image was available prior to the interception of the crowns, this issue could be solved by employing the planting pattern (distance between trees) or a grid with the position (x,y coordinates) of each tree.

Segmentation and slicing tasks are difficult, time consuming, and mostly performed by a human operator (Woo et al., 2002), thus the automation of these process in an OBIA algorithm enables objectivity and makes the olive characterization process time-efficient, reliable, and more accurate, removing errors from a subjective manual process.




Validation



DTM Generation

The point cloud-based DTM created for each training system and date was compared to the official DTMs extracted from the IECA (Andalusian Institute for Statistics and Cartography, Spain), a public body that guarantees the organization, coordination, rationality, and efficiency of cartographic production in Andalusia (IECA, 2018). This official information is generally updated every 10–15 years and does not have enough high resolution in all areas of the region.

The validation of the DTM was carried out on the basis of a 20 m grid over the studied fields by using ArcGIS 10.0 (ESRI, Redlands, CA, USA), resulting in 28 and 24 validation data points for the intensive and hedgerow training systems, respectively (Figure 5A). The distribution and quantity of the validation points made it possible to analyze the height variability in these field conditions. Then, the official IECA-DTM-based heights were compared to those estimated by the OBIA algorithm, and the coefficient of determination (R2) derived from a linear regression model was calculated using JMP software (SAS, Cary, NC, USA).
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Figure 5 | Experimental set for validation: (A) point grid for DSM validation in both the hedgerow and the intensive trial; (B) manual measurements of olive crown width. The individuals in this manuscript have given written informed consent to publish these case details.






Olive Tree Identification and Geometric Traits Validation

Individual olive trees were visually identified in the mosaicked and compared to the image classification process outputs, i.e. the individual tree point cloud, and the coincidence was measured by calculating the counting accuracy (Eq. 1)

	[image: ]	(1)

For tree geometric features validation, manually ground-based measurements of trees were taken in each field trial and date coinciding with the image acquisition (Figure 5B). Three geometric traits, namely tree height, crown area, and volume, were evaluated by comparing the OBIA estimated value and the on-ground observed values (true data). In the case of intensive trials, all traits were measured in each individual tree (244 trees); in the case of hedgerow trials, the tree height was also surveyed in all individuals (806 trees), and due to time and labor limitations, the canopy features were measured at 4 individual trees per elementary plot (164 trees). The validation trees were identified in the field and located their position in the mosaicked images.

The height of the tree, as measured up to the apex of the top of the tree, was taken with a telescopic ruler. In addition, the height and crown diameters (maximum projected horizontal width and its perpendicular) were acquired using a tape, and the crown area and volume were estimated assuming a circle (Eq. 1) and a cone-shaped (Eq. 2) form, respectively, applying validated methods (Eq. 2 and Eq. 3) for olive tree geometric measurements (Pastor, 2005), as follows:

	[image: ]	(2)

where D1 is the is the widest length of the plant canopy through its center, and D2 is the canopy width perpendicular to D1.
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Then, the on-ground measures were compared to the OBIA-estimated values in order to assess the efficacy of the OBIA algorithm to estimate the olive traits of the very young plants. The coefficient of determination (R2) derived from a linear regression model was calculated using JMP software (SAS, Cary, NC, USA). The coefficient of determination (R2) is the proportion of the variance in the dependent variable that is predictable from the independent variable (Mendenhall et al., 2009), whereas the root mean square error (RMSE) is the standard deviation of the residuals, i.e. prediction errors (Barnston 1992). Additionally, the bias statistic was also calculated for the height comparison (Eq. 4), which measures the difference between the expected value of the estimator and the actual value of the parameter being estimated and evaluates its tendency to overestimate or underestimate that parameter (Lehmann 1951).

	[image: ]	(4)

where xm is the mean height value of all field-measured trees, and ym represents the mean detected OBIA height.






Results



Point Cloud and DTM Generation

High density point clouds were generated due to the large image overlap, based on the flight configuration, and the high spatial resolution of the UAV-imagery (Figure 6). The number of points in the cloud ranged from 4,136 points/m2 in the intensive trial in 2017 to 4,782 points/m2 in the hedgerow orchard in 2018 (Table 1). No major differences in point density were found between the training systems. However, the number of points was greater on the second flight date due to the larger size of the trees at the second flight date, i.e., 27 months after planting, as the ground point density remained constant. This greater number of points suggests that a higher accuracy in geometric features estimation could be reached, as there is a strong underlying control of the 3D reconstruction quality based on point cloud density (Dandois et al., 2015).
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Figure 6 | Field photograph and tree point cloud for an olive tree composing the intensive trial in the consecutive years of data collection: (A) January 2017—15 months after planting; (B) January 2018—27 months after planting.




Table 1 | Point density for each flight date and training systems.
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As for the DTM, the algorithm generated it automatically and accurately from the point clouds achieving very high correlation with the official IECA-DTM for both intensive (R2 = 0.90) and hedgerow trials (R2 = 0.95), independently of the year and tree age. These results proved the suitability of the UAV-flight configuration to create appropriate point clouds as well as the performance of the OBIA algorithm for proper DTM generation. Some of the validation points for the hedgerow trial were dismissed in the comparison with the IECA-DTM as an anomalous area was found in this official DTM, making these validation points unusable.




Olive Tree Detection

The OBIA algorithm successfully identified the olive trees, obtaining accuracy values higher than 93% in all of the studied cases (Table 2), with independence of the training system and olive age, which demonstrated the OBIA-algorithm’s robustness for tree detection at these early stages of growth. Furthermore, higher accuracy values were achieved in the later year of the study, i.e. 27 months after olive tree planting, reaching maximum precision or very close values, with results of 100% and 98.8% for intensive and hedgerow, respectively. This fact points out that, although it was possible to accurately create the tree point cloud and detect the olive trees at any of the studied olive ages, olive tree characterization could be affected by the plant age at these early stages.



Table 2 | Accuracy attained by the OBIA algorithm in the olive tree detection.
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Olive Tree Characterization



Height of Olive Tree

A summary of the field height measurements and those estimated by OBIA for the matched trees in both studied dates and trials at field level is shown in Table 3. Height data for both training systems were analyzed by performing an analysis of variance (ANOVA) at the 0.05 level of significance by a Tukey Honestly Significant Difference (HSD) range test using JMP software (JMP 12, SAS Institute Inc., Campus Drive, Cary, NC, USA 27513) (Table 3). Significant differences in height data between hedgerow and intensive systems were observed in all comparisons, with the exception of the OBIA estimated outputs at the first date. This fact suggests that manual measurements were able to detect differences in height growth caused by the training system on both dates, where the algorithm could only do so on the second date.



Table 3 | Summary of the field measured height and OBIA-estimated height for the matched trees at field scale.
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Analysis of variance of both measured and estimated height data between dates were also performed (data not shown) and significant differences were obtained in all of them, thus showing that both approaches (manual and estimated) detected the annual height growth. According to the field height measurements, height annual growth for intensive and hedgerow trials was 50.6% and 50.7%, respectively.

Based on the results shown in Table 3, the OBIA-estimated minimum values were lower than the field measurements, especially in 2017 due to the small size of some of the trees. The height estimates showed wider ranges of variation than the field measurements in all cases; although these differences were much smaller for the experiments in 2018. A similar trend was found for the average height, also obtaining greater agreement between the true and estimated measurements for the 2018 data. Thus, the height estimates were strongly influenced by the age of the olive plant at these growth stages, as stated above. It should be noted that the olive trees in the second year, i.e. 27 months after planting, were 3D reconstructed with a higher quality, as they showed values similar to those field measurements, suggesting that from this age, the estimation of this breeding trial at the individual tree level might be feasible.

Figure 7 shows the accuracy and graphical comparisons of the measured versus OBIA-estimated height at the individual tree level as affected by the pattern system and the olive tree age. As expected from the above results, correlations obtained for images taken in the first studied date (15 months after planting) were slightly lower than those reported for the second date (27 months after planting), i.e. after a growth cycle. At that first flight campaign, olive trees in an intensive pattern system achieved acceptable correlation values (R2 = 0.61), higher values than those reported by Díaz-Varela et al. (2015) using UAV imagery reconstruction based on DSM (R2 = 0.53) for height tree calculation of olive 5 years and 7 years after planting, i.e. with a larger size, which points out the feasibility of the our developed point-cloud based OBIA algorithm for the estimation of olive tree height in this growing system at the early age of 15 months after planting. No accurate results were obtained for hedgerow pattern at this first growth age.
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Figure 7 | Point cloud-OBIA estimated height vs. measured olive height divided by training system and tree age. The relative root mean square error (nRMSE) and coefficient of determination (R2) derived from the regression fit are included for every scenario (p 0.0001). The red solid line is the fitted linear function and the blue dashed line represents the 1:1 line.




Referring to the second flight campaign, low nRMSE (defined as the ratio of RMSE and the average value measured) values of 6.4 for intensive and 5.8 for hedgerow and R2 values around 0.80 were reported for both training systems. Similarly, De Castro et al. (2018a) reached a very high correlation (R2 = 0.78) in plant height estimation using UAV imagery and the OBIA approach in adult vineyards. Therefore, our results indicated that the OBIA algorithm accurately estimated the olive height at 27 months after planting, independent of the training system.

For both studied dates and growing systems, the comparison of the regression line with the 1:1 line and the negative bias indicated that the automatic OBIA algorithm underestimated the tree height parameter, especially on the first date that showed bias values higher than 16.7% for both patterns. The respective bias values for the second campaign images ranged from −5.1% to −8.8%, results comparable to those reached in the crown base height estimation of individual conifer trees in a forest scenario of 3.4% (Luo et al., 2018). Moreover, it should be pointed out that the underestimation was smaller for the intensive open vase orchard.




Olive Crown Parameters

Results of the validation work of the crown parameters, which consisted of comparing the OBIA estimated values to the calculated field data, are shown in Figures 8 and 9 for areas and volumes, respectively. Much better correlations were achieved for both parameters in the 2018 data, i.e. the second flight campaign, thus following the same trend as the tree height. Similarly, the OBIA procedure also tended to a subtle underestimation of the crown parameters.
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Figure 8 | Graphical comparisons of Point cloud-OBIA estimated and field estimated crown area by training system in: (A) January 2017, 15 months after olive plantation; (B) January 2018, 27 months after olive plantation. The normalized root mean square error (nRMSE) and coefficient of determination (R2) derived from the regression fit are included for every scenario (p 0.0001). nRMSE was computed as the percentage of the average of measured values of tree variables. The red solid line is the fitted linear function and the blue dashed line represents the 1:1 line.
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Figure 9 | Graphic comparisons of Point cloud-OBIA estimated and field estimated crown volume by pattern system in: (A) January 2017, 15 months after olive plantation; (B) January 2018, 27 months after olive plantation. The normalized root mean square error (nRMSE) and coefficient of determination (R2) derived from the regression fit are included for every scenario (p 0.0001). nRMSE was computed as the percentage of the average of measured values of tree variables. The red solid line is the fitted linear function and the blue dashed line represents the 1:1 line.




Analyzing the 2017 crown parameters results (Figures 8A and 9A), both area and volume fits had low R2 with slight variations between the two crop systems, for example, R2 = 0.48 for the area parameter in both systems, and medium relative errors around 21%. In the case of the second campaign (Figures 8B and 9B), the correlations were strengthened reaching higher determination coefficients, e.g. R2 values of 0.63 and 0.79 for the area comparison in the hedgerow system and volume in the intensive orchard, respectively. Minor errors were also reported for crown area comparison that ranged from 12.7% and 14.8%. And further, the points got much closer to the 1:1 line distribution, although they indicated a tendency to underestimate the results, as most of the points were below the 1:1 line. The better findings could be due to the bigger size of the tree at that date. In the analysis by training system in that latter campaign, a better fit of the OBIA estimated values to the manual truth data for canopy area and volume were achieved in the intensive orchard, which reported R2 of 0.79 and 0.80, respectively.

However, the determination coefficients for both crown parameters in the hedgerow orchards were slightly lower than those reported for the intensive one, e.g., R2 = 0.63 for area estimation (Figure 8B).

In summary, OBIA crown estimates of the olive trees in the first flight year were lower than those of the second year, i.e., 27 months after plantation, when the olive trees appear to reach a suitable size to be reconstructed using the point cloud-based OBIA algorithm developed. No clear differences in olive crown reconstruction were shown between both pattern systems using images at 15 months after olive plantation. Although the OBIA algorithm allowed the 3D reconstruction of the whole tree or hedgerow crown in the second year (Figure 6), better results were achieved in both the area and volume parameters for intensive orchards. In addition, the results showed a better fit for the canopy area than for the volume in all of the analyzed cases, reaching higher R2 values.






Discussion

The objective of this research was to develop an UAV-based high-throughput system for olive breeding program applications, which consisted of UAV-flight configurations, in terms of flight altitude and image overlaps, and a novel, automatic, and accurate OBIA algorithm development. The system was evaluated in two experimental trials in the framework of the University of Sevilla table olive breeding program, with the aim to determine the earliest date for the suitable and precocious quantifying of architectural traits in large numbers of individuals under field conditions. Thus, two training systems were evaluated at two very early tree growth stages: 15 and 27 months after planting.

The flight configuration led to the generation of high density point clouds with around 4,500 points/m2 and the automatic and accurate DTM generation by means of the OBIA algorithm. In addition to the flight altitude and image overlap, which are defined in the flight configurations, the number of points are also strongly affected by the sensor spatial resolution (Dandois et al., 2015). In that sense, Torres-Sánchez et al. (2018b) obtained point clouds with half the density using the same flight configuration as in our experiment, but with a camera sensor size of 4,032 × 3,024 pixels, i.e. half the spatial resolution that the camera used in our study, which was quantified sufficient for the accurate detection of almond trees and the estimation of geometric characteristics. Therefore, both the sensor and flight configuration used in our research were considered suitable for DTM generation.

The accuracy of the DTM, directly affected by point cloud densities, is a critical issue for 3D tree characterization, as reported by Dandois et al. (2015) and Torres-Sánchez et al. (2018a) in woody crops, and the basis for the calculation of height-related trials (Dandois and Ellis, 2010), so the higher the quality in the DTM generation, the more precise the tree height estimation. In addition, the olive trees were also successfully identified by the OBIA algorithm from the DTMs, independent of the pattern system and olive age. The fact that no differences in tree detection and DTM generation were found between both training systems suggests that the growth patterns derived from each system were not significantly different at those tree ages for these specific goals, proving the robustness of this algorithm in those scenarios. Moreover, the accurate and automatic DTM created by the OBIA algorithm could be used not only as the first step in the procedure of quantifying breeding olive traits at early stages, but also as a valuable tool for generating accurate DTMs in agricultural studies, since the official DTMs extracted from the IECA are not always up-to-date, do not have enough spatial resolution in some areas of the region or accounts with faulty points, as previously reported. In addition, the automatic tree detection process, especially of small plants, could be a useful tool for some agricultural demanding tasks, for example, to count individual plants in nurseries due to their large fields and logistical considerations (De Castro et al., 2018c).

The OBIA algorithm was developed to generate agronomical traits considered key targets in olive phenotyping studies such as tree height, area, and volume of the crown, so that breeders can use those architectural traits to select the best genotypes according to desired objectives. For the olive tree height, the estimates were affected by tree size, and directly related to tree age, achieving much better accuracies for bigger olives, i.e., 27 months after planting. At that tree age, the tree height trait acquisition is feasible regardless of the evaluated training systems. However, only trees growing in the intensive system could be moderately reconstructed in the case of olive plants 15 months after planting, which may be because this system encourages free growth without any dominance directed from the height of the last tie (Figure 1A), making the trees reach less height, but in a uniform way in all the points of the crown (Innovagri, 2018). On the other hand, the hedgerow pattern employs a central axis formation system that promotes the growth of the terminal bud that acts as a guide, as opposed to the lateral shoots (Figure 1B), thus prioritizing height growth (Innovagri, 2018). These differences in growth due to training system become more accentuated in the early years. In fact, the growth pattern had a significant influence on the underestimation of the height trial, which was especially marked for the hedgerow pattern in 2017 as the generated point cloud did not detect the narrow apexes in the top of the olive trees due to this structure of the olive trees, which in contrast, were considered in the on-ground validation measurements. These findings are in agreement with those of Díaz-Varela et al. (2015) in an olive orchard of individual olive trees 5 and 7 years after plantation, and Peña et al. (2018) in a 1-year-old poplar plantation, in which the undervalues were assigned to the rough reconstruction of the final apex. Similarly, Kattenborn et al. (2014) found a general underestimation in the height trait of palm trees using UAV-based photogrammetric point clouds and stated that extend height deviations are indispensable, making difficult the sub-decimeter accuracy, which might be attributed to uncertainties in the reference data acquisition.

Similar considerations about automatic estimations were found for olive crown parameters: underestimation of the OBIA values; and much better correlations in the second studied date due to the greater crown size by the growth of the trees during the 12 months after the first campaign (Figure 1 and Table 2), and for intensive orchards because of the more favorable growth pattern for measurements, as stated above. The underestimation of tree area and volume is common in automatic process, since the tree canopies are manually estimated by applying a conventional geometric equation that considers tree crown projection as circle forms and the tree crowns as cone-shaped forms while the actual trees have a more complex internal structure, with branches and void space within, which is captured by the algorithms using point clouds (Underwood et al., 2016). Thus, the assumption of a geometric shape for the crown, the complexity of taking on-ground tree measurements and the operator expertise may compromise the validity of field data (Torres-Sánchez et al., 2015; Sola-Guirado et al., 2017). These assumptions produce inexact on-ground estimations, while 3-D architecture derived from the point cloud-based OBIA algorithm reconstructed the irregular shape of the tree crown, achieving better estimations of the olive trials than those estimated from the on-ground measurements (Torres-Sánchez et al., 2015). In any case, similar trends and magnitudes between OBIA-estimated and field data were found, for example, the trees identified as bigger on the ground were also quantified as a larger area by the OBIA algorithm in 2018 (Figure 8B), and vice versa. This fact points out the suitability of the OBIA-based measurements for phenotyping trials, as it improves the traditionally considered errors of field estimates.

In olives 15 months after planting, neither the area nor the volume could be accurately estimated, showing that the tree point cloud was not dense enough to reconstruct the crown architecture at that growth stage (Figure 6). This matter could be solved by modifying the flight configuration either by reducing the flight altitude or using a higher resolution sensor so that the number of points are increased. In addition, this solution could resolve the underestimation of the traits from the OBIA algorithm, since a higher point density might lead to a better detection of tree apexes and part of the lateral branching, which caused the underestimation of crown parameters. However, the flight altitude has also strong implications in the flight duration, area covered by each image, time-consumption, image processing, spectral resolution, and cost (De Castro et al., 2015a). In this sense, flights at low altitude would increase the spatial resolution, i.e., more dense point cloud as well as the time and cost of the process (Gómez-Candón et al., 2014). Thus, an optimal combination of image overlap, sensor, and flight altitude is essential to optimize fieldwork for breeding applications in large-scale plant phenotyping studies. Therefore, a balance must be sought between the cost of refining the flight configuration and the earlier date to obtain the agronomic trait, i.e., the age of the plant, according to the desired target. Alternatively, the inclusion of oblique images in the analysis has shown potential to improve the DTM (James and Robson, 2014), although they have been mainly used for building damage assessment (Dong and Shan, 2013; Vetrivel et al., 2015) or quarry topography reconstruction (Rossi et al., 2017). Much less information exists on the use of oblique images for vegetation reconstruction that has been limited to forest trees after leaf fall (Fritz et al., 2013). Thus, a combination of nadir and oblique images could be tested in further research to check if this approach can improve the crown architecture reconstruction in agricultural vegetation. Apart from that, the underestimation issue could be solved applying an estimation corrector related to the tree characterization, age, and pattern system.

A higher level of agreement was reached in the second year, i.e. 27 months after planting, on the estimates of crown parameters, reaching a very high correlation and minor errors in both training system, and a slightly lower determination coefficient for volume in the hedgerow orchards, which could be attributed to inexact on-ground estimations, as stated above. Using a similar approach, i.e. UAV imagery and OBIA technology, Torres-Sánchez et al. (2015) estimated crown parameters with successful results both in single-tree and in hedgerow plantations, reporting R2 values of 0.94 and 0.65 for area and volume estimations, respectively, which proved that this technological combination is very suitable to obtain automatic and accurate agronomic traits. However, those experiments were carried out in adult trees, where actual crown volume ranged from 16 to 40 m3, making it a less complex scenario than that of olive trees shortly after planting. Comparatively, using that combination, weaker correlations (R2 = 0.58 and nRMSE = 18.83% for individual trees and R2 = 0.22 and nRMSE = 12.96% for hedgerow systems) were reached in crown diameter estimation when younger trees were analyzed (Díaz-Varela et al., 2015), which denotes an inverse relationship between both variables. Therefore, the accuracies obtained in this paper are considered highly satisfactory, since the experiments were carried out in the challenging initial growth stage of young olive trees.

In addition to its accuracy, this OBIA procedure was fully automatic, without any user intervention, making the quantification of the breeding trials time-efficient, reliable, and more accurate, removing errors from a manual intervention above explained (Jiménez-Brenes et al., 2017; De Castro et al., 2018b). In a previous research, Fernández et al. (2016) attempted to automatically detect olive using UAV-based point clouds, however, user intervention for manual point selection was required due to the difficulties they found in automatic identification, which led to a semi-automatic process that consumes time and resources, and could include a subjective element (De Castro et al., 2018b). Moreover, no field validation was performed by Fernández et al. (2016), so the use of a UAV-based point clouds methodology remained non-validated for olive trees. In this context, some authors have detected olive trees using UAV reporting classification accuracies over 90% (Torres-Sánchez et al., 2015; Jiménez-Brenes et al., 2017), although those studies were conducted under a DSM-based OBIA approach in adult olive trees. Therefore, our results are considered very successful as the automatic tree detection was carried out in very young olive orchards. Moreover, the time involved in the entire process took less than 5 h for the intensive orchard including 244 olive trees, which consisted of a 5 min flight; the point cloud generation, which took about 4 h; and running the algorithm, which was around 30 min. Thus, by using UAV-images in combination with the point-cloud based OBIA algorithm, an accurate DTM, number, and coordinates of each tree and their agronomic trials (height, area, volume) could be provided in the same day as UAV flights to breeders and farmers requesting plant architecture traits.

Rapid methods for identification and assessment of plant traits are considered a major challenge for crop research in the 21st century (White et al., 2012). The high-throughput system developed in this research can provide breeders demanded architectural traits as rapid as less than 5 h after flights. Moreover, this high-throughput system is able to 3D reconstruct olive trees around 1 year after plantation and calculates breeding traits as soon as 1 year or 2 years after plantation, depending on the trial and training system. Olive architectural traits are highly relevant in the evaluation of each breeding process stage: from the seedlings stage (De la Rosa et al., 2006; Rallo et al., 2008; Hammamia et al., 2012) to the advanced selections trials (Rallo et al., 2018), and are key to evaluate the adaptation of olive cultivars to new highly technified growing systems such as the super-high density hedgerows (Rosati et al., 2013; Rallo et al., 2014; Morales-Sillero et al., 2014). Furthermore, our UAV-based high-throughput system is cost and time optimized for large-scale plant phenotyping studies, so that the rapid, accurate, and timely outputs of this system could supply crucial information for the rapid selection of genotypes addressing, e.g., lower input demand, improved olive quality, the capacity to face threats such as Xylella fastidiosa or Verticillium dahliae, and climate change, among others (El Riachy et al., 2012; Fiorani and Schurr, 2013; Rallo et al., 2016).

Besides the breeding applications, this accurate and rapid obtainable information of plant traits and tree position in large fields could be useful to design precision agriculture strategies at orchard scale, such as fertilization, irrigation, designing of pruning tasks (Escolà et al., 2017; Peña et al., 2018; De Castro et al., 2018a), as well as site-specific canopy treatments at variable rate application adapted to the necessities and size of trees, which could result in savings herbicide of up to 70% (Solanelles et al., 2006). Nursery management could be also benefited from this technological system (De Castro et al., 2018c). Additionally, as the height tree and crown architecture estimation has been assessed in several training systems and growth stages, this technology could be used to evaluate the tree adaptation to different environmental conditions and/or growing systems (Díaz-Varela et al., 2015). In addition, the canopy monitoring throughout the growing cycle, together with the spectral information also provided in this approach, could open new opportunities for early identification of biotic and abiotic stresses, as visible- and near infrared range have been proved useful to detect early changes in plant physiology (De Castro et al., 2015b). Finally, the mapping of agronomical traits would help to address the goal of developing prediction models that connect olive growth traits to yield (Sola-Guirado et al., 2017).

This UAV-based high-throughput system has been designed by using UAV, GPS, and Agisoft PhotoScan Professional Edition Photoscan and eCognition Developer software for taking images, georeferencing the ground control points, generation of 3D point cloud, and identifying and characterizing young olive trees, respectively. The developed OBIA algorithm is self-adaptive to different crop-field conditions, as row orientation, row and tree spacing, field slope, or olive tree dimensions. Moreover, as the voxel methodology is used to calculate the volume, LiDAR point cloud could also be as input, though these systems are slower than UAV technology (De Castro et al., 2018a). Although none of the software used in this research are open access, these were selected due to their versatility to develop the rule-set that could be transferred to some open source software available in the market.

Alternatively, terrestrial laser scanners have shown potential for 3D tree characterization (Underwood et al., 2016; Luo et al., 2018). In this context, Escolà et al. (2017) used a 2D light detection and ranging (LiDAR) on board an all-terrain vehicle estimating olive crown volume with R2 values ranging from 0.56 to 0.82, depending on the algorithms used. The experiment was carried out in adult orchards, i.e., larger canopy sizes, and used a travel speed of 4 km/h, which requires more time. Moreover, LiDAR exhibits some weaknesses such as no spectral information is acquired, it is often difficult for it to hit the exact tops of trees (Luo et al., 2018), and problems of aligning LiDAR scans from both sides of the tree are reported (Rosell et al., 2009). Additionally, phenotyping platforms with ground vehicles are very difficult to use for cross-regional work due to the lack of maneuverability (Yang et al., 2017). On the other hand, higher point cloud densities were produced, which could imply a better 3D reconstruction, although none optimal densities have been proposed so far for agriculture (Escolà et al., 2017). Therefore, a comparison between tractor-mounted sensors and OBIA-UAV technology must be carried out in further research (Escolà et al., 2017; De Castro et al., 2018b).

In summary, the high-throughput system developed in this work consisted of UAV imagery and a robust point cloud based OBIA algorithm and allows the automatic, rapid, and accurate creation of Digital Terrain Models (DTMs) and identification of olive tree at any training system and age, as well as the extraction of olive architectural traits in large scale fields at a very young stage, that is, around 2 years after planting. In addition, tree height can be estimated with acceptable accuracy in an intensive trial at the first date, i.e. 15 months after planting. The early and accurate estimation of these traits through this cost-efficient methodology may drastically reduce the crucial time of decision making for tree breeders, therefore discarding the unwanted genotypes early and improving the performance of the breeding process (Fiorani and Schurr, 2013). Therefore, the time and cost saving of OBIA-based trait estimation as well as the higher accuracy, certainly justifies the utility of this technology rather than geometric assumptions based on manual measurement. Furthermore, the methodology may not only be applied in phenotyping tasks in olive breeding programs, but it will also support the modernization and intensification of the olive sector through a better management of these orchards, involving a beneficial effect on the market price of olive as well as the economic development especially in rural areas (White et al., 2012).
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Olive (Olea europaea L.) growing has outstanding economic relevance in Spain, the main olive oil producer and exporter in the world. Fruit skin properties are very relevant for fruit and oil quality, water loss, and susceptibility to mechanical damage, rots, and infestations, but limited research focus has been placed on the cuticle of intact olive fruit. In this work, fruit samples from nine olive cultivars (“Arbequina,” “Argudell,” “Empeltre,” “Farga,” “Manzanilla,” “Marfil,” “Morrut,” “Picual,” and “Sevillenca”) were harvested from an experimental orchard at three different ripening stages (green, turning, and ripe), and cuticular membranes were enzymatically isolated from fruit skin. The total contents of cuticular wax and cutin significantly differed among cultivars both in absolute and in relative terms. The wax to cutin ratio generally decreased along fruit maturation, with the exception of “Marfil” and “Picual.” In contrast, increased water permeance values in ripe fruit were observed uniquely for “Argudell,” “Morrut,” and “Marfil” fruit. The toluidine blue test revealed surface discontinuities on green samples of “Argudell,” “Empeltre,” “Manzanilla,” “Marfil,” and “Sevillenca” fruit, but not on “Arbequina,” “Farga,” “Morrut,” or “Picual.” No apparent relationship was found between water permeability and total wax coverage or the results of the toluidine blue test. The composition of cuticular waxes and cutin monomers was analyzed in detail, and sections of fruit pericarp were stained in Sudan IV for microscopy observations. Skin surface topography was also studied by means of fringe projection, showing large differences in surface roughness among the cultivars, “Farga” and “Morrut” fruits displaying the most irregular surfaces. Cultivar-related differences in cuticle and surface features of fruit are presented and discussed.

Keywords: Olea europaea L., cuticular wax, cutin, maturity stage, water permeance, skin surface topography

Except the vine, there is no plant which bears a fruit of as great importance as the olive.

Pliny the Elder (attributed)



Introduction

The olive (Olea europaea L.) tree is considered one of the oldest crops to have been domesticated by humans (Besnard et al., 2018). Around 90% of the world production of olives is used for the production of olive oil, and the rest is employed for the manufacture of table olives1. More than half of the total world olive production is grown in countries in the Mediterranean basin, Spain being the main olive oil producer and exporter in the world.

In Mediterranean areas, crops often develop under adverse environmental conditions, including restricted water availability, high temperatures, or elevated UV irradiation levels, which are expected to exacerbate in a scenario of global climate change. The performance of a given genotype under such conditions, as well as its resistance against pests and diseases, will be partly dependent upon the properties of fruit surface, which will act as the interface between the plant and the surrounding environment. Being the outer layer of the epidermis, the cuticle represents the first barrier against abiotic and biotic stress factors.

Plant cuticles are hydrophobic layers covering the epidermis of aerial, non-lignified plant organs, including the intact fruit. The cuticle scaffold is composed of the polyester cutin, an insoluble polymer matrix mostly containing hydroxy-, carboxy-, and epoxy-C16 and C18 fatty acids (Lequeu et al., 2003; Franke et al., 2005; Domínguez et al., 2011; Camacho-Vázquez et al., 2019). Different types of cuticular waxes, both in amorphous and crystalline form, and a variable amount of phenolics are integrated within or accumulate onto the surface of the cutin matrix (Samuels et al., 2008; Yeast and Rose, 2013; Lara et al., 2014). The cuticle is considered to limit transpirational water loss to prevent the desiccation of the fruit, but it also confers or modulates relevant properties such as the susceptibility to mechanical damage, infestations, and rots (Kunst and Samuels, 2002; Lara et al., 2014; Martin and Rose, 2014; Serrano et al., 2014; Riederer et al., 2015; Wang et al., 2016).

In spite of these considerations, very few published studies have addressed the composition of cuticles of intact olive fruit. Most of them have focused uniquely on cuticular waxes (Bianchi et al., 1992; Guinda et al., 2010; Vichi et al., 2016), whereas only one published study has also reported on cutin composition in fruit of this species (Huang et al., 2017). Compositional differences have been detected according to cultivar and maturation stage. These differences may relate to the water-proofing and mechanical properties of the cuticle, and thus be relevant for fruit resistance to abiotic and biotic stress-inducing factors.

In this study, olive fruit from nine oil- and table-cultivars differing in important quality traits were selected for the analysis of chemical composition and water permeability at three different maturity stages. With the purpose of widening the study on fruit surface differences across the considered genotypes, skin topography was non-destructively assessed by means of fringe projections (East et al., 2016). The bulk of results should help a better comprehension of the factors determining olive adaptations to the surrounding environment.




Materials and Methods



Plant Material and Toluidine Blue Test

Fruit samples from nine olive (Olea europaea L.) autochthonous Spanish cultivars (“Arbequina,” “Argudell,” “Empeltre,” “Farga,” “Manzanilla,” “Marfil,” “Morrut,” “Picual,” and “Sevillenca”) were hand-collected at an experimental orchard located at IRTA-Mas Bové (Constantí, Spain; 41°09’ N, 1°12’ E; altitude 100 m) from trees supplied with drip irrigation. Annual rainfall is 500 mm, and takes place mainly in April–May and September. Fertilization and cultural practices at the orchard are the usual in the producing area. Olives were picked at three different maturity stages (green, turning, and ripe) based on skin color during the usual harvest period (September to December) in 2016. Maturity index (0–7), fresh weight (g), flesh-to-stone ratio, and water content (% humidity) were determined on 50 fruits per cultivar and maturity stage. For the assessment of length and diameter (mm), 10 fruit were used (Table 1). Maturity index was scored on a 0–7 scale by subjectively categorizing each fruit within the sample according to skin and flesh color (Uceda and Frías, 1975); values indicate the weighted average of the 50 olives examined. Olive fly infestation was likewise assessed on 50 fruits per cultivar and maturity stage, by visually checking each fruit for egg deposition, and data shown as a percentage (Table S1). In order to visualize possible discontinuities on fruit surface, samples of fresh olives at the green stage (10 fruits per cultivar) were stained in a toluidine blue (TB) solution (0.05%, w/v) for 2 h (Tanaka et al., 2004), rinsed, and allowed to dry in air. Since ripe “Marfil” fruit turn white rather than black, the TB test was applied also to these samples.



Table 1 | Physical characteristics and toluidine blue test of olive fruits used in this study.
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Cuticle Isolation

Disks of fruit exocarp (two disks per fruit) were excised with a cork borer. Thirty to 75 olives, depending on fruit size, were processed so to obtain around 100 cm2 of skin per cultivar and maturity stage as described elsewhere (Belge et al., 2014a). Because not enough skin sample can be obtained from one individual olive fruit to enable further analysis of cuticle composition, excised skin disks were pooled into one sample of biological material. Exocarp samples were distributed in two tubes (50 cm2 per tube) for the enzymatic isolation of cuticular membranes (CM). Disks were incubated at 37°C in cellulase/pectinase solution (0.2% (w/v) cellulase, 100 U ml−1 pectinase, and 1 mM NaN3 in 50 mM citrate buffer at pH 4.0 until no more material was released, and then washed in citrate buffer (50 mM, pH 4.0) until no material was left in suspension. After thoroughly rinsing in distilled water, CM disks were dried at 40°C, weighted, and then pooled and kept in hermetically capped vials until analysis. Cuticle yields were expressed per unit of fruit surface area (μg cm−2).




Extraction and Analysis of Cuticular Wax

CM samples (20 mg/replicate × 3 technical replicates) were dewaxed in chloroform (2 mg ml−1) for 24 h at room temperature, with constant shaking. Chloroform extraction was done three times, and the chloroform extracts were pooled, incubated 15 min in an ultrasonic bath and filtered. Dewaxed CM (DCM) were dried and kept in hermetically capped vials for subsequent analysis of cutin monomers. The chloroform extracts were concentrated at 40°C using a rotatory evaporator, and waxes then transferred to a pre-weighed vial, dried in a vacuum concentrator at 40°C until complete dryness, and weighed to calculate total wax yields (μg cm−2). Dotriacontane (C32) was then added as an internal standard, and samples were derivatized during 15 min at 100°C in N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and pyridine (3:2, v/v), in order to obtain trimethylsilyl (TMSi) ethers and esters from free hydroxyl and carboxyl groups, respectively.

Wax samples (1 μl) were injected in on-column mode into a gas chromatography-mass spectrometry (GC-MS) system for compound identification and quantification. This GC equipment (Agilent 7890N) was coupled with a quadrupole mass selective detector (Agilent 5973N) and equipped with a capillary column (DB 5 MS UI, 30 m × 0.25 mm × 0.25 μm; SGE Europe Ltd., Milton Keynes, UK). Compounds were identified by comparison with their retention times with those of standards, and through their electron ionization-mass spectra using a mass spectral library (NIST 11 MS). Chromatographic conditions were as follows: oven was set at 100°C for 1 min, then raised by 15°C min−1 to 200°C, then by 5°C min−1 to 310°C, and finally held 10 min at 310°C. Helium was used as the carrier gas at 1.0 ml min−1. A flame ionization detector (FID) was used for quantitative analysis of cuticular waxes, in the same chromatographic conditions as described above excepting that, at the last step, the oven was held at 310°C for 13 min and that a higher carrier gas flow (1.3 ml min−1) was used. Data are expressed as a relative percentage (% over total waxes). Average chain length (ACL) of acyclic wax compounds was calculated as the weighted average number of carbon atoms, defined as
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where Cn is the percentage of each acyclic wax compound with n carbon atoms.




Extraction and Analysis of Cutin Monomers

DCM samples (roughly 10 mg/replicate × 3 technical replicates) were hydrolyzed for 2 h in 2 ml of 1 M HCl in 100% MeOH, esterified in the same solution during 2 h at 80°C, and added 2 ml saturated NaCl after cooling down. Cutin monomers were extracted three consecutive times in 2 ml hexane for 10 min using a mixer and centrifuged at 20°C. The collected supernatants were pooled and transferred into a pre-weighed vial, dried completely using a vacuum concentrator at 40°C, and then weighed to calculate total cutin yields (μg cm−2). Heptadecanoate (C17) and tricosanoate (C23) were added as internal standards, and then samples were derivatized during 15 min at 100°C in BSTFA and pyridine (3:2, v/v). Derivatized samples (1 μl) were finally injected in on-column mode into a GC-MS and a GC-FID system for compound identification and quantification, respectively, under the same chromatographic conditions as described above for the analysis of cuticular waxes.




Determination of Cuticular Transpiration

Transpiration from the whole fruit was determined gravimetrically from measures of water loss over time as described elsewhere (Huang et al., 2017). Eight to twelve olives per sample were sealed with paraffin wax on the pedicel area (melting point 65°C; Roth, Karlsruhe, Germany). To reduce the relative humidity until approximately zero, fruit samples were placed in boxes over silica gel (AppliChem, Darmstadt, Germany) and kept at 25°C in an incubator (IPP 110, Memmert, Schwabach, Germany). Weight loss of the samples was monitored over time (five to six data points per individual sample) with an analytic electronic balance with ± 0.1 mg precision (MC-1 AC210S, Sartorius, Göttingen, Germany). Temperature inside the incubator was controlled continuously with a digital thermometer (Testoterm 6010, Lenzkirch, Germany) and the actual fruit temperature was measured using an infrared laser thermometer (Harbor Freight Tools, Calabasas, California). Transpiration rates (flux of water vapor; J in g m−2 s−1) of the samples were calculated from changes in the fresh weight (∆W in g) over time (∆t in s) and surface area (A in m2) as indicated below:
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The permeance (P in m s−1) was calculated from the transpiration rate (J) divided by the driving force:
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where c*wv was the water vapor content of air at saturation, obtained from tabulated values, afruit was the water activity in the fruit, which was assumed to be unity, and aair was air water activity (that was close to zero).




Skin Surface Topography

Micro-topography of samples (25 olives per cultivar) was captured at two locations (180° apart) on the equatorial area of each individual fruit using fringe projection equipment (Primos™ Lite, Cranfield Image System, USA). Topography data were collected with an x-y resolution of 26.83 µm and z (vertical) resolution of 2 µm. Subsequent calculations to extract surface roughness descriptive parameters (Lai et al., 2018) were conducted with the accompanying proprietary software package (Primos™ v5.8, Cranfield Image Systems, USA).

Surface roughness parameters studied in this work were Sa, Stm, Spm, Svm, Sk, and S (Gadelmawla et al., 2002). Sa is the arithmetic average height parameter, defined as the mean of the absolute deviation of roughness irregularities from the mean line. Stm describes the mean distance between the lowest valley and the highest peak at the measured area. Spm is defined as the mean of the maximum height peaks, and Svm is the mean of the maximum depth valleys. Sk measures peak-to-valley surface roughness after excluding the predominant peaks and valleys, and hence illustrates the core roughness depth. S is the only horizontal parameter, defined as the average spacing between profile peaks at the mean line in the profile measured.




Microscopy Observations

Pericarp fruit samples were chopped to little cubes (roughly 2 mm per side) and fixed in a formaldehyde-acetic acid (FAA) solution [5% (v/v) formaldehyde and 5% (v/v) glacial acetic acid in 1:1 (v/v) ethanol-distilled water] for 12 h. Samples were dehydrated in aqueous solutions containing increasing ethanol concentrations up to 100% (v/v). Dehydrated samples were transferred to Eppendorf tubes for infiltration and polymerization in Technovit 7100® resin (Heraeus Kulzer GmbH, Wehrheim, Germany), and the resin was dried at 45°C for 24 h.

Resin-embedded samples were cut in 4-μm-thick sections using an ultramicrotome (Leica EM UC6, Leica Microsystems GmbH, Wetzlar, Germany), and subsequently stained on a slide for 15 min in a Sudan IV lysochrome solution [5% (w/v) in 85% (v/v) ethanol] in order to visualize the lipidic constituents of fruit cuticles. Excess staining was removed by rinsing in 50% (v/v) ethanol, and samples allowed to dry at room temperature. Olive pericarp sections were observed and photographed using a microscope (Leica DM4000 B) with a coupled camera (Leica DFC300 FX). Cuticle thickness was determined from five images obtained from five different fruit per cultivar and maturity stage with the Fiji image processing software (Schindelin et al., 2012).




