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Abstract

:

Water scarcity in agriculture can limit crop production and trigger the need for more effective water resource management. As a result, it is critical to identify new crop genotypes that are more drought tolerant and perform better under low irrigation or even rain-fed conditions. The olive tree is a high-value crop that is well adapted to dry Mediterranean conditions. However, different genotypes may have developed different mechanisms of tolerance to water stress. To investigate such mechanisms, we examined three Italian olive cultivars (‘Giarraffa’, ‘Leccino’, and ‘Maurino’) grown in a greenhouse under drought stress. We found that single genotypes responded differently to the drought, though not all parameters revealed significant differences. The first major difference among the cultivars was in transpiration: the lower stomatal density and stomatal conductance of ‘Giarraffa’ allow this cultivar to use water more conservatively. In parallel with the reduction in stomatal and mesophyll conductance, the drought-stressed group of ‘Giarraffa’ maintained the electron transport rate and effective efficiency levels of photosystem II similar to those of the control until the fourth week of stress. The fluorescence parameters revealed the earlier closure of reaction photosynthetic centres in ‘Leccino’. Finally, the higher rate of electrolyte leakage in ‘Maurino’ indicated a significant ions loss in this cultivar when it was subjected to the drought. Both water management under stress conditions and the effect of drought on photosynthesis make ‘Giarraffa’ interesting to researchers studying its use in breeding or water-saving programmes.






Keywords:


gas exchange; mesophyll conductance; locally adapted cultivars; pigments; stomatal density; chlorophyll fluorescence; water content












1. Introduction


Droughts have a negative impact on plant growth and productivity, as evapotranspiration exceeds the amount of water absorbed by the roots, leading to drought stress. A low soil moisture level and a high air vapor pressure deficit determine the intensity of the water deficit in leaf tissues [1]. Plants are constantly threatened by water stress due to natural climate change, but anthropogenic climate change will exacerbate water deficits for plants and crops [2]; the IPCC 2021 report indicates that climate warming is leading to an increased atmospheric evaporation demand and decreased soil moisture availability, which could lead to more frequent and severe droughts in semi-arid regions [3]. In light of this, the cultivation of crop plants will require more irrigation water to maintain the yield and productivity [4].



Droughts have a significant impact on plant traits, including biomass production, fruit yield, growth, and development. Photosynthesis is particularly sensitive to drought stress, as it reduces the rates of carbohydrate synthesis and accumulation [5]. Plants use a variety of defence mechanisms to cope with droughts, including the production of osmoprotectants, the synthesis of proteins, and changes in metabolic processes, hormone levels, and gene expression. To maintain cell turgor and reduce water loss, plants close their stomata [4], which results in a decrease in stomatal conductance (gs), in association with decreases in the leaf water potential (Ψ) and relative water content (RWC) [6,7]. Stomata closure immediately causes a reduction in the amount of CO2 in the substomatal cavity, which then slows the rate of photosynthesis: in most cases, photosynthesis is completely stopped due to stomatal closure before the metabolism is affected [8]. However, as RWC and gs severely decline during a drought, additional metabolic restrictions can take place [9]. For instance, Flexas and Medrano [10] found that the Ribulose-1,5-bisphosphate (RuBP) regeneration capacity decreases as the ATP production decreases. Furthermore, droughts can cause an impairment of the carboxylation capacity due to Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) content reduction only at very low gs values (<0.01 mol H2O m−2 s−1) [8].



The increase in mesophyll diffusion resistance to CO2 has also gained recognition as a limitation to the photosynthetic process under stress conditions [8,11,12]; for example, under salt stress conditions, the changes in mesophyll conductance (gm) have been shown to be as rapid as those in gs [11]. When the rate of light absorption exceeds the capacity to photosynthesise, this results in irreversible photoinhibition [13]. In addition, a low transpiration rate caused by stomata closure under drought conditions leads to an increase in the leaf temperature, which may exacerbate photoinhibition [14]. As a result, the photosynthetic pigments may degrade, and the PSII efficiency may decline [6].



Olive trees (Olea europaea L.) are one of the oldest domesticated plants in the Mediterranean basin and are still extremely important in agriculture, economy, and culture [4]. According to the International Olive Council (IOC), the global olive oil production total for the 2021/22 crop year was 3.1 million tons. IOC member countries produced 2.9 million tons (93.9% of the global total). EU countries have suffered a significant reduction in production as a result of droughts and adverse weather [15]. Italy is one of Europe’s top producers of olive oil, with over a million hectares dedicated to olive cultivation [16]. Italy has over 500 cultivars of olive trees registered in the National Olive Oil register, making it a country rich in olive biodiversity. However, the number is likely to rise as analyses (mostly genetic) continue. These cultivars differ morphologically, as well as in terms of the yield and quality of the oil they produce. ‘Frantoio’, ‘Leccino’, ‘Taggiasca’, and ‘Coratina’ are among the most common and well-known cultivars, but many others characterise various Italian regions. This biodiversity contributes to Italian oil being a unique product that is valued around the world [17,18,19]. Olive trees require specific environmental conditions in order to grow and produce. These include hot, dry summers, and mild, but cool winters, with ideal annual temperatures of 15–25 °C. High temperatures can harm flowering and fruiting. Olive trees require sunlight to grow a healthy canopy and produce oil. Although olive trees are drought-tolerant, they require adequate irrigation during critical periods, such as flower differentiation, fruit setting, and fruit swelling. Olive plants can grow in a variety of soil types so long as the soil is well drained and there is no standing water. The coastal and hilly areas of central and southern Italy (Puglia, Calabria, Sicily, Tuscany, Umbria, and Lazio) are the best for olive cultivation. The olive tree is the model woody plant used for the study of drought responses and tolerance [20], and it has been studied under a range of environmental stress conditions, such as UV-B [21] and salt stress [22].



Specifically, several traits have been described as critical for drought tolerance, such as a small stomata, waxy leaf surface, narrow xylem vessels, non-photochemical quenching activation, and rapid osmotic adjustment [4,20,23]. Nevertheless, irrigation practices have spread throughout Europe due to the correlation between crop productivity and increased water availability [24]. Although olive trees are generally considered to be drought-tolerant, only a few studies have investigated the differences in the physiological responses of olive cultivars to limited water availability. However, the large number of olive cultivars currently listed in world repositories strongly supports the presence of significant differences in physiological responses to droughts [7,25,26]. These are related to the specific environment in which cultivars are grown and adapted, emphasizing the importance of studying the diversity of olive plants and promoting the more thorough characterization of various stress tolerance mechanisms [27,28,29]. The comparison of various cultivars will allow the identification of both the basic, ubiquitous plant tolerance mechanisms and the potential interactions between diverse mechanisms for drought tolerance, as well as identify potential strategies for improving olive tree growth and productivity in water-stressed environments.



We investigated three different olive cultivars grown in Italy, among the many catalogued in the Italian National Registry, to perform thorough analysis. The cultivar Giarraffa, native to the arid region of Sicily, is tolerant to drought as well as to UV light [21]. The cultivar, Leccino, is more diffused worldwide and shows good tolerance to drought, cold, and bacteria (Xylella fastidiosa) [30]. The cultivar, Maurino, which is autochthonous in Tuscany and cold-tolerant, showed a peculiar morphological trait (wilting of leaves) when it was exposed to dry conditions (Claudio Cantini, personal communication). Based on a GBS-derived SNP catalogue of 94 Italian cultivars, it was proposed that ‘Maurino’ and ‘Leccino’ are members of a cluster population descended from local oleasters. ‘Giarraffa’, on the other hand, is clearly distinct from other Italian cultivars and was most likely introduced from Spain and Morocco [31]. Our hypothesis was that the three cultivars would respond differently to drought due to their long-term adaptation to different environments. To test this hypothesis, fully drought-stressed plants were evaluated for physiological, morphological, and biochemical parameters, as well as their soil water content. This study aimed to assess and distinguish the drought tolerance of three Italian olive cultivars by understanding how changes in water distribution and management could affect their physiological responses. The comparison of various cultivars will allow the identification of both the basic, ubiquitous plant tolerance mechanisms and the potential interactions between diverse mechanisms of drought tolerance. Furthermore, comparing different olive cultivars can provide useful data on the most effective drought response. As a result, we sought to investigate the mechanisms by which different olive cultivars tolerate or adapt to drought stress, as well as identify major parameters to be used to classify the olive tree drought response within germplasm collections. The findings will be useful in understanding the resilience of olive trees to droughts and developing smart management strategies for olive production in the face of climate change and water scarcity.