Statistical Analysis

The statistical analyses were conducted with the JMP® Pro 13 software. Results were calculated as means ± standard deviations. Multifactorial analysis of variance (ANOVA) procedures were applied, with cultivar and maturation stage as the factors, and means were compared with the Student’s t test (p ≤ 0.05). PCA was used to help the interpretation of the data set obtained, using the Unscrambler software, version 9.1.2 (CAMO ASA, Oslo, Norway). Data were centered and weighed by the inverse of the standard deviation of each variable, and full cross-validation was run as a validation procedure.





Results

Olive cultivars assessed in this study included some preferentially used for oil production (“Argudell,” “Picual,” “Sevillenca”), for manufacturing of table olives (“Empeltre,” “Manzanilla”), or for both purposes. The choice of genotypes comprised representatives of very early (“Empeltre,” “Manzanilla”), early (“Sevillenca”), medium (“Arbequina,” “Argudell,” “Farga,” “Picual”), and late (“Marfil,” “Morrut”) ripening patterns (Tous and Romero, 1993), as well as a range of fruit sizes (Table 1). Due to differing ripening patterns, data corresponding to the turning stage are lacking for three cultivars (“Manzanilla,” “Marfil,” and “Sevillenca”), as not enough fruit material was found at the sampling dates. The highest flesh to stone ratios, weight, and water contents were found for “Manzanilla,” a very common table olive cultivar in Spain. The highest incidence of olive fly infestation was observed for “Empeltre” and “Manzanilla,” which showed very high percentages of affected fruits, particularly in unripe olives (Table S1).



Surface Differences

Differences in surface characteristics were found among the nine olive cultivars assessed. Green fruits were stained with toluidine blue in order to visualize pores, cracks, or defects on the surface. Two groups of cultivars were revealed by the TB test: fruits of “Argudell,” “Empeltre,” “Manzanilla,” “Marfil,” and “Sevillenca” were stained, whereas those of “Arbequina,” “Farga,” “Morrut,” and “Picual” were not, even after leaving the fruit samples in the staining solution for several hours.

Differences in skin topography of green fruit among the cultivars were also detected. “Farga” and “Morrut” fruits showed the most irregular surface as shown by higher values of vertical roughness parameters (Sa, Stm, Spm, Svm, and Sk). On the contrary, fruit of “Sevillenca,” ‘Empeltre,” “Arbequina,” and “Argudell” had smoother skin surface than other cultivars based on lower values of vertical parameters together with higher horizontal roughness as shown by S, representative of peak-to-peak spacing (Table 2). “Farga” samples displayed very different micro-topography and visual appearance as revealed by fringe projection data in comparison with other cultivars. In order to highlight the distinctive features of the surface of “Farga” olives, a boxplot of Sa as the most common roughness parameter is provided (Figure S1). Three-dimensional diagrams of raw data obtained from fringe projections, TB staining, and micrographs of Sudan IV-stained pericarp cross-sections for “Farga” and “Sevillenca” fruit are shown as an example to illustrate these differences (Figure 1), while results for the rest of cultivars assessed are presented as supplementary figures (Figures S2, S3, and S4 respectively). The surface of “Sevillenca” green olives was not only smoother than that of “Farga” at the same maturity stage, but also displayed significantly thicker cuticles (Table 3 and Figure 1).



Table 2 | Surface roughness parameters (μm) measured in olive fruits at the green stage.

[image: ]





[image: ]

Figure 1 | An example of fruit surface differences between two olive cultivars (left, “Farga”; right, “Sevillenca”) at the green stage. (A, B): 3D-diagrams of raw data outputs from fringe projections. Blue and black areas represent background noise due to the shape and size of the olives, which did not cover the whole assessment window of the equipment. (C, D): Toluidine blue (TB) staining. (E, F): Sudan IV-stained cross-sections of fruit pericarp observed under a bright-field microscope (bar: 60 μm).





Table 3 | Total cuticle amounts, cuticular wax and cutin yields, wax to cutin ratios, cuticle thickness, and water permeance in olive fruits at the green, turning, and ripe stages.

[image: ]






Cuticle Characteristics and Changes Along Maturation

With the exception of “Arbequina,” cuticle yields (mg cm−2 surface area) did not change significantly along fruit maturation (Table 3). Total cuticle amounts at the green and the ripe stages ranged from 1.9 to 3.1 mg cm−2 and from 2.0 to 3.8 mg cm−2, respectively. At both maturity stages, the lowest yields were observed for “Manzanilla” fruit. Consistent with the lowest cuticle yields, “Manzanilla” olives also displayed the lowest values for cuticle thickness, irrespective of maturity stage. Cuticle thickness remained steady along on-tree maturation in five (“Argudell,” “Farga,” “Manzanilla,” “Marfil,” and “Picual”) out of the nine cultivars studied, while a significant decrease was observed for the rest of the genotypes (“Arbequina,” “Empeltre,” “Morrut,” and “Sevillenca”) (Table 3).

Water permeance was determined in mature fruit of all nine cultivars studied. Two cultivar types could be defined according to permeability levels: a low-permeance group, including “Arbequina,” “Empeltre,” “Farga,” “Manzanilla,” “Picual,” and “Sevillenca” and displaying water permeance values ranging from 7.21 (“Manzanilla”) to 8.13 (“Picual”) × 10−5 m s−1, and a high-permeance cultivar set (“Argudell,” “Marfil,” and “Morrut”) showing water permeance values above 11 × 10−5 m s−1 (Table 3). No changes in water permeance levels were observed along maturation for “Arbequina,” “Argudell,” or “Sevillenca,” while significant increases in mature as compared to green fruit were found for “Morrut” and “Picual” (38 and 19%, respectively).

Excepting “Marfil” and “Picual,” wax yields decreased along maturation, both in absolute terms (μg cm−2) and as a percentage over total cuticle (Table 3). Wax percentages ranged from 9.8% in “Farga” mature fruit to 39.1% in “Empeltre” green samples. When expressed as mass per surface area, yields ranged from roughly 230 μg cm−2 in “Farga” mature olives to over fivefold that much (1,284.5 μg cm−2) in “Picual” mature fruit, consistent with thicker cuticles in these samples (Table 3). More cultivar-to-cultivar variation was observed for cutin, both regarding yields and time-course changes along on-tree maturation. Total cutin yields decreased over fruit maturation in “Arbequina” and “Farga” fruits (approximately 23 and 18%, respectively), whereas they increased in “Picual,” “Argudell,” and “Empeltre” fruits (by 38, 19, and 17%, in that order) and remained steady in the rest of the considered cultivars (“Manzanilla,” “Marfil,” “Morrut,” and “Sevillenca”). Wax-to-cutin ratio declined with maturity stage in all cultivars with the exception of “Marfil,” owing to increased wax contents.




Cuticular Wax Composition

Triterpenoids were the dominant fraction in cuticular waxes, relative percentages over total waxes ranging from 58 to roughly 81% (Table 4). For “Farga,” “Marfil,” and “Picual” olives, the total amount of triterpenoids decreased with maturity by 15, 18, and 23%, respectively, whereas no significant changes were observed for the rest of the cultivars considered. Maslinic (27 to 52%, contingent on cultivar and maturity stage) and oleanolic (19 to 43%) acids were detected in the wax fraction obtained from all the samples, with very minor contents of ursolic acid being identified additionally in “Farga,” “Picual,” and “Sevillenca” fruit (Supplementary Table 2). Relative contents of oleanolic acid decreased with maturity stage, while the amounts of maslinic acid generally showed limited changes, with the exception of “Farga” and “Picual” olives which displayed a sustained decline over maturation, and “Sevillenca” samples for which, on the contrary, increased maslinic acid contents were found for the ripe as compared with the green stages.



Table 4 | Relative amounts (% over total waxes) of wax compound types in cuticles isolated from olive fruits at the green, turning, and ripe stages.
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Reduction of triterpenoid contents along maturation in “Farga,” “Marfil,” and “Picual” fruits, together with an increment in fatty acids, led to increased acyclic to cyclic compounds ratios (Table 4). Augmented percentages of fatty acids, alcohols, and n-alkanes over total waxes during maturation also caused increased acyclic to cyclic compounds ratios in “Morrut” samples, whereas the increase in fatty acids observed in “Argudell” and “Empeltre” was not important enough to significantly modify this ratio. Fatty acids and alcohols were the main types of acyclic compounds identified in cuticular waxes, with very minor percentages of n-alkanes, in contrast with reports for other fruit species, for which much higher n-alkane percentages in cuticular waxes have been reported (Belge et al., 2014a; Belge et al., 2014b). “Manzanilla” and “Sevillenca” samples displayed the highest relative percentages of fatty acids and alcohols (Table 4). Among fatty acids, the most abundant compounds detected lignoceric (24:0) and cerotic (26:0) acids, while tetracosanol (C24) and hexacosanol (C26) were the predominant alcohols (Table S2). The ACL of the acyclic compounds identified in the wax fraction decreased in the course of fruit maturation for most of the cultivars included in this work, with the exception of “Arbequina” and “Marfil,” for which no significant differences were found, and “Morrut” which showed an increase from the turning to the ripe stages (Table 4).




Cutin Monomer Composition

C18-type monomers stood out quantitatively in cutin composition of the cultivars considered, representing around two thirds (68.7 to 76.2%) over total cutin monomers identified (Supplementary Table 3). The predominant compound type detected in the cutin fraction was hydroxy-fatty acids, relative percentages ranging 40 to 59% (Table 5). Among these, ω-hydroxy fatty acids and ω-hydroxy fatty acids with midchain hydroxyl groups were particularly abundant, mainly 18-hydroxyoctadecenoic and 16-hydroxyhexadecanoic acids. The relative percentage of 18-hydroxyoctadecenoic showed in general a moderate decline along maturation, “Picual” samples displaying the highest contents of this cutin monomer (24.1, 21.5, and 22.5% at the green, turning, and black stage, respectively). A similar trend, with the exception of ‘Morrut,” was observed for 16-hydroxyhexadecanoic acid, “Manzanilla” and “Picual” fruits showing the highest amounts of this compound. The relative percentages of ω-hydroxy fatty acids with midchain hydroxyl groups remained steady throughout fruit maturation, “Farga” samples showing the highest values (29.4% at the green stage) (Table 5). The predominant cutin monomer of this type was 9/10,16-dihydroxyhexadecanoic acid, which did not show noticeable variations during fruit maturation (Table S3).



Table 5 | Relative amounts (% over total cutin) of cutin monomer types in cuticles isolated from olive fruits at the green, turning, and ripe stages.
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In terms of percentage over total cutin, α,ω-dicarboxylic (8.5 to 17.7%, depending on cultivar and maturity stage) and monocarboxylic (3.3 to 21.5%) fatty acids were also quantitatively important. With the exception of “Morrut” fruits, the content of dicarboxylic fatty acids decreased along maturation, while that of monocarboxylic fatty acids was significantly augmented in all the cultivars analyzed, excepting “Marfil” (Table 5). Within the dicarboxylic fatty acids family, 9-octadecenedioic acid was the most abundant compound identified, the highest amounts being found for “Picual” and “Morrut” olives (16.9 and 16.5%, respectively), roughly twice those determined in “Empeltre” fruit (Supplementary Table 3).





Discussion

All olive samples used in this work were grown at the same orchard, under the same cultural practices. Therefore the chemical composition differences in isolated fruit cuticles among the studied cultivars are not likely to reflect different environmental conditions, and might underlie the observed features of surface topography as well as the resistance of each variety to biotic and abiotic stress factors. Water permeance of olive fruit may be modulated by different cuticle-related factors, including the presence of surface discontinuities, total wax coverage, wax-to-cutin ratio, acyclic-to-cyclic waxes ratio (which would potentially provide more efficient barriers against water loss), and ACL of acyclic wax compounds. However, no consistent relationships were found among all these variables. The toluidine test as well as cuticle yields or thickness were also apparently unrelated to water permeance values. No apparent connection was observed either between the presence of discontinuities on fruit surface as revealed by the toluidine test and the susceptibility to infestation by olive fly (Bactrocera oleae): among the cultivars used in this work, “Empeltre,” “Farga,” “Manzanilla,” and “Sevillenca” are characterized by severe incidence of infestation, while “Arbequina,” “Argudell,” “Marfil,” “Morrut,” and “Picual” are less susceptible to this plague (Barrios et al., 2015), which do not agree with the groupings revealed by TB staining (Table 1).

However, our data suggest a relationship between TB staining results and descriptors of surface roughness. Vertical roughness parameters Stm, Spm, and Svm can be a good indicator for uneven surfaces and for surface cracks, which will normally have higher peaks and deeper valleys. An irregular surface can also display low horizontal roughness (S) values, because adjacent peaks would be close to each other. Among the olive cultivars considered herein, the lowest values for horizontal roughness were observed for “Farga,” “Morrut,” and “Picual” samples, together with deeper valleys as shown by Svm (Table 2). Interestingly, when roughness parameters and TB staining data were used to characterize the samples by means of a PCA model, a good correlation was found between S, Svm, and TB test results (Figure S5). Eighty six percent of total variability was explained by the two first principal components (PC) alone. The plot shows that stained fruits displayed higher values for S and Svm, and the lowest for Sa, Stm, Spm, and Sk. Albeit to a lesser extent, a correlation was also found between roughness parameters and the incidence of fruit infestation by the olive fly (B. oleae). Higher percentage of infested fruits (Table S1) was associated to high Svm values (Figure S5), which might suggest that deeper irregularities on the surface may favor egg deposition.

Cuticle thickness values were higher than those reported for fruit from other olive cultivars, including “Gentile di Chieti,” “Carboncella,” “Dritta,” “Castiglionese,” “Intosso,” and “Kalamata” (Lanza and Di Serio, 2015). However, whereas that work found decreased cuticle thickness along maturation in all the cultivars assessed, a declining trend was observed in this study uniquely for “Arbequina,” “Empeltre,” “Morrut,” and “Sevillenca,” while cuticle thickness remained unchanged for the rest of cultivars considered. For tomato fruit (S. lycopersicum L.), cuticle thickness has been reported to increase during fruit development up to the mature green or breaker stage, and then to decrease thereafter until attaining full ripeness (Domínguez et al., 2008). Wide variation in thickness values has also been found among fruit species. Similar cuticle thickness has been reported for ripe tomato (S. lycopersicum L.), green and mature pepper (Capsicum annuum L.), and apple (Malus pumila L.) fruit in comparison with olive (Fernández et al., 1999), while that in mangoes (Mangifera indica L.) is reportedly thinner (Camacho-Vázquez et al., 2019).

A previous study on “Arbequina” (Huang et al., 2017) did not find significant differences in water permeance of fruit at different maturity stages, the observed values averaging 9.5 × 10−5 m s−1. Similar results were found in the current study for “Arbequina,” but not for all the rest of varieties: changes in water permeance throughout fruit maturation were determined for five out of the nine cultivars studied, data indicating significant increases for “Morrut” and “Picual” samples, which incidentally displayed the highest loss in water content from the green to the ripe stages (27.1 and 13.3% for “Morrut” and “Picual,” respectively) (Table 1). Water permeances observed in this study ranged from 6.6 to 11.9 × 10−5 m s−1, and were higher in comparison with those found for other fruit crops such as tomato (S. lycopersicum L.) and apple (Malus domestica Borkh), ranging respectively from 0.9 to 4.9 × 10−5 m s−1 (Leide et al., 2007; Leide et al., 2011) and from 4.6 to 5.3 × 10−5 m s−1 (Leide et al., 2018), but one order of magnitude lower than those observed for sweet cherry (Prunus avium L.) (1.4 to 3.7 × 10−4 m s−1) (Athoo et al., 2015).

With the exception of “Arbequina,” no significant changes in total cuticle yields were observed over maturation. Reports on changes in total cuticle yields (μg cm−2) over fruit ripening of a model species such as tomato have been shown to be cultivar-dependent (Domínguez et al., 2008; España et al., 2014), while they were found to decrease over ripening of sweet cherry (Peschel et al., 2007). Contrarily to reports for tomato (Leide et al., 2007) or orange (Citrus sinensis Osbeck) (Wang et al., 2016) fruit, for which increased wax coverage was observed along maturation, the opposite was found in this work for olives, with the exception of “Marfil” samples. In contrast, the proportions of the different wax fractions in olive fruit have been recently reported to be generally unrelated to sampling date, and to be largely cultivar-dependent (Vichi et al., 2016). Cutin yields were between 25.7 and 40.2%, and showed minor variations over fruit maturation. These cutin percentages over total cuticle were similar to those reported for some berries such as sea buckthorn (Hippophaë rhamnoides L.), cranberry (Vaccinium oxycoccos L.), or lingonberry (Vaccinium vitis-idaea L.), but much higher than those in black currant (Ribes nigrum L.) or bilberry (Vaccinium myrtillus L.) (8 and 6%, respectively) (Kallio et al., 2006). Stable cutin yields together with decreased wax coverage led to a significant decline in wax to cutin ratios (Table 3 ), in contrast with an earlier work on “Arbequina,” where no changes along fruit maturation were found (Huang et al., 2017). Both cutin yield and cutin percentage were inversely correlated to the observed olive fly egg deposition in the samples (r = −0.59 and r = −0.57 respectively), suggestive of a protective action of such compounds in the skin. This observation is in accordance with earlier suggestions that cultivar-related differences in olive fly egg deposition might be related to differential skin composition (Iannotta, 2007; Rizzo et al., 2007).

Triterpenes were the predominant cuticular wax compound type found in olive fruit as reported elsewhere (Lanza and Di Serio, 2015; Huang et al., 2017), and similarly to observations for other drupes such as sweet cherry (Peschel et al., 2007; Belge et al., 2014a) and peach (Belge et al., 2014b), as well as for blueberry (Vaccinium spp.) (Chu et al., 2016). Complete information on cuticle composition is available only for a handful of fruit species (reviewed in Lara et al., 2015). Whereas the triterpenoid fraction of cuticular waxes is dominated by triterpenoid alcohols in orange, Asian pear (Pyrus sinkiangenesis Yü and Pyrus bretschneideri Rehd) (Wu et al., 2017) as well as in fruit species within the Solanaceae family, triterpenoid acids predominate in grapes, olives, and Rosaceae fruit species. In fruit species in which triterpenoid acids are prevalent, the triterpenoid profile has been reported to consist uniquely of oleanolic acid (30% of total waxes) in mature grapes (Vitis vinifera L.) (Casado and Heredia, 1999), and of ursolic followed by oleanolic acid in peach and sweet cherry (Peschel et al., 2007; Belge et al., 2014a; Belge et al., 2014b). In olive fruit, the main triterpene compounds detected were maslinic and oleanolic acids, in agreement with previous works (Bianchi, 2003; Stiti et al., 2007; Guinda et al., 2010). An inverse relationship between triterpenoid acids and olive fly egg deposition has been reported elsewhere (Kombargi et al., 1998). Triterpenoids also have reportedly an important role in the mechanical strength of fruit cuticles (Tsubaki et al., 2013; Wu et al., 2018), and have been shown to be related to weight loss and softening rates in blueberry (Moggia et al., 2016). In this work, however, no such relationship was observed between the incidence of olive fly infestation and triterpene content (Table 4, Table S1). Contrarily, data show a positive correlation of triterpene acid levels to the percentage of affected fruit, with r = 0.36 and r = 0.49 for maslinic and oleanolic acids, respectively. Furthermore, when maturity stages were considered separately, high correlation coefficients were found for fruit at the turning stage (0.97 and 0.93 for maslinic and oleanolic acids, correspondingly). This may be relevant to understand resistance or tolerance to stress factors, as this physiological stage of the fruit coincides with environmental conditions which favor the development of pests and diseases (Vichi et al., 2016), and indeed olive fly infestation is particularly intense during the period of color change.

The profiles of fatty acids and fatty alcohols were in agreement with data reported by Huang et al. (2017), C24 and C26 being the most abundant compounds within both wax types. However, the percentage of n-alkanes over total waxes was very low in comparison with other fruit species: for example, n-alkanes accounted for 29.4% of total waxes in “Jesca” peaches at harvest (Belge et al., 2014b), whereas in the present study the highest amount detected was 4.8% in “Marfil” mature olives (Table 4). Accordingly, the ACL of acyclic wax compounds was lower than that found in other fruit species: ACL values were 28.8 to 29.9 in apple (Leide et al., 2018), sweet cherry (Athoo et al., 2015), and tomato (S. lycopersicum L.) (Leide et al., 2011).

C18-type cutin monomers were 2 to 3.7 times more abundant than the C16-type. Even so, 9/10,16-dihydroxyhexadecanoic was quantitatively the main ω-hydroxyacid with midchain hydroxyl groups identified in cutin samples, and an important compound in quantitative terms in cutin composition of all the olive cultivars considered herein. This compound has been reported to be prominent in cutin composition of mango (Camacho-Vázquez et al., 2019), a number of berries (Kallio et al., 2006; Järvinen et al., 2010), sweet cherry (Peschel et al., 2007), tomato (Leide et al., 2007), and pepper (Capsicum sp.) (Parsons et al., 2012). In contrast, cutin of mature persimmons (Diospyros kaki Thunb.) has been found to contain as much as 43.7% 9,10-epoxy-18-hydroxyoctadecanoic acid together with 17.4% 9/10,16-dihydroxyhexadecanoic acid (Tsubaki et al., 2013). In a great variety of plants, ω-hydroxy acids (either C16 or C18) dominate cutin composition (Fich et al., 2016), with agrees with results shown herein for olive fruit (Table 5, Table S3).




Conclusions

This comparative study provided new insights in genotype-related differences in surface and cuticle features of olive fruit. Information on the chemical composition of both cuticular waxes and cutin in fruit of nine olive cultivars is reported for the first time, as well as water permeability at different maturity stages. Data on fruit micro-topography were also obtained by means of fringe projections, revealing genotype-related diversity of surface microstructure. Although water permeance of olive fruit might be controlled or fine-tuned by different cuticle-related traits, none of those considered herein appeared to suffice by itself to determine this trait, suggesting that additional properties of waxes and cutin, such as their physical structure or biomechanical properties, significantly influence the barrier functions of plant cuticles. Even so, the bulk of results reported herein should establish the basis for a better comprehension of olive crop adaptations to the surrounding environment. Further research will be paramount to elucidate the role of cuticle properties in olive resistance to plagues, rots, and adverse environmental conditions. The comprehension of these relationships would be thus very relevant for improving orchard management.
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Worldwide olive industry has expanded into new climatic regions outside the Mediterranean basin due to an increase in extra virgin olive oil demand posing new challenges. This is the case of Uruguay, South America, where the olive crop area reached 10,000 hectares in the last 15 years and is intended to the production of EVOO. Uruguay has a temperate humid climate with mean precipitations above 1,100 mm per year but unequally distributed, mild winters, and warm summers, with mean annual temperatures of 17.7°C. Different agroecological conditions require local knowledge to achieve good productivity whereby the objective of this work was to show the feasibility and potential of olive oil production under our climatic conditions. For this the agronomic performance of Arbequina, Barnea, Frantoio, Leccino, Manzanilla de Sevilla, and Picual cultivars was evaluated along 10 years of full production. Phenology behavior, vegetative growth rate, productive efficiency, alternate bearing, and oil yield were determined. Sprouting and flowering processes occur in a wide window within the annual cycle between the months of August to November with great interannual variation. More than 8 t/ha fruit yield and 40% oil yields in dry weight basis were obtained in promising cultivars. However, alternate bearing arose as the main production limiting factor, with ABI values greater than 0.60 for most cultivars. We conclude that olive oil production in humid climate regions is feasible and the most promising cultivars based on productive efficiency are Arbequina and Picual.

Keywords: Olea europaea L., olive cultivars, phenological behavior, oil yield, productive efficiency, alternate bearing



Introduction

In the last decades, the worldwide olive industry had expanded into new climatic regions outside the Mediterranean basin due to an increase in extra virgin olive oil (EVOO) demand associated to its beneficial effects on human health (International Olive Council. IOC, 2015). Among these new regions, some of them have Mediterranean like climate—San Diego, USA and México (Ayerza and Sibbett, 2001) and La Rioja, Argentina (Rondanini et al., 2014)—whereas others have quite different temperature regimes, particularly mild winters resulting in less chilling hours for flowering during winter dormancy—Argentina, Australia (Aybar et al., 2015; Torres et al., 2017). Also, different humid regions are under olive cultivation, from wet hot summers, and cold dry winters—Wudu, China (Wang et al., 2018) to tropical—Queensland, Australia (Mailer et al., 2010) or temperate humid regions with high humidity, precipitation above 1,100 mm/year and moderate temperatures—Southern Brazil and Uruguay (Torres et al., 2017). In all of these new regions, EVOO is produced and particular olive profiles are obtained (Aguilera et al., 2005; Borges et al., 2017; Ellis and Gámbaro, 2018) showing the potential for EVOO expansion worldwide.

Oliviculture devoted to EVOO production is considered a new agricultural activity in Uruguay. However, olive introduction dates back to 1,780 along with the Spanish settlers (Pereira et al., 2018) and the first olive growing activity for virgin olive oil production started in the 1930s. Since 2002, modern orchards were planted for virgin olive oil production, increased from 500 to 9,000 hectares (Ackermann et al., 2018) with high technology olive oil mill. These new orchards were planted with certified material from Spain, Italy, Israel, and Argentina (Tous et al., 2005) being the main cultivar Arbequina (50%) followed by Picual, Coratina, Frantoio, Leccino, and Manzanilla de Sevilla (all adding up to around 40%). Uruguay is recognized by international olive oil sensory panels for its EVOO (Ellis and Gámbaro, 2018; ASOLUR, 2019). Currently, olive production accounts for 23% of the national area devoted to fruit crops, considering citrus, vineyards, and deciduous fruit trees, which evidences the importance of the olive in the fruit sector. Uruguay is the second smallest country in South America with 16.4 million hectares with agricultural aptitude and with little more than 3 million total inhabitants (Archivo General de la Nación, 2011; Instituto Nacional de Estadística. INE, 2011).

Modern olive plantations in Uruguay follow an intensive rainfed system within a range of 285–400 trees/ha, identified as system “S5” by IOC (International Olive Council. IOC, 2015). Less than 5% of the plantations are irrigated system “S6” (Rallo et al., 2013) although there are no official data. One of the reasons for not investing in irrigation in the productive systems is the annual pluviometry, generally greater than 1,100 mm per year, but highly variable among seasons and years. Due to the high frequency of periods of drought or pluviometric excesses in our conditions (Vaughan et al., 2017), the yield potentials of the productive systems are highly dependent on soil physical aptitude, topography, and associated soil management. The excess of rainfall at some given key stages of the vegetative—productive olive cycle (flowering—fruit set—ripening) generate different challenges for the development of olive trees in humid regions (Tous et al., 2005). According to the thermal requirements of the species proposed by Moriondo et al. (2008), Uruguay is an area suitable for the development of olive production. The average annual temperature is 17.7°C, varying from 19.8°C in the northwest zone to 16.6°C in the south coast. Isotherms have an incremental trend from the southeast to the northwest. The national averages of the annual extreme temperatures of the air present a maximum historical average of 22.6°C and a minimum average of 12.9°C (Castaño et al., 2011). The offer of winter cold varies between 500 and 1,000 chilling units, a factor that could be limiting for some deciduous fruit crops (Contarin and Curbelo, 1987; Severino et al., 2011). Average annual relative humidity between 70% and 78% associated to high annual rainfall, and moderate temperatures, favors the development of fungal diseases. The choice of cultivars with best behavior against pathogens is of utmost importance to achieve a sustainable orchard management (Leoni et al., 2018; Bernaschina et al., 2019).

There is extensive knowledge of the behavior of olive cultivars in traditional Mediterranean production areas, but not in regions with temperate-humid climate. Evaluation of a fruit species in a specific location requires the evaluation of its growth and development potential, precocity, and productive behavior (Klepo et al., 2013). Alternate bearing is a well-known condition in olive trees (Lavee, 2015), as well as its relationship with vigor and consequently with its productive efficiency. These conditions vary with cultivar but also with local agroecological conditions (Smith and Samach, 2013).

To identify limiting factors in olive production is necessary to start with cultivars phenological studies. After several years, the average and the overlap flowering period can be identified among cultivars in relation to climatic characteristics (Orlandi et al., 2005; Benlloch-González et al., 2018). Negative climatic events in non-traditional producing regions as Argentina and Chile, can result in null harvest, leading to regional alternate bearing processes (Cuevas et al., 1994; Goldschmidt, 2005; Beyá-Marshall and Fichet, 2017).

The objective of this work was to assess the feasibility and the potential of olive oil production in temperate-humid climate. For this, we evaluated the agronomic behavior of six cultivars characterizing their adaptability through phenology, growth rate, productive efficiency, alternate bearing index (ABI) and oil yield. This information is crucial for identifying promising cultivars in order to develop an integrated production strategy as well as to pursue technological development facing the expansion into new regions.




Materials and Methods



Experimental Sites and Plant Materials

Two experiments were established, one at INIA “Las Brujas” Experimental Station in Southern Uruguay (34°40’ S; 56°20’ W; altitude 21 m) and the other at INIA “Salto Grande” Experimental Station in Northern Uruguay (31°16’ S; 57°53’ W; altitude 41 m).

At INIA “Las Brujas” Experimental Station (LB), olives trees of Arbequina, Barnea, Frantoio, Leccino, Manzanilla de Sevilla, and Picual cultivars were planted in 2002 at a density of 416 trees per hectare (4 m between trees and 6 m between rows). A randomized complete block design with four replicates and three trees per experimental unit was used. The soil at this site has a fine textured A horizon, with a maximum depth of 20 cm, with 2.5% of organic matter and pH 6.5 corresponding to a Typic-Vertic Argiudolls soil according to the USDA classification (Durán et al., 2006). The presence of argillic B-horizons close to soil surface requires raised beds to increase soil volume to be explored by roots and to facilitate drainage.

At INIA “Salto Grande” Experimental Station (SG) olive trees of Arbequina, Frantoio, Manzanilla de Sevilla, and Picual cultivars were planted in 2003 at a density of 333 trees per hectare (5 m × 6 m). A randomized complete block design with six replicates was used and three trees per experimental unit. The soil at this site has a coarse textured A horizon, with a very good natural drainage and a maximum depth of 50 cm; therefore, there is no need for raised beds even though the strong textural differentiation between soil horizons. Soil natural fertility is poor, with less than 1.8% organic matter and a pH of 5.5. This type of soil corresponds to a Udifluvent soil according to the USDA classification (Durán et al., 2006).

Both experiments were managed with the same technological management for pruning, irrigation, and nutrition. Olive trees were trained as single-trunk vase, with three to four main branches. From 2002 to 2009, while the trees were filling its space within the row, pruning criteria was intended for training and thinning. From 2010 onwards, the control of tree height was included as a pruning criterion. Drip irrigation was installed at planting, arranged in simple rows with drippers spaced at 1 m and a flow of 4 l/h. After 5 years another identical line was added. Irrigation was applied to supply the water needed to replace 100% of the crop evapotranspiration (ETc) all throughout the irrigation season. Pest management was according to Integrate Pest Management guidelines (IOBC-WPRS, 2012) with control actions with horticultural oils and ant baits directed to Saissetia oleae and Acromyrmex and Atta ant species, respectively. For diseases, between four to six sprays per season with preventive cupric sprays complemented with other fungicides (QoIs, EBIs, dithiocarbamates) were applied for controlling Olive scab (Venturia oleaginea), Cercospora leaf spot (Pseudocercospora cladosporioides) and Anthracnose olive rot (Colletotrichum spp.) (Supplementary Figure S1).




Climate

Meteorological data was obtained with an automatic weather station from 2007 to 2017 (data available at http://www.inia.uy/gras/Clima/Banco-datos-agroclimatico). Daily average mean temperature differed in almost 3°C between the two sites, with an average of 16.3°C and 19.0°C at LB and 19.0°C and 21.8°C at SG, for October and November, respectively. Also, the average effective precipitation was 109 and 105 mm per month in October and November at LB, and 134 and 142 mm at SG (Supplementary Table S1).

The offer of winter cold was measured with positive chill unit method (UTAH+) (Linsley-Noakes et al., 1994) from May 1st to August 31st. The heat supply was measured with the GDH model in the period from July 1st to December 31st with a base temperature of 12.5°C (Galán et al., 2001).




Phenological Parameters

Phenological records were made through visual assessments in individual plants based on the BBCH scale (Sanz-Cortés et al., 2002) along 10 years in which trees were between 5 and 15 years old. For each sampling date a unique predominant phenological state was registered for the set of trees of each cultivar in each site. The beginning of sprouting corresponds to the state BBCH 53, the beginning of flowering to BBCH 61 (10% flowers open), full bloom to BBCH 65 (at least 50% of flowers open) and end of flowering to BBCH 68 (majority of petals fallen or faded).

Sprouting and flowering windows were defined based on the first and the last date registered for each stage per cultivar between 2007 and 2017, and the dates were registered as the day of the year (DOY), starting on January 1st. At INIA Salto Grande, only the flowering stages were recorded. Flowering length days number was calculated by date calendar subtraction between states 61 and 68 of the BBCH scale.




Productive Parameters

Fruit production (kg/tree) was measured per tree at both sites (n = 12 at LB, n = 18 at SG) and then fruit yield (t/ha) was calculated combining fruit production (kg/tree) and tree density (trees/ha) data. Canopy volume (CV, m3/tree) was measured only in the central tree of the plot during the first years (2007 to 2011) and in all trees of each plot from 2012 onwards. CV was calculated according to the ellipsoid volume method defined by three semi-axes (equation 1) with Eb and Ec as the North and East semi-axis of the tree, and Ea as the difference between tree height minus height of the first leaf and divided by two (Miranda-Fuentes et al., 2015). CV was not estimated for Barnea because the shape of the canopy does not fit the volume of an ellipsoid.
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For the period 2010–2017 and only for LB site, the productive efficiency (kg/m3 canopy) was estimated considering the years with high production (years “on”) and the ABI was calculated according to Monselise and Goldschmidt (1982) (equation 2).
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where y = yields in year n, with n varying from 1 to 8.

Oil content (%) was measured on a sample of 200 g of olives per cultivar, with three replicates (Shahidi, 2001). Each sample was grounded with a hammer mill and humidity determined at 105°C for 48 h, then the dried sample was grounded with a mortar and oil content analyzed in duplicate following the Soxhlet method.

Olives were collected only at “on” years (2012, 2014, 2016, and 2017 at INIA Las Brujas; and 2012, 2014, 2015, and 2017 at INIA Salto Grande) at fruit ripening index (FRI) 3 based on a 0–7 scale (Uceda and Frias, 1975) with 0: intense green skin, 3: reddish or purple skin in more than half of the fruit, 4: black skin and white pulp and 7: black skin and totally purple pulp. FRI was calculated as (equation 3):
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where ni = number of olives with i ripening level, I = ripening level going from 0 to 7, N = total number of olives evaluated (100 olives).




Statistical Analysis

Most data were subjected to analysis of variance (ANOVA) and the interaction “cultivar × site” was studied. To highlight the productive potential of the cultivars for each site, an independent analysis per site is presented. For canopy development data from 2007 to 2010 was analyzed by a non-lineal regression following an exponential model (equation 4) and goodness of fit was estimated by Pearson correlation between measured and predicted values.
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For the cumulative fruit yield a General Lineal Mixed Model was adjusted, considering cultivar and site and its interaction as fixed effect and site > block nested and block as a random factor. Tukey test at p ≤ 0.05 were calculated to separate means. The statistical program used was InfoStat version 2017 (Di Rienzo et al., 2017).





Results



Phenological Parameters

Flowering periods and sprouting (only for LB) were recorded along 10 years for six cultivars at LB and four at SG. Phenological data was analyzed following two different approaches: the lifespan in which the phenological phase occurred (Figure 1) and the length of the phenophases within each year (Table 1).
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Figure 1 | Lifespan of key phenological stages at INIA Las Brujas (LB) and INIA Salto Grande (SG), based on 10 years data. Beginning of sprouting, green completed double line; beginning of flowering, blue dashed line; beginning of full bloom, blue complete line; end of flowering, blue dotted lines. Light lines and dark lines correspond to SG and LB sites, respectively.





Table 1 | Flowering length based on 10 years data (average with standard errors, minimum and maximum length) at INIA Las Brujas (LB) and INIA Salto Grande (SG).
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Sprouting windows started between the first week of August and the second week of September (Figure 1). The narrower variation in the beginning of sprouting at LB was registered for Barnea with a difference of 20 days among years, from 225 to 245 DOY. On the other hand, Leccino had the widest variation with a difference of 40 days, from 223 to 263 DOY.

Flowering windows from 10% flowers open (BBCH 61) to most petals fallen (BBCH 68) was highly variable among years. Considering all cultivars, the earliest date for BBCH 61 was 268 DOY in Manzanilla de Sevilla and the last date for BBCH 68 was 320 DOY in Arbequina. Therefore, the window for flowering in Southern Uruguay was 52 days, from the end of September to the end of November, for the 10 years evaluated.

The beginning of full bloom (BBCH 65) period at LB occurred between the second week of October and the second week of November, with a lifespan of 20 days in Barnea and 30 days in Manzanilla de Sevilla and Picual. At SG, the beginning of BBCH 65 occurred between the first and third week of October, with a lifespan of 5 days in Manzanilla de Sevilla and 17 days in Arbequina.

The average flowering length varied between 11.3 and 15.1 days at LB for Leccino and Arbequina, respectively, and between 11.3 and 12.0 days at SG for Arbequina and Frantoio, respectively. Despite cultivar nor site, the shortest flowering length was 7 days and the longest was 29 (Table 1).

The flowering behavior in two contrasting years regarding its thermal regimes was different (Table 2). In the warmest year (2017), the beginning of the flowering (BBCH 61) anticipated 15 and 18 days and the flowering length was 11 and 10 days longer respect to the coldest year (2016), for Arbequina and Frantoio, respectively.



Table 2 | Chilling units (CHU) and heat supply (GDH) in the warmest and coldest years of the 10 years study at INIA Las Brujas and corresponding day of the year (DOY) for beginning and end of the flowering period, and flowering length for Arbequina and Frantoio cultivars.
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Productive Parameters

The cultivars showed differences in canopy volume (CV), Frantoio presented the higher values and Arbequina the lower ones (Table 3, Figure 2). In 2011 with 9-year-old trees, because of pruning practices mainly to reduce tree height, no differences were found in CV. In 2016 with 14-year-old trees, despite pruning practices again Frantoio had the biggest tree size (CV: 39 m3/tree) and Arbequina the smallest one (CV: 26 m3/tree) (Table 3). In other words, in 2007 (5-year-old trees) Arbequina was 47% of Frantoio´s size, while at the end of the study period (14 year-old-trees) Arbequina was 66% of Frantoio´s size.



Table 3 | Average canopy volume per tree for five cultivars for 5-, 9- and 14-year-old trees at INIA Las Brujas.
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Figure 2 | Progress of canopy volume from 2007 to 2010 of olive trees growing at INIA Las Brujas. Full circles correspond to Frantoio and empty circles correspond to Arbequina. The line represents the fitted exponential model of canopy volume.




The progress of CV fitted an exponential model for the period 2007–2011. Arbequina had the lowest growth rate of change (0.20), estimated by parameter b of the exponential equation (equation 4) (Table 4, Figure 2).



Table 4 | Estimated parameters a (intercept) and b (growth rate of change) of the exponential model for the progress of canopy volume CV = a * e^(b * tree age) for five cultivars from 2007 to 2010, at INIA Las Brujas.
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Since no differences (p = 0.24) were found in CV/ha between LB and SG for each cultivar when the row space was filled, fruit yields were expressed in t/ha. Cumulative fruit yield presented significant differences among cultivars and regions (p < 0.0001) (Figure 3). Overall, cultivars produced more at LB than at SG. Arbequina (88 t/ha at LB, 58 t/ha at SG) and Picual (90 t/ha at LB, 63 t/ha at SG) presented the greatest cumulative yield in both sites. Frantoio was one of the most productive cultivars at LB with a cumulative fruit yield of 80 t/ha but at SG was the worst with18 t/ha. At LB site, Manzanilla de Sevilla and Leccino showed an intermediate fruit yield with 73 t/ha and 69 t/ha, respectively, whereas Barnea had a low fruit yield of 29 t/ha.
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Figure 3 | Cumulative fruit yield of six cultivars at INIA Las Brujas and four at INIA Salto Grande between 2010 and 2017. Bars with a common letter are not significantly different (HSD Tukey p ≤ 0.05).




Alternate bearing behavior between the years “on” (high fruit production) followed by years “off” (low fruit production) was present in all cultivars (Figure 3). In 2013, the lowest fruit yield was recorded, being 0 t/ha for all cultivars except for Barnea which had a 1.6 t/ha fruit yield. The highest fruit yields where obtained in 2012 at LB and ranged between 10.4 t/ha to 21.3 t/ha for Barnea and Frantoio, respectively (Frantoio at SG was excluded in the range due to its extreme low fruit yield). At SG site, the alternate bearing behavior was typical along the years except for 2014 and 2015 when the yield was high in both years. At LB site occurred the same but in 2016 and 2017.

Arbequina and Picual had the highest productive efficiency (kg/m3 canopy) calculated for the “on” years, whereas Barnea had the lowest one (Table 5). All cultivars presented high ABI with values over 0.58. Barnea was the only cultivar that differed significantly for the ABI with the highest value (0.81).