2. Materials and Methods


2.1. Plant Growth Conditions and Drought Stress Treatment


Certified, 18-month-old olive trees (Olea europaea L., cultivars Leccino, Maurino, and Giarraffa) were provided by “Spoolivi” (Società Pesciatina di Orticoltura, Pescia, PT, Italy). The plants were grown in 4 L pots with a substrate of 50% peat and 50% pumice [32]. Upon arrival at the university laboratories, the plants were transferred to a growth chamber in which illumination was provided by LEDs for flowering and growth (TLED secret Jardin—SRL AGOMOON, Manage, Belgium). The photoperiod was 12 h of light and 12 h of dark. After one week of adaptation to the general environmental conditions with steady watering, 20 plants of each cultivar were split in two 10-plant groups to be used as a control (CTRL) or to be subjected to drought stress (DS). The CTRL groups were fully irrigated (500 mL of water per week), while the DS groups were totally deprived of water for 4 weeks. The experimental period consisted of an increasing water deficit divided into 5 time points: t0, t1, t2, t3, and t4, corresponding to the onset of the withholding irrigation and the first, second, third, and fourth weeks of irrigation deprivation, respectively. The pots inside the chamber were rotated every week to avoid any positional effects [29]. Temperature and humidity were recorded hourly with the EBI 20-th1 datalogger (Ebro): the temperature was 27.5 °C, and the humidity was 51.1% (in both cases, the data are averaged throughout the day and night). The minimum and the maximum values reached by temperature were 22.3 °C and 31.8 °C, respectively; 29.8% and 70.1% were the minimum and the maximum values of recorded humidity, respectively.




2.2. Soil Water Content


The soil water content (SWC) was evaluated according to Bilskie [33]. Four soil samples were collected for each group and immediately weighed to obtain the wet mass (mwet). Then, samples were put in the oven for 24 h at 105 °C, and then weighed again (mdry). Finally, soil water content was calculated as:


SWC = (mwet − mdry)/mdry












2.3. Relative Water Content of Leaves and Stems


The relative water contents of leaves (leaf RWC) and stems (stem RWC) were calculated as described by El Yamani et al. [6]. Fully expanded and mature leaves at each time point were cut below the petiole and immediately placed in pre-weighed plastic tubes. The leaves were weighed along with the tubes to obtain the fresh weight (FW). Stems were harvested only at t0, t2, and t4. For both the leaves and stems, tubes were filled with distilled water, and samples were incubated for 24 h at 4 °C in the dark. Afterwards, the leaves and stems were removed from the tubes and dried with paper towels to absorb excess water. The samples were weighed to determine the turgid weight (TW). Finally, the samples were placed in paper bags and heated in an oven at 80 °C for 48 h. The samples were weighed to determine the dry weight (DW). The RWC of leaves and stems was calculated as:


RWC (%) = (FW − DW)/(TW − DW) × 100












2.4. Stomatal Density


Stomatal density was measured according to Xu et al. [34]. Briefly, 5 mature leaves per group were selected at t0, t2, and t4. The abaxial epidermis of the leaf was coated with clear nail polish. Once dried, the film was peeled off the leaf and placed on a slide over a drop of water. The samples were examined with the Zeiss Axiophot light microscope (Oberkochen, Germany). Six images were taken for each leaf sample (thus, there was a total of 30 images per group). The images were analysed with ImageJ. The stomatal density was then calculated as the number of stomata per leaf area.




2.5. Leaf Gas Exchange and Chlorophyll Fluorescence


The LiCor-6800 instrument (LICOR, Lincoln, NB, USA) equipped with a leaf chamber fluorometer was used to assess gas exchange and chlorophyll fluorescence. The light-saturated net photosynthetic rate (A) and gs were recorded throughout the experiment (t0 to t4). During the gas exchange measurements, the following conditions were set: photosynthetic active radiation (PAR) at 1600 µmol m−2 s−1 [35,36], CO2 at 400 ppm, block temperature at 28 °C, and relative humidity at 60% inside a leaf cuvette. In addition, CO2 assimilation rate curves against the intercellular CO2 concentration (i.e., A/Ci curves) were obtained at t2 by using the following 12 CO2 concentration steps: 400, 200, 50, 100, 300, 400, 600, 800, 1000, 1200, 1400, an d1600 ppm. A-Ci curves data were studied using the approach described by Ethier and Livingston [37] to obtain the maximum carboxylation efficiency (Vcmax) and maximum rate of electron transport (Jmax). A/Ci and A/Cc curves are provided in the Supplementary Material (Figure S1). This assumes that gm was constant throughout the CO2 range. Vcmax and Jmax values were standardised at 25 °C using a temperature dependency of those parameters [38]. Michaelis–Menten constants for CO2 (Kc) and O2 (Ko) were derived according to the approach by Bernacchi et al. [38]. To calculate the gm values, the variable J method was applied for calculating the A/Cc curves, as the use of an independent methodology should be preferable for preventing the propagation of errors or assumptions [39]. The variable J method was applied to calculate gm [40] based on the point measurement of A at 400 ppm of Ca with fluorescence measurements:


gm = A/(Ci − Γ* [ETR + 8 (A + Rd)]/[ETR − 4 (A + Rd)])








where: Rd is daytime respiration, which was obtained from the previous study on olive leaves (1.39 µmol m−2 s−1 [41]), Γ* is the CO2 compensation point to photorespiration, which was calculated using the Rubisco specificity factor estimated for evergreen woody species [42]. The fluorescence of chlorophyll was evaluated throughout the experiment (t0 to t4) using the same apparatus with the activated fluorometer (rectangular flash with a red target of 8000 μmol m−2 s−1, a duration of 1000 ms, and an output rate of 100 Hz [43]). Light-adapted leaves were used to obtain the effective efficiency of PSII (ΦPSII) and the electron transport rate (ETR) according to Gilbert et al. [44]. The concentration of CO2 at the chloroplast envelope (Cc) was estimated using the gm value.


Cc = Ci − A/gm











Relative photosynthetic limitations were calculated according to Grassi and Magnani [45] as follows:


Ls = (gtot/[gs/1.6] δA/δCc)/(gtot + δA/δCc)










Lm = (gtot/gm δA/δCc)/(gtot + δA/δCc)










Lb = gtot/(gtot + δA/δCc)








where Ls, Lm, and Lb are the relative limitations of stomatal diffusion, mesophyll diffusion, and biochemical limitation, respectively. gtot is the total CO2 conductance (gtot = [(gs/1.6) gm]/[(gs/1.6) + gm]), 1.6 is the ratio of the diffusion coefficients for water vapor to CO2, and δA/δCc indicates an initial slope of A/Cc curves that was estimated using a range of 0–150 µmol m−2 s−1 of Cc. In addition, the maximum quantum yield of PSII (Fv/Fm) was evaluated for dark-adapted leaves covered with aluminium foil for at least 20 min. One fully expanded leaf per five to six plants per treatment were used for each gas exchange and fluorescence parameter.