Table 5 | Productive efficiency calculated for the “on” years and alternate bearing index (ABI) for six cultivars at INIA Las Brujas.
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For oil content, the interaction “cultivar × site” was not significant (p = 0.13 for dry weigh basis, and p = 0.43 for fresh weigh basis), whereas it was significant for average fruit yield (p < 0.001). Oil content in dry weight basis (DWB) and in fresh weight basis (FWB) were the highest in Frantoio and the lowest in Manzanilla de Sevilla in both sites. The average fruit yield (t/ha) per year was higher in Picual, Arbequina, and Frantoio in the LB site, followed by Manzanilla de Sevilla and Leccino and being the lowest in Barnea cultivar. In the SG site, Arbequina and Picual showed the higher yields, followed by Manzanilla de Sevilla and the lowest was for Frantoio cultivar (Table 6).



Table 6 | Oil content in dry weight (DWB) and in fresh weight basis (FWB) and annual fruit yield for the six cultivars evaluated at INIA Las Brujas (LB) and four cultivars evaluated at INIA Salto Grande (SG).
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Discussion



It Is Feasible to Produce Olive Oil in Humid Temperate Climate

Productive behavior of adult trees from six olive cultivars along 10 years, demonstrates that it is feasible to produce olive oil in humid temperate climate. In our experimental conditions with irrigation, annual average fruit yields including years “on” and “off”, exceeded 8 t/ha with oil content above 36% DWB (Table 6). However, the interannual variability in thermal and rainfall regimes (Vaughan et al., 2017) affects regular production. Fruit and oil yields obtained were similar to those obtained in traditional Mediterranean basin regions (García et al., 2013; Gispert et al., 2013; Rallo et al., 2013; Díez et al., 2016; Marino et al., 2017) as well as in new olive growing regions (Tapia et al., 2009; Trentacoste et al., 2015; Beyá-Marshall and Fichet, 2017).




Alternate Bearing as the Main Production Limiting Factor

Alternate bearing was the main productive constraint identified in our conditions, evidenced by ABI values above 0.60 (Table 5), 60% higher than those already reported for the same cultivars (Tapia et al., 2009). These ABI values imply fruit yield variations between 0 and 25 t/ha per year, similar to those mentioned by Lavee (2007). Despite the methodological approach of the present work was not intended to identify the main causes of alternate bearing, the synchronization observed among the cultivars in their expression of years “on” and “off” (Figure 3) allowed us to infer some of them. Alternate bearing could not be explained only by endogenous effects, for example, the growth regulators involved in the previous harvest, called the “biochemical memory” of fruit load (Haberman et al., 2017). But adverse meteorological effects in annual olive cultivars production arise as the driving force for alternate bearing, similarly to others fruit trees (Guitton et al., 2012).

It is widely reported that temperatures during autumn and winter, measured as chilling units and subsequently as heat supply affect both the beginning and the length of the phenophases (Nieddu et al., 2002; Galán et al., 2005; Orlandi et al., 2005). In our conditions, the window for the occurrence of sprouting ourred between early August and early September whereas for flowering it took place from mid-October to mid-November (Figure 1). This phenological behavior is in accordance with those reported for other regions of the Southern Hemisphere (Torres et al., 2017).

In “warm” years, characterized by winters with reduced contribution of chilling units and springs with early heat supply, the flowering period both anticipated and expanded. Similar processes have been reported by Rallo and Martin (1991); however, the interaction between cold requirements and heat requirements, to release dormancy in the olive trees is still unknown and hasn´t been determined as it has been in deciduous fruit species that have endodormancy (Pope et al., 2014).

There is evidence that winter cold correlates positively with the intensity of flowering (Rallo and Martin, 1991; Haberman et al., 2017; Rallo and Cuevas, 2017). Nevertheless, regardless of whether cold is necessary to induce flowering and/or to release reproductive bud dormancy, the number of chilling units required for each cultivar could be a limitation for our conditions with high interannual variability. In fact, at SG site where the cold supply of chilling units is lower than at LB site, Frantoio cultivar is not recommended due to its high cold requirements (Aybar et al., 2015).

An adequate pollination is required to ensure fruit set and therefore a good harvest, which also depends on weather conditions (Fernández, 2014). In our springs during the “flowering window”, although no extreme temperatures are present, average relative humidity above 70% in October and 60% in November as well as the probability of having 50% of the days with rain, affects negatively viable pollen-availability and therefore the fruit set. But also fruit set depends on pollen self-(in)compatibility of most olive cultivars (Marchese et al., 2016; Sánchez and Cuevas, 2018) where blooms synchronisms are crucial for our isolated plantation systems.




Productive Efficiency Supports the Selection of Agroecologically Adapted Cultivars

Perennial polycarpic plants often show an inverse correlation between vegetative growth and the fruit production (Obeso, 2002; Smith and Samach, 2013). Productive efficiency is a key indicator to select cultivars for different orchard designs, mainly focusing on plant density (Rosati et al., 2013). We found the best productive efficiency in Picual and Arbequina, due to their high fruit production associated to relative low canopy volume. As in other olive production regions, Arbequina, based on productive efficiency among other traits like compact tree shape and thin branches, could potentially be selected for high density orchards (Tous et al., 1998; García et al., 2013; Connor et al., 2014; Trentacoste et al., 2015; Gomez Del Campo et al., 2017; Marino et al., 2017). However high-density plantations under humid-temperate conditions should be carefully evaluated because the risk of air-borne disease epidemics, specially anthracnose olive rot caused by Colletotrichum spp. On the other hand, Frantoio presents low productive efficiency due to its high vigor, but high fruit production and oil yield at LB site. Vegetative growth rates and canopy volumes reached in the first 5 years showed the potential vegetative development under our agroecological conditions, compromising early bearing as it was described in super high-density systems (Camposeo et al., 2008; Gomez Del Campo et al., 2017). These vigorous growths require differential pruning and nutrition techniques among cultivars in order to improve productive efficiency.

There were significant differences among evaluated cultivars, Picual and Arbequina are the most productive cultivars in both evaluated sites, reaching annual average fruit yields of 11 and 8 t/ha, at LB and SG, respectively. Although Barnea in Israel presents high productive potential (Dag et al., 2011), it is not suitable for our agroecological conditions due to its low fruit yield and high ABI. Other works that compare cultivars have also highlighted Arbequina, Picual, and Frantoio in diverse locations as the most productive ones (Tapia et al., 2009; Marino et al., 2017).




Acceptable Oil Yields and Oil Contents

Oil contents were similar to those already reported in the Mediterranean basin, reinforcing the evidence that these are cultivar determined traits. The oil content in Frantoio was 46% DWB, as reported by Zeleke et al. (2012) while in Manzanilla de Sevilla only 37% DWB (Table 6), which associated with its great fruit weight makes it ideal for table olives (Rallo et al., 2018). Despite not measured in our study, virgin olive oils produced in Uruguay qualified as EVOO after evaluation of chemical and sensory properties (Ellis and Gámbaro, 2018) which reinforces the feasibility of EVOO production in temperate humid climates. Nevertheless, there is space for improving virgin oil yield, so studies aiming at understanding the reducing factors (weeds, diseases, soil pH) and limiting factors (water and nutrient supply) should be implemented.




Disease Management Challenges Safety Olive Oil Production

Sanitary management is an important issue arising in new olive producing regions, since new or not problematic pests could compromise olive oil production (Lavee, 2014). Particularly in temperate humid regions, weather conditions (frequent rain events, elevated air relative humidity, air temperature above 20°C) are conducive to severe epidemic outbreaks. In Uruguay, unlike in the Mediterranean basin, pests are of secondary importance but can likely cause harm in new plantations along the first three-four years, as happens with the moth Palpita forficifera, with Acromyrmex and Atta ant species and with the scale Saissetia oleae. But undoubtedly diseases threaten olive production. Main fungal diseases are Olive scab (Venturia oleaginea), Cercospora leaf spot (Pseudocercospora cladosporioides), and Anthracnose olive rot (Colletotrichum spp.), with anthracnose being the riskiest one due to its direct damage on fruits and oil quality (Leoni et al., 2018). The conducive weather conditions for these diseases occur almost all year round, challenging orchard disease management.

In summary, olive production for virgin olive oil in humid temperate climate regions with high interannual variability is feasible. Potential fruit yields are subjected to appropriate cultivar selection and the expression of these yields will strongly depend on the adverse climatic conditions that could deepen the intrinsic alternate bearing. Nevertheless, is possible to rise productive efficiency and reduce ABI, but more local research on cultivar × environment × orchard management interactions is needed. The challenge is to develop an integrated strategy to improve current status and to address emerging problems.
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Molecular characterization of crop genetic resources is a powerful approach to elucidate the origin of varieties and facilitate local cultivar management. Here we aimed to decipher the origin and diversification of French local olive germplasm. The 113 olive accessions of the ex situ collection of Porquerolles were characterized with 20 nuclear microsatellites plus their plastid haplotype. We then compared this collection to Mediterranean olive varieties from the Worldwide Olive Germplasm Bank of Marrakech, Morocco. High genetic diversity was observed within local French varieties, indicating a high admixture level, with an almost equal contribution from the three main Mediterranean gene pools. Nearly identical and closely related genotypes were observed among French and Italian/Spanish varieties. A high number of parent–offspring relationships were also detected among French varieties and between French and two Italian varieties (‘Frantoio’ and ‘Moraiolo’) and the Spanish variety (‘Gordal Sevillana’). Our investigations indicated that French olive germplasm resulted from the diffusion of material from multiple origins followed by diversification based on parentage relationships between varieties. We strongly suggest that farmers have been actively selecting olives based on local French varieties. French olive agroecosystems more affected by unexpected frosts than southernmost regions could also be seen as incubators and as a bridge between Italy and Spain that has enhanced varietal olive diversification.

Keywords: Olea europaea L., parentage analysis, simple sequence repeat, genetic structure, ex situ collection of Porquerolles, genetic resource management, core collection



Introduction

Olive (Olea europaea L.) is the iconic fruit crop of the Mediterranean Basin. Archaeological, historical, and genetic studies support a primary olive domestication in the Near East, probably starting during the Chalcolithic period (Kaniewski et al., 2012; Zohary et al., 2012; Besnard et al., 2013b). Then long-distance translocation of varieties followed by admixture events led to secondary multi-local diversification in central and western Mediterranean regions (Terral, 1997; Besnard et al., 2001a; Belaj et al., 2002; Owen et al., 2005; Baldoni et al., 2006; Breton et al., 2008; Diez et al., 2015). Locally adapted varieties have thus been carefully selected by farmers in several Mediterranean areas and the domestication process is still ongoing (Besnard et al., 2001a; Khadari et al., 2003; Khadari et al., 2008; El Bakkali et al., 2013a; Besnard et al., 2018). Selected trees are still both clonally and seed propagated in traditional agroecosystems from different parts of the Mediterranean Basin (Aumeeruddy-Thomas et al., 2017; Besnard et al., 2018), implying a continuing role of sexual reproduction in varietal diversification, with potential contributions from local domesticated, feral, and wild olives. Due to this diversification process, a high frequency of parentage relationships could be expected among varieties, as previously observed within the Spanish olive germplasm (Diez et al., 2015) and in grapevine (Bowers et al., 1999; Lacombe et al., 2013). Furthermore, farmer selection of newly adapted olive trees could be viewed as a key process in agroecosystems under changing climatic and ecological conditions, such as those on the fringe of olive growing areas. But it is still unknown how farmer selection and varietal diversity relate to these changing environmental conditions. Today, in a context of global changes associated with the emergence of pests that threaten olive cropping, especially in southern Europe (e.g. Xylella fastidiosa), there is call for the selection of varieties adapted to new environmental conditions (De Ollas et al., 2019). The characterization of olive varieties in any germplasm bank and the elucidation of their origins are thus high priority to ensure efficient use of genetic resources in the future.

In France, olive is traditionally cultivated in southern regions on the rim of the Mediterranean Sea. Major development of olive cultivation was initiated by Phoenicians in Massalia, i.e. present day Marseille, around 2600 BP, while wild olives were already present and some local varieties were also likely cultivated (Terral et al., 2004). More than 100 French olive varieties are currently described based on morphological descriptors (Moutier et al., 2004; Moutier et al., 2011) and molecular markers (Khadari et al., 2003; Khadari et al., 2004). A few of them are considered as main varieties since they are cultivated over relatively large geographical areas, while more than 80 have a restricted distribution range, generally spanning a few townships. This particularly high diversity at the northern limit of the cultivated olive range may partly be the result of recurrent farmer selection of adapted varieties due to relatively frequent frosts that affect local olive germplasm. A significant portion of present varieties (14%) show a maternal origin from the western Mediterranean region, suggesting a local origin (Besnard et al., 2001a; Khadari et al., 2003). Previous studies based on nuclear genetic markers further supported an admixed origin for most French varieties with a prevalent genetic contribution from the eastern Mediterranean (Besnard et al., 2001a; Haouane et al., 2011), as similarly shown in Italian and Tunisian germplasm, respectively on the northern and southern shores of the Mediterranean Sea (Haouane et al., 2011; Belaj et al., 2012; Khadari and El Bakkali, 2018). Such an admixed origin could be seen as a genetic signature of local olive diversification in the central Mediterranean area. However, the local crop diversification process remains unclear, and may involve major progenitors, as shown, for instance, in Andalusian olives (Diez et al., 2015). In addition, it was also shown that cultivars growing in the eastern and western sides of the Rhone valley were differentiated (Khadari et al., 2003), possibly reflecting two pathways of olive cultivar introduction from the Italian and Iberian Peninsulas, respectively.

In the present study, we investigated the cultivated olive diversification process in southern France, with the aim of determining ways to efficiently manage local olive genetic resources. Both nuclear and chloroplast loci were used to characterize the genetic diversity of a set of varieties from the French Olive Germplasm Bank (FOGB) in comparison to the Worldwide Olive Germplasm Bank (WOGB) of Marrakech, Morocco (Haouane et al., 2011; El Bakkali et al., 2013b). We specifically aimed to: (1) assess genetic diversity within the FOGB collection and propose a nested set of French reference varieties representative of total genetic diversity; (2) compare the genetic diversity at two different geographical scales, i.e. local (France) and regional (Mediterranean area); and (3) clarify the origin of French olive germplasm by parentage analyses within and among French and Mediterranean varieties. Our results were examined in light of the diversification process founded on farmer selection within traditional agroecosystems probably hampered by frequent climatic accidents such as frost.




Material and Methods



Plant Material

The FOGB includes a total of 113 olive accessions, and is maintained on the island of Porquerolles, near Toulon in southern France (Table 1). These accessions are identified with a variety name and/or with tree coordinates in the collection (Table 1). Among the 63 accessions identified with a variety name, 14 are considered as being the main French varieties since they are cropped over broad areas compared to minor varieties (22), which have a limited distribution range, generally over a few townships, and to local varieties (27), which are only present in one or two orchards (Table 1; Moutier et al., 2004; Moutier et al., 2011).



Table 1 | List of the 113 French accessions analyzed in the present study classified according to tree coordinates, accession name, code SSR. Accessions showing molecular variants (one or two dissimilar alleles).
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Genotypes of French accessions were compared to those of other varieties collected throughout the Mediterranean Basin. Four hundred and sixteen accessions from 13 Mediterranean countries that are maintained in the World Olive Germplasm Bank of Marrakech (WOGB; Supplementary Table S1) were analyzed. Mediterranean varieties conserved in the WOGB collection are classified in three gene pools based on both the country origin and genetic structure, i.e. East (mostly from Cyprus, Egypt, Lebanon, and Syria), West (mostly from Morocco, Spain, and Portugal), and Central (mostly from Algeria, Italy, Slovenia, Croatia, Tunisia, and Greece; Haouane et al., 2011; El Bakkali et al., 2013b).




Datasets

Twenty microsatellite nuclear loci (SSR) were used for genotyping accessions of both FOGB and WOGB (Table 2), as described by El Bakkali et al. (2013b). These markers were selected based on their clear amplification, high polymorphism, and reproducibility, as reported by Trujillo et al. (2014). Alleles were carefully scored twice independently by two researchers. Genotyping of accessions with a specific allele (i.e. observed only once) was systematically repeated to ensure its occurrence. Plastid DNA (cpDNA) variations were also characterized using 39 markers, including 32 cpSSR loci, five indels (insertions/deletions), and two single nucleotide polymorphisms (SNPs), as described by Besnard et al. (2011).



Table 2 | Genetic parameters of the 20 SSR loci in both FOGB (92 genotypes) and WOGB (311) collections. 
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Data Analysis



Genetic Diversity and Structure

The number of alleles per locus (Na), expected (He; Nei, 1987) and observed heterozygosity (Ho), and polymorphism information content (PIC) were estimated using the Excel Microsatellite Toolkit v.3.1 (Park, 2001).

A binary matrix containing only distinct French genotypes was built, using alleles scored as present (1) or absent (0) to assess genetic relationships within the FOGB collection. This matrix was used to construct a dendrogram based on Dice’s similarity index (Dice, 1945) and the UPGMA algorithm with the NTSYS v2.02 software package (Rohlf, 1998).

The French (FOGB) and Mediterranean (WOGB) collections were compared based on different criteria: (1) genetic parameters such as the allele number (Na), expected and observed heterozygosity (He and Ho); (2) the distribution of pairwise genetic distances between cultivars using the index of Smouse and Peakall (1999) in GENALEX 6 program (Peakall and Smouse, 2006); (3) the allelic richness (Ar) using the ADZE program (Szpiech et al., 2008); (4) a principal coordinate analysis (PCoA) implemented in DARWIN 5.0.137 (Perrier et al., 2003) using the simple matching coefficient to describe relationships between genotypes based on the spatial distribution of the two first coordinate axes; and (5) the genetic structure within both collections using the model-based Bayesian clustering approach implemented in STRUCTURE v.2.2 (Pritchard et al., 2000) according to the parameters described in Haouane et al. (2011). Regarding the genetic structure, the reliability of the number of clusters (K) was checked using the ad hoc ΔK measure (Evanno et al., 2005) with the R program, whereas the similarity index between different replicates for the same K clusters (H′) was calculated using the CLUMPP v1.12 program (Jakobsson and Rosenberg, 2007).




Parentage Analysis

Parentage analyses were based on nuclear SSR data and aimed at detecting putative parent–offspring relationships among French varieties, as well as between these latter and varieties from the whole Mediterranean Basin. A putative parent–offspring pair is defined as any pair of individuals that share alleles across all loci and contain all true and false parent–offspring pairs (Jones et al., 2010). Indeed, the probability of two unrelated genotypes sharing alleles by chance at all loci is not trivial, especially for a large set of pairwise comparisons with a limited number of molecular markers. A key challenge addressed in our analyses was to correctly identify the true parent–offspring pairs within a dataset, while simultaneously excluding pairs that could potentially have shared alleles by chance. Considering the large panel of examined varieties without any available information on parentage relationships, pedigree reconstruction based on parental pair assignment may be not robust, as in cases when one parent is already known (Jones et al., 2010), and the probability of detecting false parent–offspring pairs would thus need to be assessed. Here, in a first step, we conducted parentage analyses through a “single-parent search” (Jones et al., 2010) in order to identify putative parent–offspring pairs. Second, based on these results, we used parental pair assignment to construct pedigree among varieties.

For single-parent searches, we used a complete exclusion approach and two parentage assignment approaches where by the single most likely parent was chosen from a group of non-excluded candidate parents based on a likelihood method or on Bayesian posterior probability of a: (i) First, we used the exclusion-based method with the PARFEX v.1.0 macro (Sekino and Kakehi, 2012). This simple method examines genotype incompatibilities between offspring and parents based on Mendelian inheritance rules. A parentage relationship is established if a single parent of offspring remains non-excluded from a parental pool considering 0 or 1 mismatching allele at a single locus; (ii) we then used the likelihood-based method (Gerber et al., 2000) available in the PARFEX v.1.0 macro. This parentage inference relies on the difference in the log-likelihood ratio (LOD) between related and unrelated relationships. To define a threshold (LODc) to accept/reject possible parentage relationships (single parent), offspring were simulated using the allelic frequencies (Lobs) observed in our datasets and a random sampling of alleles (Lrand), while taking into account the genotypic error rate for random replacement of simulated genotypes at each marker (esim) and for LOD calculations (ecalc). Simulations were conducted using 1% error rates for ecalc and esim, 200 parents, and 10,000 offspring. The LODc was defined by the intersection of the distribution of Lobs and Lrand; (iii) Lastly, based on the exclusion-Bayes’ theorem method (Christie, 2010) using SOLOMON package in the R program (Christie et al., 2013), the posterior probability of false parent–offspring pairs (among all pairs that share at least one allele across all loci) was assessed in a dataset to determine whether all putative parent–offspring pairs could be accepted with strict exclusion. The probability of observing shared alleles between unrelated individuals was calculated using 1,000 simulated datasets and 50,000,000 simulated genotypes. Finally, parentage inferences of each French genotype were considered as reliable when validated by the three approaches. By detecting single parent–offspring relationships, the identity of parents and offspring of each putative pair could not be determined. Networks of parent–offspring relationships were plotted with the “igraph” package in R environment (Csardi and Nepusz, 2006).

For parental pair assignments, putative parent–offspring relationships detected with the three previous approaches were re-used. We used the likelihood-based method (Gerber et al., 2000) to assess this panel of relationships because it appears to be the most conservative approach compared to the exclusion-Bayes’ theorem method (see Results).




Core Collection Sampling

For agronomic experiments and breeding programs, it may be necessary to define sets of cultivars representative of French cultivated olive germplasm. French core collections were thus constructed from the FOGB collection according to the two-step method described by El Bakkali et al. (2013b). Nested core collections were constructed by combining two approaches implemented in the CoreHunter (Thachuk et al., 2009) and Mstrat (Gouesnard et al., 2001) programs. First, an initial core collection capturing total allelic diversity was constructed with Mstrat to estimate the sample size necessary to capture all observed alleles. Then CoreHunter with the “Sh strategy” was run with half of the initial constructed core collection in order to select a primary local core collection with the lowest number of accessions. This primary core collection was used as a kernel in Mstrat to capture the remaining alleles and 50 independent core collections were proposed.





Results



Characterization of French Olive Germplasm and Definition of Reference Genotypes per Variety

One hundred and four distinct genetic profiles were obtained among the 113 accessions of the FOGB based on 20 SSR nuclear loci (Table 1). Among the 6328 pairwise comparisons, 10 were identical (0.16%), 13 (0.19%) were closely related and differing by one or two dissimilar alleles, whereas the remaining pairs were distinguished by three to 37 dissimilar alleles (Figure 1A). Closely related SSR profiles with one or two dissimilar alleles were considered as putative molecular variants resulting from somatic mutations and were thus classified as a single genotype. This was the case for ancient varieties such as ‘Boube’ or ‘Négrette’ and also for major varieties, such as ‘Aglandau’ or ‘Cailletier’, which are cultivated over broad geographic areas (Supplementary Table S2). The SSR profile considered as the reference genotype of the variety was chosen based on the high frequency of trees under the same molecular profile (Table 1 and Supplementary Table S2). Hence, a total of 92 genotypes was defined among the 113 accessions analyzed and the most closely related pairs were ultimately distinguished by five dissimilar alleles; e.g. ‘Petit Ribier’ and ‘34-22’ (Figures 1B and 2; Table 1).
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Figure 1 | Distribution of the number of dissimilar alleles for all pairwise comparisons for: (A) the 113 accessions in the FOGB collection, (B) the 92 French genotypes, and (C) the 416 accessions in the WOGB collection.
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Figure 2 | Classification of the 92 genotypes identified among the 113 accessions in the FOGB collection using 20 SSR loci. Maternal lineage and assignment to each gene pool are indicated by circles. The closest genotypes are distinguished by five dissimilar alleles and most genotypes in the FOGB collection were shown as admixed and carrying the E1.1 plastid haplotype.




According to the methodology proposed by Khadari et al. (2003), a total of 63 varieties were validated as reference varieties by checking the morphological traits of olive stones and SSR profiles of several trees originating from different nurseries and orchards (Table 1). For instance, six trees of the ‘Cailletier’ variety from distinct origins were analyzed to define the reference genotype (Moutier et al., 2004). Similarly, a total of 15 and 18 trees from different nurseries and orchards were analyzed to validate the reference genotypes of the ‘Petit Ribier’ and ‘Négrette’ varieties, respectively (Moutier et al., 2004; Moutier et al., 2011). The remaining 30 accessions, classified by tree coordinates in the germplasm collection, are currently being validated to determine the reference genotype of each variety according to the methodology described here (Table 1).




Nuclear and Plastid DNA Polymorphism

Considering the 92 genotypes of the FOGB, a total of 191 alleles were revealed with an average of 9.55 alleles/locus (Table 2). Among the 191 alleles detected, 42 (22%) were observed once. For each SSR locus, PIC values ranged from 0.296 at the GAPU71A locus to 0.856 at the DCA04 locus (mean 0.688). Only three out of the 20 loci used were able to discriminate between the 92 genotypes revealed among the 113 accessions analyzed, i.e. DCA04, DCA09, and GAPU101 (Supplementary Table S3).

The use of 39 chloroplastic loci revealed the presence of six chlorotypes in the French olive germplasm. As expected (see Besnard et al., 2013b), the most frequent chlorotype was E1.1 (79.4%). One of the five other haplotypes was detected once, i.e. E3.3 in the accession referred to as ‘36-28’ (Table 1; Figure 2).




Comparison Between French and Mediterranean Olive Germplasm



Characterization and Pairwise Comparison Between the Two Germplasm Collections

Based on pairwise analysis of the WOGB with 20 nuclear loci, 404 single SSR profiles (min. 1 dissimilar allele) were identified among the 416 Mediterranean olive accessions. Among the 86320 pairwise comparisons, 36 were identical (0.04%), 166 (0.19%) were closely related (differing by one or two dissimilar alleles), whereas the remaining were distinguished by 3 to 40 dissimilar alleles (Figure 1C). Similar to the FOGB collection (see above), accessions showing identical profiles and those with one or two dissimilar alleles (molecular variants) were considered as belonging to the same genotype, leading to a total of 311 distinct genotypes among the 416 accessions analyzed (Supplementary Table S1).

Pairwise comparisons between the two collections revealed that eight French accessions were identical or closely related to 28 Mediterranean varieties (Table 3). Eighteen out of the 28 varieties originated from Italy, four from Lebanon, whereas the six remaining varieties were from Algeria (2), Spain (1), Cyprus (1), Greece (1), and Morocco (1).



Table 3 | Cases of genetically similar or close varieties found in the identification process between the FOGB and the WOGB based on 20 SSR loci.
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SSR Polymorphism and Genetic Diversity

The 92 genotypes identified in the FOGB collection were used for comparison with the distinct WOGB genotypes. Among the 191 alleles revealed in the FOGB collection, 187 were present in the WOGB genotypes (339 alleles; Table 2). Only four alleles were detected in the French germplasm (Table 2); DCA04-172 in ‘Amellau’, DCA01-223 in ‘Clermontaise’, ‘Lucques’, ‘Tripue’, ‘35-31’, and ‘Rougette de Pignan’, DCA09-175 in ‘Clermontaise’, and EMO03-204 in ‘Rougette de Pignan’. Their presence was checked following a second genotyping.

A significant difference in allelic richness computed at a standardized G value of 92 individuals (Kruskal–Wallis test; P-value = 0.032; Supplementary Table S4) was observed between the FOGB and WOGB collections. However, the expected heterozygosity (He) between the two collections was not significantly different (Kruskal–Wallis test, P-value = 0.317). A similar pairwise genetic distance pattern [index of Smouse and Peakall (1999)] was observed in both FOGB and WOGB (Figure 3): ranging from 3 to 55 (with a mean of 29.01) in WGOB, and from 3 to 49 (mean of 27.36) in FOGB.
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Figure 3 | Pairwise distribution of genetic distances using 20 SSR in: (A) the FOGB collection, and (B) the WOGB collection.






Genetic Structure

Admixture model-based Bayesian clustering was performed on both datasets, with a total of 395 distinct genotypes from both collections. According to ΔK and H′, K = 3 was the most probable genetic structure model (ΔK = 554.11 and H′ = 0.998; Figure 4 and Supplementary Figure S1). Among the 92 French genotypes, 15, 8, and 1 were assigned, with a membership probability of Q ≥ 0.80, to East, Central, and West gene pools, respectively; whereas, 68 (73.9%) genotypes were assigned to more than one group, with Q < 0.80 (Table 1 and Supplementary Table S6).
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Figure 4 | The most probable genetic structure model using the program at K = 3 for 395 distinct genotypes from both collections. H′ represents the similarity coefficient between runs for each K, and ΔK represents the ad hoc measure of Evanno et al. (2005).




A principal coordinate analysis (PCoA) was conducted and the findings were plotted according to genetic groups, as identified by the program. The first two principal axes explained 10.46% of the total genetic variance (Figure 5). French cultivars were classified within the main total diversity range observed in WOGB. The majority of French genotypes were classified in the Mosaic Mediterranean group (Q < 0.80; Supplementary Table S6).
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Figure 5 | Two-dimensional distribution of the principal coordinates analysis (PCoA) for the 395 distinct genotypes from both collections. Gene pools as identified by for genotypes of the WOGB collection are shown by different colors.







Parentage Relationships Between French and Mediterranean Olive Cultivars

Relationship analyses were conducted using genotypes from the FOGB and WOGB collections with more than two dissimilar alleles. The eight genotypes of the WOGB detected to be identical or genetically close to those of FOGB were also excluded (Table 3). Finally, 92 and 303 genotypes from FOGB and WOGB, respectively, were included in the analyses (Table 1 and Supplementary Table S1).

Using the log-likelihood ratio (LOD) method, the LODc was estimated as the intersection between Lrand and Lobs. A threshold LOD at 4.22 allowed us to define the success rate in detecting true parent–offspring relationships at 97.7% (Figure 6A). We thus applied this value in parentage testing for the observed data. Otherwise, the exclusion-Bayes’ theorem method indicated a posterior probability that any pair of genotypes shared at least one allele across all loci (no mismatching across all loci) by chance is Pr(Phi) = 0.00319, while it was 0.03547 for a false parent–offspring pair with a mismatch at one locus (Figure 7). Since we could not exclude the possibility that there might have been a few errors in our dataset (including somatic mutations and null alleles), we used the threshold <0.03547 as a cutoff for identifying putative parents.
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Figure 6 | Distribution and intersection between Lobs and Lrand using v1.0 macro software with the log-likelihood ratio (LOD) method using a single parent search (A) and paired parental search (B).
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Figure 7 | Data simulation results: (A) number of observed putative (green points) and expected false (blue points) parent–offspring pairs in the test datasets, and (B) Bayesian prior probability Pr(Phi) according to the number of mismatching loci. Any pair that mismatched at one locus would have a 0.03547 probability of occurring by chance.




The putative parent–offspring relationships with the highest probability were observed with the exclusion method (431 parent–offspring pairs), while the Bayesian and the LOD methods gave rise to the lowest number (368 and 239, respectively; Supplementary Table S5). The number of French genotypes with a putative parent–offspring relationship differed between methods: 81 genotypes for the Bayesian-based method, 75 for the exclusion method, and 68 for the LOD method.

For the French varieties, a total of 193 putative parent–offspring pairs were identified when validated by the three approaches. Among these, 101 were detected within the French germplasm since 51 French genotypes (55.4%) were found to have reliable parentage relationships with French varieties only (Table 1 and Supplementary Table S5). Two French varieties showed a particularly high number of putative parent–offspring relationships, i.e. ‘Boube’ and ‘Cailletier’, with 36 and 24, respectively (Figure 8), but most of their parentage relationships were established with non-French varieties (30 and 18 putative parent–offspring pairs for ‘Boube’ and ‘Cailletier’, respectively). For other French varieties, the number of putative parent–offspring relationships varied from one to six within the French germplasm, and from one to four between French and other Mediterranean varieties (Table 1 and Supplementary Table S5).
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Figure 8 | Histogram of the number of putative parents-offsprings observed for French varieties.




Most parent–offspring relationships identified belonged to the same genetic group (Figure 9 and Supplementary Figure S2; Table 4). Varieties from 11 countries, except Cyprus, Egypt, and Lebanon, showed at least one putative parent–offspring relationship with a French variety. When comparing the origins of these cultivars, we found that varieties from France, Italy, and Spain had the highest proportion of parentage relationships (Table 4). Out of 115 Mediterranean cultivars, 51 (44.3%), 28 (24.3%), and 18 (15.6%) varieties, respectively, came from France, Italy, and Spain (Table 4). These results underline the importance of parentage relationships within the French germplasm and between French, Spanish, and Italian varieties.
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Figure 9 | Network of French and Mediterranean varieties showing parentage relationships according to different gene pools as identified by the program.




Table 4 | Numbers and proportion of varieties per countries showing parent–offspring relationships, and their assignment to different gene pools.
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Based on the 193 putative parent–offspring pairs, parentage relationships were examined by searching parental pairs with the likelihood approach. All varieties having at least one putative parent–offspring, as validated by at least one approach among the three used for a single parent search, were analyzed, including 86 French genotypes and 155 other Mediterranean varieties (Supplementary Table S5). A threshold LOD at 13.7 allowed us to define the success rate at 99.7% in detecting the most likely parental pair of the offspring based on the highest LOD score (Figure 6B). The French ‘Boube’ variety and the Spanish ‘Lechin de Granada’ variety were identified as the most likely parental pair for six Spanish varieties (Table 5; Figure 10): ‘Negrillo de Iznalloz’ was assigned with the highest LODpp value (23.6) and no allele mismatch, while the remaining most likely offspring were assigned at a LODpp ranging from 13.81 to 15.76, with an allele mismatch at one locus (Table 5). Moreover, the ‘Boube’ variety was identified as one of the most likely parents of the French ‘36_25’ genotype, with a LODpp at 15.69 and one mismatch at locus DCA16 (Table 5), while the ‘Lechin de Granada’ variety was identified as the most likely parent of the ‘Sevillano de Jumilla’ variety, with no allele mismatch. The ‘Boube’ variety harbors the E1-2 maternal haplotype, and thus could not be the mother of the seven identified offspring that shared the E1-1 maternal haplotype. Surprisingly, we detected only one pair of parents involving the ‘Cailletier’ variety (Table 5), despite the high number of putative parent–offspring pairs detected using the single-parent search (24; Supplementary Table S4).



Table 5 | The most likely parental pairs of 10 varieties including Cailletier and two French genotypes based on the highest LODpp. 
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Figure 10 | Parentage relationships of French varieties based on the likelihood approach. The parentage relationships are illustrated with the highest LODpp value and no allele mismatch (full line) or with an allele mismatch at one locus (dashed line).






Sampling Varieties to Represent French Olive Genetic Diversity

A core collection was defined according to the two-step method proposed by El Bakkali et al. (2013b) (Supplementary Figure S3). Forty-three genotypes (46.7%) were necessary to capture the 191 alleles in the FOGB collection. Based on half of the initial sample size of 43 (23.9%), a primary core collection of 22 genotypes was constructed (CC22; Supplementary Table S7). The 22 entries thus allowed the capture of 169 alleles (88.5%), three maternal haplotypes (18 E1-1, 1 E2-1, and 3 E3-1; 50%), and 17 reference varieties (Supplementary Table S8). This primary core collection (CC22) was used as a kernel with Mstrat to capture the remaining alleles. Hence, 43 entries (CC43; 46.7%) were sufficient to capture the total diversity. 50 sets of 43 French varieties were generated using Mstrat as the CC43 (Supplementary Table S7).

No differences were observed in the expected heterozygosity (He; Nei, 1987) in 50 independent runs. In addition to the 22 varieties used as a kernel, 18 varieties were found to be common in all of the 50 independent runs, while a combination of three complement genotypes could be selected among a panel of seven genotypes to capture the total number of alleles (Supplementary Table S7). Among the 25 genotypes captured, 15 were validated as reference French varieties.

The French core collection CC43 was arbitrarily selected (Supplementary Table S8). Among the 43 entries sampled, only four cpDNA haplotypes were captured: E1.1 (34 individuals), E1.2 (1), E2.1 (4), and E3.1 (4; Supplementary Table S8). Moreover, 31 reference French varieties were selected among the 43 entries of CC43. To select all reference varieties, the size was increased to 75 cultivars, which represented the third level of the French core collection (CC75; Supplementary Table S8). Most of the varieties sampled in CC43 showed high admixture since 33 varieties (76.7%) belonged to more than one gene pool, while only six and four genotypes were assigned (with membership probabilities of Q ≥ 0.80) to central and eastern gene pools, respectively (Supplementary Table S8). Genotypes selected for the primary core collection (CC22) and for the core collection capturing all alleles (CC43) had the lowest frequency of parentage relationships (8% and 22%, respectively; Supplementary Table S8). This pattern is in line with the findings obtained with the approach used to construct the core collection favoring genotypes without genetic relatedness.





Discussion

Our study first allowed us to generate a database for efficient identification of French varieties. We took advantage of this genetic characterization to investigate French olive genetic diversity and assess the importance of local genetic resources and their associated agroecosystems in the cultivated olive tree diversification process.



Diversification of French Olive Germplasm by Admixture

Primary selection and secondary diversification are two key processes in the history of olive domestication (Khadari and El Bakkali, 2018). Diversification can be viewed as a process that is driven mainly by farmer selection of trees harboring interesting traits. As this selection occurs within the agroecosystem, selected trees are most likely derived from crosses between varieties or previously selected clones, sometimes with pollen coming from feral or wild olive trees (for review, see Gaut et al., 2015; Besnard et al., 2018). Sociohistorical and ethnobiological investigations of traditional olive agroecosystems in northern Morocco have highlighted strong links between selected trees from clonally and seed propagated trees, indicating the continuing roles of cultivated, feral, and wild olive trees in the diversification process (Aumeeruddy-Thomas et al., 2017). Here we also showed an admixed origin of French varieties, suggesting a diversification process involving local and introduced genetic resources. Among the 92 French genotypes, 68 (73.9%) were admixed as they were assigned to more than one group with Q < 0.80. Most of them (82.6%) harbored the eastern maternal lineage [i.e. haplotypes E1-1 (73) and E1-2 (3)] originating from the eastern Mediterranean Basin, and it was introduced in the westernmost regions via the diffusion of oleiculture (Besnard et al., 2013b).

As previously suggested by several authors (Besnard et al., 2001a; Baldoni et al., 2006; Belaj et al., 2007; Breton et al., 2008; Besnard et al., 2013a; Diez et al., 2015), in our following arguments we assumed that the French olive germplasm was mainly derived from a diversification process involving local genetic resources, in addition to the introduction of cultivated olives belonging mainly to the Q2 genepool (central Mediterranean), as well as the Q1 genepool (western Mediterranean). First, we observed a clear genetic pattern derived from admixture germplasm from the central Mediterranean area, including French local genetic resources, as previously reported by Haouane et al. (2011); Diez et al. (2012), and El Bakkali et al. (2013a). Second, these local genetic resources harbored a maternal lineage from the eastern primary domestication center (Besnard et al., 2013b). Third, despite the reduction in allelic diversity (22.4%) as compared to Mediterranean cultivated olive, the French germplasm showed a similar expected heterozygosity and pairwise genetic distance pattern compared to Mediterranean olive germplasm, indicating that admixture was likely a consequence of this pattern. Fourth, we highlighted that approximately half of the ex situ collection of Porquerolles (46.7%) was necessary to capture all of the French diversity, which was mainly classified in the mosaic Mediterranean group. Finally, we observed substantial parentage relationships (parent–offspring) at a local scale within French varieties and at a regional scale between French, Italian, or Spanish varieties, indicating that selection from crossing between varieties was likely a key varietal diversification process within French agroecosystems and neighboring regions.




French Agroecosystems as a Bridge Between Italy and Spain for Olive Diversification

Identical and nearly identical genotypes were identified among French and other Mediterranean germplasm. This is evidence in favor of the translocation of varieties between distant regions (e.g. Besnard et al., 2001b; Haouane et al., 2011; Trujillo et al., 2014). Interestingly, we report for the first time the high genetic similarity between ‘Cailletier’, a major French variety, and the Italian ‘Frantoio’ variety. These two genotypes were here distinguished by only one allele on the reference genotype of each variety and may have represented distinct clones propagated from a single genotype (e.g. due to clonal selection; Bellini et al., 2008). A similar pattern was noted for the French ‘Petit Ribier’ variety and the Italian ‘Moraiolo’, variety as previously observed by Pinatel (2015) in a study using morphological descriptors. Both ‘Cailletier’ and ‘Petit Ribier’ varieties are mainly cultivated in southeastern France (Var, Alpes de Haute Provence and Alpes Maritimes), while ‘Frantoio’ and ‘Moraiolo’ are notably cultivated in Tuscany (Italy). These two varieties are also known to have been introduced in Corsica from Italy under the polyclonal denomination ‘Ghermana’ (Besnard et al., 2001b; Bronzini de Caraffa et al., 2002). Otherwise, the local French ‘Boube’ variety was found to be genetically similar to that of the oldest Spanish variety, i.e. ‘Gordal Sevillana’, and it was the only French variety clearly assigned to the western genepool (Q1). Pinatel (2015) considered ‘Boube’ as a local variety (only present in three distant orchards in Alpes de Haute Provence, with a single centennial tree per orchard) that was probably cultivated in southern France in ancient times. Here our results suggest that the variety was probably introduced from the Iberian Peninsula due to the large olive fruit size. Its past importance in the western Mediterranean Basin needs to be reviewed as it was spread over broad areas (at least from Andalusia to southeastern France) and then was involved in varietal diversification, particularly in Spain, but also elsewhere (Diez et al., 2015).