2.6. Electrolyte Leakage


The cell membrane permeability to solutes was assessed by measuring the electrolyte leakage (EL) according to ben Abdallah et al. [46]. Two leaf discs with a 0.5 cm diameter were cut from a fresh leaf and placed inside capped tubes filled with 10 mL deionised water. The samples were incubated for 3 h at 37 °C. Immediately after incubation, the conductivity of the solution was measured to obtain the electrical conductivity E1 value. Then, the samples were heated at 95 °C for 30 min before measuring the conductivity again (E2). The EL was calculated as:


EL = E1/E2 × 100



(1)








2.7. Malondialdehyde Content


Malondialdehyde (MDA) content was used to quantify lipid peroxidation in the leaves. Frozen leaves (0.1 g) were ground with 1.5 mL of 0.1% (w/v) trichloroacetic acid (TCA). The samples were centrifuged at 10,000× g for 10 min at 4 °C. Then, 0.25 mL of supernatant was mixed with 1 mL of 20% (w/v) TCA containing 0.5% (w/v) thiobarbituric acid for the positive control; the same supernatant was mixed with 1 mL of 20% (w/v) TCA alone for the negative control. The samples were incubated for 30 min at 95 °C; then, the extracts were immediately cooled on ice and centrifuged (10,000× g for 10 min at 4 °C). Supernatants from positive and negative controls were read at 600, 532, and 400 nm using a microplate reader, EnSpire (PerkinElmer, Waltham, MA, USA). MDA equivalents were calculated according to Hodges et al. [47], and then normalised to dry weight.




2.8. Pigments Quantification


Chlorophyll a, chlorophyll b, and carotenoids were extracted from pure acetone and quantified spectrophotometrically according to Lichtenthaler [48]. Briefly, 1.5 mL of cold 100% acetone was added to ground frozen leaves (500 mg). After 2 to 3 min of agitation, the samples were centrifuged (15,000× g for 15 min at 4 °C) and the supernatants were collected in a new tube. The pellets were extracted again twice. The pool of extracts was then read at 662, 645, and 470 nm with a Shimadzu UV-1280 spectrophotometer. The pigment content was then normalised to dry weight.




2.9. Statistical Analysis


Each analysis included at least five biological replicates (n = 5). For all the parameters recorded at different time points, the effects of the drought treatment (S), cultivar (C), and their interaction (C × S) were evaluated using 2-way Repeated ANOVA. For the MDA content, gm, Ls, Lm, Lb, Vcmax, and Jmax, which were measured only at t2, the effects of the treatment (S), cultivar (S), and their interaction (C × S) were analysed by using 2-way ANOVA. At each time point, post hoc analysis was performed using Tukey HSD test. ANOVA and post hoc tests were performed using the Systat 11 statistical package (Systat Software Inc., Richmond, CA, USA). At each time point, the bar graphs show the mean and the standard error of the recorded parameters and significant differences according to the post hoc test (p < 0.01). In the pie chart, the percentages shown are the averages of five values calculated independently for each limitation (Ls, Lm, and Lb). Eight parameters were taken into account to create the correlogram. First, each parameter was expressed as the ratio of the DS group value to the CTRL group value at each time point. Then, Rstudio (ver. 4.2.2, R core team, Vienna, Austria, 2022) was used for correlation according to the time course.





3. Results


3.1. Drought Effects on Plant Water Status and Biochemical Responses


The results are organised as follows in this first section. Table 1 shows the variability of nine physiological parameters as well as the significance of two factors (cultivar and treatment) and their mutual interaction as determined in the ANOVA tests. In addition, only the data where the interaction between cultivar and treatment (C × S) was significant are fully described.



The first parameter we monitored was the soil water content (SWC), which was found to be strongly affected by the DS treatments. ‘Giarraffa’ exhibited a higher value of SWC (89% compared to 76% of the other cultivars). However, the significance of the interaction (C × S) was not relevant, meaning that the SWC was not affected by the cultivar growing in the soil, but only by treatment. A graph containing SWC data is available in the Supplementary Material (Figure S2).