Beyond the substantial parentage relationships within the French germplasm (53.89%), we clearly identified relationships (parent–offspring) between French and Italian varieties, as well as French and Spanish varieties, mainly based on ‘Cailletier’/’Frantoio’ and ‘Boube’/’Gordal Sevillana’ varieties, since they harbored the highest number of putative parent–offspring pairs (24 and 36, respectively). Interestingly, the ‘Cailletier’/’Frantoio’ variety assigned to the central cluster had robust relationships (parent–offspring) with varieties from Italy which belonged to the same cluster, as well as the ‘Petit Ribier’/’Morailo’ variety, while the ‘Boube’ variety displayed parentage relationships from Spanish germplasm. We observed that ‘Cailletier’/’Frantoio’ and ‘Petit Ribier’/’Morailo’ were the main progenitors of Italian/French varieties, while ‘Boube’/’Gordal Sevillana’ was the main progenitor of Spanish/French varieties. As previously reported by Diez et al. (2015), we confirmed that ‘Gordal Sevillana’ was one of the main progenitors of Spanish germplasm, but strikingly we found that it was likely the male parent of six French varieties, i.e. ‘Clermontaise’ and ‘Courbeil’, which are cultivated in southwestern area (Hérault and Pyrénées Orientales; Moutier et al., 2004) bordering northeastern Spain (Catalonia). This Spanish variety was considered by Diez et al. (2015) as being one of the main founders of the western genepool (Q1), and based on our results we hypothesize that it was also the founder of part of the French germplasm assigned to the Mosaic genetic group. In addition, we noted for the first time that ‘Frantoio’ and ‘Morailo’ were putative progenitors of numerous Italian and French varieties. This result also suggests that these two varieties have been major progenitors within the Central Mediterranean group (Q2).




French Olive Agroecosystems as Varietal Diversification Incubators

Surprisingly, despite the limited French olive growing area (southern continental France and Corsica), we identified a high number of varieties in the ex situ collection of Porquerolles, including a panel of at least 30 currently cultivated varieties (Moutier et al., 2004; Moutier et al., 2011). French olive growing is still mainly founded on a traditional system involving a diverse range of crops and varieties (Pinatel, 2015). This could be viewed as a key factor favoring varietal diversity, as previously noted by several authors (Gemas et al., 2004; Khadari et al., 2008; Kaya et al., 2013; Marra et al., 2013; Las Casas et al., 2014; Xanthopoulou et al., 2014).

Here, we assumed that the French varietal diversity could mainly be explained by active farmer selection, probably due to the impact of relatively frequent climatic accidents on local germplasm. Indeed, French olives are cultivated along the northern rim of the olive growing area where frost events are frequent—the last major one, in 1956, caused substantial damage in olive orchards, thus negatively impacting the socioeconomic sector (Pinatel, 2015). Moreover, we report for the first time that French genetic resources displayed substantial parentage relationships involving both local and foreign varieties (55 and 60, respectively), with more than half of the parent–offspring pairs occurring in local French germplasm (53.89%; Table 1). A similar pattern was observed in the western group (Q1 cluster), where the average number of first-degree relationships (full siblings or parent–offspring) was 16.25, while it was 2.0 in the Q2 (central Mediterranean) and Q3 (eastern Mediterranean) genetic clusters (Diez et al., 2015). Similarly, in grapevine, selection via crossing was previously identified by investigating the parentage relationships of ‘Chardonnay’, ‘Gamay’, and other wine grapes grown in northeastern France (Bowers et al., 1999). In their extended parentage analysis of the INRA grape germplasm repository (France; 2,344 unique genotypes), Lacombe et al. (2013) identified the full parentage of 828 cultivars including 447 traditional cultivars, which are likely derived from farmer selection in traditional agroecosystems. These processes have been reported in other perennial fruit cropping systems such as apricot, which is seed-propagated in oasis agroecosystems in the southern Maghreb region (Bourguiba et al., 2012; Bourguiba et al., 2013). Since the second half of 20th century, so-called “modern” perennial fruit cropping systems were managed with a single variety using agronomic practices that fostered yield improvement. They gradually replaced traditional agroecosystems which were based on higher diversity of crops and varieties than modern systems. Such diversified agroecosystems may still be found in mountainous areas around the Mediterranean Basin, as described, for instance, by Aumeeruddy-Thomas et al. (2017) in North Morocco. In southern France where olive and grapevine are often cultivated in the same locations, the olive varieties identified in the present study were mainly derived from crosses between local and foreign genetic resources, as we revealed by the parentage analysis.





Conclusion

Our results provide a clear picture regarding the importance of farmer selection in the olive varietal diversification process in traditional French agroecosystems. Indeed, we observed substantial parentage relationships within French olive germplasm and the proportion of parent–offspring pairs was still high (45.08% out the 193 putative parent–offspring pairs), even when not considering the Italian ‘Frantoio’ variety or the Spanish ‘Gordal Sevillana’ variety. Otherwise, we observed a pattern of parentage relationships from crossing: (i) between French and Spanish varieties within agroecosystems in southwestern France, especially in the Pyrénées Orientales area, and (ii) between French and Italian varieties in the southeastern France, particularly in the Alpes Maritimes area. We thus argue in favor of active farmer selection founded mainly on local French varieties, probably due to frequent climatic accidents such as frost. When examining diversification processes at the regional scale in all southern European countries, we consider that French agroecosystems are incubators for olive diversification and serve as a bridge between Italy and Spain (Khadari et al., 2003), thus highlighting the importance of diversification as one of the two key processes in the history of olive domestication (Khadari and El Bakkali, 2018).
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In 2009, the Side-Row Continuous Canopy Shaking Harvester project was set to develop such technology. The prototype comprises two symmetrical harvesters trailed by a farm tractor. Each harvester has a vibratory rotor with flexible rods, a catching platform with conveyors belts delivering fruits to a temporary storage bag. The removal efficiency of canopy shakers are influenced by factors like shaking frequency, ground speed as well as the dimension and shape of olive canopy. In 2014 authors started a trial to evaluate the influence of pruning in olive yield and in the performance of the Side-Row Continuous Canopy Shaking Harvester. The trial was established in an irrigated olive orchard of Picual cultivar planted in 1996 with the array 7 m x 3.5 m. In a randomised complete block design with three replications, four treatments are being compared leading to 12 plots with 30 trees/plot. The treatments under study are: T1—manual pruning using chain saws, in 2014 and 2017; T2—mechanical pruning: topping and hedging the two sides of the canopy, followed by manual pruning complement to remove wood suckers inside the canopy, in 2014 and 2017; T3—mechanical pruning: topping the canopy parallel to the ground and hedging southeast side of the canopy in 2014 and 2017; topping the canopy in July 2015 (summer pruning); hedging northwest side in winter 2016; T4—mechanical pruning: topping and hedging the two sides of the canopy in 2014 and 2017; topping the canopy in July 2015 (summer pruning). Regarding to olive yield per tree, significant differences were found among treatments on different years. However, no significant differences were found regarding the average olive yield per tree, over the period of 2014–2017. Regarding to the olive removal efficiency, only in 2016, significant differences were found among treatments on different years. No significant differences were found regarding the average of the olive removal efficiency, over the period of 2014–2017.


Keywords: canopy, shaker, olive, pruning, performance



Introduction

In Portugal there are currently 40,000 ha of high density olive groves (200 to 500 trees per hectare), mostly irrigated. Despite the recent diffusion of the super high density olive grove, still there will be more than 1.5 million ha of high density olive groves worldwide.

Olive harvest in high density olive orchards is usually performed by a tractor mounted trunk shaker and a canvas manually placed on the ground under the tree. Less labor demanding solutions based on inverted umbrellas linked to the trunk shaker have limited use since trees are very closely spaced to allow the umbrella to open.

Only changing from a discrete trunk shaking to a continuous canopy shaking principle will improve working capacity and will reduce the dependency over scarce and expensive labor. Grape and coffee over-the-row canopy harvesters could be used with good results in young intensive olive orchards not higher than 2.5 to 3.5 m or wider than 2 m (Ravetti and Robb, 2010). The same authors reported harvest efficiencies of 86 to 96% with a Colossus straddle harvester in an 8 years old olive grove, in Australia. This over-the-row machine is too heavy and expensive, hardly suitable to the difficult wet soil conditions encountered in the Mediterranean countries. A row-side, instead of over-the-row, concept imposing fewer limitations on tree growth is a technique bound for intensive orchards and may even be adequate for the large trees of the traditional non-irrigated orchards (Castro-García et al., 2011). Peterson (1998) designed and tested a prototype for continuous harvesting of oranges based on the side-by-side canopy shaker principle. Ferguson et al. (2002) used a side-by-side canopy prototype to harvest table olives with 90% harvest efficiency in the center of the canopy, but with significant efficiency losses in the leading and trailing edges of the canopy. The use of a canopy shaker prototype in traditional olive groves with large canopy trees showed lower efficiency than the obtained with trunk shakers (Sola-Guirado et al., 2014). In the prototype used by Sola-Guirado et al. (2016) it was found that an increase in vibration frequency or vibration amplitude enhances harvest efficiency. In 2009 the authors started a research project to develop the Side-Row Continuous Canopy Shaking Harvester—SRCCSH (Peça et al., 2014), which has been intensively tested ever since.

Cultivar, tree shape, canopy density, and pruning affect mechanical harvesting efficiency with canopy shakers (Ferguson et al., 2010).

It has been reported (Ferguson and Castro-García, 2014) that with adequate mechanical pruning, a canopy shaker harvester in table olives has provided greater harvest efficiency than manual harvesting of manually pruned trees, although this year there was a significant decrease in olive production in trees subjected to mechanical pruning. The same authors also reported that in a hedgerow olive grove, the application of mechanical pruning did not lead to significant differences in olive production compared to manual pruning. Harvesting efficiency with side-by-side canopy shaker in the mechanically pruned trees did not differ significantly from that of manual harvesting in manually pruned trees (Ferguson and Castro-García, 2014).

This paper presents and discusses the results of research conducted on a 20-year-old intensive olive grove to evaluate the influence of mechanical pruning on olive production and the performance of the SRCCSH.



Materials and Methods


Olive Orchard

The high density olive orchard (HD) used in the trial was established in 1996 in Herdade da Torre das Figueiras in the Alentejo region of southern Portugal (lat. 39°03’34.04’’ N; 07°28’22.00’’W). This drip irrigated HD olive orchard of Picual cultivar was installed in an array of 7 m x 3.5 m.

The orchard was planted on Chromic Luvisol soil (FAO). This region is semi-arid with strong continental influence and an annual rain mean of 500 mm concentrated in the winter.

The orchard is drip irrigated twice a week, from May till October, receiving annually an estimated volume of 1,500–2,000 m3/ha.

The HD olive orchard was sprayed to control olive leaf spot [Flusicladium oleaginum (Castagne) Ritschel & U. Braun], olive moth (Prays oleae Bernard), olive fly (Bactrocera oleae Gmelin.) and olive anthracnose (Colletotrichum acutatum Simmons or Colletotrichum gloeosporioides Penz.). Weed control was done spraying glyphosate in the rows and with a shredder between rows. About 80 units of nitrogen, 30 units of phosphorus, and 50 units of potassium were applied to the soil and by drip irrigation in average by year.



Equipment

Mechanical pruning was performed using an R&O (Reynolds & Oliveira Ltd.) disk-saw pruning machine (Figure 1), with a 3.0 m cutting bar (Peça et al., 2002), mounted on a front loader of a 97 kW (DIN) 4WD agricultural tractor.




Figure 1 | Pruning machine mounted in a tractor.



The manual pruning complement to the mechanical pruning was executed by telescopic chain saws.

The SRCCSH is a prototype (Figure 2) developed to remove fruits from the tree brunches, collect, and transport the fruits to temporary storage (Peça et al., 2014).




Figure 2 | Row side continuous canopy shaker.



The SRCCSH is based on two symmetrical machines, each one trailed by a farm tractor, moving alongside a same tree row, harvesting both sides of the trees. Fruit removal is made by a vibratory rotor with flexible rods for engaging and shaking the olive bearing branches. Vibration frequency of the vibratory rotor can be altered adjusting the tractor power-take-off speed. Removed olives are collected on a platform and conveyed to a temporary storage bag.

Operational parameters of SRCCSH were adjusted at the beginning of the harvesting season (Table 1).


Table 1 | Operation parameters of Side-Row Continuous Canopy Shaking Harvester.





Treatments

Four treatments (T1, T2, T3, T4), shown in Table 2, are being compared in a randomized complete block design with three replications leading to 12 plots, of one line each, with 30 trees per plot.


Table 2 | Treatments: pruning interventions sequence.



	Treatment 1 (T1)—manual pruning performed in 2014 and 2017. One man per tree performed selective cuts with a chainsaw to control canopy dimension, removing branches with excessive growth, either overhanging the canopy toward the space between rows or taller than the vibratory mast of the SRCCSH.


	Treatment 2 (T2)—mechanical pruning followed by a manual pruning complement was made in 2014 and 2017. Mechanical pruning consisted on a horizontal cut (topping) at the uppermost part of the canopy and a vertical cut on each side of the tree (hedging). Topping was done at approximately 3.6 m (2014) and 3.3 m (2017) in height, from the ground; hedging was done at approximately 1.8 m from the tree trunk. Manual pruning complement was performed to remove wood suckers inside the canopy and also wood stumps on each side of canopy.


	Treatment 3 (T3)—mechanical pruning performed each year. In 2014, trees were topped (as in T2) followed by a vertical cut (hedging) of the southeastern side of the canopy. In July 2015 a summer topping at 3.6 m height (from the ground) was done to control growth suckers developed in uppermost part of the canopy after 2014 topping. In March 2016 the northwestern side of the canopy was hedged at a distance of 2.0 m from the tree trunk. In March 2017, trees were topped at 3.3 m height (from the ground) and hedged on the southeastern side of the canopy at a distance of 1.8 m from the tree trunk.


	Treatment 4 (T4)—mechanical pruning performed in 2014, 2015, and 2017. In 2014, trees were topped (as in T2) and hedging each side of the canopy. In July 2015, a summer topping at 3.6 m height was done to control growth suckers developed at the uppermost part of the canopy, after 2014 topping. In March 2017 a horizontal cut was made at 3.3 m height followed by hedging both sides of the canopy at a distance of 1.8 m from the tree trunk.






Assessments

Pruning operations were timed to calculate the work rates. Tree measurements of the height of the tree from the ground, width of the canopy and the distance from the base of the canopy to the ground were recorded in five trees randomly selected in each plot. Measurements were done in the same trees in the entire period of tests (2014 to 2017) and taken before and after pruning interventions or in early spring for the non-pruning years.

The mass of olives caught by the SRCCSH was measured weighing the bags from each plot.

The evaluation of the mass of olive removed but not caught by the harvester was done weighing the fruits collected on canvas placed under a group of three olive trees at three locations randomly selected in each plot.

To quantify the mass of olives not removed by the harvester, all trees in each plot were vibrated by a trunk shaker complemented by manual harvest with poles.

Total yield per tree was obtained adding the mass of olives caught by the harvester (in the bags) to the mass of olives dropped to the ground (on the canvas) plus the mass left on the tree

Harvest efficiency was calculated as follows:

	

One-way analysis of variance were performed to annual data and general linear model univariate analysis for average data, using IBM SPSS version 24 software. Mean separation was performed by Multiple Range Duncan test at 5 and 10% significance level.




Results


Pruning Work Rate

Figure 3 shows the manual pruning work rates obtained in 2014 and 2017. More severe pruning interventions justify a reduction in the work rate in 2017.




Figure 3 | Average work rates of manual pruning.



To avoid low work rates of manual pruning complement reported in previous research work (Peça et al, 2002) a clarification of what should consist the manual pruning complement and continuously monitoring the pruning workers led to higher work rates compared with strictly manual pruning intervention.

In Figure 4 an estimation of the speed of advance of the tractor with the disk pruning machine is shown as a function of the type of cut.




Figure 4 | Estimated speed of advance of the tractor with the disk pruning machine is shown as a function of the type of cut.



Lateral cuts of the canopy allow the tractor to move faster since the volume of leaf mass that is eliminated is smaller than in the horizontal cuts of the upper part of the canopy. In the horizontal cut the tractor has to move slower to reduce the risk of leaf and branches mass accumulating in front of the cutter bar, locking the cutter disks.

Summer cuts tend to require the tractor to move even slower, since the branches to be cut are highly flexible and tend to bend in front of the disk saw, aggravated when disks are not conveniently sharped.

Figure 5 shows the working rate of the disk pruning machine in each treatment.




Figure 5 | Average work rates (trees/hour x man) by treatment with the disk saw pruning machine. Legend: T1, treatment 1; T2, treatment 2; T3, treatment 3; T4, treatment 4.



Topping and hedging on both faces corresponds to a working capacity of 155 to 180 trees per hour.

Topping and hedging of only one side did not show a higher work rate (186 to 192 trees per hour) because of the non-productive return path required to restart the work in the same direction.

Summer topping despite being carried out at a lower working speed than the winter topping, registered a greater working capacity, since only one machine pass was necessary for each row of trees, whereas two passes were required in winter topping due to wider canopies and limited cutter bar width.



Pruning Costs

Based on the working capacities presented in Figures 3 and 5, the pruning costs were determined. The following assumptions were considered: 70 €/h for contractor work charges for mechanical pruning; 70 €/man-day for contractor work charges for manual pruning; 7.5 h of effective work per day.

Figure 6 shows the cost of pruning in each year and by treatment, showing also the total value per treatment over the period 2014 to 2017.




Figure 6 | Pruning costs per treatment. Legend: T1, treatment 1; T2, treatment 2; T3, treatment 3; T4, treatment 4.



In 2014, the interventions with the disk pruning machine, comprising topping and hedging of both sides (T4) had a cost similar to that of strictly manual pruning (T1).

When, in addition to topping and hedging, a manual complement (T2) is added, pruning became more expensive than strictly manual pruning (T1).

In 2017, as a result of a more severe pruning intervention, the work rate was lower compared to what had occurred in 2014. As a consequence, the cost weight of manual pruning gave rise to higher pruning costs in T1 and T2 treatments than in T3 and T4 treatments.

Concerning total values, the cost of strictly mechanical pruning was lower than pruning with manual interventions.



Canopy Dimensions


Tree Height

Figure 7 shows the height of the trees, per year and treatment, before and after winter pruning. It shows the extent of the reduction in height as well as the recovery observed from one pruning intervention to the next. In treatment 3 and treatment 4 the recovery in tree height over the entire period of 2014 up to 2017 are influenced by the pruning interventions made in the summer of 2015.




Figure 7 | Tree height before and after winter pruning in each year (mean±sd). Legend: THb, tree height before winter pruning; THa, tree height after winter pruning; T1, treatment 1; T2, treatment 2; T3, treatment 3; T4, treatment 4. In each year, before and after pruning, columns followed by the same letter are not significantly different by Duncan multiple range test at the 5% level.



The height of the trees is a relevant dimension in that the highest rods of the vibratory mast of the SRCCSH are at approximately 3.6 m above the ground.



Canopy Width

This dimension is relevant in that, once the interface of the SRCCSH has been positioned in relation to the trunk of the olive tree, the rods of the vibratory mast must penetrate the canopy, leaving the steel guiding tubes of the rods outside the canopy. Since the SRCCSH allows lateral placement of the vibratory mast, Figure 8, adequate canopy width limits should be between 1.5 and 3.6 m.




Figure 8 | Top view of the Side-Row Continuous Canopy Shaking Harvester showing lateral position of the vibratory mast.



Figure 9 shows the average canopy width of the trees, per year and treatment, before and after winter pruning. It shows the extent of the reduction in canopy width as well as the recovery observed from one pruning intervention to the next.




Figure 9 | Canopy width before and after pruning in each year (mean±sd). Legend: CWb, canopy width before winter pruning; CWa, canopy width after winter pruning; T1, treatment 1; T2, treatment 2; T3, treatment 3; T4, treatment 4. In each year, before and after pruning, columns followed by the same letter are not significantly different by Duncan multiple range test at the 5% level, with exception of CWa in 2014 and 2017, where p≤0.1.






Olive Yield

Figure 10 shows the average yield of olives per tree in each year. There were significant differences (P < 0.05) between the years, with the highest production achieved in 2015, which was significantly higher (P ≤ 0.05) than in the other years, which differed from each other. These results confirm the alternate bearing typical of this species, which can be changed with pruning interventions. After the decrease in production verified from 2015 to 2016, it would be expected that in 2017 there would be an increase in production. However, pruning interventions executed in 2017, with a reduction in the canopy volume and the elimination of potentially productive branches, resulted in a decrease in production compared to 2016. Figure 11 shows olive yield by treatment in each year and the average yield of the trial. In 2014, significant differences (P < 0.05) were registered in olive yield per tree between treatments. Treatment 3 has revealed significantly (P ≤ 0.05) higher yield than the other treatments, as consequence of the smaller pruning intensity applied. The disk-saw pruning machine performs non-selective trimming of the canopy. In treatment T3, the significantly higher production may have been originated in productive branches issued in the previous year on the northwestern side of the canopy which was left uncut 2014. In treatments T2 and T4, the lateral cuts on both sides eliminated a considerable part of the productive branches issued in the previous year, diminishing productive potential in comparison with treatment T3. In the case of treatment T1, despite having been subjected to manual pruning, which has greater selectivity, the elimination of a considerable part of the canopy reduced the productive potential.




Figure 10 | Olive yield by year (mean±sd). Legend: T1, treatment 1; T2, treatment 2; T3, treatment 3; T4, treatment 4. Columns followed by the same letter are not significantly different by Duncan multiple range test at the 5% level.






Figure 11 | Olive yield by treatment in each year and the average yield of the trial (mean±sd). Legend: T1, treatment 1; T2, treatment 2; T3, treatment 3; T4, treatment 4. In each year and in average, columns followed by the same letter are not significantly different by Duncan multiple range test at the 5% level, with the exception of 2015, where p < 0.1.



In 2015 significant differences in olive yield were registered between treatments (P < 0.05). Treatment 3 obtained a significantly lower yield (P ≤ 0.05) than the other treatments as a consequence of the higher yield obtained in the previous year. Given that the olive tree is characterized by an alternate bearing, a year with low production allows more vegetative growth. The greater leaf mass developed this year will boost higher yield the following year. This characteristic explains the considerable increase in production that occurred in treatments T1, T2, and T3 from 2014 to 2015. In the case of treatment T3 this increase was not so pronounced, since in 2014 the vegetative growth was conditioned by the existing tree production.

In 2016 significant differences (P < 0.05) were found in olive yield between treatments. Treatment 3 and treatment 4 show significantly (P ≤ 0.05) lower yield than treatments 1 and 2. The fall in production of treatment 3 compared to treatments 1 and 2 is associated with a reduction in canopy volume due to topping in summer 2015 and cutting in the northwest side in winter 2016, which left these trees with lower leaf mass and consequently with lower fruiting potential. High production in a smaller tree canopy (T4 in 2015) will tend to penalize the release of productive branches and consequently the production of 2016. In 2017 production shows the opposite trend to 2016, although without significant differences between treatments (P > 0.1). On average, no significant differences between treatments were found (P > 0.1)

These results show the potential of mechanical pruning as a method for reducing labor dependence, without significant negative influence in olive production, in line with the results obtained in traditional olive orchards by Pastor and Humanes (1998) Dias (2006); Dias et al. (2012), and Dias et al. (2014). The results obtained in this trial differ from those obtained by Ferguson et al. (2002) in an olive grove for table olives, who found that topping and hedging every 2 years causes a decrease in olive yield, particularly in the pruning year. This decrease in production did not affect the gross net return because the fruits being of a larger caliber benefited of a better market price.

The present work also seems to reveal that frequent mechanical pruning interventions tend to penalize olive yield. It appears desirable to perform a more intense mechanical pruning spaced in time, as recommended by Pastor and Humanes (1998) for high density olive groves.

Manual pruning complement to mechanical pruning did not increase olive yield in comparison to the obtained in trees with the absence of manual pruning complement.

Manual pruning complement to the mechanical pruning (T2), particularly in following years to the mechanical pruning, should be regarded as a potentially important technique, since it may contributed to higher yields as verified by Dias et al. (2014) on a traditional olive orchard after more than 10 years submitted to mechanical pruning.



Harvester Efficiency

Figure 12 shows the removal efficiency of olives by the SRCCSH in each year. Significant differences (P < 0.05) were observed between the years, with the highest efficiency being achieved in 2014, which was significantly higher (P < 0.05) than those observed in the other years which didn’t differ from each other. It should be noted that the result obtained in 2014 had several constraints:

	- low level of production;

	- olives with anthracnose disease;

	- olives at an advanced maturity stage (practically all black).









Figure 12 | Effect of year in the harvester efficiency (mean±sd). Columns followed by the same letter are not significantly different by Duncan multiple range test at the 5% level.





Figure 13 shows harvester efficiency per treatment in each year and the average efficiency over the period 2015 to 2017.




Figure 13 | Harvester efficiency (%) by treatment, in each year and the average of the trial (mean±sd). Legend: T1, treatment 1; T2, treatment 2; T3, treatment 3; T4, treatment 4. Columns followed by the same letter are not significantly different by Duncan multiple range test at the 5% level.



In 2017, Figures 7 and 9 show that, before pruning, treatments T1, T2, and T4 had canopies of similar size, leading to admit the same at 2016 harvest. However, harvest efficiency was significantly higher in T4 than in the other treatments. Possibly the significantly lower yield of T4 relative to T1 and T2, may be a justification, since the same detaching vibrating energy is available for fewer fruits. This could also justify the significantly higher value of efficiency of treatment T3 relative to treatments T1 and T2. Ferguson and Castro-García, (2014) also obtained significantly higher harvesting efficiency on trees with lower yields compared to those submitted to manual pruning that were harvested by hand. However, these results refer to only 1 year and were obtained from trees intended for the production of table olives. In 2017 no significant differences (P > 0.1) were found between treatments in harvest efficiency. Although no data is available concerning the regrowth after 2017 pruning, Figures 7 and 9 reveal that canopy size was left with similar volume in all treatments. Taking in account that no significant differences were found in olive yield among treatments (Figure 11), this may justify that no significantly differences were also found in harvest efficiency.

In 2015 significant differences (P < 0.05) were found between treatments in harvest efficiency. At the 2015 harvest, and assuming that the size of the trees is revealed by their dimensions in 2016 (Figure 7), it can be appreciated that trees of T3 and T4 are lower than the trees of T1 and T2.

At harvest olives were below the 4 m height, whereas in treatments T1 and T2 production was above the 4 m mark. However, the results of harvest efficiency in 2015 reveal that more factors not counted for at the present work have to be considered. Fruit detachment force and fruit weight presented a low correlation with harvest efficiency (Gil-Ribes et al., 2011). The spatial distribution of the olive in the canopy, associated with the trajectory described by the active organs of the vibrating mast, may assume an increasing importance when deciding pruning interventions to enhance harvest efficiency without jeopardizing yields and at contained costs. The influence of the manual intervention done in 2014 in T1 and T2, may be still influence the transmission of vibrating energy to the canopy in the following years, especially in 2015. Also, it is not understood why, similar canopies as in T3 and T4, bearing significantly different yield capacity, showed also similar harvest efficiency.

On average (period 2015 to 2017), no significant differences (P > 0.05) among treatments in harvest efficiency were found.




Conclusions

In the period of 4 years, on average, there were no significant differences (P ≤ 0.05) between treatments in olive production.

In view of this fact:

	- the cost with only mechanical pruning is lower than pruning with manual interventions.


	- manual complement pruning was not relevant since it did not lead to increased production and led to an increase in pruning costs, as had already occurred in the traditional olive grove trial. Complementary manual pruning interventions only make sense to eliminate excess wood accumulated over a relatively long period of time and should be carried out sporadically. Two supplementary annual pruning interventions over a 4-year period are not advisable.


	- the option for pruning with a disk machine on the side faces in alternate years has also not been interesting since it does not reduce the pruning costs, it does not enhance production of olives. Carrying out the cuts on the sides of the canopy more frequently, while allowing the canopy volume to be controlled, does not allow for the full production potential of the regrowth that appear after the cuts on the side faces.





In terms of the influence of pruning on the performance of the SRCCSH, there were no significant differences between treatments.
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Cultivated olive (Olea europaea L. subsp. europaea var. europaea) is the most ancient and spread tree crop in the Mediterranean basin. An important quality trait for the extra virgin olive oil is the fatty acid composition. In particular, a high content of oleic acid and low of linoleic, linolenic, and palmitic acid is considered very relevant in the health properties of the olive oil. The oleate desaturase enzyme encoding-gene (FAD2-2) is the main responsible for the linoleic acid content in the olive fruit mesocarp and, therefore, in the olive oil revealing to be the most important candidate gene for the linoleic acid biosynthesis. In this study, an in silico and structural analysis of the 5′UTR intron of the FAD2-2 gene was conducted with the aim to explore the natural sequence variability and its role in the gene expression regulation. In order to identify functional allele variants, the 5′UTR intron was isolated and partially sequenced in 97 olive cultivars. The sequence analysis allowed to find a 117-bp insertion including two long duplications never found before in FAD2-2 genes in olive and the existence of many intron-mediated enhancement (IME) elements. The sequence polymorphism analysis led to detect 39 SNPs. The candidate gene association study conducted for oleic and linoleic acids content revealed seven SNPs and one indel significantly associated able to explain a phenotypic variation ranging from 7% to 16% among the years. Our study highlighted new structural variants within the FAD2-2 gene in olive, putatively involved in the regulation mechanisms of gene expression associated with the variation of the content of oleic and linoleic acid.
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Introduction

Cultivated olive (Olea europaea L. subsp. europaea var. europaea) is the most ancient and spread tree crop in the Mediterranean basin. Despite the economic, cultural, and ecological importance of olive groves in the Mediterranean area, now extending to other regions, olive has been a poorly characterized species at genetic and genomic level compared to other fruit tree crops. The species is characterized by a very big genome size (1C = 1,400–1,500 Mbp) (Loureiro et al., 2007; Unver et al., 2017), a cross-pollinating reproductive biology leading to a high heterozygosity (Dìez et al., 2011; Besnard et al., 2014; Kaya et al., 2016) and a long generation time. All these aspects, together with the scarce knowledge about the inheritance of most genes controlling agronomical performance and quality traits, have severely restricted breeding strategies to clonal or varietal selection (Rugini et al., 2011). Understanding the basis of quantitative traits may help plant breeders to improve crop yields, resistance to abiotic and biotic stress conditions, end-use quality, and other important characteristics that are controlled by multiple genes exhibiting a quantitative distribution of phenotypes (Kaya et al., 2016). Loci controlling quantitative traits can be identified either by QTL mapping in a biparental segregating population or by association mapping (Belò et al., 2008) in natural populations (Flint-Garcia et al., 2003). Until now, in olive several genetic maps have been built (De la Rosa et al., 2003; Wu et al., 2004; El Aabidine et al., 2010; Dominguez-Garcia et al., 2011; Atienza et al., 2014; Ipek et al., 2016; Marchese et al., 2016) aimed to detect QTL-associated markers for traits, such as fruiting (Ben Sadok et al., 2013; Atienza et al., 2014), ﬂowering (Ben Sadok et al., 2013), trunk diameter (Atienza et al., 2014), and fatty acid composition (Hernández et al., 2017) using different molecular markers and approaches. However, biparental QTL mapping has many limitations in tree species due to their long generation times and juvenile period, high levels of heterozygosity, time-consuming trait evaluation, slow physiological maturation, and high levels of genetic variation between parents (Tian et al., 2014; Kaya et al., 2016).

In recent years, association mapping (AM) methods have been developed to detect the correlations between genotypes and phenotypes on the basis of linkage disequilibrium (LD) (Rafalski, 2010). AM has been a part of research on complex traits in various fruit trees, including peach (Aranzana et al., 2010; Cao et al., 2012), apricot (Olukolu, 2010), sweet cherry (Ganopoulos et al., 2011; Khadivi-Khub, 2014), almond (Kadkhodaei et al., 2011; Font i Forcada et al., 2015), grapevine (Barnaud et al., 2010) and apple (Kumar et al., 2013).

Olive core collection construction has been reported (Belaj et al., 2012; El Bakkali et al., 2013) and very recently new wide SNP polymorphisms in the whole genome and candidate genes were discovered (D’Agostino et al., 2018; Belaj et al., 2018; Cultrera et al., 2019). However, genome data are still incomplete and referred to a few genotypes (Cultrera et al., 2019) while several transcriptomic experiments have been already conducted leading to new candidate genes (García-López et al., 2014; Leyva-Pérez et al., 2014; Carmona et al., 2015; Guerra et al., 2015; Koudounas et al., 2015; Gómez-Lama Cabanás et al., 2015; González-Plaza et al., 2016; Iaria et al., 2015; Alagna et al., 2016; Grasso et al., 2017; Leyva-Pérez et al., 2018). Attempts of genome wide association studies were conducted using molecular markers such as SSR, AFLP, RFLP, and SNP (Ipek et al., 2015; Kaya et al., 2016; Ben-Ayed et al., 2017). However, until high level of genome sequencing information will be available and a whole oriented genome obtained, a candidate gene association mapping seems the most promising approach.

An important quality trait for the extra virgin olive oil is the fatty acid composition. In particular, a high content of oleic acid and low on linoleic, linolenic, and palmitic acid is considered very relevant in the health properties of the olive oil (Quintero-Florez et al., 2015). Recently, it has been shown that dietary supplementation with oleic acid reduces intestinal inflammation and tumor development in mice (Ducheix et al., 2018). In olive, oleic acid content ranges from 57% to 78%, while linoleic acid varies between 7% and 19% (Salas et al., 2000). A significant negative correlation exists between oleic and linoleic acid content (Sabetta et al., 2013; Hernández et al., 2017) since linoleic acid is directly formed by desaturation of oleic acid, which is catalyzed by the oleate desaturase activity (Shanklin and Cahoon, 1998). To date, oleate desaturase encoding gene (FAD2) has been isolated and characterized from many plant species, such as rapeseed (Yang et al., 2012), soybean (Heppard et al., 1996; Li et al., 2007), sunflower (Hongtrakul et al., 1998; Martínez-Rivas et al., 2001), peanut (Jung et al., 2000; Chi et al., 2011), flax (Krasowska et al., 2007), safflower (Guan et al., 2012a; Guan et al., 2012b; Cao et al., 2013), sesame (Jin et al., 2001), and cotton (Liu et al., 1999; Zhang et al., 2009). Arabidopsis has only a single FAD2 gene (Okuley et al., 1994), while most of other plant species possess small or large gene families in which each member is specifically or constitutively expressed in different organs. For example, in grape, FAD2 is encoded by a small FAD2 gene family with two members (Lee et al., 2012), while in safflower the FAD2 gene family is unusually large with 11 functionally diverse members (Cao et al., 2013).

In olive, two genes encoding microsomal oleate desaturases (OepFAD2-1 and OepFAD2-2) have been described and well characterized (Hernández et al., 2005; Hernández et al., 2009; Hernández et al., 2011), whereas only one gene corresponding to the chloroplast oleate desaturase (OeFAD6) has been reported (Banilas et al., 2005; Hernández et al., 2011). The FAD2-2 gene has been considered the main responsible for the linoleic acid content in the olive fruit mesocarp until now (Hernández et al., 2009) but recently in wild olive (Olea europaea L. subsp. europaea var. sylvestris), usually named oleaster, five FAD2 genes were found (Unver et al., 2017). These authors named FAD2-3 to the previously characterized FAD2-2 gene (Hernández et al., 2005; Hernández et al., 2009).

The FAD2 gene is the most important candidate gene for the linoleic acid biosynthesis in other species as well (Okuley et al., 1994; Belò et al., 2008; Singh et al., 2009; Guan et al., 2012a; Guan et al., 2012b; Font i Forcada et al., 2012);. Several studies focused on this key gene in order to modify the enzyme activity for enhancing the oleic acid content through natural or induced mutations in different species (Tanhuanpää et al., 1998; Hu et al., 2006; Mroczka et al., 2010; Yang et al., 2012; Wells et al., 2014).

However, in the cultivated olive studies aiming to evaluate natural allele variation in modulating the fatty acid composition are still scarce (Ipek et al., 2015; Ben-Ayed et al., 2017; Cultrera et al., 2019). Hernández et al. (2017) found the co-localized QTLs for oleic and linoleic acids, as well as for monounsaturated and polyunsaturated fatty acids, and for the oleic/linoleic ratio in linkage group 20 of Arbequina cultivar. However, the authors did not individuate a single segregating locus controlling the biosynthesis of oleic and linoleic acids. Fine-mapping of this QTL region and the analysis of sequence data are needed in order to highlight the genetic-molecular mechanism underlying the intra-specific natural variation of fatty acid composition in olive oil.

Most of FAD2 genes isolated in several plant species carry out in their 5′-UTR a large intron, which plays a role in the enhancement of FAD2 gene expression (Kim et al., 2006; Mroczka et al., 2010; Xiao et al., 2014; Zeng et al., 2017). In sesame, cis-elements having a role for the intron-mediated enhancement of FAD2 gene expression and the promoter-like activity of the intron sequence were identified. The sesame and Arabidopsis FAD2 introns conferred up to 100-fold enhancement of GUS expression in transgenic tissues of Arabidopsis as compared with intron-less controls (Kim et al., 2006).

To clarify the molecular mechanism underlying the natural variation of oleic and linoleic acid content in olive tree species, the FAD2 5′UTR intron was analyzed in this work through a bioinformatic, structural, and association study conducted in 97 olive varieties.



Materials and Methods


Plant Materials

The research was carried out at the CREA Research Centre for Olive, Citrus, and Tree Fruit official olive tree collection located in Mirto Crosia, Cosenza, Italy on the Ionian coast (39° 37′ 00′′ North latitude, 16° 45′ 53′′ East longitude) at 6 m a.s.l. Olive trees were planted since 1997 with four to five replicates for each variety spaced with a regular planting pattern of 4 × 6 m. The collection maintains more than 500 olive cultivars and accessions collecting from other official collections and commercial nurseries. The olive trees are grown using a vase training system, pruned with a turn of 3 years and usually irrigated during the summer with 1200 mc/ha on average using a localized drip irrigation system. Soil management is mainly characterized by permanent grass. All the cultivars here studied come from Italy with different regional origin (Table S1).



Phenotyping

A set of 97 olive varieties was chosen in order to cover the largest range of the phenotypic variability of fatty acid composition into the olive germplasm available into the collection (Table S1). Samplings of 10 to 15 kg drupes at the initial stage of veraison, were carried out from 1 or 2 replicate for each cultivar from 2003 to 2007 and olive oil was extracted within 6/12 hours from harvest using a hammer mill “Oliomio 50” (Toscana Enologica Mori). Olive oil samples were packed in 250-ml dark bottles and stored in a fresh place until analysis. The determination of fatty acid composition was evaluated according to the European Commission Regulation. The fatty acid methyl esters (FAMEs) were prepared following the method described by Christie et al. (1998). FAMEs were obtained by treating 0.15 g of oil with 100 μl of a methanolic solution of 2N potassium hydroxide and n-hexane to make up a final volume of 1.5 ml. The resulting solution was shacked vigorously for 5 min at room temperature. Afterwards, an aliquot of the supernatant (0.2 μl) was dissolved in n-hexane to make up a final volume of 2 ml from which 20 µl were injected into a gas chromatographer (GC). The analyses were conducted by means of an Agilent GC (6890N) equipped with a capillary column SP-2340 (60 m × 0.25 mm i.d., 0.2 μm f.t., Supelco) and a flame ionization detector (FID). Nitrogen was used as carrier gas. The temperature of the column, injector, and detector were set at 180°C, 230°C, and 260°C, respectively. The separation of the analytes was carried out by programming the temperature as follows: 110°C held for 5 min, increase of 3°C/min to 150°C and held for 16 min, increase of 4°C/min to 230°C and held for 27 min. Peaks were identified by comparing their retention times with those of authentic reference compounds. The results were expressed as relative area percent of total FAMEs. Because of the high degree of correlation between oleic and linoleic fatty acids (Sabetta et al, 2013; Hernández et al., 2017), both fatty acids were taken in account.

Climate parameters (average temperature and rainfall) were registered under the same period, from April to November, kindly provided by ARSAC, Agrometereology Service. Pearson and Spearman correlation coefficients of the both climate and phenotypic traits among years were calculated using the PAST software (Hammer et al., 2001).



Population Structure Analysis

SSR analysis was conducted according to Ben Mohamed et al. (2017) using a set of 21 microsatellite markers. A combination of three SSR loci was used in multiplex PCR amplification strategy. DCA3-6Fam, DCA18-6Fam, DCA8-VIC, DCA5-VIC, DCA11-PET, DCA16-6Fam, DCA9-NED (Sefc et al., 2000), GAPU82-NED, GAPU71B-6Fam, (Carriero et al., 2002), UDO4-VIC, UDO12-NED, UDO15-NED (Cipriani et al., 2002) and EMO090-NED (De la Rosa et al., 2002), OLEST1-6Fam, OLEST7-PET, OLEST9-6Fam, OLEST12-6Fam, OLEST14-VIC, OLEST15-VIC, OLEST20-NED, OLEST23-PET (Mariotti et al., 2016) loci were used in this work. PCR products were separated on an ABI PRISM Genetic Analyzer 3130xl (Applied Biosystems Inc., Foster City, CA, USA). Frantoio and Leccino authenticated cultivars were included into the analysis as internal reference to verify the correctness of molecular data. SSR fragments were analyzed by Gene Mapper 3.7 software (Applied Biosystems, USA).

The data obtained by scoring of SSR profiles were used to evaluate the genetic structure of population using STRUCTURE v.2.3.4 (Pritchard et al., 2000) software with K ranging from 1 to 12. The admixture model with correlated allele frequency, a burn-in length of 100.000 followed by 100.000 runs at each K, with three iterations for very K, were used. The true value of K was determined by the Evanno method (Evanno et al., 2005) implemented in Structure Harvester web version 0.6.93 (Earl and Von Holdt, 2012). The Wright’s inbreeding coefficient Fst was calculated using PopGene 1.32.



Cloning and Sequence Analysis of FAD2-2 Genomic Clone Including 5′UTR Intron

Genomic DNA from young and healthy leaves collected from the same 97 olive cultivars was prepared using the GenElute™ Plant Genomic DNA Miniprep Kit (Sigma-Aldrich), according to the manufacturer’s protocol. DNA quantification and quality evaluation were carried out by the NanoDrop 2000 spectrophotometer (Thermo Scientific) and samples were then diluted to 10 ng/µl. OepFAD2-2 cDNA sequence isolated from olive by Hernández et al. (2005) was used as template for drawing primer pairs for targeted PCR gene-walking approach to isolate the complete FAD2-2 gene in the olive cv. Nocellara Messinese. At first, two gene-specific primers (F: 5′-TGAAGGGCGAGCAGTGTGT-3′; R: 5′-CAACTCATTTGATCTTCAACAACCA-3′) were drawn on the 5′ and 3′ terminals of the full-length cDNA sequence, available at the NCBI database (accession n. AY733077.1). These primers amplified the whole genomic region of the gene, which turned out to be much longer than the cDNA sequence; different rounds of nested PCRs followed by direct amplicon sequencing were then performed until the entire genomic sequence was covered. Amplification reactions were performed in a final volume of 20 µl in the presence of 20 ng template DNA, 1× PCR buffer, 1.5 mM of MgCl2, 0.5 µM of forward and reverse primers, 0.2 mM of each deoxynucleotide, and 1U Taq DNA polymerase (Invitrogen by Life technologies). Polymerase chain reactions were performed, using a Verity™ Thermal Cycler (Applied Biosystems), as follows: 94°C for 3 min followed by 35 cycles at 94°C for 45 s, 56°C for 30 s, 72°C for 1 min and 30 s, then 72°C for 10 min. PCR products were analyzed on 1.2% agarose gel in 1X TAE. Subsequently, the olive FAD2-2 gene was sub-cloned into six fragments of approximately 600 bp in PCR-XL-TOPO® vector (Invitrogen by Life technologies) and the recombinant vectors were transformed into competent E. coli cells, following the manufacturer’s protocol. The primer list is reported in Table S2.

Direct sequencing in both directions of the PCR products was performed on an ABI3130 Genetic Analyzer (Applied Biosystems-Hitachi, United States) using the ABI Prism BigDye Terminator v.3.1. Ready Reaction Cycle Sequencing Kit (Applied Biosystems). An overlapping region on both ends of at least 100 bp from each gene fragment allowed the reconstruction of the entire genomic sequence. The obtained sequences were aligned to the reference cDNA sequence (Hernández et al., 2005) and assembled by SeqMan v.7.0.0 (DNASTAR Lasergene) leading to the two alleles of the gene. In order to confirm the data about homozygous/heterozygous samples for the 117 bp insertion/deletion obtained from the sequence alignment, a gene-specific primer pair (F:5′-CAAGGGATGTTAGGTTGCAG-3′; R:5′-GAGAAATATCAACATCTGTAGGC-3′) was drawn on the sequence fragment containing the insertion/deletion, the DNA of the remaining 96 cultivars was amplified and the corresponding PCR products were analyzed on 1.2% agarose gel in 1X TAE.

In order to evaluate the polymorphisms in the 5′UTR intron, four fragments of about 550 nucleotides length in the intron region of the FAD2-2 gene were amplified with a set of specific primers (Table S3) and sequenced by Sanger method in the 96 olive cultivars selected. Sequence alignment was conducted using the same software above described and SNPs, indels mutations were identified excluding rare SNPs and Indel with a frequency <5%.

The two allelic forms of FAD2-2 gene of the cv. Nocellara messinese were aligned between them by Clustal Omega Mega-Multiple Sequence Alignment with the Neighbor-joining method (https://www.ebi.ac.uk/Tools/msa/clustalo/10122018), then they were aligned to cv. Farga (Cruz et al., 2016) (https://blast.ncbi.nlm.nih.gov/Blast.cgi/10122018) and var. sylvestris (Unver et al., 2017) whole genomes. A publicly available web database, PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/10112018), was used to locate Cis-Acting Regulatory Elements in the intron sequence. The intron region of the two allelic forms of FAD2-2 isolated in Olea europaea and in some other plant species (Sesamum indicum, Glycine max, Arabidopsis thaliana, Brassica napus, Perilla frutescens, Camelina sativa, Carthamus oxyacanthus, Carthamus persicus, Carthamus tinctorius, Salvia hispanica, Sinapis alba) was analyzed by IMEter v2.0 software, its algorithm is a good predictor of how well the intron sequence will enhance gene expression (Parra et al., 2011).



Polymorphism, Linkage Disequilibrium Estimation and Single SNP-Based Association Analysis

DnaSp v6. software was used for DNA polymorphism analysis, haplotype reconstruction from unphased data, intragenic recombination (IR) and linkage disequilibrium (LD) degree. For haplotype reconstruction, the algorithm provided by PHASE (Stephens et al., 2001; Stephens and Donnelly, 2003) was used with 1,000 iterations, thinning intervals equal to 10 and 1,000 burn-in iterations. LD between polymorphic sites was estimated by the correlation coefficient (r) calculated from inferred haplotypes. Both the Fischer’s exact test and Chi-square test were used for evaluating significant pairwise associations and Bonferroni correction was also applied. Linkage disequilibrium decay was calculated with the software R 3.4.1 (R Core Team, 2017) by using r2 parameters.

Single SNP association analysis was conducted using oleic and linoleic acid content data from 2003 to 2007 years. The mixed linear model (MLM) in Tassel 5.2.51v was implemented with the kinship matrix (K matrix) and the Q matrix, in order to take into account the effects of relatedness among varieties and population structure. The K matrix was calculated using Past software from the 21 SSR markers used for the population structure analysis. Correction for multiple testing was carried out using the estimated false discovery rate (FDR) values (Storey and Tibshirani, 2003) in the R package using function p.adjust. Markers with FDR ≤ 0.05 were considered significant. Manhattan plots were visualized using TASSEL 5.2.51v for the single SNP association study. The indels found in the 5′UTR intron were treated as a single polymorphism and computed in association analysis. The TASSEL 5.2.51v software calculates genotypic effect and not allele effect as deviations from the estimated value of the genotypic class with lowest frequency. The class with lowest frequency is set as zero effect, then the other genotype effects are given as deviations between their estimated values and the lowest frequency class.




Results


Phenotyping: Fatty Acid Composition Variation

Average rainfall and temperature registered were in a range between 240 (2004) and 658 mm (2005) and 20°C (2005) to 23°C (2003) (Figure S1) under the period 2003 to 2007. Highly significant correlations were obtained for temperature among the years with a Pearson’s correlation index ranging from 0.95 to 0.99 while no significant correlations were observed for rainfall among the year except for 2003, 2004 versus 2007 year (Table 1), indicating a large rainfall fluctuation over the years. A wide range of variation was observed for the acidic composition (oleic acid: 53–78%; linoleic acid: 3.4–22.5%) covering a large part of the natural variation described for olive (Table S1).


Table 1 | Pearson correlation indexes (A, B) for climate parameters and Spearman correlation indexes (C, D) for fatty acid composition among years. The asterisks indicate the significance of statistical test.



Since the frequency of phenotypic data showed an asymmetric distribution (Figure 1), correlation indexes were calculated using a nonparametric statistical test (Spearman’s correlation index). High significant correlations were observed for both oleic and linoleic acid content among the years at high significance level (P = 0.01). The Spearman’s correlation index ranged from 0.65 to 0.9 and from 0.61 to 0.9 for oleic and linoleic acid, respectively (Table 1).




Figure 1 | Frequency distribution of the 97 olive varieties for oleic acid (A) and linoleic acid (B) content.





Population Structure Analysis

The population structure analysis conducted on the 97 olive varieties using a set of 21 SSR markers leaded to 2 main groups, here named ‘Red’ and ‘Green’ (Figure S2). A differentiation related to geographic origin was discovered for Sicily and Sardinia cultivars belonging mainly to the red group, while almost all the Abruzzo and Molise cultivars were clustered in the green group. Worthy to note, that almost all the cultivars from Abruzzo clustering in the green group showed a reduced oleic acid content on average (63.64%) in respect of cultivars from Sicilia and Sardinia belonging to the red group showing on average oleic acid content of 68.7% and 68.9% respectively. However, the red and green groups showed a weak difference each other for the oleic acid content, on average 69.3% and 67.5% respectively.

Not a clear differentiation related to geographic origin was highlighted for the other varieties and a lot of admixed genotypes were found. Membership >0.9 was found for the following group of varieties: “Ghiannara,” “Procanica,” “Reale,” “Corsicana da olio,” “Nostrale di Fiano Romano,” “Ottobrina,” “Gaggiolo,” and “Mignolo.” This group of cultivars was considered of clonal origin and excluded from association analysis except one of them (“Mignolo”) considered as reference cultivar.

The Wright’s inbreeding coefficient Fst (Fst = 0.033) confirmed a low degree of population differentiation.



Genomic Organization, Polymorphisms and Cis-Regulatory Elements of the Olive FAD2-2 Gene 5′UTR Intron

The molecular cloning of FAD2-2 gene in cv. Nocellara messinese, led to isolate two heterozygous allelic forms, here named OeFAD2-2a and OeFAD2-2b of 3535 bp and 3624 bp length characterized by 2143- and 2242-bp single introns in the 5′UTR, respectively (Figure 2A). Their sequences were deposited in GenBank database (Accession numbers MN586855 and MN586856 respectively). The alignments of OeFAD2-2a and OeFAD2-2b to both wild and cultivated olive whole genomes allowed to locate OeFAD2-2 on chromosome 17 (Unver et al., 2017) and scaffold Oe6_s00121 (Cruz et al., 2016).




Figure 2 | (A) Alignment of a fragment of the intron region of OeFAD2-2a and OeFAD2-2b from cultivar Nocellara messinese. Three long indels of 13 bp, 117 bp and 5 bp, respectively, are underlined. (B) Partial view of OeFAD2-2b intron region spanning the 117 nucleotide-long insertion (highlighted in grey). Two stretches of 49 nucleotides (underlined with a solid black line) and 53 nucleotides (dashed black line) are duplicated. Polymorphic bases within duplications are marked in bold italic. * Similar nucleotide.



The alignment of the intron regions between the two allele forms revealed three indels: 117, 13, and 5 bp length (Figure 2A). The insertion of 117 bp showed two long duplications of 49 and 53 bp (Figure 2B) and allowed to distinguish 10, 31, and 45 cultivars in homozygous deletion, homozygous insertion, and heterozygous status, respectively.

Intron sequences showed standard splicing borders GT … AG and were located 11bp from the ATG translation initiation codon. The GC content was 31% indicating a rich component of A+T typically found in other 5′UTR introns (Lozinsky et al., 2014).

The OeFAD2-2b intron sequence was analyzed for known cis-acting elements through a web search of publicly available database (PlantCARE). Several cis-acting regulatory elements were found (Figure 3, Table S4), most of them similar to those found in the SeFAD2 promoter, leading us to speculate a promoter-like role for intron sequence in olive too. The analysis of the intron region of the two allelic forms OeFAD2-2a and OeFAD2-2b by IMEter v2.0 software revealed a score of 18.11 and 18.24 respectively, higher than Sesamum indicum (11.65) and Brassica napus (11.76) scores as reported in (Table S5). The higher the IMEter score, the more likely the intron is expected to enhance gene expression; in particular, introns that moderately enhance expression tend to have IMEter v2.0 scores above 10 and introns that strongly enhance expression tend to have scores above 20. The pentamer CGATT appears to be an important part of the Intron-Mediated Enhancement (IME) signal, in fact is one of many pentamers used by the IMEter to score introns, and it is the pentamer which shows the biggest difference in frequency between a set of promoter-proximal and promoter-distal introns (Parra et al., 2011). This sequence was detected twice in the 5′UTR intron sequence of OeFAD2-2, within TATA box and TGACG-motif/TATAbox, respectively (Figure 3).




Figure 3 | Partial nucleotide sequence of the OeFAD2-2b 5′UTR from olive cultivar Nocellara messinese. In italics the sequence regions analyzed in other 96 cultivars and in bold single-nucleotide polymorphisms (SNPs). In the boxes, the GT and AG dinucleotides at both ends of the intronic region and ATG as translational initiation are shown. The insertion of 117bp, not present in the sequence of the OeFAD2-2a allele, is shaded grey. In dark grey the pentamer CGATT belonging to IME signals. Moreover, several potential cis-regulatory elements are underlined and designated with the names of each of the motifs.



The SNPs and indel analysis conducted on the 5′UTR intron of the 97 olive cultivars detected 39 SNPs (Figure 3). Considering a whole length of the longest of the 5′UTR intron (2242 bp) and excluding indels, a SNP frequency of 1/53 bp was observed. All the selected SNPs were considered common (minor allele frequency > 5%). Among the 39 SNPs individuated, 7 were located within or in close vicinity of cis-regulatory elements (Figure 3).



Polymorphism Diversity and Linkage Disequilibrium Estimation

Nucleotide diversity (π) was estimated at 0.0038 indicating a high genetic diversity within the population sample further encouraging the association study. The number of the reconstructed haplotypes by using the DnaSP software was 115. The level of LD between pairs of loci using the inferred haplotypes data of the association population, provided high significant correlations among 16 SNP polymorphisms (Table 2) with a range of R from −0.17 to 1. Negative signals indicated a negative correlation between SNPs frequency. The highest positive correlations were found among the following polymorphisms: SNP9, SNP13, SNP14, SNP15, SNP20 with a range of R varying from 0.81 to 1 and between SNP23 and SNP26 with a 0.87 correlation index (Table 2). LD decay calculated using inferred haplotypes showed a very quickly decay with a R2 dropping to < 0.1 at least 200bp distance within the 5′UTR intron of FAD2-2 gene (Figure 4). The intragenic recombination test confirmed this pattern indicating 174 different recombination events in the 115 calculated haplotypes with 19 minimum number of recombination events. Tajima neutrality test was not statistically significant (D = 0.84) indicating no selection pressure for the 5′UTR intron.


Table 2 | Results of the LD analysis where the distance between pair of SNPs and their significant pairwise associations were calculated using both the statistical D′ and R.







Figure 4 | LD decay calculated on inferred haplotypes using r2 parameters.





Trait-Marker Association Analysis

The association analysis, carried out between 39 SNPs and oleic and linoleic acid content for 4 years, using the mixed linear model (MLM) with Q matrix and kinship included, allowed to individuate 20 significant associations (P< 0.05) after correction for multiple testing, for 7 SNPs (Figure 5). The SNP3, SNP23, SNP26 and SNP29 resulted significantly associated in three years, the SNP16 in two years, while the SNP2 and the SNP19 were significant only for one year (Figure 5). Among the indels analyzed, only the 13bp indel was significantly associated to both oleic and linoleic acid but only in 2006 year (data not shown). Marked differences in oleic acid content were observed between homozygous and heterozygous genotypes for SNP3, SNP23, and SNP26 (Figure 5) for all three years where they resulted significantly associated. This pattern of gene action suggested an over- or under dominance effects. Homozygous genotypes decreased oleic acid content with the same pattern for all three years with a negative effect of −3 and −10 for TT and CC genotypes, respectively, versus the heterozygous genotype in the SNP3. Similar values of genotype effects were observed for both the SNP23 and SNP26, with −5 and −6 values for the CC and TT homozygous genotypes. Less marked differences were observed for linoleic acid content (Figure 5), probably due to the minor range of variation. Interestingly, genetic population structure analysis clustered almost all the Abruzzo cultivars in a single group showing the CC/TT homozygous genotype for both the SNP23 and SNP26 except the cultivar Dritta showing heterozygous genotype for the latter SNP.




Figure 5 | Genotypic effects of the significantly associated SNPs on oleic and linoleic acid content in different years. The X-axis indicates the genotype status of cultivars (letters) and the absolute frequency of genotypes (number). R2: is the statistical used for association analysis and p is the Benjamini-Hochberg Adjusted p value.



The SNP26 was located within the joint elements box-W1/TATA box (Figure 3). The SNP2 resulted significantly associated only to the linoleic acid in 2004 with a gene action pattern consistent with an additive effect. The SNP16 seemed to show a similar pattern too. The SNP19 had a pattern probably consistent with an over dominance effect considering the great increment of linoleic acid by heterozygous genotype in respect of that of two homozygous one. The indel of 13bp resulted significantly associated after multiple testing correction (data not shown) for 10 individual polymorphisms contributing to explain 13% and 9% phenotypic variance for the oleic and linoleic acid content, respectively. The proportion of phenotypic variation explained by the associated SNPs and indel varied among the years ranging from 7% to 16% (Figure 5). On average SNP3, SNP23, SNP26 explained the major phenotypic variance with 9.7%, 9.6% and 11% for oleic acid content.




Discussion

In this work, starting from the cDNA of the FAD2-2 gene isolated from Hernández et al. (2005), a complete genomic clone was isolated by a gene-walking approach and four fragments of the 5′UTR intron were characterized through an in silico and structural analysis with the aim to explore the natural allelic variability of FAD2-2 in 97 olive varieties and its role in the gene expression regulation. The molecular cloning of FAD2-2 gene allowed to distinguish two allelic forms, OeFAD2-2a and OeFAD2-2b. A single intron in the 5′UTR was isolated, and three indels were individuated. In particular, the insertion of 117 bp showed very interestingly two long duplications of 49 and 53 bp. No duplications have been previously individuated in the 5′UTR intron of FAD2-2 genes in olive. Similarly, Cultrera et al. (2019) analyzing polymorphisms of different gene fragments belonging to crucial metabolic pathways, found a tandem duplication made up of a 166 bp motif within OeSUT1 exon in olive. Zeng et al. (2017) found a transposable element insertion at position −26 bp in the 5′ upstream region from the translation start codon in FAD2 gene in Sinapis alba. Martínez-Rivas et al. (2001) and Cao et al. (2013) asserted the FAD2 genes family evolved by duplication from constitutive expressed FAD2 genes, and recently, it was confirmed in wild olive (Unver et al., 2017).

In this work, the hypothetical mechanisms concerning the origin and evolution of introns have not been explored, but the presence of two duplications within the 5′UTR intron led us to speculate other mechanisms could be occurred in the differentiation of FAD2 genes, such as the multiplication of a preexisting intron by tandem duplication or creation of a new intron by internal gene duplication (Gao and Lynch, 2009; Ma et al., 2016).

It is known that the presence of a 5′UTR intron can enhance gene expression depending on different characteristics of the intron: i) different size of the intron; ii) distribution of the motifs dispersed throughout the 5′ intron region iii) position of intron with respect to the 5′UTR and the translation start site (Chung et al., 2006). The 5′UTR lengths vary dramatically among individual genes in higher eukaryotes and can range from a few to thousands of base pairs. This large range of 5′UTR lengths suggests that there may be greater regulation of specific mRNA subsets (Leppek et al., 2018). Without any doubt, the duplication event here found, increased the size of the intron in the 5′UTR of the FAD2-2 gene in olive.

The IMEter score here found for OeFAD2-2a and OeFAD2-2b introns indicated a medium-high induction of the gene expression. Genes with the most powerful IME signals appear to be highly and widely expressed housekeeping genes (Parra et al., 2011). A phylogenetic analysis of FAD2 and FAD6 enzymes conducted by Hernández et al. (2005) led to classify OeFAD2-2 gene as housekeeping-type. Expression analysis of olive FAD2-2 gene showed that it is highly expressed in mesocarp and seed during the ripening period of olive fruit (Hernández et al., 2009). Different authors reported a constitutively expression of FAD2-2 genes but with a differentiated spatial and temporal expression level regulation as well (Jin et al., 2001; Zhang et al., 2009; Dar et al., 2017). FAD2 genes seem to play a key role for some crucial processes for the plant survival such as fatty acid synthesis, plant development, cold and salt tolerance (Dar et al., 2017). In olive, FAD2-2 gene was shown to be the main gene responsible for the oleic acid desaturation with a differentiated gene expression during the ripening stages well correlated with linoleic acid biosynthesis pattern (Hernández et al., 2009). Furthermore it seems involved in cold tolerance (Matteucci et al., 2011). It was also shown in olive a different expression level between two olive cultivars, Picual and Arbequina, induced by low and high temperature, darkness, and wounding, without changing the oleic and linoleic acid contents in the mesocarp (Hernández et al., 2011). In addition, in Arbequina cultivar, FAD2-2 is involved in the response to draught (Hernández et al., 2009). Expression levels of olive FAD2 genes have also been studied in relation to regulated deficit irrigation and salt stress (Hernández et al., 2018; Moretti et al., 2019).”

The in silico analysis of the 5′UTR intron in the FAD2-2 gene showed cis-acting elements putatively involved in above described responses. Additional cis-acting elements found in the duplications such as TATA box and CAAT box; TGACG-motif and the Box 1 involved to abscisic acid (ABA) and light response, respectively were found and seem to indicate an evolutionary pathway toward an enhancing of the expression level rather than new functionalization. In fact, it could also have to do with the evolutionary option aiming to maintain high the energetic and time costs to transcribe and splice introns, option that could be significant enough to influence the organism’s phenotype. For instance, some highly expressed genes are found under strong selection to remain intron-poor for transcriptional efficiency, whereas other genes are found to have longer and numerous introns to enhance expression (Lozada-Chávez et al., 2018). No relationships were found when the 117 bp insertion was analyzed for significant associations with the acidic content variation, but other biological processes, here not studied, could be involved.

A double presence of the pentamer CGATT as part of IME signals, the very near location of the intron (11bp) to the translational starting site and the duplications within the sequence probably could contribute overall to enhance the gene expression level (Chung et al., 2006; Lozinsky et al., 2014).

The SNP frequency detected in the 5′UTR intron was lower than those found in intron region of genes belonging to the same primary biosynthetic pathway such as acyl carrier protein (ACP) genes (Cultrera et al., 2019), even if this author found on average a higher SNP frequency than other species. Although in this study the neutrality test was not significant, it is worthy to note that 5′UTR introns may be subject to different selective forces from the introns in CDSs and 3′UTRs, possibly due to a specific regulatory role in gene expression (Chung et al., 2006). For instance, differences in the rate of evolution of FAD2 5′UTR were found in Gossypium species (Liu et al., 2001) suggesting that the selection pressure on these regions could be really different.

Although the Wright’s inbreeding coefficient indicated a low degree of population differentiation in general confirmed also by a weak difference in oleic acid content between red and green group, interesting correlations were observed among almost all the Abruzzo cultivars, (clustering in the green group), their allelic homozygous status for the both SNP23 and SNP26 and oleic acid content. Moreover, the same average oleic acid content found in Sicilian and Sardinian cultivars clustering in the same group, suggested a strong genetic relationship as found also by other authors (Baldoni et al., 2006). Similarly, other authors found a correlation between phenotypic traits and genetic population structure in olive (D’Agostino et al., 2018; Zhu et al., 2019) confirming a high heritability of the analyzed traits (D’Agostino et al., 2018).

The correlation between alleles in a population is stated by LD (Myles et al., 2009). The pattern and extent of LD determines the resolution of association mapping studies (Flint-Garcia et al., 2003). For outcrossing species like most trees, rapid LD decay was reported (Krutovsky and Neale, 2005; Ingvarsson, 2005; Wegrzyn et al., 2010) and for these species, a large number of markers are required to detect significant marker-trait associations (Flint-Garcia et al., 2003; Myles et al., 2009). In fact, a high number of recombination events have been here found and very quick LD decay has been observed, but if the physical position of mutations was known, probably a slower LD decay would had expected as observed by Cultrera et al. (2019).

The association study allowed to individuate 7 SNPs significantly associated to the oleic and linoleic content variation. Some of these associations were confirmed along the years although rainfall fluctuations were observed. These results confirmed the high heritability of fatty acid composition (Ripa et al., 2008; Dabbou et al., 2010; De la Rosa et al., 2016). However, a low number of genotypes associated with a few SNPs (SNP3, SNP16 and SNP19) for the trait “low oleic/high linoleic content” were observed due to a sampling bias of the population that explains in fact the asymmetric distribution of the frequency classes for oleic and linoleic acid traits. This pattern of distribution of phenotypic variation will need to be enlarged in the future studies.

All the SNPs significantly associated, were located near or outside of the cis-acting elements putatively involved in fatty acid biosynthesis regulation. The 5′ and 3′ untranslated regions (UTRs) are non-coding and do not directly contribute to the protein sequence. Free from the constraints of encoding proteins, UTRs can form considerable Watson–Crick and non-canonical base pairing that can potentially impact every step of translation (Leppek et al., 2018). Despite the evolutive conservation of the 5′UTR intron, the high structural variability found among and within the species makes difficult to speculate about a specific regulation mechanism (Lozinsky et al., 2014).

All the associations identified in this study explained a small proportion of the phenotypic variance. These small effects attributed to individual SNPs were consistent with earlier studies in accordance with polygenic quantitative models of plant traits (Eckert et al., 2009; Tian et al., 2014).

Although a higher number of genotypes probably are needed in olive, two SNPs in high LD seem to give a contribute to the oleic acid increasing/linoleic acid reduction in a genotypic way referring to a under/over-dominance effect of the heterozygous CT genotypes. These results are consistent with the high heterozygous status of the olive genome (Muleo et al., 2016) and led us to speculate that acidic composition variation within Olea europaea L. species might be regulated by mutations within the FAD2-2 5′UTR intron.

In conclusion, our work confirmed the presence of a large intron within the 5′UTR of the FAD2-2 gene also in the olive tree, highlighting the presence of a double duplication. The in silico analysis addressed us toward a putative role of the 5′UTR intron in the regulation of gene expression showing several cis-regulatory elements. Furthermore, the LD and association analysis showed that the SNP23 and SNP26 resulted strictly associated each other and seemed to contribute to the increase of oleic acid/reduction of linoleic acid. These results will be validated by an analysis of gene expression in order to confirm the putative regulation mechanisms here raised.
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The olive tree is one of the most important economic, cultural, and environmental resources for Italy, in particular for the Apulian region, where it shows a wide diversity. The increasing attention to the continuous loss of plant genetic diversity due to social, economic and climatic changes, has favored a renewed interest in strategies aimed at the recovery and conservation of these genetic resources. In the frame of a project for the valorization of the olive Apulian biodiversity (Re.Ger.O.P. project), 177 minor genotypes were recovered in different territories of the region. They were submitted to morphological, molecular, technological and phytosanitary status analysis in comparison with reference cultivars, then they were propagated and transferred in an ex situ field. All the available information was stored in an internal regional database including photographic documentation and geographic position. The work allowed obtaining information about the genetic diversity of Apulian germplasm, to clarify cases of homonymy and synonymy, to check the sanitary status, and to identify candidate genotypes useful both to set up breeding programs and to enrich the panel of olive cultivars available to farmers for commercial exploitation.
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Introduction

The cultivated olive (Olea europaea subsp. europaea var. europaea) is a typical fruit tree crop of the Mediterranean Basin where it is spread on over eight million of hectares. In Italy, the olive culture represents one of the most important economic, cultural and environmental resource (Clodoveo et al., 2014; Famiani et al., 2014). The Italian olive germplasm is estimated to include about 800 cultivars, most of them landraces vegetatively propagated at a farm level since ancient times (Muzzalupo, 2012), and new local genotypes are continuously described. This wealth is due to the high environmental variability of Italian growing area, and it represents an opportunity for the Italian olive oil sector. The increasing attention to the continuous loss of plant genetic diversity, known as genetic erosion, due to social, economic and climatic changes, determined targeted international policies to preserve plant species subjected to extinction risk. The International Treaty on Plant Genetic Resources for Food and Agriculture (FAO, 2001) created a mechanism for an equitable use of these resources and envisaged the creation of a global information system to facilitate the recovery and sharing of plant genetic resources (Sardaro et al., 2018). Plant biodiversity is a resource of genes useful to adaptation to environmental changes. The characterization of ancient and rare plant genetic resources is prominent as source of agronomical traits important for cropping system evolution (Caruso et al., 2014; Vivaldi et al., 2015; Rosati et al., 2018a; Rosati et al., 2018b), reduction of water consumption (Pellegrini et al., 2016), facing emergent diseases resistance (Saponari et al., 2019) and resilience to climate changes (Taranto et al., 2018).

Apulia region (Italy) hosts one third of the Italian olive cultivated area, with about 50 million of olive trees showing a wide diversity. The particular conformation of the Regional territory, stretched on more than 400 Km, offers a great variability of pedoclimatic conditions (Sardaro et al., 2015). Due to its geographical position, Apulia was a cross point for commercial routes since ancient times, allowing a remarkable complexity and richness in autochthonous varieties as documented in several researches (D'Agostino et al., 2018).

In 2013, the integrated project Re.Ger.O.P. (Apulian Olive Germplasm Recovery) focused the attention on the Apulian olive biodiversity through a structured program of activities including historical investigation, cataloguing, genetic and technological characterization, sanitary status investigation and conservation of the collected local germplasm.

Morphological descriptors are an important tool to study the genetic diversity within a cultivated plant species; indeed, they represent the phenological traits normally used in taxonomic classification (Blazakis et al., 2017). The International Union for the Protection of New Varieties of Plants (UPOV) established both parameters and methodology for olive germplasm characterization (UPOV, 2011).

Nonetheless, in the last two decades, the morphological descriptors have been integrated with molecular markers, such as SSR markers that have demonstrated a very good efficiency in olive genotyping (Muzzalupo et al., 2008; Muzzalupo et al., 2014; Boucheffa et al., 2017; Chiappetta et al., 2017; Boucheffa et al., 2019; Sion et al., 2019), population genetics (Albertini et al., 2011; Mousavi et al., 2017; di Rienzo et al., 2018a), and traceability of products (Pasqualone et al., 2015; Montemurro et al., 2015; Binetti et al., 2017; Sabetta et al., 2017).

An essential prerequisite in the genetic resources' conservation is also the assessment of the phytosanitary status (Fontana et al., 2019). As for other vegetative propagated crops, olive is affected by several pathogens (viruses, fungi, bacteria and phytoplasmas) that persist in the budwood and can be transmitted and disseminated with it, with severe economic effects on yield and production quality (Martelli et al., 2002; Loconsole et al., 2010). The use of ‘healthy’ plants for new plantations is crucial for the quality of crop production, restraining the spread of pathogens and diseases, and potentially reducing chemical applications and the environmental impacts of agricultural practices (García-Mier et al., 2013). Moreover, the use of local varieties, recovered from autochthonous germplasm, could support programs of resistance evaluation to emergent pests (Giampetruzzi et al., 2016; Saponari et al., 2019).

Despite the economic importance of olive (ISMEA, 2019), few major cultivars are generally used for virgin olive oil (VOO) production, neglecting the heritage of minor cultivars that could be an important resource to broaden the product offer to the consumers. Indeed, the genotype component, coupled with the extraction technology, strongly affect the VOO characteristics in terms of quality, oxidative stability and organoleptic features (Rotondi et al., 2010; Caponio et al., 2018a; Caponio et al., 2018b; Tamborrino et al., 2019).

The aim of this work was to obtain information about genetic variability among Apulian germplasm, to clarify cases of homonymy and synonymy, to check the sanitary status, and to identify candidate genotypes useful both to set up breeding programs and to enrich the existent panel of olive cultivars. The integrated approach here proposed allowed to reach a deep knowledge on several aspects connected to the olive germplasm for a faster and efficient recognition of the best candidates suitable for commercial and economic valorization.



Materials and Methods


Collection of Olive Germplasm

To identify the minor genotypes spread in Apulia region (Southern Italy), bibliographic researches about the varieties cultivated in the past centuries were conducted in cooperation with local farmers and by means of meetings organized along the regional territory. Plants were recovered in the marginal areas of the Apulian provinces of Foggia, Bari, Brindisi, Taranto, BAT (Barletta–Andria–Trani) and Lecce (Figure 1). Genotypes were geo-referenced trough cartography and GPS data of the fields. In addition, a photographic documentation with a geotag system and 3D photographs for remote recognition of tree canopy, rural landscape and soil characteristics were obtained. A total of 177 genotypes were collected and they were submitted to the different characterizations, depending on the availability of the plant material (Supplementary Table 1).




Figure 1 | Geographic map of ‘Apulia’ with collection sites of samples.





Morphological Characterization

The morphological characterization was performed on 97 genotypes using 24 descriptors indicated by UPOV, including three descriptors for the leaf, 11 for the fruit, and 10 for the stone (Supplementary Table 2). Each genotype was represented by one to three trees, depending on genotype; in few cases the tree consisted in a primary branch only. Observations were made on 50 leaves, 50 fruits and 50 stones per genotype. Leaves were collected in late spring, on 1-year shoots; fruits were harvested in middle autumn, with a pigmentation index between 3 and 5 (Camposeo et al., 2013). The morphological data were converted in a discrete data matrix (Supplementary Table 3) and used to obtain a Neighbour–Joining dendrogram performed with Darwin software version 6.0.010 (http://darwin.cirad.fr) (Felsenstein, 1985), using 10,000 bootstrap replications. The data were compared with the reference cultivars present in the OLEA database (OLEADB, http://www.oleadb.it) which includes 1,626 cultivars preserved in 102 field collections of different countries (Bartolini et al., 2014).



Genetic Characterization

The molecular characterization was performed on 177 Apulian genotypes using 11 preselected microsatellite markers suitable for olive cultivar discrimination (Sefc et al., 2000; Carriero et al., 2002; Cipriani et al., 2002; Dela Rosa et al., 2002; Baldoni et al., 2009) (Supplementary Table 4). The obtained genetic profiles were compared with that of 59 olive cultivars diffused in all the Italian territory and maintained at the conservation field of Palagiano (TA, Italy), used as references (Supplementary Table 1). For genomic DNA extraction, three young leaves of each sample were lyophilized and finely grinded, and 50 mg of tissue were used, following the protocol of Spadoni et al. (2019). DNA quality and concentration were assessed using a NanoDropTM ND2000C (Thermo Fisher Scientific, Waltham, MA, USA), and normalized at 50 ng/μl into a 96-well plate (Nunc 96-Well Multiwell Plates). DNA amplification and analysis were conducted according to di Rienzo et al. (2018a). Detection, sizing and data collection were carried out using the GeneMapper 5.0 software (Applied Biosystems, Foster City, CA, USA).

Genetic diversity was investigated through different genetic indices, such as Number of alleles (Na), effective alleles (Ne), Shannon's information index (I), observed (Ho) and expected (He) heterozygosity and fixation index (F) (Wright, 1949) implemented in GENALEX software v.6.5 (http://anu.edu.au./BoZo/GenAIEx). This software was also used to calculate the allelic similarity for codominant data based on the pairwise relatedness, following the Lynch and Ritland estimator (LRM) (Lynch and Ritland, 1999). To determine the most informative primers, the polymorphic information content (PIC) (Botstein et al., 1980) was calculated by using Cervus v 3.0 (Kalinowski et al., 2007).

To study the relationships among genotypes, an Unweighted Neighbor–Joining dendrogram was generated in DARWIN software v. 6.0.010 (http://darwin.cirad.fr), using bootstrapping with 1,000 replicates to determine support for each node.

To infer the structure of olive germplasm, a Bayesian clustering algorithm implemented in STRUCTURE software version 2.3.4 (https://web.stanford.edu/group/pritchardlab/structure.html) (Pritchard et al., 2000) was used. To evaluate the optimal number of sub-populations (K), ten independent runs for each K (from 1 to 10) were performed, using 100,000 MCMC repetitions and 100,000 burn-in periods. The optimal K value was determined depending on ΔK test (Evanno et al., 2005) using the STRUCTURE HARVESTER software (Earl and Von Holdt, 2012). Genotypes were assigned to defined populations if the value of the corresponding membership coefficient (qi) was higher than 0.6, otherwise they were considered to be of admixed ancestry.



Technological Characterization of Virgin Olive Oils

The technological characterization was performed on 34 genotypes (Supplementary Table 1) using 1 kg of olives from a homogeneous batch collected by hand during the harvest season 2014–2015 from at least two different trees, when the pigmentation index was about 2 (Squeo et al., 2016). The extraction of the corresponding monovarietal virgin olive oils (VOO) was obtained within 12 h after harvesting, using a semi-industrial scale hammer crusher (RETSCH GmbH 5657, Haan, Germania) provided with three hammers positioned at 120° on a single plane. Thirty counter beaters (height = 5 mm) were embedded in the side of the chamber with an angle of 42° while the lower part of the chamber was covered by a grid with 65 holes (φ = 5 mm). The angular velocity was set at 2,850 rpm (Caponio and Catalano, 2001). The recovered olive paste was indirectly heated at 30 ± 1°C using a hot water treatment and mixed for 15 min. Thereafter, the oily phase was collected by a basket centrifuge (Marelli Motori S.p.A., Arzignano, VI, Italia) with a bowl of 19 cm, at rotational speed of 2,700 rpm. Once extracted, the oils were stored in 100 ml dark glass bottles until the analyses.

For the technological characterization, fatty acids (FA) and sterols composition was determined as described respectively in Difonzo et al. (2018) and the Commission Regulation (EEC) No 2568/91. Briefly, for FA analysis, about 20 mg of oil was added with 1 ml of hexane and vortexed. Then, 1 ml of KOH solution in methanol (2 N) was added and the sample sonicated by an ultrasound bath (CEIA, Viciomaggio, Italy) for 6 min at 25°C. Two microliters of the recovered upper layer, containing the fatty acids methyl esters (FAME), were withdrawn and injected into the GC system (Regulation (ECC) No 2568/91). The GC-FID system was composed by an Agilent 7890A gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) equipped with a FID detector (set at 220°C) and a SP2340 capillary column, 60 m × 0.25 mm (i.d.) × 0.2 μm film thickness (Supelco Park, Bellefonte, PA, USA). The identification of each fatty acid was carried out by comparing the retention time with that of the corresponding standard methyl ester (Sigma-Aldrich, St. Louis, MO, USA) and the results were expressed as area percentage respect to the total FAs area.

For sterols composition, about 5 g of oil were added with α-colestanol as internal standard, and sample was subjected to saponification with a solution of KOH in ethanol (2 N) under heating. Sample was transferred in a separating funnel and washed three times with ethyl ether in order to collect the unsaponifiable fraction. The etheric phase was neutralized and filtered by sodium sulphate anhydrous and dried. The sterol fraction, resuspended in chloroform (5%), was separated from the unsaponifiable matter by tin layer chromatography and then recovered, filtered and silanised. Finally, about 1 μl of the solution was injected in the GC system (Agilent 7890A) using a capillary column HP-5 30 m × 0.32 mm (i.d.) × 0.25 μm film thickness (Agilent Technologies, Santa Clara, CA, USA). The injector temperature was 290°C with a split ratio of 1:25. The identification was carried out by comparing the retention time with those reported in the official method (Commission Regulation (EEC) No 2568/91). Single sterols content was reported as area percentage respect to the total sterol area, while the total content was calculated using the internal standard method and expressed as mg kg. All the chemical analyses on VOOs were made in triplicate, in all cases, with a coefficient of variation <5%. Descriptive statistics of the VOOs characteristics were calculated using Microsoft Excel 2010 (Microsoft Inc., Redmond, WA, USA). The principal component analysis (PCA) was also performed and the CAT (Chemometric Agile Tool) R-based chemometric software (R version 3.1.0 (2014-04-10) on the autoscaled matrix, was used.



Phytosanitary Evaluation of Olive Germplasm

The phytosanitary characterization was performed on 129 accessions, assessing either the presence of viruses listed in the phytosanitary requirements (D.M 20/11/2006) (Supplementary Table 1; Supplementary Table 5) and the bacterium Xylella fastidiosa. For the viruses, a previously validated one tube RT-PCR protocol was used (Loconsole et al., 2010), while for X. fastidiosa, the standard procedure based on CTAB-protocol for the extraction of total DNA and qPCR was applied (Harper et al., 2010; EPPO - PM 7/24 (3), 2018). Olive accessions resulted infected by CLRV and OLYaV, were submitted to sanitation treatments by in vivo or in vitro thermotherapy (Bottalico et al., 2004; Acquadro et al., 2009; Chiumenti et al., 2013; Abou Kubaa et al., 2018; Spanò et al., 2018). In in vivo thermotherapy, 2-year old infected plants were exposed to 35–38°C for 3–4 months; successively their vegetative tips were excised and micro-grafted on 1-year old “virus-free” seedlings (Onay et al., 2004; Wu et al., 2007; Farahani et al., 2011) (Supplementary Figure 1). In in vitro thermotherapy, young shoots were excised from 2-year old infected plants; nodal cutting explants were surface sterilized washing in running water and dipping in a NaClO (7–9% Cl active) solution for 20 min, then washed in steril water for three times for 1'–2' for each one. The explants were cultivated in Petri dishes with 25 ml of Olive media (Rugini, 1984) modified with zeatin 1.0 mg l−1 and mannitol 36 g l−1. Petri dishes were maintained in growth chamber at 24°C with a 16 h light/8 h dark period and 3,000 lx light intensity. The in vitro sprout shoots were subcultivated on the same media composition every 20 days for 4 months. When shoots became about 2 cm long they were submitted to in vitro thermotherapy. The shoots transferred in glass vessels with 100 ml of the same media were exposed to 35–38°C, 16 h light/8 h dark period and 3,000 lx light intensity for 1 month, then their vegetative tips (0.5–0.8 cm) were directly micro-grafted on “virus-free” seedlings. The micrografted plants were protected by a plastic bag and maintained in a chamber room for 1 month at the same condition described before. Plastic bags were gradually removed, and the plants were transferred in greenhouse. Micrografted plants resulted negative to OLYaV and CLRV at a first testing, were maintained in greenhouse and checked two times in 18–24 months after the first assay. Finally, ‘healthy plants’ were transferred in screen house and maintained isolated to avoid any type of contamination, and routinely tested for the pathogens reported before.