Drought stress also had a significant effect (p-value < 0.001) on the leaf RWC data, but in this case, the cultivar and the interaction C × S were also significant (Table 1). As shown in Figure 1, the drought-stressed groups of ‘Giarraffa’ and ‘Leccino’ retained less water than ‘Maurino’ DS did after the first week of stress. While the difference between the control and stressed groups was significant for all cultivars at t1, ‘Giarraffa’ DS did not differ from its respective control one week later.



Table 1 shows that, considering both the CTRL and DS groups, the ‘Giarraffa’ stem contains more water than the cultivar Leccino does (69.2% and 66.7%, respectively). The higher value recorded in the cultivar Maurino is probably due to the lack of samples at t4. Drought stress reduced stem RWC, resulting in a reduction to 64.4% in the stressed samples compared to 88.0% in the controls. Figure 2 shows that all cultivars lost stem water as the study progressed, with ‘Maurino’ DS having a lower and significantly different stem RWC value than that of ‘Giarraffa’ DS at t2. The stems stored more water than the leaves did as the stress worsened, with from 10% more water at t0 up to 20% at t4.



Stomatal density (SD) affects the rate of exchange between plants and the external environment; since the sampled, mature, fully expanded leaves had developed before the experiment, the drought treatment had no effects on this parameter (Table 1). However, the cultivar (C) had a significant impact on it, with the average numbers of stomata per mm2 being 34.4 for ‘Giarraffa’, 38.4 for ‘Leccino’, and 48.4 for ‘Maurino’.



The stomatal conductance, i.e., the water vapour flux through a leaf sample, showed a significant difference for each factor considered (C, S, and C × S) (Table 1). The cultivar Maurino showed the highest values of gs (0.112 mol m−2 s−1), and it had a higher gs even when comparing only the control groups of the cultivars, as shown in Figure 3. The drought stress had a strong effect (p-value < 0.001), and all the stressed groups had lower and significantly different gs value compared to that of the controls from t2, but ‘Giarraffa’ DS already differed from the respective control at t1. The lowest value of gs was reached by all stressed groups of the cultivars at t4.



Electrolyte leakage (EL) is the loss of electrolytes from cells or tissues and can be caused by a variety of factors, including physical injuries and diseases. This parameter was found to be strongly affected by the factors, C and S, and their interaction (Table 1). As shown in Figure 4, the rate of EL increased progressively and significantly from t1 to t4, and the stress condition resulted in a two-fold increase in the value in the stressed samples (41.2%) compared to that of the control samples (21.9%). ‘Maurino’ was the cultivar that was most strongly affected, already showing a consistent increase in the EL value at t2. After an additional week of stress (t3), the ‘Giarraffa’ DS (40.2%) and ‘Leccino’ DS (42.6%) groups differed significantly compared to their respective controls. At t4, the stressed group of each cultivar scored the highest EL value.



The malondialdehyde (MDA) content is proportional to the intensity of lipid peroxidation and was analysed only at t2 for the sole purpose of saving the leaf samples. The cultivar, Leccino, showed the lowest MDA content, followed by ‘Giarraffa’ (5.28 mmol kg−1 dw) and ‘Maurino’ (7.26 mmol kg−1 dw). The drought-stressed samples exhibited a slightly higher value than the control samples did, but no statistical difference was observed regarding the C × S interaction. MDA data are not shown, but are available in the Supplementary Material (Figure S3). Table 1 also shows the content of major photosynthetic pigments. Carotenoids (Car) and chlorophylls a + b (Chl a + b) were unaffected by the variables considered and remained constant throughout the experiment (Supplementary Material, Figures S4 and S5).