Results


Plant Material

Historical investigations about the varieties locally cultivated in the past centuries in Apulia, and the prospections on the territory allowed to identify a total of 177 minor genotypes survived in marginal olive orchards (Supplementary Table 1; Figure 1). All the genotypes were geo-referenced through cartography and GPS, and all data were merged in a database specifically created as repository of molecular, morphological, phytosanitary and technological information (data available on request to Apulia Region Misura 10.2.1: www.psr.regione.puglia.it).



Morphological Characterization

Fruit and stone separated the 97 Apulian olive genotypes in clusters and allowed to recognize 32 varieties already described in OLEADB, as well-known cultivated varieties. Among the remaining 64 genotypes, 49 genotypes were not described in OLEADB but they were called with a local name, and 15 genotypes were nameless and they were tagged as “unknown”. The dendrogram grouped the olive genotypes in three main clusters (Figure 2). Cluster I consists of 20 genotypes including the white-fruit phenotype such as ‘Oliva bianca’ (I A) and ‘Leucocarpa 1’ (I B), and all the genotypes characterized by pointed apex and asymmetric stone, such as ‘Cornale’, ‘Cornulara’ and ‘Pizzutella 1’. This cluster also includes four unknown genotypes (Unknown-7, Unknown_13, Pendolino-type 1, Koroneiki-type) and eight not described genotypes: ‘Cornetto’, ‘Leucocarpa 2’, ‘Passa dolce’ ‘Pizzutella bianca’, ‘Primamezzana 4’, ‘San Giovanni’, ‘Signora Francesca’, and ‘Trigno’. Cluster II included 48 genotypes, 25 not present in OLEADB (‘Canua 1’, ‘Fragile’, ‘Fragolina’, ‘Grappa’, ‘Mennella’, ‘Orniella’, ‘Primamezzana 3’, ‘Rumanella’, ‘Sanguinella’, ‘Silletta 2’, ‘Silletta Nisi’, ‘Torremaggiorese’, ‘Torremaggiore’, ‘Uaccdain’, four ‘Ogliarola’, seven ‘Cellina’), and one oleaster. Cluster III comprises 29 genotypes characterized by medium-high fruit size and stone weight and size: three genotypes not described in OLEADB (‘Ogliarola di Biccari’, ‘Oliva maggiorata’ and ‘Rosciolone’ etc.), five accessions of ‘Ogliarola’ and ‘Cellina 7’ (subcluster IIIA), three table olives cultivars (‘Grossa di Spagna’, ‘Sant'Agostino’ and ‘San Francesco’), and five other genotypes (Unknown-1, Unknown-14, ‘Troia’, ‘Sperone di Gallo’ and ‘Martucci 1’) (sub-cluster III B). This sub-cluster also includes two of the most typical ‘sweet olives’, ‘Dolce di Cassano’, and ‘Dolce di Sannicandro’, and seven local genotypes (‘Ciciulara’, ‘Daoli’, ‘Dolce paesana’, ‘Morosino’, ‘Piccolina’, ‘Sannicandrese’, and ‘Stelletta’). Most of “unknown” genotypes showed high similarity with cultivars ‘Ogliarola’ and ‘Cellina’; only ‘Unknown 3’ and ‘Unknown 5’ did not revealed similarity with any other variety, showing a unique profile (Table 1).




Figure 2 | Dendrogram generated by Neighbor-Joining clustering method, illustrating the relationships among 97 olive Apulian genotypes, using the morphological markers.




Table 1 | Results of the clustering of the 97 Apulian genotypes based on morphological traits. Known genotypes indicate genotypes present in the databank OLEADB.





Genetic Characterization

The eleven selected SSR markers successfully amplified the 177 olive studied samples, confirming to be highly informative as indicated by PIC values that was higher than 0.5 at all loci (mean 0.72), except for EMOL (Table 2). Total number of alleles (Na) of 113 alleles was obtained, with a mean of 10 alleles per locus, ranging from four alleles for EMOL to 17 alleles for DCA09. The average number of effective alleles (Ne) was 4.86, ranging from 1.57 (EMOL) to 11.02 (DCA09). The observed Heterozygosity (Ho) varied between 0.10 for EMOL and 0.89 for DCA09 (mean Ho = 0.64), whereas the expected Heterozygosity (He) ranged between 0.36 (EMOL) and 0.91 (DCA09) (mean He = 0.74). The Fixation Index (F) was positive for all markers except for DCA05, GAPU71b and GAPU101. The Na in the reference cultivars was higher (143), and Ho (mean 0.71) was lower than He (mean 0.79). On the whole collection (local genotypes and reference cultivars), the total Number of alleles was 172 (Table 2), with a mean of 16 alleles per locus, ranging from 10 alleles for EMOL to 27 alleles for DCA18. The average number of effective alleles (Ne) was 6.43, ranging from 1.79 (EMOL) to 13.61 (DCA09). Shannon's information index (I) ranged from 0.93 (EMOL) to 2.73 (DCA09). The observed Heterozygosity (Ho) varied between 0.19 for EMOL and 0.85 for GAPU101 (mean Ho = 0.66), whereas the expected Heterozygosity (He) ranged between 0.44 (EMOL) and 0.93 (DCA09) (mean He = 0.80). The Fixation Index (F) was positive for all markers except for GAPU71b. The genetic analysis was also carried out on the three clusters resulting by the Neighbor Joining Analysis (Supplementary Table 6). The Na for the cluster I (11 genotypes), the cluster II (87 genotypes) and the cluster III (137 genotypes) was 70, 162 and 106, respectively, while Ne was 4.23, 7.53 and 4.68, respectively.


Table 2 | Genetic indices obtained by SSR analysis on 177 minor Apulian accessions.



Estimation of pairwise relatedness (LRM) revealed gave a coefficient ranging from −0.147 to of 0.5, that corresponds to identical genetic profiles. Full identity was revealed between the samples ‘Ogliarola 2, 5, and 6’, between ‘Peranzana 2’ and ‘Peranzana 3’, and between the samples ‘Donna Francesca’ and ‘San Francesco’. These genotypes showed high similarity also with ‘Colmona’ and ‘Lecllin’ (0.4 < LRM < 0.5), while ‘Dolce di Cassano’ was very similar to ‘Dolce di Sannicandro’ (Table 3). Several cases of homonymies were observed regarding, in particular, cultivars ‘Ogliarola’, ‘Cellina’, ‘Racioppa’, and ‘Nolca’ (Table 4).


Table 3 | List of pairwise relatedness based on LRM estimator (Lynch and Ritland, 1999).




Table 4 | Cases of homonymies based on LRM estimator (Lynch and Ritland, 1999).



The dendrogram obtained by the Neighbor Joining Analysis disclosed the inter-individual relationship between genotypes, revealing three main clusters (Figure 3). Cluster I includes 11 Apulian cultivars and two Calabrian reference cultivars ‘Ciciariello’ and ‘Tonda di Filogaso’. Cluster II includes few table olive varieties (sub-cluster IIA), a group of reference cultivars (sub-cluster II B.1), most of the samples collected in Lecce province, in particular ‘Ogliarola’ and ‘Cellina’ (sub-cluster IIB2.1), and the genotypes characterized by pointed apex and asymmetric stone (‘Crnlecchie’, ‘Cornale’ and ‘Cornola’) (sub-cluster II B2.2). Cluster III includes genotypes coming from all over Apulia except from Lecce province (Figure 3).




Figure 3 | Dendrogram generated by Neighbor-Joining clustering method, illustrating the phylogenetic relationships among 236 olive genotypes, using the SSR markers.



The population structure indicated a maximum for ΔK at K = 2 (Supplementary Figure 2), separating the national Italian germplasm from the local varieties under investigation (Supplementary Figure 2A).



Technological Characterization of Mono-Varietal Oils

FA and sterol composition of the samples under study resulted within the limit set by the European regulations (Commission Regulation (EEC) No 2568/91, Official Journal of the European Communities, 1991) (Table 5). Five main fatty acids were detected, with oleic acid being the most abundant, followed by palmitic, linoleic, stearic and palmitoleic. Oleic acid accounted for about 97% of the total Mono Unsaturated Fatty Acids (MUFA) content, ranging from less than 59% (‘Cornale’) to around 80% (‘Bianca’) (mean value of 71.23%). Palmitoleic acid was the second most abundant monounsaturated fatty acid (mean value of 1.52%) ranging from 0.1 (‘Signora Francesca’) to 3.05% (‘Dolce di Cassano’). Among Saturated Fatty Acids (SFA), palmitic acid was the most abundant (85%), ranging from 9.67% (‘Limongella’) to 19.99 (‘Mennella’) (mean value of 14.46%). It was followed by stearic acid (11%) and arachidic acid (0.50%) (Table 5). Poly Unsaturated Fatty Acids (PUFA) were the less abundant fatty acids (mean 9.67%), and were represented for more than 96% by linoleic acid (mean value of 9.36%). Linolenic acid showed a mean value of 0.31%, with a minimum of 0.14% (‘Sannicandrese’) and a max. 0.80% (‘Pizzuta Graziano’). Palmitic, oleic and linoleic acids showed the highest variability among the dataset according to the IQR, followed by palmitoleic fatty acid. Oleic/linoleic and MUFA/PUFA ratios were very similar because, as previously reported, oleic and linoleic acids accounted for the great majority of MUFA and PUFA, respectively. Cultivar ‘Bianca’ had the highest value of oleic/linoleic (19.35), while ‘Cornale’ showed the lowest value (3.63), having the lowest and the highest content of oleic and linoleic, respectively. The same genotype showed the highest and lowest values of MUFA/PUFA ratio. About the sterol composition, apparent β-sitosterol was the most abundant form, ranging from 93% (‘Marinese’, ‘Mennella’, ‘Rumanella’ and ‘Silletta’) to 95.3% (‘Torremaggiorese’), highlighting also a small variability among the oils. Campesterol and stigmasterol were the next abundant sterols with mean values of 2.7 and 1.1%, respectively. ‘Racioppa’ featured the lowest amount of campesterol (1.9%) and ‘Sepponisi’ the highest (3.7%) whilst ‘Torremaggiorese’ and ‘Leucocarpa’, and ‘Pizzuta’ cultivars had the minimum and maximum stigmasterol content (0.3 and 2.7%, respectively). Total sterol content was always higher than 1,000 mg kg−1 and reached a maximum of 2,791 mg kg in ‘Racioppa’ oil. Fatty acids and sterols of the VOOs were also explored by means of PCA and used to study the similarity among the oils (Supplementary Figure 3). The first two principal components (PCs) explained around 35% of the total dataset variability. In particular PC1, which explained 26% of the data variability, was mostly affected by oleic and linoleic acids together with the sum of MUFA, PUFA and the respective ratios, while PC2, which explained about 9.5% of the data variability, was strongly influenced by single saturated fatty acids (C17:0, C20:0) and by sterols. No clear samples clusters were observed in the score plot and the majority of them stand around the origin.


Table 5 | Descriptive statistics of the purity characteristics of the monovarietal oils obtained from 34 minor olive Apulian accessions.





Evaluation of Phytosanitary Status and Sanitation

Out of 129 analyzed genotypes, only 16 satisfied the sanitary status “virus free”. While no infection associated to the viruses ArMV, SLRV, OLV-1, OLV-2, CMV, TNV and to the bacterium X. fastidiosa was found on all the samples, 106 genotypes resulted infected by OLYaV, two genotypes by CLRV and five genotypes by both OLYaV and CLRV (Supplementary Table 7). Forty-four genotypes infected by OLYaV and CLRV were submitted to sanitation treatments, and 30 and 14 genotypes were treated respectively, with in vivo and in vitro thermotherapy, followed by micrografting (Supplementary Table 7). Thirty-eight out of 44 genotypes were assessed free from OLYaV and CLRV, 25 by in vivo thermotherapy and 13 by in vitro thermotherapy. Overall, 81 “healthy plants” were produced, including the 76 coming from sanitation treatments. Moreover 42 out of them, belonging to 20 presumed different varieties, also genetically and pomologically characterized, were maintained in screen house as Primary Sources to be shortly registered in the national certification system (DDG 06/12/2016).



Database Release and Olive Germplasm Management

All data obtained from the molecular, morphological, phytosanitary and technological characterization were collected in a database integrated with the regional GIS portal (Supplementary Figure 4), accessible on request to Apulia region website (misura 10.2.1: www.psr.regione.puglia.it). The database contains additional information about the GPS position of field collections, reports of public meetings, consulted documents related to olive cultivation history, and geotagged photographs related to the recovered genotypes, the pictures of the countryside and rural landscape where the genotypes were found and further detailed pictures about leaves, flowers, fruits and stem.




Discussion

Olive tree is a primary economic source for Apulia region, where it has a wide and ancient varietal richness, still largely uncharacterized and not exploited. In order to enhance the production of oil and table olives, it is essential to proceed to an accurate varietal identification and characterization of this germplasm. The regional Re.Ger.O.P. project allowed to identify, collect and characterize this marginalized germplasm investigating morphological, molecular, technological and phytosanitary aspects, and supported in situ and ex situ conservation. Based on the bibliographic sources, notary studies, meetings, archives and libraries, numerous varieties locally cultivated in the past centuries, were identified, mainly in the minor olive groves, or as single specimens' relicts of old orchards. A total of 177 olive genotypes were collected from all the Apulian provinces and compared with a set of 59 Italian cultivars already characterized and used as reference. Although several authors have already described the genetic diversity of ancient and local Italian cultivars and evaluated the phenological, physiological and molecular characteristics (Erre et al., 2012; Lombardo et al., 2019), this work represents the first investigation conducted with a multidisciplinary approach.

The morphological characterization of 97 minor genotypes based on descriptors of leaf, fruit, and stone, revealed an extremely variability within the Apulian olive germplasm. Forty-nine genotypes were recognized as already described varieties, while 64 were found to be known only with local name or nameless. These genotypes could be both the result of the processes of hybridization or between cultivars or between cultivars and wild oleaster naturally present in Apulian countryside. The dendrogram obtained using the morphological markers separated the germplasm in three main clusters. One group included the white-fruit genotypes, such as ‘Oliva bianca’ and Leucocarpa, and genotypes characterized by the pointed apex and asymmetric stone, such as ‘Cornale’, ‘Cornulara’ etc. A second group included various phenotypes, while the third group included 29 genotypes characterized by medium-high weight and size of fruit and stone, including several important table olives such as ‘Grossa di Spagna’, ‘Sant'Agostino’, ‘Rosciolone’, ‘Grappolo’ and ‘San Francesco’, and the most typical Apulian ‘sweet olives’, such as ‘Dolce di Cassano’, and ‘Dolce di Sannicandro’. This clusterisation was not supported by the SSRs analysis since the microsatellites did not separate the cultivars according to the fruit size and weight. In contrast, this clustering was obtained by Montemurro et al. (2005) using AFLPs and by D'Agostino et al. (2018) using GBS analysis, probably due to the multilocus strategy of these two approaches.

Both the Neighbor Joining dendrogram and Structure analysis revealed a clear differentiation between the national Italian germplasm from the local one, indicating that it could have a different origin. The richness in alleles of the Apulian germplasm is also confirmed by the high total number of alleles in Cluster II that includes the large part of the Apulian genotypes. It is interesting to observe that in the Cluster II, that grouped both Apulian genotypes and national cultivars, the total number of alleles is higher than Cluster III. This could be explained by the fact that the national cultivars originated by different ancestors coming from different parts of Mediterranean basin (D'Agostino et al., 2018); thus, they are characterized by a more heterogeneous gene pool reflecting their multiple origin.

The genetic analysis confirmed a large genetic diversity on the whole sample of the olive trees analyzed, indicating an observed heterozygosity lower than the expected heterozygosity. This is in contrast with the fact that olive is a predominantly allogamous species (Diaz et al., 2006; Farinelli et al., 2008), but similar results were obtained by other researches on Apulian olive germplasm (Muzzalupo et al., 2009; Boucheffa et al., 2017; di Rienzo et al., 2018b). This could be explained with the fact that reproduction in olive is strongly influenced by the rating of self-incompatibility, which is, in turn, under the effects of the genetic control but also environmental and climatic conditions (Lavee, 2013; Montemurro et al., 2019).

The Lynch and Ritland analysis highlighted only a single true case of synonymy between the genotype ‘Donna Francesca’ and ‘San Francesco’, probably as the result of a misnaming. On the contrary, several homonymies were observed, mostly regarding the varieties ‘Ogliarola’ and ‘Cellina’, that are the two most common cultivars in southern Apulia area. It is probable that, under the generic denomination ‘Ogliarola’ (meaning ‘producer of oil’), different genotypes derived by clonal variation or spontaneous crossing between cultivars and/or feral forms, are included (Muzzalupo et al., 2014; D'Agostino et al., 2018). ‘Ogliarola’ and ‘Cellina’ are both susceptible to X. fastidiosa (Giampetruzzi et al., 2016) but the showed great variability among samples of these two cultivars could represent an interesting aspect in order to recognize a different behaviour of the plants to the disease.

Morphological and molecular analyses clustered together the genotypes ‘Peranzana’, ‘Provenzale’, ‘Dritta’ ‘Torremaggiorese’ and ‘Torremaggiore’. These varieties all originate from the Sub-Appennino Dauno area, which is a geographical area characterized by mountains that create the conditions for the genetic isolation of olive genotypes. It is possible that these varieties have a common genetic background to those introduced in Apulia from the south France (Provenza) at the end of 1700 (Fiore, 2018).

Oil macro and micro components defines the product's nutritional, qualitative and sensorial features (Boskou, 2006; D'Imperio et al., 2007; Rotondi et al., 2010). Fatty acids and sterols profiles and content greatly affect the nutritional and stability characteristics of the product and they are strongly linked to the genotype.

Overall, the VOOs obtained from the 34 studied Apulian accessions were generally rich in MUFA content, which was always higher than 60% of total fatty acids, and oleic acid appears to be the most significant variable affecting the samples distribution. Oleic acid influences oil stability to oxidation (Choe and Min, 2009) and plays an important nutritional role (Huang and Sumpio, 2008). The samples ‘Cornale’, ‘Mennella’, ‘Oleaster’, ‘Racioppa’ and ‘Sannicandrese’ showed the lowest amount of oleic acid (below 70%) and were well separated from the cloud in the PCA score plot. About linoleic acid content, in 28 out of 34 samples it ranged from 7.33 to 16.18%, values quite higher than those reported for others Apulian typical virgin oils such as Coratina (Aparacio and Luna, 2002; Rotondi et al., 2010). In particular, ‘Nolca’, ‘Cornale’, ‘Fragolina’, ‘Mennella’, ‘Oleaster’, ‘Pasola’, ‘Pizzutella’, ‘Racioppa’, ‘Sig. Francesca’, ‘Sannicandrese’, ‘Silletta Nisia’, ‘Silletta’, ‘Torre Maggiorese’ and ‘Pasolina’ were characterized by a linoleic content higher than 10%.

Although several variables could affect the oxidative stability of the oils, in particular the antioxidants content (Velasco and Dobarganes, 2002), it is well known that oleic/linoleic and MUFA/PUFA ratios are useful indices for forecasting VOO stability. Modification in the contents of oleic and linoleic acids are related to different factors, including the latitude and altitude of olive cultivation (Inglese et al., 2011). A minimum ratio oleic/linoleic of 7 was established as an indicator of oil oxidative stability (Kiritsakis et al., 1998). In our samples, this ratio was highly variable, with 23 oils showing the minimum ratio oleic/linoleic >7, thus forecasting a good stability and shelf-life of VOOs. In particular, oil of cultivar Bianca stands out for a very high ratio oleic/linoleic, thus it is expected to be very stable to oxidation.

About the sterols total content, it is well known that sterols contribute to the oil antioxidant activity (Choe and Min, 2009) and have positive effect on human health (Kritchevsky and Chen, 2005; Regulation (EU) No 432/2012). A wide variability among the VOOs was observed, ranging between 1,017 mg kg−1, close to the minimum EU limit (Commission Regulation (EEC) No 2568/91), and 2,791 mg kg−1, which is quite higher than values generally reported for VOOs (Manai-Djebali et al., 2012; Lukić et al., 2013). ‘Racioppa’ oil, in particular, showed the highest total sterols content and could be interesting as a source for breeding programs and commercial valorization.

The high linolenic content is typically present in naturally sweet olives, and it might be an indicator for increased desaturase activity for the conversion of oleic acid to linoleic acid (Aktas et al., 2014). The virgin olive oil from ‘Dolce di Cassano’ which is a “naturally debittered olive” used for both oil extraction and for cooked consumption, presents the highest levels of palmitoleic, margaric and linolenic acids. The sweetness of this cultivar is an interesting character that could be exploited in order set up a pilot trial for the production of frozen olives ready to be cooked in fry pan.

In conclusion, this research has shown the presence of genotypes with interesting technological features that deserve to be deeper explored. The conservation of these genetic resources should be implemented by measures that minimize the risk of spreading diseases such as Xylella. The phytosanitary analyses showed that Apulian olive germplasm is in overall good phytosanitary status. OLYaV was the predominant viral agent, in accordance with the past evidences in Southern Italy (Fontana et al., 2019), while only seven genotypes were infected by CLRV. The sanitation treatments adopted resulted very effective in eliminating both viruses with 83% and 92% efficiency for in vivo and in vitro thermotherapy, respectively. Thus, the protocols here described, resulted to be very efficient and could be suggested to simultaneously and quickly remove these two viruses. The 42 primary sources produced by Re.Ger.O.P project have been officially declared compliant to the phytosanitary requirements for the commercialization of certified materials in EU (Annex I of DDG 6/12/2016).

Several works have been made on the phenotypic and genetic variability of local olive germplasm at regional level (Erre et al., 2010; Hmmam et al., 2018; Mousavi et al., 2019; Rotondi et al., 2018) including Apulia region (Salimonti et al., 2013; di Rienzo et al., 2018a). Nevertheless, this study represents the first investigation conducted with a multidisciplinary approach, taking into consideration several aspects about the biodiversity of the Apulian germplasm. The Re.Ger.O.P. project has allowed, through the integration of different activities and competences, to bring out, in the Apulian olive germplasm, a richness, certainly not unexpected, but now completely ascertained. The cultural history of this region, thanks to the geographical location that has make it a transit point for centuries, explains the complexity of relationships existing among the hundreds of cultivars of the wide Apulian olive-growing panorama. At the same time, we can observe how, in Apulia, a heritage of unique genetic diversity has been preserved, which certainly deserve to be deepened and valued. The information obtained are encouraging, and they will help to valorize this germplasm with economic advantages and it will prevent genetic erosion.
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Olive leaf extract is characterized by a high content of phenols and flavonoids (oleuropein, luteolin, and their derivatives). These compounds are defined as secondary metabolites and exert such as anti-inflammatory, antioxidant, and antimicrobial activities. We investigated the in vitro antifungal activity of two olive leaf extracts (named EF1 and EF2) against a Fusarium proliferatum (AACC0215) strain that causes diseases to many economically important plants and synthesizing diverse mycotoxins. In this work, we aimed to identify the most appropriate concentration between the tested two olive leaf extracts to develop a safe, stable and efficient drug delivery system. Qualitative and quantitative analyses of the two olive leaf extracts by (HPLC) were performed. Furthermore, we also evaluated the antifungal effects of the two leaf extracts when encapsulated in chitosan-tripolyphosphate nanoparticles. The major compound in both EF1 and EF2 was oleuropein, with 336 and 603 mg/g, respectively, however, high concentrations of flavonoid were also present. EF1 and EF2 showed a concentration depended effect on F. proliferatum (AACC0215) viability. Our results showed a great efficacy of EF1/nanoparticles at the higher concentration tested (12X) against the target species. In this case, we observed an inhibition rate to both germination and growth of 87.96 and 58.13%, respectively. We suggest that EF1 olive leaf extracts, as free or encapsulated in chitosan-tripolyphosphate nanoparticles, could be used as fungicides to control plant diseases. Finally, future application of these findings may allow to reduce the dosage of fungicides potentially harmful to human health.

Keywords: antifungal activity, olive leaf extracts, oleuropein, biofungicides, nanoformulates


INTRODUCTION

Nanoparticle formulation is beneficial in different fields including electronics, textiles, mobile phones, food, paper, robotics, fertilizers, pesticides, and agrochemical industries. In recent years, an increased interest has been developed for natural polymers which have a versatility due to their chemical, physical and functional properties. The wide range of potential applications has led to their use in various fields of research, mainly in the biomedical, cosmetics, food and pharmaceuticals (Agnihotri et al., 2004; Manna and Patil, 2009).

Chitosan (CS) has emerged as one of the most promising polymers for the formation of nanoparticles (NPs) (Kashyap et al., 2015), mainly due to its biodegradable and biocompatible properties, its moderate or lack of toxicity to animals and humans, and for its antimicrobial and antifungal activity (López-León et al., 2005; Zhou and Chen, 2008; Akamatsu et al., 2010). Chitosan nanoparticles have gained considerable popularity as a carrier for the active ingredient delivery for various applications owing to their biocompatibility, biodegradability, high permeability, cost-effectiveness, and non-toxicity (Shukla et al., 2013). Various procedures can be employed to synthesize CSNPs, such as emulsion formation, coacervation, spray drying, ionotropic gelation. The method selected is mainly dependent on the substances encapsulated, and the route of administration. So, by varying the concentration and the molecular weight of the polymer and by using copolymers and crosslinking agents, efficient delivery systems for the pharmaceutical, biomedical and agricultural industry could be obtained (Höhne et al., 2007; Nasti et al., 2009).

In agriculture, NPs could be used as vectors to control release of agrochemicals, such as fertilizers, pesticides, herbicides and plant growth regulators (Cota-Arriola et al., 2013). Plants are continuously exposed to a series of pathogenic microorganisms such as fungi, oomycetes and bacteria, which can attack the plant both above and below ground (Buhtz et al., 2015) and cause the evolution of devastating epidemics and significant yield losses of annual crops, seriously affecting the economy. Several fungal species belonging to the genus Fusarium are known for their ability to colonize a wide variety of host plants, such as tomatoes, potatoes, cereal and tobacco (Desjardins, 2003; Schweigkofler et al., 2004; Alves-Santos et al., 2007; Nguyen et al., 2016). The most common symptoms of the disease are wilting, yellow leaves, dry collar, chlorosis, premature leaf drop, browning of the vascular system and growth arrest. When the disease spreads to the whole plant, necrosis and death occurs (Trapero-Casas and Jiménes-Dìaz, 1985). Fusarium produces mycotoxins which can have an important role in pathogen virulence during infection of the plant (Nguyen et al., 2016). The control of these fungi, responsible for pre- and post-harvested diseases of agricultural products, is an issue that remains unresolved, along with the excessive environmental impacts of chemicals to tackle this problem. Current efforts are focused to search new strategies and effective alternatives for microbial control and to reduce the excessive use of synthetic fungicides which negatively impact the environment and human and animal health (Cota-Arriola et al., 2013; Rodriguez-Maturino et al., 2015).

Plants have been a rich source of bioactive compounds for millennia, while the use of plant derivatives to produce nanobiotechnological formulations has gained scientific and technological importance in recent years (Joanitti and Silva, 2014). Olea europaea belongs to the Oleaceae family and it is native of the Mediterranean region. Olive oil, fruit and leaves have been recognized as important components of medicine and of a healthy diet. The extract from olive leaves were reported to have anticancer, antioxidative and anti-inflammatory properties (Le Toutour and Guedon, 1992; Anter et al., 2011). In addition to the health benefits described above, it is claimed that extracts from olive leaves may aid in the treatment of a broad range of infectious diseases. They have important pharmacological properties attributable primarily to the phenolic content (Omar, 2010). The main phenolic compound present in the leaves and fruits of olive tree is oleuropein (Ole) (Bianco et al., 1999; Goldsmith et al., 2015) and the detectable amount ranges from 17% to 23%, depending on the harvesting period (Le Toutour and Guedon, 1992). Olive leaves extract is characterized by a high content of phenolic compounds and flavonoids such as Ole, hydroxytyrosol and their derivatives (Zorić et al., 2016) and luteolin 7-glucoside and their derivatives (Sudjana et al., 2009). The antimicrobial activity of Ole and leaf extracts has been examined previously (Markin et al., 2003; Sudjana et al., 2009).

In this work, we aimed to identify the most appropriate concentration between the tested two olive leaf extracts to develop a safe, stable and efficient drug delivery system. These CSNPs were synthesized by a chemical route and displayed certain characteristics defined by preparation conditions. The physical and chemical characterization of the nanoformulation such as mean particle size, zeta potential values, polydispersity index (PDI), and EE were evaluated. In this study, the CSNPs antifungal effect was evaluated against F. proliferatum (AACC0215) strain through an in vitro assay, looking at different concentrations and preparations of the olive leaf extracts.



EXPERIMENTAL


Sample Preparation

The plant material used for the extraction is represented by fresh leaves of Carolea cultivar collected in November 2015 from plants grown in the Botanical Gardens of the University of Calabria, Arcavacata di Rende (CS) (GPS coordinates: latitude 39.357548; longitude 16.228990). The plants were identified by Dr. Nicodemo Passalacqua curator of the Botanical Gardens of University of Calabria.



Extraction and Characterization of the Olive Leaf Extracts

The method used for the extraction of olive leaf extracts is that described in Muzzalupo et al. (2011) with some modifications. Olive leaves (20 grams corresponding to about 100 leaves) were homogenized in 100 mL of a mixture of acetone and methanol in a ratio of 1:1 (v/v). The homogenization was carried out using an Ultra-TURRAX® (IKA, Seneco Science, Milan, Italy) for 5 min at room temperature. The homogenized mixture was vacuum filtered, and the liquid portion was recovered. The pellet was re-homogenized with the previous mixture and the process was repeated a further two times. The filtrate obtained was evaporated to dryness with a rotavapor (Strike 202 Rotary Evaporator, Steroglass, Perugia, Italy) and resuspended with 80 mL of distilled water. The filtrate was washed, in the separating funnel, with different solvents with increasing polarity: n-hexane, ethyl ether, chloroform and ethyl acetate. All solvents used are pure (ACS grade solvents, Sigma-Aldrich, Milano, Italy). The washings with n-hexane and ethyl ether were discarded, instead those from the chloroform and ethyl acetate phases were recovered and kept separate.

The extract obtained from the chloroform was referred to as “leaf extract 1” (EF1), while that derived from ethyl acetate as “leaf extract 2” (EF2). The two extracts were made anhydrous with sodium sulfate, filtered and evaporated to dryness and stored at −20°C in the dark.


Determination of Total Phenolic Compounds

The total phenolic content of each extract was determined spectrophotometrically at 750 nm using Folin-Ciocalteu reagent (Fuentes et al., 2012). To 1 mL of the sample to be tested were added 0.5 mL of Folin-Ciocolteu (Sigma-Aldrich) and left in the dark for 5 min. Subsequently 3 mL of Na2CO3 (Sigma-Aldrich) at 20% and 5.5 mL of distilled water were added. After 20 min, spent in the dark and at room temperature, samples were centrifuged at 3,500 rpm for 10 min. A calibration curve was calculated using pure Ole (Extrasynthèse, ZI Lyon-Nord, Genay, France). The total phenolic compounds are expressed as Ole milligrams per grams of extract.



Identification of Phenolic Compounds Contained in Each Extract by HPLC

Both extracts (EF1 and EF2), solubilized in methanol, were characterized performing HPLC analysis. The procedure used is that reported by Montedoro et al. (1992): HPLC JASCO LC-2000 plus equipped with a pump PU-2080 and UV-2075 detector (JASCO), with a RP-18 column Spherisorb ODS-2 (160 mm x 4.6 mm, Waters, Vimodrone, Italy) and injection volume of 20 μL; the flow rate was 1 mL/min at room temperature; the mobile phase used was 2% acetic acid in water (A) and methanol (B) for a total running time of 45 min, and the gradient conditions were as follows: 95% A-5% B for 2 min, 75% A-25% B for 8 min, 60% A-40% B for 10 min, 60% A-50% B for 10 min and 0% A-100% B for 10 min, until it stops; the eluents were detected at 280 nm. As phenolic standards were used: Ole, verbascoside, luteolin-4′-O-glucoside, luteoloside, luteolin, apigenin-7-O-glucoside and apigenin, all purchased from Extrasynthése.



Preparation and Characterization of the CSNPs

The CSNPs were prepared by ionotropic gelation method, reported by Rampino et al. (2013), with some modifications. Dispersions of chitosan were prepared, at a concentration of 1 mg/mL, by dissolving the medium molecular weight chitosan (50,000–190,000 Da, 75–85% deacetylated, Sigma Aldrich) in a solution of hydrochloric acid to 0.04% (v/v) and then stirring for 1 h. The pH of the CS solution was adjusted to 5.5 by NaOH. 1 mL of Ole or EF1 or EF2 water solution was added to 5 mL of the chitosan solution leaving it under stirring for a few minutes and adjusting the pH to 5.5. Tripolyphosphate (Sigma Aldrich) was dissolved in distilled water to a final concentration of 2 mg/mL and was added dropwise to the chitosan solution in a volumetric ratio of 1:5. The resulting solution was stirred for 30 min at room temperature. Moreover, CSNPs without the leaf extract were prepared. All formulations assayed (1X, solutions and carried CSNPs) were prepared at a final concentration of 100 mg/L of Ole (Table 1).


TABLE 1. Phenolic compounds (Oleuropein – Ole; leaf extract 1 – EF1; leaf extract 2 – EF2) used as free or encapsulated in CSNPs, for in vitro assays against Fusarium proliferatum (AACC0215).
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All nanoformulations were characterized in terms of particle size, size distribution, PDI and zeta potential using a Zetasizer ZS (Malvern Instrument Ltd., Malvern), based on the DLS technique. DLS measurements of the samples were performed at 25°C with a detection angle of 90°.


Evaluation of Drug Loaded Efficiency

The extracts UV spectrum had a single maximum of absorption at 280 nm and this aspect allowed us to treat the extracts as a single component. The EE was calculated using the following formula (Shi et al., 2014):

[image: image]

Where drug means the phenolic compounds under study (EF1, EF2 and Ole). Each preparation was filtered using the syringe filters with a porosity equal to 0.2 μm (Millipore, Italy). 100 μL of filtrate are taken and brought to a final volume of 5 mL with distilled water. The amount of free and total drug was calculated by using the V-530 spectrophotometer (JASCO) at 280 nm (Mazzotta et al., 2020).



In vitro Olive Leaf Extracts Release

The release of Ole and leaf extracts from CSNPs was estimated using the method reported in Varuna Kumara and Basavaraj (2015), with some modifications. 2 mL of CSNPs/Ole or CSNPs/EF2 were taking and placing in pre-treated dialysis tubes Spectra/Por 4 (MWCO: 12–14 kD, Spectrum Laboratories, Inc., Canada). These were dipped into 50 mL of PBS solution (pH = 5.9) and left to stir at room temperature. At predetermining time points, 2 mL of the medium were taken and replaced with the same volumetric amount of fresh PBS. The solution was analyzed by UV-VIS spectrophotometry to evaluate the drug content.



Assessment of Antifungal Activity


Used Strains

In order to evaluate the antifungal activity of prepared extracts, the F. proliferatum (AACC0215) strain were used. Isolation and identification of the strain was described in a previous study (Muto et al., 2014). In brief, F. proliferatum (AACC0215) was isolated from colonized cloves of garlic (Allium sativum) collected at Altomonte, Cosenza, Italy in the year 2013, and taxonomically characterized as described in Muto et al. (2014). This strain was sub-cultured on potato dextrose broth (PDB) and incubated in darkness at 24°C. The suspension was diluted to a concentration of 1 × 105 spores/mL. Afterward it was divided into 1.5 mL aliquots and stored at −80°C in 25% glycerol (Steinkellner and Mammerler, 2007).



In vitro Test for the Evaluation of Germination

To verify the ability and success of F. proliferatum (AACC0215) to germinate in the presence of EF1, EF2, and Ole, different tests were performed using multiwell plates for cell cultures (Sigma-Aldrich). Inside of each well 200 μL of test preparation and 10 μL of conidial suspension at a concentration of 1 × 105 conidia/mL were added. Table 1 shows the composition of the analyzed individual preparations, respectively, containing Ole, EF1 and EF2 in solution or carrier to the CSNPs. The concentration used for each treatment was 3, 6, 9, and 12 times the initial one. As a control, the fungus was inoculated into the wells containing sterile water. The F. proliferatum (AACC0215) was incubated at 25–27°C in the dark and under aerobic conditions. After 24 h, 20 μL of each solution were taken to prepare slides by using a Malassez cell. The samples were observed under an optical microscope (DMRB Leica Microsystems, Milan, Italy) at × 400 magnification, equipped with a digital camera (DFC490 Leica Microsystems). The evaluation of germinated conidia and index of germination were performed according to Benslim et al., 2016. The conidia were considered as germinated when the germ tube length exceeded the diameter of the conidium (Figure 1; Boch et al., 1999; Rosengaus et al., 2000).
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FIGURE 1. Conidia of Fusarium proliferatum (AACC0215) germinated in distilled water (A) and in presence of Ole (B) after 24 h. The samples were observed under an optical microscope at X400 magnification. The “arrow heads” indicate the germinated (A) and the non-germinated conidia (B).


For each slide, a total of 500 conidia were counted, by determining the percentage of inhibition rate (% IRg) by using the following formula:

[image: image]



In vitro Inhibition to Growth

The essays were conducted as described in Taskeen-Un-Nisa et al. (2011) with small modifications. Assays were performed in Petri plates containing 25 mL of PDA supplemented with streptomycin and ampicillin, at a final concentration of 6 mg/L each. At the center of the plates, a sterile polycarbonate filter with 0.8 μM porosity (Isopore Membrane Filters, Millipore) was placed on the PDA and 50 μL of the solutions to be tested were added on it.

In order to test the in vitro activity of the individual preparations at increasing concentrations, volumes of 3, 6, 9, and 12 times more than the starting solution described in Table 1 were loaded on the polycarbonate filter in the Petri capsule. In this way a thin and uniform film was formed on the surface.

PDA plates, to which a filter of 50 μL of ethanol had been added, were used as controls. Subsequently, the dry filters were inoculated at the center with 4 μL of conidial suspension at a concentration of 1 × 105 spores/mL and they were incubated in the dark at 24°C under aerobic conditions for 6 days. At the end of incubation, the capsule was photographed, and the image was analyzed by using the ImageJ software (vers. 1.49v National Institutes of Health, United States) to calculate the area, expressed in square millimeters, occupied by the mycelium.

The percentage of growth inhibition (I%) was calculated using the following formula (Chin Ming et al., 2015):
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Where AC represents the average value of the area of mycelium used as a control and AT the average area value of the mycelium inoculated on plates treated with the individual preparations (Ole, EF1 and EF2 free and carrier to the CSNPs) (Kaiser et al., 2005; Taskeen-Un-Nisa et al., 2011).



Statistical Analysis

Statistical analysis was performed with XLSTAT v.2016. All data obtained from in vitro tests were compared by using One-way ANOVA, with Tukey’s multiple comparison test. All results are the mean of at least three individual experiments. All the values obtained from chemical analysis and biological tests are calculated from triplicate data were expressed as means ±standard error.



RESULTS AND DISCUSSION


Analysis of Olive Leaf Extracts

The identification of the phenolic compounds was carried out by comparing the retention times obtained from the HPLC analysis of the olive leaf extracts and those of the available standards. The results of the HLPC analysis of EF1 and EF2 showed a different content of phenols, in relation to the extraction procedure followed and their hydrophilicity (Table 2). In chloroform (EF1) and ethyl acetate (EF2) olive leaf extracts four phenol compounds were identified and quantified: Ole, verbascoside, luteolin-4′-O-glucoside, and luteolin-7-glucoside (Figure 2). Phenol compounds apigenin, luteolin, and apigenin-7-O-glucoside were not detected.


TABLE 2. Quantitative and qualitative analysis of EF1 and EF2 phenolic compounds analyzed by HPLC.
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FIGURE 2. HPLC chromatogram of the leaf extracts EF1 (A) and EF2 (B). Assignment of the compounds to the identified peaks: (1) oleuropein, (2) luteolin-7-glucoside, (3) luteolin-4′-O-glucoside; (4) verbascoside.


The most abundant compound of chloroform and ethyl acetate olive leaf extracts is Ole, with 336 mg/g and 603 mg/g of extract, respectively. Furthermore, in both olive leaf extracts, there are numerous (over 30) unidentified phenolic compounds, which represented 460 and 118 mg/g of extract, respectively (Table 2).

The EF2 extract had a lower level of total phenols when compared to EF1 extract, 0.75 g and 1.04 g of extract, respectively. This suggests that most of the compounds present in the olive leaves were less hydrophilic phenols (Tan et al., 2014). Consistent with this, chloroform is less polar than ethyl acetate. The obtained results are in line with previously published data for O. europaea leaves, where Ole was identified as the major phenol compound extract (Yateem et al., 2014).



Nanoparticles Preparation and Characterization

Chitosan nanoparticles were prepared by ionotropic gelation with the dropwise addition of tripolyphosphate to a chitosan solution. Formation of NPs occurs quickly upon mixing tripolyphosphate and chitosan solutions and this is due to the electrostatic interactions between the positively charged primary amino groups of chitosan and the negatively charged groups of tripolyphosphate (Servat-Medina et al., 2015). The different formulations of CSNPs, containing different concentrations of Ole, showed good stability over time. They were stored in the dark at 4°C. When monitored after 30–40 days, they did not show sedimentation, creaming or flocculation. The particle size, PDI, zeta potential and EE are displayed in Table 3 for all nanoformulations.


TABLE 3. The particle size, polydispersity index (PDI), zeta potential (Z-P), and encapsulation efficiency (EE%).
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The NPs have always shown dimensions between 250 to 270 nm. As for the PDI values, these are always lower than 0.3 and this indicates a clear homogeneity of the system. No significant differences were seen in the Z-potential except for CSNPs/EF2 whose values are lower than those of CSNPs, indicating a greater presence of negative charge density. This result could possibly be related to the chemical nature of the unidentified compounds present in different percentages in the two leaf extracts.

During the formation of NPs, bioactive molecules are trapped both inside and on the surface of such particles. However, there is an initial burst release probably due to the drug on the surface, followed by a prolonged release (Bahreini et al., 2014).

Commercial Ole is completely released after 2 h of dialysis, while Ole in CSNPs is released more slowly, reaching the maximum value of 77% after 6 h (Figure 3A). EF1 after 45 h of dialysis against water has a negligible release, probably due to a lower hydrophilia. EF2 extract, both in solution and in NPs, is released in a lower percentage and more slowly than Ole (Figure 3B). Specifically, the free solution EF2 reaches a release value equal to 62% after 5 h, instead the release values of EF2 encapsulated in the NPs, reach the maximum value, equal to 38%, only after 30 h. This behavior may, probably, depend on the presence of lipophilic compounds in leaves, including lipophilic phenols, that are not allowed to pass into PBS.


[image: image]

FIGURE 3. (A) In vitro release profile of the commercial oleuropein in solution (Ole) (■) and in chitosan nanoparticles (CSNPs/Ole) (•). Data are average ±S.E.M. (n = 3). (B) In vitro release profile of EF2 leaf extract in solution (■) and in chitosan nanoparticles (CSNPs/EF2) (•). Data are average ± SEM (n = 3).




Assessment of Antifungal Activity


In vitro Test for the Evaluation of Germination

The antifungal activity of Ole, EF1, and EF2 in solution or carrier on the CSNPs on conidial germination of F. proliferatum (AACC0215) is shown in Table 4. The obtained results were compared with distilled water. All formulations show an inhibition percentage of conidial germination versus control.


TABLE 4. In vitro Fusarium proliferatum (AACC0215) percentage of inhibition rate (% IRg) in the presence of pure chitosan nanoparticles (CSNPs), oleuropein (Ole), leaf extract 1 (EF1) and leaf extract 2 (EF2) free in solution or encapsulated into NPs.
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The maximum inhibition percentage of conidial germination was obtained at the 12X concentration (87.96%), in CSNPs/EF1 formulation, while the lowest one was obtained at the 1X concentration (10.19%) of Ole solutions. The empty CSNPs markedly reduced conidial germination of Fusarium compared to the control, equal to 48.71%. The mechanism of action could be based on the electrostatic interaction between the amine group of chitosan and the negatively charged compounds (phospholipids, proteins, amino acids) of the cell membrane of fungi (Rabea et al., 2003; Liu et al., 2004).

The results obtained have shown a reduction in the germination capacity of the conidia, depending on the concentrations employed, except for the solution prepared with EF2 (Table 4). A reduction in the germination capacity of conidia was recorded as the concentration increased. In fact, in the presence of Ole the highest percentage of inhibition of germination was obtained at the highest concentration used 12 mg/L (12X) with a percentage of 58.50%, while with the CSNPs/Ole complex the maximum (67.41%) was obtained at the concentration of 900 mg/L (9X).

Regarding the leaf extract EF1, the germination capacity of the conidia is very limited compared to Ole, reaching a maximum value of 68.72% at the lowest concentration (1X). However, in the CSNPs/EF1 system, the inhibition of germination increases to between 52.45% (1X) and 61.17% (9X) (Table 4). The formulation that records the greatest reduction in germination capacity of F. proliferatum (AACC0215) conidia, reaching 87.96% (12X), is CSNPs/EF1 at the highest concentration assayed. Considering the solution containing only CSNPs, it produced an IRg% equal to 48.71. This result is the same in all treatments because there is no drug inside the CSNPs, so the concentration of each component of the NPs is the same in all the concentrations tested.

The CSNPs/Ole and CSNPs/EF1 complex results suggest that these systems act with an enhanced effect at the highest concentrations. It is the behavior of the CSNP/Ole formulations obtained with a low Ole content (1X and 3X) that have not shown the expected performance with respected to IRg%. The IRg% decreases significantly compared to the control, this result can be attributed to a decrease of the CSNPs chelated positive charges by the hydroxyl groups of the Ole. With respect to EF2, the obtained results showed a decrease in the inhibition of germination at the highest concentrations tested with a value of 26.55% at the concentration 9X. The increased germination capacity may depend on the presence of impurity within the extract that is likely to be used as a source of energy from the fungus and which could stimulate germination of spores.



In vitro Inhibition to Growth

The results obtained have shown an antifungal activity for almost all the analyzed samples, with the exception of six formulations (CSNPs, Ole 1X, and 3X; CSNPs/OLE 1x; CSNPs/EF1 1x; EF2 9x, Table 5) that induce a stimulation in growth.


TABLE 5. In vitro Fusarium proliferatum (AACC0215) percentage of growth inhibition (% I) in the presence of pure chitosan nanoparticles (CSNPs), oleuropein (Ole), leaf extract 1 (EF1) and leaf extract 2 (EF2) free in solution or encapsulated into NPs.
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In almost all the concentrations tested, the empty CSNPs inhibited F. proliferatum (AACC0215) growth by 17.62, 21.57, 40.85, and 41.93%, respectively. Pure Ole and EF1 at higher concentrations, both in solution and in CSNPs, exhibit a higher inhibition rate of growth than EF2 (Table 5). Ole showed good antifungal activity at concentrations of 600 mg/L and 900 mg/L (6X and 9X) with a I% equal, respectively, at 58.02% and 52.43% when administered directly and at 66.31 and 64.99% if encapsulated in CSNPs. EF1 fungicidal effect was quite similar to all concentrations used. EF1 solution has shown inhibitory activity already at the lowest concentration (1X) with a I% equal to 49.38%. When EF1 was combined with CSNPs, F. proliferatum (AACC0215) growth inhibition was found to be directly proportional to the concentration used, reaching a value of 58.13% at the highest concentration (12X). EF2 pure exhibited lower antifungal activity with a maximum inhibition value of 23.53% at concentration 6X. However, the maximum of growth inhibition percentage was obtained at 6X and 12x concentration by using the complex CSNPs/EF2 (32.60 and 32.20%, respectively).

All formulations containing CSNPs have an activity of I% greater or not significant compared to the control. Only in the case of CSNPs/EF2 the higher concentrations appear to have significantly lower values than the control. These results, as mentioned above, is probably due to the presence of impurities of the extract EF2 that the mushroom uses as a source of energy and which stimulate its growth.

In this study, it was observed that the tested phenolic compounds exert a cytotoxic activity in vitro against F. proliferatum (AACC0215) and this activity increase when they are complexed with CSNPs. These results are in line with other studies in which phenols extract from olive leaves show an antifungal activity (Markin et al., 2003; Steinkellner and Mammerler, 2007; Goldsmith et al., 2015; Rodriguez-Maturino et al., 2015; Zorić et al., 2016). As reported by Ansari et al. (2013) the phenols antimicrobial activity could be due to a synergistic action of the antioxidant and chelating power of the hydroxyl groups of the phenolic ring that form hydrogen bonds with cell wall proteins of microorganisms. Chitosan also exhibits antimicrobial activity based on the electrostatic interaction between the amine group of chitosan and the negatively charged compounds (phospholipids, proteins, amino acids) of the cell membrane of fungi (Rabea et al., 2003; Liu et al., 2004). Therefore, the interaction between phenolic compounds complexed with CSNPs cause an alteration of the integrity and permeability of the microbial cell.



CONCLUSION

Olive leaf extract-encapsulated CSNPs were obtained by ionotropic gelation method. The characterization of synthesized NPs showed that the size of leaf extract/CSNPs was 254.6–269.4 nm, the EE ranged from 62.2 at 94.5% and Zeta potential varied from 11.5 at 25.0 mV. As for the polydispersity index values, the lower was 0.207 and this indicates a clear homogeneity of the system. The nanoformulation thus achieved may be explored for the target delivery of phenols for disease control.

Considering the highest concentration (12X) tested, leaf extract/CSNPs showed greater efficacy than pure extracts (EF1 and EF2) and the commercial formulation (Ole) against F. proliferatum (AACC0215). We suggest that the EF1 olive leaf extracts, as free or encapsulated in chitosan-tripolyphosphate nanoparticles, could be used as fungicides to control plant diseases. Finally, future application of these findings may allow to reduce the dosage of fungicides potentially harmful to human health.
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The NPR1 gene encodes a key component of systemic acquired resistance (SAR) signaling mediated by salicylic acid (SA). Overexpression of NPR1 confers resistance to biotrophic and hemibiotrophic fungi in several plant species. The NPR1 gene has also been shown to be involved in the crosstalk between SAR signaling and the jasmonic acid-ethylene (JA/Et) pathway, which is involved in the response to necrotrophic fungi. The aim of this research was to generate transgenic olive plants expressing the NPR1 gene from Arabidopsis thaliana to evaluate their differential response to the hemibiotrophic fungus Verticillium dahliae and the necrotroph Rosellinia necatrix. Three transgenic lines expressing the AtNPR1 gene under the control of the constitutive promoter CaMV35S were obtained using an embryogenic line derived from a seed of cv. Picual. After maturation and germination of the transgenic somatic embryos, the plants were micropropagated and acclimated to ex vitro conditions. The level of AtNPR1 expression in the transgenic materials varied greatly among the different lines and was higher in the NPR1-780 line. The expression of AtNPR1 did not alter the growth of transgenic plants either in vitro or in the greenhouse. Different levels of transgene expression also did not affect basal endochitinase activity in the leaves, which was similar to that of control plants. Response to the hemibiotrophic pathogen V. dahliae varied with pathotype. All plants died by 50 days after inoculation with defoliating (D) pathotype V-138, but the response to non-defoliating (ND) strains differed by race: following inoculation with the V-1242 strain (ND, race 2), symptoms appeared after 44–55 days, with line NPR1-780 showing the lowest disease severity index. This line also showed good performance when inoculated with the V-1558 strain (ND, race 1), although the differences from the control were not statistically significant. In response to the necrotroph R. necatrix, all the transgenic lines showed a slight delay in disease development, with mean area under the disease progress curve (AUDPC) values 7–15% lower than that of the control.

Keywords: genetic transformation, SAR response, Olea europaea, soil-borne pathogens, white root rot, Verticillium wilt


INTRODUCTION

Olive (Olea europaea) is a fruit crop widely cultivated in the countries of the Mediterranean Basin. The species, which is relatively sensitive to cold but highly resistant to heat and drought, was probably domesticated in the Middle East and Central Mediterranean 5500 years B.P. (Rallo et al., 2018). Since then, it has played key roles in the history, economy, culture and environment of this region. Over the last 30 years, the high quality, nutritional properties and health benefits of olive oil (Pérez-Jiménez et al., 2007) have given rise to an increasing interest in this crop linked to changes in its mode of cultivation, such as increasing orchard densities and using selected varieties under irrigation regimes. In addition, olive cultivation has been extended worldwide (Rugini et al., 2011).

Olive culture is threatened by the hemibiotrophic soil-borne fungus Verticillium dahliae (Jiménez-Díaz et al., 2012). In a recent estimation with cv. Arbequina in Córdoba, Spain, yield decreases of 84 and 56% were recorded for 3- and 4-year-old affected orchards, respectively (R. M. Jiménez-Díaz and J. L. Trapero-Casas, unpublished data, IAS-CSIC, Córdoba, 2018). Genetic and virulence variation occurring in populations of V. dahliae are the main hindrances to the effective management of this disease. Populations of V. dahliae comprise two types of pathogenic variation, namely, defoliating (D) and non-defoliating (ND) pathotypes (i.e., symptom types) and pathogenic races 1 and 2 (Jiménez-Díaz et al., 2017). Isolates of the D pathotype cause defoliation of cotton, olive, and okra, whereas isolates of the ND pathotype do not defoliate these species (Jiménez-Díaz et al., 2017). Isolates of race 1, which is avirulent on tomato plants with the resistance gene Ve1 (de Jonge et al., 2012), belong to the ND pathotype, whereas the Ve1-resistance breaking isolates of race 2 can be found with both D and ND pathotypes (Jiménez-Díaz et al., 2017). According to investigations carried out in tomato (de Jonge et al., 2012), race 1 is characterized by possessing the Ave1 gene, which encodes a virulence factor that, when it is recognized by the leucine-rich repeat-receptor like protein (LRR-RLP) encoded by the Ve1 gene, induces the expression of defense mechanisms underlying resistance in the host plant. Race 2 lacks Ave1 and is pathogenic to cultivars with the Ve1 gene because a lack of recognition between the factors prevents the induction of defense mechanisms.

The necrotrophic pathogen R. necatrix, the causal agent of white root rot, is widely distributed and causes economically important losses in different fruit trees (Sztejnberg, 1980; ten Hoopen and Krauss, 2006); it is also known to affect olive (Sztejnberg, 1980; Guillaumin et al., 1982; García Figueras and Celada Brouard, 2001; Roca et al., 2016). The entire life cycle of R. necatrix occurs in the soil, where it can survive for many years. Its mycelia colonize the roots of healthy plants adjacent to infected roots. This fungus invades the plant through the root system, causing generalized rotting of tissues. The symptoms in the aerial parts can develop either quickly or slowly, leading to wilting of leaves, death of branches, and eventually, the death of the tree (Pliego et al., 2012).

Host resistance is the single most practical and efficient method for the management of Verticillium wilt (VW) in olive, but its effectiveness is curtailed by the widespread occurrence of the highly virulent D pathotype in Spain and elsewhere (Jiménez-Díaz et al., 2012). Most widely grown olive cultivars, such as Arbequina and Picual, are highly susceptible to D V. dahliae; moreover, the valuable resistance against ND pathotypes found in cultivars such as Frantoio and Changlot Real is overcome by the D pathotype (López-Escudero et al., 2004; Trapero et al., 2015). To the best of our knowledge, no olive selections have been found showing tolerance to R. necatrix; for example, García et al. (2009) evaluated 12 different cultivars growing in 2 L containers, and all of them showed a high level of susceptibility to the pathogen.

Plants have different systems of defense against pathogens; among them, SAR (systemic acquired resistance), generated by an increase in SA (salicylic acid) in the site of infection and distal tissues, and ISR (induced systemic resistance), which provides local induced resistance. SAR is established against infections by biotrophic and hemibiotrophic pathogens, with the NPR1 gene as a key regulator in this pathway (Cao et al., 1997); in Arabidopsis, the NPR1 protein is located in an inactive oligomeric form in the cytoplasm in the absence of pathogens. Following SA-induced changes in the redox state of cells, monomers are released, migrating to the nucleus and inducing SAR signaling, which results in the accumulation of the PR1 (antifungal), PR2 (β-1,3-glucanases), and PR5 (thaumatin-like) proteins (Ali et al., 2018). In contrast, in ISR signaling, jasmonic acid (JA) and ethylene (Et) play key roles. ISR signaling is a defense response against necrotrophic pathogens (Glazebrook, 2005) involving local accumulation of PR3 (Class I, II, IV, V, VI, VII chitinases), PR4 (Class I, II chitinases), and PR12 (defensin) proteins (Ali et al., 2018). However, although SAR and ISR signaling involve different pathways, there exists an overlap between them resulting in either antagonistic or synergistic actions. El Oirdi et al. (2011) found that the necrotrophic fungus Botrytis cinerea produces a polysaccharide that, through elicitation of SA signaling and increased NPR1 expression, inhibits the JA pathway, favoring fungal attack. The suppressive effects of NPR1 on the JA pathway are well known (Spoel et al., 2003). Alternatively, some toxins imitate JA in silencing the SA pathway, hence increasing the virulence of the pathogen (Zheng et al., 2012). Finally, a synergistic action between the SA and JA signaling pathways has also been demonstrated (van Wees et al., 2000).

The AtNPR1 gene has been overexpressed in different mono- and dicotyledonous species, inducing resistance to several biotrophic (Cao et al., 1998; Wally et al., 2009), hemibiotrophic (Lin et al., 2004; Makandar et al., 2006; Kumar et al., 2013), and necrotrophic plant pathosystems (Wally et al., 2009; Parkhi et al., 2010b). Taking into account the specificity in the interaction between a species and a given transgene (Islam, 2006), the goal of this investigation was to evaluate the behavior of AtNPR1 transgenic olive plants following inoculation with either of these two fungi, i.e., the hemibiotrophic V. dahliae or the necrotrophic R. necatrix.



MATERIALS AND METHODS


Plant Material

Olive embryogenic cultures were established from the radicle of a mature zygotic embryo, cv. Picual, line P1, as indicated by Orinos and Mitrakos (1991). For maintenance, the medium and culture conditions established by Pérez-Barranco et al. (2009) were used, i.e., olive cyclic embryogenesis medium [ECO basal medium containing 1/4 OM (Rugini, 1984) macroelements, 1/4 MS (Murashige and Skoog, 1962) microelements, 1/2 OM vitamins and 550 mg/L glutamine, supplemented with 0.25 μM IBA, 0.5 μM 2iP, 0.44 μM BA and 200 mg/L cefotaxime] in darkness at 25 ± 2°C. Subculturing was carried out at 4-week intervals. The embryogenic culture consisted of small pro-embryogenic masses and globular embryos.



Binary Vector and Olive Transformation

A DNA fragment containing the AtNPR1 gene was cloned into the binary plasmid pK7WG2.0, which includes the neomycin phosphotransferase (nptII) gene for selection of transformed material. The expression of the AtNPR1 and nptII genes was controlled by the constitutive promoters CaMV35S and NOS (nopaline synthase), respectively. This binary vector was introduced into the disarmed Agrobacterium tumefaciens strain AGL1 (Lazo et al., 1991) by the freeze-thaw method (Höfgen and Willmitzer, 1988).

For transformation experiments, Agrobacterium cultures were incubated at 28°C in LB medium supplemented with 10 mg/L rifampicin and 100 mg/L spectinomycin at 250 rpm. Prior to somatic embryo inoculation, the bacterial suspension was centrifuged at 4000 × g for 10 min, and the pellet was washed with 10 mM MgSO4 and finally resuspended in ECO medium at 0.5–0.6 OD600.

Genetic transformation experiments were carried out following the protocol described by Torreblanca et al. (2010). A total of 1064 globular somatic embryos (SE) obtained from the embryogenic culture were inoculated with a diluted Agrobacterium culture for 20 min under mild agitation. After that, the explants were blotted, dried on sterile filter paper and cultured in ECO solid medium without antibiotics at 25°C in darkness for 48 h. After coculturing, the SEs were washed with ECO liquid medium supplemented with 250 mg/L cefotaxime and timentin at 25°C for 2 h, dried on sterile filter paper and transferred to selection medium, i.e., solid ECO medium supplemented with three antibiotics (250 mg/L cefotaxime, 250 mg/L timentin, and 50 mg/L paromomycin). To select transformed cells, during the first month, embryogenic structures were re-cultured individually onto fresh medium once a week, during the next 2 months at 2-week intervals and monthly afterward. Transformed material was recovered using a progressive selection strategy, i.e., at the beginning, a concentration of 50 mg/L paromomycin was used with progressive increases up to 150 mg/L. Embryogenic lines proliferating in ECO medium supplemented with 150 mg/L paromomycin were grown individually in 25 mL ECO liquid medium supplemented with 250 mg/L cefotaxime and 12.5–25 mg/L paromomycin in an orbital shaker at 120 rpm for 3 weeks. After that, the embryogenic suspensions were filtered through a 2-mm mesh, and the obtained SEs were used for further proliferation in ECO medium. Afterward, 120–150 SE of 1–3 mm in diameter from the selected lines were cultured in maturation ECO medium (basal ECO medium without growth regulators and cefotaxime, supplemented with 1 g/L activated charcoal) over cellulose acetate membranes for 8 weeks as indicated by Cerezo et al. (2011). Then, the mature embryos were transferred to germination medium (Clavero-Ramírez and Pliego-Alfaro, 1990), i.e., modified MS with 1/3 MS macroelements, MS microelements, and 10 g/L sucrose for 12 weeks under 40 μmol⋅m−2⋅s–1 irradiance level. The obtained shoots were isolated and multiplied in RP medium [DKW macro- and micronutrients as modified by Roussos and Pontikis (2002) and vitamins of Roussos and Pontikis (2002)] supplemented with 2 mg/L zeatin riboside, as indicated by Vidoy-Mercado et al. (2012). Shoots were rooted after a 3-day pulse in basal RP liquid medium supplemented with 10 mg/L IBA and subsequently transferred to basal solid RP medium supplemented with 1 g/L activated charcoal. Acclimatization to ex vitro conditions was carried out in jiffy trays with peat moss:perlite (1:1) under a plastic tunnel with gradual lowering of relative humidity for 6–8 weeks. Subsequently, plants were grown in a confined greenhouse with a cooling system, 30°C maximum temperature, and daylight conditions. Plants recovered from non-transformed embryogenic calli were used as controls.



Phenotypic Analysis of Transgenic Plants

The in vitro behavior of the transgenic AtNPR1 lines was evaluated. For this purpose, 20 shoot segments, 1.5–2 cm in length, with two nodes and deprived of the shoot apex, were isolated from each transgenic line and cultured in RP medium supplemented with 2 mg/L zeatin riboside (Vidoy-Mercado et al., 2012). After 8 weeks, the number of axillary shoots and their lengths were quantified over three subcultures. To evaluate rooting capacity, 2-cm-long apical shoots with at least one node were used. Rooting conditions were as previously described (see section “Binary Vector and Olive Transformation”). After 9 weeks, the number of roots and the length of the main root were measured. The non-transgenic line P1 was used as a control, and the experiment was carried out in triplicate.

Rooted plants were acclimatized to ex vitro conditions as previously indicated (see section “Binary Vector and Olive Transformation”). After 9 months of growth in the confined greenhouse under natural daylight conditions, the plant height and the diameter of the main stem were measured. Fourteen plants per transgenic and control line were evaluated.



Molecular Analysis of Transgenic Plants

The transgenic nature of AtNPR1 embryogenic lines was confirmed by PCR amplification of a 732-bp fragment from the AtNPR1 gene and a 700-bp fragment from nptII. Genomic DNA was extracted from calli using the protocol of Healey et al. (2014). To amplify the AtNPR1 gene, the primers used were F: 5′-AATTGAAGATGACGCTGCTCG-3′ and R: 5′-CGACGATGAGAGAGTTTACGG-3′; for nptII, the following primers were employed: F: 5′-GAGGCTATTCGGCTATGACTG-3′ and R: 5′-ATCGGGAGCGGCGATACCGTA-3′. All PCRs were prepared in a final volume of 20 μl containing 0.5–1 μl of genomic DNA and 0.5 μM of each primer. Amplification conditions consisted of 4 min at 95°C, followed by 30 cycles of 1 min at 95°C, 45 s at 59°C, and 1 min at 72°C, with a final extension step of 10 min at 72°C.

Approximately 100 mg of in vitro leaves from AtNPR1 transgenic and non-transgenic control lines were collected, powdered in liquid nitrogen and kept at −80°C until used. RNA was extracted using a SpectrumTM Plant Total RNA kit (Sigma-Aldrich) following the manufacturer’s instructions. The concentration and purity of the extracted RNA was assessed using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Inc., Montchanin, DE, United States). The integrity of RNA samples was visualized on a 1.5% agarose gel under non-denaturing conditions. RNA was treated with DNase I Recombinant, RNase Free (Roche), and cDNA was synthesized by using an iScriptTM cDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s instructions.

Quantitative real-time PCR (qRT-PCR) was performed using iTaqTM Universal SYBR Green Supermix (Bio-Rad) in a final reaction volume of 20 μl containing 0.5 μM of each primer and 1 μl of diluted cDNA in a CFX96TM thermocycler (Bio-Rad). For AtNPR1 amplification, the primers used were designed by Silva et al. (2015) (F: 5′-ATCAGAAGCAACTTTGGAAGGTAGA-3′ and R: 5′-ACCGCCATAGTGGCTTGTTT-3′). The olive ubiquitin gene (F: 5′-ATGCAGATCTTTGTGAAGAC-3′ and R: 5′-ACCACCACGAAGACGGAG-3′) was used as a housekeeping gene for normalization (Gómez-Jiménez et al., 2010). PCR conditions were 30 s at 95°C, 40 cycles of 5 s at 95°C and 30 s at 60°C, followed by a melting curve from 65 to 95°C with 0.5°C increments at 5 s intervals. Relative AtNPR1 expression levels in in vitro leaves were calculated using the 2–ΔΔCT method (Livak and Schmittgen, 2001). An arbitrary value of 1 was given to the line with the lowest gene expression. The experiment was carried out in triplicate, i.e., three independent RNA extractions with three technical replicates for each extraction.



Western Blot Detection of AtNpr1

The AtNPR1 protein was detected by western blotting in olive leaf extracts from the control and transgenic plants before and after treatment with SA. Twelve-month-old plants growing in a greenhouse were transferred to a growth chamber with a 16 h photoperiod of 150 μmol⋅m−2⋅s–1 at 25°C 1 week before treatment. Four plants per genotype were sprayed until runoff with a solution of 0.5 mM SA, and leaf samples were taken after 0 and 24 h of treatment. Samples (0.2 g) were extracted in 2 mL extraction buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.1% Triton-X-100, 0.2% Nonidet P-40, 50 μM MG-132 and 50 mM DTT). Homogenates were centrifuged at 23,000 rpm at 4°C for 20 min, and the supernatant was used as the protein extract.

Proteins (60 μg) were separated by SDS-PAGE on 12.5% polyacrylamide gels (Laemmli, 1970), transferred to nitrocellulose membranes (Amersham Protran) using a Trans-blot SD semi-dry transfer cell (Bio-Rad) and blocked with 1% non-fat milk powder at RT. The blots were incubated with a polyclonal antibody against AtNPR1 (AS12 1854, Agrisera) diluted 1:2500 overnight at 4°C. The membranes were washed three times with blocking solution and incubated with donkey anti-rabbit IgG secondary antibody conjugated with horseradish peroxidase at a dilution of 1:5000. SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) was used for chemiluminescence detection. Three independent protein extractions and western blots were performed for the control and each transgenic line.



Quantification of Endochitinase Activity

Endochitinase activity was measured in young leaves from control and transgenic plants grown in the greenhouse for 10 months. Leaves were powdered in liquid nitrogen and kept at −80°C until use. Samples (0.2 g) were homogenized in 2 mL 50 mM sodium acetate buffer, pH 5.5, with an Ultra-Turrax. Then, the extracts were centrifuged for 20 min at 13,000 rpm and 4°C, and the supernatant was collected. Endochitinase activity was quantified following the protocol of Emani et al. (2003). Protein extracts (100 μL) were incubated with 25 μL of 250 μM fluorescent substrate 4-methylumbelliferyl-β-D-N,N′,N″-triacetylchitotrioside (MUC), dissolved in 0.1 M citrate buffer, pH 3, at 37°C for 1 h in darkness. After incubation, the reaction was stopped with 1 mL of 0.2 M sodium carbonate. Fluorescence was measured in a Clariostar Monochromator Microplate Reader (BMG LABTECH) at 350 nm (excitation) and 450 nm (emission). To quantify endochitinase activity, a standard curve (0.1–10 μM) of the fluorescent compound 4-methylumbelliferone (MU), a product of the hydrolysis of MUC by endochitinases, was carried out. The total protein of each extract was quantified using the Bradford method (Bradford, 1976) with a Bio-Rad Protein Assay following the manufacturer’s instructions. Endochitinase activity was expressed as pmol of 4-MU per hour produced by μg of total protein (pmol 4-MU⋅h−1⋅μg of total protein–1). Three independent protein extractions per line and three determinations per protein extract were carried out.



Expression of PR1 Genes in Transgenic Plants

Contigs predicted to encode a basic form of pathogenesis-related protein 1-like in O. europaea var. sylvestris were searched in the NCBI databases. Those showing homology with regions of PR1-encoding genes from other species were selected for gene expression analysis in leaf tissue from control and transgenic plants by qRT-PCR (Supplementary Table 1).

Primer sequences for the endogenous control genes and the predicted O. europaea var. sylvestris PR1 genes are shown in Supplementary Table 2. Primer pairs were chosen to generate fragments between 70 and 140 bp and designed using Primer 3 software1. Primer specificity was tested by performing conventional PCR and confirmed by the presence of a single melting curve during qRT-PCR. Serial dilutions (1:10, 1:20, 1:50, and 1:200) were made from a pool of cDNA from each treatment and time point, and calibration curves were performed for each gene. For qRT-PCR, the reaction mixture consisted of the first-strand cDNA template, primers (500 nmol final concentration) and SYBR Green Master Mix (SsoAdvanced Universal SYBR Green Supermix, Bio-Rad) in a total volume of 20 μl. The PCR conditions were as follows: 30 s at 95°C, followed by 40 cycles of 15 s at 95°C and 30 s at 60°C, 3 min at 72°C, and 1 min at 95°C. The reactions were performed using an iQ5 real-time PCR detection system (Bio-Rad). The ubiquitin gene was used as an endogenous control for normalization. Relative quantification of the expression levels for the target was analyzed using comparative Ct methods. An arbitrary value of 1 was given to the control, non-transformed line. All reactions were carried out in triplicate.



Verticillium dahliae Infection Assay

Disease reactions to the D and ND V. dahliae pathotypes of three AtNPR1 transgenic lines as well as the non-transgenic control P1, which is highly susceptible to this pathogen (Narvaez et al., 2018), were assessed as previously described (Jiménez-Fernández et al., 2016). Monosporic V. dahliae isolates from cotton (V-138: D pathotype, race 2) and olive (V-1242: ND pathotype, race 2; and V-1558: ND pathotype, race 1) (Jiménez-Díaz et al., 2017) were used.

Plants had been grown in 12-cm diameter plastic pots containing a peat moss:perlite substrate (1:1 ratio) and 2 g of Osmocote fertilizer in a confined greenhouse under the natural temperature and photoperiod for over 9 months prior to inoculation with the pathogen. The inoculum consisted of V. dahliae mycelia and microsclerotia formed in a cornmeal-sand mixture (CMS; sand:cornmeal:deionized water, 9:1:2, w/w) (Jiménez-Díaz et al., 2017). Inocula were produced in Erlenmeyer flasks containing 400 g of autoclaved (twice at 121°C for 2.5 h) CMS mixture infested with twelve 5-mm-diameter discs from the growing edge of 7-day-old cultures on potato dextrose agar (PDA, Difco Laboratories Inc.) and incubated at 24 ± 1°C in the dark for 1 month. The infested CMS was shaken at 7-day intervals to facilitate the homogeneous colonization of the substrate by the fungus. Then, the infested CMS substrate was thoroughly mixed with a pasteurized soil mixture (clay loam:peat, 2:1, v/v; pH 8.4, 27.5% water holding capacity) at a rate of 10% (v/v) (hereafter referred to as the infested soil mixture). The inoculum density of V. dahliae in the infested soil mixture was estimated by serial dilutions on agar plates supplemented with 30 mg/L aureomycin (AAAu) incubated at 24 ± 1°C in the dark for 7 days.

For inoculation, 10-month-old plants were uprooted, and their root systems were washed to remove all the soil. Then, the bare-root plants were transplanted to 13 cm× 13 cm× 12 cm disinfested plastic pots containing the infested soil mixture. Non-inoculated control plants were transferred to a soil mixture containing sterile CMS. After inoculation, the plants were incubated in a growth chamber for variable periods of time, depending on the experiment, at 22 ± 2°C, 60–80% relative humidity and a 14 h photoperiod of fluorescent light of 360 μmol⋅m−2⋅s–1. The plants were watered every 1–2 days, as needed, and fertilized every 3 weeks with 100 mL Hoagland’s nutrient solution.

Disease reaction in the plants was assessed by the incidence (percentage of plants showing disease symptoms) and severity of foliar symptoms. Symptoms were assessed on individual plants on a 0 to 4 rating scale according to the percentage of affected leaves and twigs (0 = no symptoms, 1 = 1–33%, 2 = 34–66%, 3 = 67–100%, and 4 = dead plant) at 2- to 3-day intervals throughout the duration of the experiments. Disease progress curves and the area under the disease progress curve (AUDPC) were also calculated as described by Campbell and Madden (1990). At the end of experiments, isolations on AAAu were carried out with shoot segments from the inoculated plants to confirm infection of the plant by the pathogen.

Two experiments (I and II) were conducted. Experiment I comprised three AtNPR1 transgenic lines, the non-transgenic P1 line, and 10-month-old plants of the wild olive clones Ac-15 and Ac-18, previously shown to be highly susceptible and resistant to D V. dahliae, respectively. These wild olive lines were used as additional controls to assure adequate experimental conditions for VW development (Jiménez-Fernández et al., 2016). These plants were obtained through micropropagation using the protocol of Vidoy-Mercado et al. (2012). The inoculum consisted of V. dahliae isolate 138 (D, race 2), with a mean density in the potting soil mixture of 6.5 × 107 cfu⋅g soil–1. The experiment lasted 18 weeks.

A second experiment (Experiment II) was carried out to determine whether the race of the isolate would have an influence on the reaction of transgenic lines to the ND pathotype. Thus, isolates V-1558 (ND, race 1) and V-1242 (ND, race 2) were included for inoculation of the same three AtNPR1 transgenic lines, together with P1 as a non-transgenic control. The mean inoculum density in the potting soil mixture was 3.1 × 107 cfu⋅g soil–1 for isolate V-1558 and 6.0 × 107 cfu⋅g soil–1 for isolate V-1242. The experiment lasted 19 weeks.

For each plant genotype, there were 10 and 8 replicated pots (one plant per pot) for inoculated plants in Experiments I and II, respectively, and four non-inoculated plants in each of the experiments, distributed in a completely randomized design.



Rosellinia necatrix Infection Assay

Assays were carried out as described by Ruano Rosa and López Herrera (2009); wheat grains were submerged in distilled water for 24 h and then autoclaved at 121°C and 0.1 MPa for 40 min. Afterward, wheat grains were inoculated with discs from colonies of Rn 400 isolate, previously grown on PDA medium, and incubated for 15 days at 24°C in darkness. Over 10-month-old plants growing in a peat moss:perlite (1:1) substrate were inoculated with colonized wheat seeds (1.05 g/L) and grown under greenhouse conditions at 25°C for 2 months. To evaluate the disease reaction, visual symptoms were scored twice a week using a 1–5 scale: (1) healthy plant; (2) leaf chlorosis; (3) first symptoms of wilting and rolling/curling in the leaves; (4) wilted plant with first symptoms of leaf desiccation; and (5) dead plant. The AUDPC values were calculated as described by Campbell and Madden (1990). Ten inoculated plants and 4 non-inoculated plants from each transgenic and control P1 line were used.



Statistical Analysis

The data were subjected to analysis of variance (ANOVA) using SPSS software version 23. The Levene test for homogeneity of variances was performed prior to ANOVA, and multiple mean comparisons were performed by Tukey’s test. The Kruskal–Wallis test was used for mean comparison in the case of non-homogeneous variances. Pairwise mean comparisons were performed with the Mann–Whitney U test. All tests used a significance threshold of P = 0.05.



RESULTS


Generation of Transgenic AtNPR1 Olive Plants

A total of 1064 globular SEs from the P1 line were inoculated with the A. tumefaciens AGL1 disarmed strain carrying the pK7WG2.0 binary vector with the AtNPR1 gene (Figure 1A). After 24 weeks of culture in solid ECO medium supplemented with 150 mg/L paromomycin, all non-Agrobacterium-inoculated embryos were necrotic, while 10 inoculated explants showed proliferation (Figure 1B). These calli were cultured individually in liquid ECO medium supplemented with 12.5–25 mg/L paromomycin for 3 weeks. Then, the calli were filtered, and SEs were transferred to solid ECO medium supplemented with 150 mg/L paromomycin (Figure 1C). Three independent lines proliferated after this additional selection phase, yielding a transformation rate of 0.28%.
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FIGURE 1. Obtainment of olive lines transformed with the NPR1 gene from Arabidopsis thaliana. (A) Globular somatic embryos used for inoculation with A. tumefaciens. (B) Transgenic callus from the NPR1-814 line growing in ECO selection medium supplemented with 150 mg/L paromomycin. (C) Transgenic callus from the NPR1-814 line after 3 weeks of selection in liquid ECO medium supplemented with 25 mg/L paromomycin. (D) Transgenic somatic embryos cultured on maturation medium over a semi-permeable cellulose acetate membrane. (E) Micropropagated shoots from the NPR1-814 line cultured on RP medium. (F) Transgenic NPR1-814 shoots cultured on RP medium supplemented with activated charcoal after 3 days in liquid medium with 10 mg/L IBA for rooting. (G) Acclimated plants from the NPR1-224 line after 6 weeks in the growth chamber. (H) From left to right, acclimated plants derived from the transgenic NPR1-224, NPR1-780, and NPR1-814 lines and the non-transformed P1 line after 9 months of growth in the greenhouse. Bars correspond to 0.5 cm (A,B,D,E), 1 cm (F,G), and 5 cm (H).


After several subcultures, SEs from selected transgenic lines were transferred to ECO basal maturation medium over cellulose acetate membranes (Figure 1D) and germinated in modified MS medium with 1/3 macroelements. The percentages of SE maturation were similar in the control and transgenic lines, approximately 30%, whereas the rates of shoot germination were slightly higher in the transgenic NPR1 lines, 42–53% vs. 23% in the control. Shoots from all lines could be recovered and micropropagated (Figure 1E) in modified RP medium following the protocol of Vidoy-Mercado et al. (2012). Axillary shoots were rooted (Figure 1F) and acclimatized to greenhouse conditions (Figures 1G,H).



Molecular Characterization of AtNPR1 Plants

Genomic DNA was isolated from embryogenic calli, and PCR amplification of the nptII and AtNPR1 genes was used to confirm their transgenic nature (Figure 2). All transgenic lines amplified a 700-bp fragment from the nptII gene (Figure 2A), as well as a 732-bp DNA band corresponding to the amplification of the AtNPR1 gene (Figure 2B). DNA from the non-transformed control callus did not show any PCR amplification.
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FIGURE 2. PCR amplifications of the nptII (A) and AtNPR1 (B) gene fragments from genomic DNA extracted from embryogenic callus from the different transgenic AtNPR1 lines and non-transformed line P1.780, 814, and 224: transgenic AtNPR1 lines; P1, non-transgenic control; C–, negative control (without DNA); C+, 35S, AtNPR1 binary plasmid; M, molecular marker.


Expression analysis of AtNPR1 was carried out with qRT-PCR in RNA extracted from the leaves of the micropropagated transgenic plants (Figure 3). The highest level of AtNPR1 expression was detected in the NPR1-780 line, whereas NPR1-224, and NPR1-814 showed lower values. As expected, AtNPR1 expression was not detected in the non-transgenic control.
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FIGURE 3. Relative AtNRP1 expression in leaves from transgenic olive plants. The mRNA values are shown relative to the lowest value obtained in line NPR1-814, which was assigned a value of 1. Data correspond to the mean ± SD of three independent RNA extractions.


AtNPR1 was detected in protein extracts from the control and transgenic leaves by western blotting using a commercial AtNPR1 polyclonal antibody (Figure 4). This antibody recognizes a protein of approximately 66 kDa in A. thaliana. A band of this size was detected in the NPR1-780 line and, at lower intensity, in NPR1-224. Two additional bands of approximately 40 and 28 kDa were also detected in all lines, although their intensity was higher in NPR1-780. The NPR1 protein was induced after treatment of the olive plants with 0.5 mM SA for 24 h. The NPR1 band was detected in all the extracts, including the control line (Figure 4).


[image: image]

FIGURE 4. Western blot detection of AtNPR1 protein in leaf extracts of control (C) and transgenic olive plants. Plants were sprayed with 0.5 mM salicylic acid until runoff, and leaf samples were obtained before (–SA) and 24 h after SA treatment (+SA).




PR1 Expression and Endochitinase Activity in Transgenic AtNPR1 Plants

Among the 11 contigs predicted to encode a basic form of pathogenesis-related protein 1-like in O. europaea var. sylvestris found in the NCBI database, four of them showed homology to PR1 genes from Vitis vinifera, Prunus mume, Medicago truncatula, and Jatropha curcas (Supplementary Table 1). The expression of these genes in leaves was measured by qRT-PCR. Only the gene XM_022999257.1 showed differential expression in control and transgenic plants (Figure 5). This PR1 gene was overexpressed in NPR1-780 and NPR1-814 lines.
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FIGURE 5. Expression of the PR1-like gene XM_022999257.1 in the leaves of transgenic olive plants. Gene expression is shown as relative to the control non-transgenic plant value, which was given an arbitrary value of 1. Asterisks indicate significant differences from the control by t-test at P = 0.05.


Endochitinase activity was measured in leaves of control and transgenic plants growing in the greenhouse to determine whether the expression of AtNPR1 was associated with a constitutive ISR response. No significant differences were found in chitinase activity between the control and transgenic lines (Figure 6).
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FIGURE 6. Chitinase activity in the leaves of control (P1) and transgenic olive plants expressing the AtNPR1 gene. The data correspond to the mean ± SD of three independent protein extractions.




Phenotypic Characterization of Transgenic AtNPR1 Plants

To determine the effect of constitutive expression of the AtNPR1 gene on olive growth, the in vitro and ex vitro behaviors were examined. For the in vitro characterization, axillary shoots were cultured in RP proliferation medium, and several micropropagation parameters were evaluated after 8 weeks of culture (Table 1). Line NPR1-814 showed the highest micropropagation rate, as shown by the highest number of shoots per explant and mean shoot length. In contrast, the NPR1-780 line showed lower values than the non-transgenic control (Table 1). Rooting was not affected in any transgenic line (Table 1).


TABLE 1. In vitro characterization of transgenic AtNPR1 olive plants.

[image: Table 1]The length and diameter of the main shoot were evaluated in 9-month-old plants growing in the greenhouse. Line NPR1-814 showed the highest values for both parameters evaluated, and these values were significantly higher than those of the non-transgenic control (Table 2).


TABLE 2. Ex vitro characterization of transgenic AtNPR1 olive plants.
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Verticillium dahliae Infection Assay

No symptoms developed in non-inoculated plants in either experiment. In Experiment I, symptoms of VW in the susceptible wild olive Ac-15 started to develop by 3 weeks after inoculation with D V. dahliae V-138, and all plants had died 3 weeks later. Similarly, severe disease symptoms developed in control P1 and all AtNPR1 transgenic lines; these plants started to develop symptoms by 25 days after inoculation, and all plants died 25 days later (results not shown). As expected, the resistant genotype Ac-18 did not develop any disease symptoms.

Subsequently, Experiment II was carried out to determine whether the reaction of the transgenic AtNPR1 and control P1 lines to the ND pathotypes would be influenced by the race of the isolate. The race 2 ND isolate V-1242 induced the development of first symptoms by 44 and 55 days after inoculation in the NPR1-224 and P1 lines, respectively. By 19 weeks after inoculation, the incidence of VW ranged from 50 to 75% in the transgenic lines, while 100% of control plants were affected (Table 3). Interestingly, the severity of symptoms was much lower in NPR1-780, the line with the highest relative expression of the transgene, than in the other transgenic lines and the non-transgenic control (Table 3). In addition, the AUDPC mean value in line NPR1-780 was lower than those of the other lines (Figure 7). Conversely, the incidence of symptoms induced by race 1 ND isolate V1558 ranged from 50 to 75% in all lines by 19 weeks after inoculation. Following inoculation with this isolate, no significant differences were found among the control P1 and transgenic lines, either in the severity of symptoms (Table 3) or AUDPC values (Figure 7). For both isolates, V-1242 and V-1558, the pathogen could be recovered from virtually all inoculated plants (Table 3).


TABLE 3. Response of transgenic AtNPR1 olive plants to inoculation with Verticillium dahliae, non-defoliating strains V1242 and V1558.
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FIGURE 7. Average values of area under the disease progress curve (AUDPC) in control (P1) and transgenic AtNPR1 olive plants inoculated with Verticillium dahliae, non-defoliating strains V-1242 and V-1558. Data represent the mean ± SE. Asterisks indicate significant differences from control P1 by the Mann–Whitney U test at P = 0.05.




Rosellinia necatrix Infection Assay

No symptoms developed in non-inoculated plants. Disease symptoms in plants of non-transgenic control P1 appeared 7 days after inoculation with the Rn 400 isolate, and all plants died by 25 days post-inoculation. All transgenic lines showed AUDPC values 7–15% lower than the control, with the best response being observed in the NPR1-814 line (Figure 8), although these differences were not significant.
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FIGURE 8. Average values of area under the disease progress curve (AUDPC) in control (P1) and transgenic AtNPR1 olive plants inoculated with Rosellinia necatrix. Data represent the mean ± SE. Different letters indicate significant differences by LSD test at P = 0.05.




DISCUSSION

Transformation with genes involved in the regulation of defense pathways against a wide spectrum of pathogens is a useful tool in biotechnological breeding (Lin et al., 2004). In this investigation, olive embryogenic cells were transformed with the AtNPR1 gene, which is known to play a key role in the SAR response, to evaluate its effect in inducing tolerance to the hemibiotrophic pathogen V. dahliae and the necrotrophic fungus R. necatrix.

The genetic transformation protocol, including successive exposures to increasing concentrations of paromomycin, was successful in selecting transgenic embryogenic cells. This strategy could be an advantage for selection, avoiding the excessive stress caused in olive cells by A. tumefaciens inoculation; this approach favors cell proliferation and results in a better appearance of the callus. The transformation efficiency was 0.28%, whereas in other studies carried out in olive using the same type of explant and the hypervirulent A. tumefaciens strain AGL1, transformation rates were higher; for example, Narvaez et al. (2018) obtained a 1.5% transformation rate with the antifungal protein afp of Aspergillus giganteus, while with the FTa1 gene from M. truncatula (MtFTa1), it was 2.56% (Haberman et al., 2017). These differences in transformation rates could be explained by the size of the transgene. Whereas the sequences of cDNA of afp and MtFTa1 are less than 1 kb, the size of the AtNPR1 gene, which contains non-coding regions, is approximately 2 kb. Additionally, in the plasmid used, pK7WG2.0, the nptII gene is located close to the left border of the T-DNA; therefore, the large size of AtNPR1 and its location in the right border could hinder the insertion of the nptII gene, making selection of transgenic cells more difficult.

The correct expression of the AtNPR1 gene in transgenic plants was confirmed after detecting AtNPR1 protein by western blotting, and the protein content in the extracts correlated with gene expression. The amount of AtNPR1 protein in the transgenic leaves increased after treatment with SA, but unexpectedly, a band of similar size was also detected in the control. This result suggests that AtNPR1 polyclonal antibody cross-reacts with endogenous olive NPR1; in fact, a search in the O. europaea var. sylvestris genome yielded two genes (XP_022864634.1 and XP_022864635.1) putatively encoding a BTB/POZ domain and ankyrin repeat-containing NPR1 proteins sharing 53% identity with AtNPR1. Lin et al. (2004) also used a polyclonal antibody to detect AtNPR1 in transgenic tomato. In addition to the protein with the expected size, they found in wild-type and transgenic plants that the antibody reacted with other proteins of smaller size, in the range 45 to 35 kDa, which could be derived from endogenous NPR1 homologs.

Overexpression of either AtNPR1 or its homologs has caused negative effects on the growth or development of plants, i.e., in strawberry, Silva et al. (2015) obtained shorter plants, with reduced canopy size, following transformation with this gene; moreover, the level of transgene expression was negatively correlated with plant size. In olive, the NPR1-780 line, with the highest transgene expression and amount of NPR1 protein, showed a lower number of shoots of shorter length under in vitro proliferation; however, these differences were not observed in 9 months old plants growing in the greenhouse. Differential behavior under growth chamber or greenhouse conditions was also observed in rice plants overexpressing the AtNPR1 gene; these plants showed the LMS phenotype (lesion mimic spot) when growing in a chamber under low light, while only a growth reduction was noticed following transfer to the greenhouse; moreover, these transgenic rice plants were more sensitive to abiotic stress, such as salinity and drought, as well as to viral infections (Quilis et al., 2008). Molla et al. (2016) reported that some negative effects of AtNPR1 expression could be avoided by using a specific green tissue promoter instead of a constitutive promoter.

Silva et al. (2015) hypothesized that the reduction in growth and development observed in AtNPR1-transformed strawberries could be due to constitutive activation of defense pathways. These transgenic plants constitutively expressed a PR5 gene (thaumatin); however, their SA content was similar to that of the control plants. Other PR genes have also been shown to be constitutively expressed following transformation with this gene or its homologs, i.e., PR1b and PBZ1/PR10 in rice (Chern et al., 2005), PR1 and genes coding for glucanases (PR2) and chitinases (PR3) in tomato (Lin et al., 2004). In contrast, constitutive overexpression of AtNPR1 in Arabidopsis (Cao et al., 1998), wheat (Makandar et al., 2006), or cotton (Kumar et al., 2013) did not induce the expression of PR genes in the absence of pathogens or elicitors. In this research, four genes putatively encoding PR1 were identified; only one of them was slightly upregulated in transgenic plants, although the level of expression did not correlate with AtNPR1 gene expression or protein content. On the other hand, Parkhi et al. (2010a) only found increases in chitinase activity in AtNPR1 cotton plants following inoculation with Fusarium oxysporum or after elicitation with SA. Basal endochitinase activity in leaves was similar in control and transgenic olive plants; hence, AtNPR1 expression apparently did not induce constitutive expression of PR genes coding for these enzymes, at least in the absence of fungal stimulus. According to Niggeweg et al. (2000), variations in the interaction between NPR1 and bZIP transcription factors (TGA) could explain differences in PR gene expression.

Regarding the response to V. dahliae, a hemibiotrophic fungal pathogen, olive plants expressing the AtNPR1 gene did not show any resistance to the D isolate (V138), confirming previous observations by Parkhi et al. (2010a) in cotton; however, behavior against ND pathotypes varied with the race of the isolate, i.e., the NPR1-780 line with the highest transgene expression showed the lowest AUDPC and severity symptom values following inoculation with ND isolate V-1242 (race 2, absence of the Ave1 gene). The performance of transgenic plants following inoculation with ND V-1558 (race 1, presence of the Ave1 gene) was somewhat different, and no significant differences among the control and transgenic lines could be observed. In any case, it appears that the Ve1 gene is not present in the P1 line, since control plants lack resistance to this pathotype. Moreover, the observed differences between pathotypes could confirm that an alternative infection mechanism depending on the fungal race is operating, as shown by Fradin et al. (2009) in V. dahliae-susceptible tomato. Our results in olive are in accordance with the previous observations of Parkhi et al. (2010a) in cotton, where a positive response to ND V. dahliae was observed in AtNPR1 transgenic plants. Resistance to this pathogen seems to involve JA signaling (Fradin et al., 2011; Gao et al., 2013), and overexpression of GhFMO1 (a defense protein in SA signaling) in tobacco increased susceptibility to this fungus (Xu et al., 2014). However, other investigations have shown the importance of SAR signaling in response to Verticillium. In potato, overexpression of a polymorphic sequence of cDNA-AFLP, StoNPR1, isolated from a Verticillium-resistant genotype of Solanum torvum (Wang et al., 2010), conferred resistance through induction of genes involved in the SA biosynthetic pathway, including ICS1 (isochorismate synthase 1) (Deng-Wei et al., 2014). Similarly, in cotton, Gong et al. (2017) reported that decreased resistance was observed following silencing of SA-upregulated ribosomal protein gene L18 (GaRPL18), while Tang et al. (2019) found that silencing of three Wall Are Thin genes resulted in increased SA levels and lignin synthesis and, subsequently, enhanced resistance to V. dahliae. Our results indicate a beneficial effect of SAR response in one of the olive-ND V. dahliae isolates used.

Transformation with AtNPR1 has successfully been used to induce tolerance to necrotrophic fungi such as B. cinerea, Alternaria radicina, and Sclerotinia sclerotiorum in carrot (Wally et al., 2009) and Alternaria alternata, Rhizoctonia solani, and F. oxysporum in cotton (Parkhi et al., 2010b; Joshi et al., 2017). Defense against necrotrophic pathogens would be dependent on the JA/Et pathways; however, Berrocal-Lobo and Molina (2004) demonstrated that resistance to F. oxysporum was mediated by Et, JA, and SA in Arabidopsis and that the NPR1 gene was involved. Along this line, Mur et al. (2006) indicated that SA-JA interactions in pathogen attack would depend on the relative concentration of the hormones, i.e., transient synergistic effects would be found at low hormonal concentrations, whereas higher concentrations and longer exposure times would result in antagonistic effects.

In Arabidopsis plants overexpressing the NPR1 gene and inoculated with the necrotrophic pathogen Fusarium graminearum, Makandar et al. (2010) found that defense mediated by SA-NPR1 would contribute to the control of disease, while JA-mediated signaling would favor infection by restricting the activation of defense regulated by SA-NPR1. In any case, a positive role of JA in defense could not be rejected since double mutants (npr1 and insensitive to JA, jar1) were more susceptible to the disease than single npr1 mutants. The fact that this fungus has a short biotrophic phase in the early stages of infection (Goswami and Kistler, 2004) could partially explain the role of SA signaling in defense. In this investigation, one of the transgenic lines showed slower disease progression than the control following inoculation with the necrotrophic fungus R. necatrix, suggesting that, in this pathosystem, overexpression of NPR1 slightly improves the response of plants to the fungus, although no correlation could be found between this positive effect and transgene expression or basal endochitinase activity.



CONCLUSION

Heterologous expression of the NPR1 gene from A. thaliana in olive does not confer resistance to a D pathotype of the hemibiotroph fungus V. dahliae, although it improved the plant response to ND pathotypes. Similarly, a slight improvement in plant behavior was observed following inoculation with the necrotrophic fungus R. necatrix. However, the level of resistance attained in both cases does not make it a feasible approach to control these diseases.
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Formulation Particle size PDI Z-P (mV) EE (%)
(nm)

CSNPs 260.3%2 £29.4 0.2578 £0.031 25.0% £1.72 -

CSNPs/Ole 25468 +£20.7 0.25084+0.025 16.9° +0.71 62254 34

CSNPs/EF1 25872 +17.2  0.2072 £0.042 15.7° +1.31 94.5° £ 5.2

CSNPs/EF2  269.42 £36.3 0.2292+0.032 1157 £2.08 73.1°+47

Means with different letters for the same quality parameter differ significantly by
Tukey's test (o < 0.05). Data are average £SEM (n = 3).
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Compound

N° peak Tr (min) Yield in EF1 Yield in EF2
(mg/q) (mg/g)

Verbascoside 4 23.3 18.52 +£3.3 4790 +47
Luteolin-7- 2 26.6 143.5% +£12.3 147.8%2 £ 134
glucoside
Oleuropein 1 28.3 335.72 £22.3 603.2° +42.3
Luteolin-4-O- 3 30.9 61.42 £53 8272 +7.5
glucoside
Unidentified* = = 460.3% £ 32.3 118.4> +10.2

Means with different letters for the same quality parameter differ significantly by
Tukey’s test (p < 0.05). Data are average +=SEM (n = 3). *Sum of (over 30)
unidentified substances.
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Code samples  Composition Concentration tested (1X)

[mg/L]

Ole Oleuropein (standard) 100

EF1 Oleuropein 100.08 +£ 1.0
Luteolin-4-O-glucoside 18.0% £ 0.1
Luteolin-7-glucoside 43.0% £ 0.2
Verbascoside 8.07 4 0.1
Phenols unidentified 137.08 + 1.2
Totals phenols 303.02 + 2.6

EF2 Oleuropein 100.02 £ 1.0
Luteolin-4-O-glucoside 14.0% £ 0.1
Luteolin-7-glucoside 25.0 + 0.2
Verbascoside 8.0% £ 0.1
Phenols unidentified 35.0° £ 0.2
Totals phenols 182.0° + 1.6

Means with different letters for the same quality parameter differ significantly by
Tukey's test (p < 0.05). Data are average £SEM (n = 3).
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Formulation

CSNPs

Ole
CSNPs/Ole
EF1
CSNPs/EF1
EE2
CSNPs/EF2

1X

—22 4122345 43
—27.40%2+10.15
—27.96%2+2.42
49382041141
—7.38%245.66
4.6426+0.93
9.85%°43.13

3X

17.6202+0.48
—13.418P416.43
22.06°°+7.91
31.48%P 11 67
10.38°°+1.73
6.99 + 5.08 a,b
15.022-+1.31

1(%)
6X

21.57°847 31
58.020-°+1.91
66.31¢0+10.47
46.56%P+0.29
28.45%3+3.79
23.53%2+4.98
32.60°P+1.73

9X

40.85%2+1.34
52.43%P 14 78
64.99%C+1.87
53.34%P4+4.99
44379042 57
—16.41%04577
19.98%°45.13

12X

41.93%34+317
33.45%245.88
51.62¢0+7.30
48.52%P 42 88
58.13%°+3.05
3.558:0+0.67
32.20°-°4+1.96

The first letter refers to the significance of the same preparation for the different concentrations, the second is related to the significance of all the preparations for the
same concentration. Means with different letters for the same quality parameter differ significantly by Tukey’s test (o < 0.05). Data are average + SEM (n = 3).
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IRg (%)

Formulation 1X 3X 6X 9X 12X

CSNPs 48.71240.49 48.71240.49 48.712+0.49 48.713+0.49 48.71240.49
Ole 10.19%:P+4.01 12.96P°+1.26 22112044 26 47.19%942 62 58.50%€+1.58
CSNPs/Ole 13.2320+1.34 28.00°:0+1.01 66.28%9+2.04 67.410042 28 62.75%9+4.07
EF1 68.722:041.72 68.482:042 40 84.87>°+2.03 86.18>°+1.38 84.66°°+2.80
CSNPs/EF1 52.45%24+3.16 55.018:042.74 57.422P42 90 61.17°%P+4 19 87.96%°42.50
EF2 44.10%244.56 50.37°:P+1.03 58.90°°+4.33 26.55%942 66 36.27%43.51
CSNPs/EF2 37.002P+4.19 54.45°-043 11 62.39%9+1.68 57.37%€42 07 67.81%9+1.11

The germination tests were conducted in sterile water. The first letter refers to the significance of the same preparation for the different concentrations, the second is
related to the significance of all the preparations for the same concentration. Means with different letters for the same quality parameter differ significantly by Tukey’s test
(p < 0.05). Data are average +=SEM (n = 3).
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V. dahliae isolate Genotype

V-1242 P1
NPR1-224
NPR1-780
NPR1-814

V-1568 P1
NPR1-224
NPR1-780
NPR1-814
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Asterisks indicate significant differences from the control P1 line by the Mann-Whitney U test at P = 0.05. The percentages of plants with symptoms were analyzed with

the Chi-square test at P = 0.05.
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Genotype Shoot length (cm) Stem diameter (cm)
Control 18.7 £ 2.6b 0.19 £ 0.02b
NPR1-224 18.6 £ 3.6b 0.23 £ 0.02a
NPR1-780 19.56+4.2b 0.20 £ 0.02b
NPR1-814 23.7 £ 4.3a 0.23 £ 0.01a

The data correspond to the mean + SD. Within each column, means with different letters are significantly different by the Tukey test at P = 0.05.
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Genotype Shoots per explant Length of shoot (cm) Rooted explants (%) Roots per explant Length of main root (cm)

Control 1.9 + 0.5a 42+ 1.6b 921 25+1.1a 19+14
NPR1-224 1.9+ 0.6a 4.2+ 1.4b 86.2 32+1.1a 1:2 £ 0.7
NPR1-780 1.6+ 0.7b 39+ 1.7b 89.5 23+1.3a 12+05
NPR1-814 2.1 £0.5a 51+11a 85.4 8.1 =172 19+17

The data correspond to the mean + SD. Within each column, means with different letters are significantly different by the Kruskal-Wallis (shoots per explant) or Tukey test
(length of shoot) at P = 0.05.
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necrosis virus D; OMMV, Olive mild mosaic virus; OLV-1, Olive latent virus 1; OLYaV,
Olive leaf yellowing-associated virus.
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Description of forward (Fw) and reverse (Rv) primers used for specific detection of
Olive mild mosaic virus (OMMV) and/or Tobacco necrosis virus D (TNV-D) (Cardoso
et al., 2004), Olive latent virus 1 (OLV-1) and Olive leaf yellowing-associated virus
(OLYaV) in the conventional PCR assays (Zellama et al., 2018). AS, amplicon size.
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OMMV and/or TNV-D AY616760 Fw: GTGTTCAGTCATATACATACC 247 Cardoso et al. (2004)
Rv: GCCTATTGTGCTGTACCAC

OLV-1 KF804054 Fw: GGGGTATGATGGTGCTATGG 162 This work
Rv: ACTCCGCAATATCCGTTCTG

OLYaV AJB44555 Fw: GCTTATCTACTACGCCGATCTTGTC il This work

Rv-AAGAGTGGATCCATCTAGATCGAAA

Description of forward (Fw) and reverse (Rv) primers used for specific detection of Olive mildd mosaic virus (OMMV) and/or Tobacco necrosis virus D (TNV-D), Olive latent
virus 1 (OLV-1) and Olive leaf yellowing-associated virus (OLYaV), in the gPCR assays. AS, amplicon size.
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Numbers followed by different letters indicate significant differences between WW
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m~—2); gm, mesophyll conductance (mol m=2 s~1); Vemax, maximum velocity of
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genotypes. relationships (%)
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French variety Mediterranean variety ~ Numberof  Origin

(FOGB) woge) dissimilar alleles
1 “Bowbe Gordal Sevitana$ 2 Span
Santa Caterina 2 tiaty
‘Aguenaou 2 Ageria
2 “Calletier Arancino’ 1 taty
Augelina® 1 tiay
Correggiolo i palesse 1 tay
Frantoio™ 1 ttay
Larcianese” 1 taty
Razz0" 1 taty
Puntino 1 tialy
san Lazzaro 2 tay
Balad Ain 1 Lebanon
Jot 2 Lebanon
BaladiTawi 1 Lebanon
Faldhfoukha 2 Morocco
3 et Rver Fiare 2 taty
Moraiolo® 1 ttay
Tondelo 2 tay
Aethiko 2 Oyprus
4 Cajon  Rougette de Miiia o Ageria
5 Ofviere: Kalokerida o Cresce
5 Penoine AbouChaviken o Lebanon
7 Reymet Giegino® 1 ttay
Rosino® 1 tray
Rosselino 1 tay
Pescatino” 1 ttaty
3 3319 Lecaino™ 2 tay
Gremignolo” 2 taty

“Accessions showed simiar in WOGB colecton.
“French variely simiar to foreign one and the reference varisty.
$The reference variety for the case of simiarity between French and Foreign varieties.
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Subclass Family Inside Bordering  Total

or order olive groves  olive groves
Acari 3 0 3
Araneae ot 58 149
Coleoptera 32 9 41
Dictioptera 1 0 1
Diptera 34 3 40
Hemiptera Aeyrodidae 48 [ 142
Anthocoridae 8 2 10
Aphididae 360 4 364
Cicadelidae 17 5 22
Miidae 833 8 968
Pentatomidae 1 3 4
Hymenoptera  Aphelinidae 38 13 51
Apidae 1 18 19
Braconidae 12 0 12
Ceraphronidae o 3
Cynipidae 4 0 4
Elasmidae 1 0 1
Encyrtidae 0 2 2
Eulophidae 42 0 42
Eupelmidae 3 1 4
Formicidae 137 30 167
Ichneumonidae 2 0 2
Mymaridae 24 0 24
Platygastridae 2 0 2
Pteromalidae 16 2 18
Scelionidae 48 7 55
Torymidae 1 0 1
Trichogrammaticiae 1 0 1
Lepidoptera 1 3 4
Neuroptera 2 0 2
Orthoptera 11 4 15
Thysanoptera 71 5 76
Total 1,898 351 2,249
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Extraction yield (%)
Moisture content (%)
Ol content (%)

Control

160 +£ 0.3
66.8 + 0.5
7.02+0.1

cv. Carolea
PEF
169+ 03

66.9 £ 0.1
596 + 0.2

cv. Ottobratica

Control PEF
128+ 0.2 131 +£0.1
59.1 £ 0.1 59.0 £ 02
6.01+0.1 5.89 + 0.04

@The data are the mean values of four independent experiments analyzed in duplicate, + standard deviation.

cv. Coratina

Control PEF
16.8 + 0.4 16.6 £ 0.1
58.7 £ 0.01 588 + 0.1
5.72 £ 0.0 5.44 + 0.1
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Acidity (g of oleic acid 100 of oil~1)

cv. Carolea®

Control 0.27 + 0.01
PEF 0.26 = 0.002
cv. Ottobratica

Control 0.28 = 0.01
PEF 0.30 + 0.01
cv. Coratina

Control 027 = 0.02
PEF 0.28 + 0.01

Peroxide value (meq of O, kg of oil~1)

56+0.1
60£04

60401
62+02

3.0+ 007
31£01

aThe data are the mean values of four independent experiments analyzed in duplicate, + standard deviation.

Kas2

1.668 + 0.003
1.691 £ 0.01

1.701 & 0.004
1.747 £ 0.02

1817 £0.01
1.828 £ 0.02

Kar0

0.106 + 0.001
0.111 & 0.002

0.166 + 0.005
0.153 & 0.004

0.187 + 0.02
0.185 + 0.002

AK

—0.002 + 0.0002
—0.002 £ 0.0001

—0.002 £ 0.0001
—0.003 £ 0.0003

—0.004 £ 0.0002
—0.006 =+ 0.0001
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Phenological stage n Aphididae Aleyrodidae Araneae Formicidae Miridae Hymenoptera parasitoids

Pre-flowering 5 02022 18+£9.6% T4%£1.22 3+18 82+322 3+09?
Flowering 5 0.6+ 022 08+08° 424130 34142 88+ 197 2+09°

The letters representing superindices indicate differences between the flowering stages for each taxonomic group.
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Phenology n Aphididae Aleyrodidae Araneae Formicidae Miridae Hymenoptera parasitoids

Pre-flowering 10 18£05° 464169 67128 822 56.1 % 10.12 3206
Flowering 10 339+ 15.8° 02+02° 22+06° 63 319433 16£2.9°

The letters representing superindices indicate differences between the flowering stages for each taxonomic group.
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Parameters Variety Fruit ripening Interaction Error ov Mean SE

MC (%) 54.03" 18.79 11,657 15.61 15.38 46.72 1.84
OCDM (%) 50.16° 20.33" 7.57 21.94 15.44 4161 224
OCHM (%) 64.37 902" 857 17.14 23.83 22.20 1.33
OIY (%) 51.95" 20.16" 12.94* 14.95 31.75 13.41 141
C16:0 (%) 77.95" 1.74 8.46™ 11.85 13.83 14.98 0.49
C16:1 (%) 7841 352" 145 357 68.46 097 0.08
C18:0 (%) 9282 0.48 1.91 529 36.32 300 0.15
C18:1 (%) 7597 127 3.89 7.45 7.79 65.97 1.04
C18:2 (%) 58.16" 3142t 402 6.40 3022 12.80 069
C18:3 (%) 79.82" 050 672 12,96 19.21 088 005
SFA (%) 7737 145 1027 11.21 826 1885 0.45
MUFA (%) 75.86" 132" 3.19 7.76 6.91 67.47 0.99
PUFA (%) 5955 299" 4.04 651 28.80 13.68 071
MUFA/PUFA 48.29™ 38.18" 7.02* 6.51 33.20 5.46 0.32
MUFA/SFA 83.38" 038 7 924 18.67 368 014
PUFA/SFA 48.41" 37.48" 751" 661 31.08 074 0.04
C16:0/C18:2 20.38" 55,07 839" 7.16 28.44 1.27 007
C18:1/C18:2 4675 39.38" 7.56" 631 3595 578 036
ci8:2/C183 49.16" 3077+ 408 7.04 2893 14.90 076
TP (mg GAE/Kg of oil) 46.95™* 9.81 31.77 11.46 42.81 363 37.55
Hydroxytyrosol (mg/Kg) 30.8 221 2569 32.31 10226 680 1.00
Tyrosol (mg/Kg) 56.26"" 1.25 14.78 82.24 3.75 074
Vanilic acid (mg/Kg) 88,18 127 473 36.98 320 024
P-courmaric acid (mg/Kg) 39,09 021 30,68 30,01 136.72 273 026
Oleacein (Mg/Kg) 55.41 186" 34.37 836 76.14 46.20 899
Oleocanthal (mg/Kg) 6526 5.07* 25.19™ 4.48 69.76 132.66 13.68
Luteolin (mg/Kg) 37.39 4.18 3342 2531 5277 433 0.86
Apigenin (mg/Kg) 34,17 431 39.27"" 22.31 66.05 689 1.00

MC, moisture content; OCDM, oil content on dry matter; OCHM, oil content on humid matter; OIY, oilindustrial yield; C16:0, palmitic; C16:1, palmitoleic; C18:0, stearic; C18:1, oleic;
C18:2, linoleic; C18:3, linolenic; SFA, saturated fetty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; TF totel phenols; GAE, Galic acid equivalent; R,
ripening index; "p < 0.0125; "p < 0.003; ""p < 0,005 (Considering the Bonferroni corrections).
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Variables

MC (%)

OCDM (%)

OCHM (%)

OlY (%)

C16:0 (%)

C16:1 (%)

C18:0 (%)

C18:1 (%)

C18:2 (%)

C18:3 (%)

SFA (%)

MUFA (%)

PUFA (%)
MUFA/PUFA
MUFA/SFA
PUFA/SFA
C16:0/C18:2
C18:1/C18:2
©18:2/C18:3

TP (mg GAE/Kg of o
Hydroxytyrosol (mg/Kg)
Tyrosol (mg/Kg)
Vanilic acid (mg/Kg)
p-Coumaric acid (mg/Kg)
Oleacein (Mg/Kg)
Oleocanthal (mg/Kg)
Luteolin (mg/Kg)
Apigenin (mg/Kg)

“Ascolana Tenera”

53.208
38.09%¢
17.78
11.06%
17.082
2042
1.974
63.949
12.5%
1.02%0
19.05>
65.98°
13.520¢
5.07d
3.47°
0.71°
1.42%
5.34°
12.28%
5392
9.12
8972
3.46%
1.74bod
51.415¢
109.89°

2.98%f
4.71bode

“Baladi 1”

38,92
45722
27.86%
18.19%
13.88°
0.479
4082
67.63%
11774
0,649
17.93%4
68.10%de
12.410de
5.86¢
3.63°
0.66°
1.24°
6.06>
18.38%
321°4
43bcd
3.26°
2.8%
2208
26.979
73.53°h
7192
6,822

“Baladi 2”

42.15°
44,573
25.56%
171720
14,03
0.479
4472
67.07°
12.08°¢
0.64¢
18.210d
67.54%
12,679
5.65%
357¢
0.66°
1.21°
5.88%¢
19.05%
301°d
360004
2.19°d
2.72d
1.9520¢
27.78¢
48.36"
3.94bodel
4.18%d

“Bella di Cerignola”

47.044
38.56%
20.38°f
11.40%d
12.89°
0.349
4352
70.14%
10.70%
0.94b¢
17.249
70.488¢
11.64%
6.5420
4110
067°
1.29%
7.152
11.49
207!
2.959
0.98¢
2.870°
1.58%d
49.62%
132.81%
2.65°
3.7¢de

“Itrana”

43.60%
37.19¢
20.919¢f
14.475¢
16.59%
1.32¢
2194
66.49°
11.54%d¢
0.83°
18.78b¢
67.8%
12.370de
s.7¢d
3.61°
0.66°
1.497
6.04%
14.02°
469%°
4.8650d
6.040
288>
250
108.03%
317.68%
4.4bcde

7.89%

“Jabaa”

54772
31420
14.189
8.37%
17207
1.640
1.88¢
57.14°
19.472
1.123
19.17°
58.78f
20.59%
2.96°
3070
1072
091®
3.06¢
17.47%
384b°
5.920
1.89%4
3.34%
1.38%
14.3¢
102.98%%
5.358b¢
7982

“Kalamata”

51.50%
48242
23.2g00de
14.47%
13.19°
0.76%"
2.254
68.08%
13.75°
0.83°
15.44°
68.84bcd
14.58°
4994
450
0.96°
1.02%
5.26°
1650
og5de
3.00%
3.04°
2.4%
1.6gbcd
32,544
156.24°
4.870cd
2.79°

“Nabali”

48.39%
43.480¢
22,2348
9.57%
16.25%
0.964
2.74°
66.98%
11.36%%
o704
19
67.94%
12,079%
5.76%d
3.59°
0.64°
1.46%
6.04%
16.19P
176!
55100
2314
2.164
1,620
5820
90.03%"
3.3300f
5.03b0de

“Saloneque”

47.410ed
45672
23.890<d
14.18%
17.342
1.19¢
3.14°
57.59°
17.942
1.10°
20.48%
58.79'
19.032
3.17¢
2.88°
0.98>
0.98°
33¢
16.34°
157!
3.28%d
2364
2214
1.47¢d
121,572
87.43%19
1.96
3.12%

“Sigoise”

44.93%%
40,0204
22.11d
7144
12.87°
0.94%
2.16¢
70.08%
11.99%¢
1.08%
15.08°
71,0220
13,0854
5714
4.742
0.89°
1.17¢4
6.23°
11.319
275%
33104
3.12¢
2.36%4
1.159
62.75°
55269
5.813
5.2600d

“Tanche”

42.55°
44.05%
25,3600
19.442
13.50
0.68f
2219
7175
9.96°
09°
16.71°
72.43
10.85°
7022
4622
or°
1.4420
7.642
11.07¢
276%
4.92b0d
2.09%
2.72%d
2422
62.49°
59.21h
3.020!
6.08200

10C limits

7.5-20
0.3-35
05-5
56-83
35-21
<1

I0C, international olive counci; MC, moisture content; OCDM, oil content on dry matter; OCHM, oil content on humid matter; OIY, oil industrial yield; C16:0, palmitic acid; C16:1, palmitoleic acid; C18:0, stearic acid; C18:1, oleic
acid; C18:2, linoleic acid; C18:3, linolenic acid; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; TF total phenols; GAE, gallic acid equivalent. Different letters in a row indiicate significant

differences (Tukey's HSD test).
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Variables 1 2 3 4
MC (%) 44.15° 43.65° 45.610¢ 50812
OCDM (%) 37.27¢ 40.98> 43010 45758
OCHM (%) 19.88° 23102 23422 22522
OIY (%) 951 15.112 16.302% 13.96%
C16:0 (%) 15.412 15.22% 14.78% 145
C16:1 (%) 0.87° 0.92° 1.022 1.06%
C18:0 (%) 2.738° 2.90% 2.88% 2942
C18:1 (%) 68.922 66.03> 64.46° 64.41°
C18:2 (%) 9.79° 1275 14.65% 15.387
C18:3 (%) 0912 0862 0.882 0.90%
SFA (%) 18.182 18.122 17.66% 17.45°
MUFA (%) 69.79% 66.95> 65.48° 65.46%
PUFA (%) 10.69° 13.60° 15532 16.297
MUFA/PUFA 7.00% 527° 4.44° 431°
MUFA/SFA 3.85% 3.722 3.762 3.822
PUFA/SFA o0.58¢ 0.74° 0.88° 0.982
©16:0/C18:2 1652 1.240 1.04° 0.97°
C18:1/C18:2 7612 5.57° 4.65° 4.49°
C18:2/C18:3 11.02° 15.07° 16.93% 17.45°
TP (mg GAE/Kg of oil) 3872 308 268 250°
Hydroxytyrosol (mg/Kg) 42120 5.16 4.93% 3840
Tyrosol (mg/Kg) 282 352 3532 2822
Vanilic acid (mg/Kg) 267 279 2932 237°
p-Coumaric acid (mg/Kg) 1.8228 1912 1792 1.742
Oleacein (mg/Kg) 61872 60.95% 54422 46570
Oleocanthal (mg/Kg) 136.28% 130,723 104.59° 81.13¢
Luteolin (mg/Kg) 4.48% 4563 3.81% 3530
Apigenin (mg/Kg) 5.49% 6.072 4.84b 4.470

R, ripening index; MC, moisture content; OCDM, oil content on cfy matter; OCHM, oil
‘content on humid matter; OIY, ol indlustrialyield; G16:0, palmitic acid; C16:1, palmitoleic
acid; C18:0, stearic acio; C18:1, oleic acid; C18:2, linoleic acid; C18:3, linolenic acid; SFA,
saturated fatty acid; MUFA, monounsaturatedfatty acid; PUFA, polyunsaturated fatty acid;
TP total phenols; GAE, gallic acid equivalent. Diferent letters in & row indicate significant
differences (Tukey's HSD test)
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Parameters Interaction Wilk’s A F Partial n* Power
oc Variety 0.02 14,84 0,64 1
Frit ripening 0.15 18.18" 047 1
Variety x it ripening 0.12 201 0.41 1
Fatty acids Variety 0.00 36,07 083 1
Frit ripening 0.02 15,81 074 1
Variety x it ripening 0.00 420" 0.60 1
Phenolic compounds Variety 0 2147 0.69 1
Fruit ripening 0.14 785" 0.49 1
Variety x Fruit ripening 0 5341 0.66 1
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RWC (%)

180 DAT 210 DAT 240 DAT
Fadak 86-0 84.36 a 84.36 a 70.40 a
Fadak 86-100 84.15a 84.15a 56.65 b
Fadak 86-200 83.37 a 83.37 a 0
Royal-0 82.72 a 74.89 a 76.06 a
Royal-100 83.43 a 76.15 a 66.23 b
Royal-200 79.05 a 77.47 a 64.58 b
Koroneiki-0 88.43 a 77.84 a 7513 a
Koroneiki-100 84.04 a 81.46 a 72.01 a
Koroneiki-200 83.49 a 78.33 a 64.67 b
Arbequina-0 86.03 a 85.58 a 78.75 a
Arbequina-100 82.73 b 77.44 b 68.51b
Arbequina-200 80.09 b 73.95b 0

Mean values followed by different letters are significantly different (P < 0.05). Tests
were performed inside each cultivar for three treatments (0, 100, and 200 mM
NaCl) and separately for each time point.
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SPAD

180 DAT 210 DAT 240 DAT
Fadak 86-0 85.75 a 88.02 a 82.10a
Fadak 86-100 85.70 a 80.78 b 65.23b
Fadak 86-200 84.48 a 79.84 b 0
Royal-0 90.74 a 91.29 a 90.40 a
Royal-100 93.08 a 83.22 b 68.00 b
Royal-200 9214 a 84.39b 66.99 b
Koroneiki-0 92.99 a 93.18 a 89.53 a
Koroneiki-100 90.54 a 80.96 b 77.18b
Koroneiki-200 93.44 a 82.33 b 62.51 b
Arbequina-0 95.94 a 93.11 a 94.35a
Arbequina-100 95.36 a 82.86 b 50.99 b
Arbequina-200 96.78 a 85.62 ab 0

Mean values followed by different letters are significantly different (P < 0.05). Tests
were performed inside each cultivar for three treatments (0, 100, and 200 mM
NaCl) and separately for each time point.
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Fadak 86-0
Fadak 86-100
Fadak 86-200
Royal-0
Royal-100
Royal-200
Koronelki-0
Koroneiki-100
Koroneiki-200
Arbequina-0
Arbequina-100
Arbequina-200

Roots DW

28.81a
19.06 b

9.52¢
3224a
17.40b
18.52 ¢
33.54a
11.38b
1561b
25.75a
20.24b
1235¢

‘Shoots DW

263a
266a
251a
9.30a
520b
384c
1.87a
3.83b
5.03¢c
981a
4420
2.16¢c

Leaves DW

8.19a
8.36a
0.03b
23.14a
10.19b
278¢c
21.75a
581b
321b
2441a
8.98b
0.02¢

Stem DW

985a
1056a
11.10a
19.11a
14.99b
1211c
2164a
11.26b
12.30b
21.70a
15250
11.99¢

Plant DW

49.48 a
40.64 a
23.16b
83.79a
47.78 b
37.25b
88.80a
32.28b
36.15b
81.67a
30.89b
26.52b

Mean values followed by different letters are significantly different (P < 0.05). Tests were performed inside each cultivar for three treatments (0, 100, and 200 mM NaCl).
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Pn E gs ci

wmol(COz) m~2s~1 mmo I(H,0) m~2 51 mmol(H,0) m~2 51 wmol mol~*

180 DAT

Fadak 86-0 12142 350a 246502 297212
Fadak 86-100 1167a 355a 236.38a 284.46a
Fadak 86-200 11.40a 360a 232474 281672
Royal-0 13.80a 2.93a 147.97 a 20954 a
Royal-100 12.03a 2.43a 127.96b 21380a
Royal-200 10.15b 2252 12862 b 201412
Koroneiki-0 14.10a 385a 25265a 260.69 b
Koroneiki-100 10.69b 381a 209.77b 31256
Koroneiki-200 931b 351a 180.34b 359.19a
Arbequina-0 13052 338a 184.47a 254942
Arbequina-100 11.63b 2.32b 174.70b 244432
Arbequina-200 11.01b 2.33b 170.79b 251644
210 DAT

Fadak 86-0 11752 2.12a 162532 28821 b
Fadak 86-100 7.20b 1.38b 72.04b 346.47a
Fadak 86-200 547b 1.35b 68.78b 332.03a
Royal-0 6.72a 0.69a 21.60a 112,072
Royal-100 6.02a 072a 27.06a 101.432
Royal-200 517b 0.70a 22182 117.322
Koroneiki-0 9.30a 212a 90.75a 241.55b
Koroneiki-100 554b 161a 57.79b 279.20a
Koroneiki-200 447b 1.30b 4585b 295.43a
Arbequina-0 7.9a 1.83a 108322 32036 b
Arbequina-100 4600 1.85a 105902 39426
Arbequina-200 4790 1.86a 5347b 368.24 ab
240 DAT

Fadak 86-0 501a 211a 72662 266.25b
Fadak 86-100 ~068b 1.28b 37.53b 341682
Royal-0 777a 234a 86.552a 26592 b
Royal-100 1.78b 1.55b 5004b 371.09a
Royal-200 -045b 137b 36.37b 39399a
Koroneiki-0 4.06a 2.96a 95.40a 296.85b
Koroneiki-100 -0.16b 194b 53150 375652
Koroneiki-200 -083b 211b 59.32b 395954
Arbequina-0 2.70a 457a 167.90a 333.34b
Arbequina-100 -0.86b 303a 95.16b 383.40a

Mean values followed by different letters are significantly different (P < 0.05). Tests were performed inside each cultivar for three treatments (0, 100, and 200 mM NaC})
and separately for each time point.
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