3.2. Impact of Water Deficit on the Photosynthetic Process


Table 2 shows the variability of ten photosynthetic parameters, as well as the significance of two factors (cultivar and treatment) and their mutual interaction, as determined via 2-way Repeated ANOVA. Like the previous section, only the data where the interaction between the cultivar and treatment (C × S) was significant are fully described.



As shown in Table 2, net CO2 assimilation (A) is significantly influenced by the cultivar, the drought, and their interaction. The cultivar Maurino showed a higher value of A than ‘Giarraffa’ and ‘Leccino’ did, even when comparing the control groups (Figure 5). Drought stress generally reduced A, but the earliest reduction occurred in ‘Giarraffa’ DS at t1. From t2, the stressed groups of all cultivars significantly differed from their respective controls.



Figure 6 shows the actual PSII efficiency. It was found that ΦPSII was affected by the cultivar, the drought stress, and their interaction (Table 2). The cultivar, Leccino, showed the first difference between the control and stressed groups at t1. From t2, the significant difference between the control and stressed groups appeared in the cultivar, Maurino. The ‘Giarraffa’ DS group value was significantly lower compared to its respective control one only at t4.



On the contrary, no differences among the cultivars were found for Fv/Fm. However, drought stress affected the maximum efficiency of PSII, but the cultivars behaved similarly in relation to the stress (C × S, p-value = 0.091). All the cultivars showed a decrease in Fv/Fm starting from t3, with the lowest values in the DS groups (0.68 for ‘Giarraffa’ DS, 0.69 for ‘Leccino’ DS, and 0.70 for ‘Maurino’ DS) at t4. A graph is available in the Supplementary Material (Figure S6).



Conversely, the cultivar (C), the drought stress (S) and their interaction (C × S) significantly affected the ETR (Table 2). As shown in Figure 7, drought stress slowed down the ETR of all the stressed groups, but ‘Leccino’ showed the first difference at t2 (‘Leccino’ CTRL 110.7 µmol m−2 s−1; ‘Leccino’ DS 82.6 µmol m−2 s−1, p < 0.01), when the stressed groups of the other two cultivars were still comparable to their respective controls. Significant differences between the CTRL and DS groups appeared in ‘Maurino’ at t3 and in ‘Giarraffa’ only at t4.



Unlike stomatal conductance, Table 2 shows that the mesophyll conductance exhibited no differences among the cultivars, even if a significant decrease in gm is determined by stress, resulting in 0.156 ± 0.058 mol m−2 s−1 in the controls and 0.087 ± 0.037 mol m−2 s−1 in the stressed groups. A graph containing gm values calculated at t0, t2, and t4 is available in the Supplementary Material (Figure S7).



As a result, drought stress significantly affected the stomatal (Ls), mesophyll conductance (Lm), and biochemical (Lb) limitations of photosynthesis at t2 (Table 2). Specifically, after two weeks of stress, the contribution of Ls and Lm was 16% and 9% higher, respectively, in the stressed groups compared to that in the control group, which occurred at the expense of biochemical limitation, which decreased. ‘Giarraffa’ and ‘Maurino’ showed a significant higher stomatal limitation in the stressed group compared to that of their respective controls, while the Ls values in the ‘Leccino’ DS and CTRL groups are similar, as shown in Figure 8. As suggested by the low biochemical limitation of the stressed groups, Vcmax and Jmax, the maximum carboxylation rate and the maximum electron transport rate, respectively, did not seem to be significantly affected by the stress treatment (Table 2). The data are plotted in the Supplementary Material (Figures S8 and S9).




3.3. Correlation


Figure 9 shows correlograms generated for each cultivar. When the cultivars were examined together, they gave very similar results. Firstly, there is a positive correlation between all the parameters, except EL. Therefore, the main difference is the magnitude of the correlation. Looking at the correlations between the water-related parameters (the SWC, the RWC, and gs), the cultivars behaved differently: the cultivar Maurino had the strongest positive correlation between all these parameters. ‘Leccino’ showed the same strong positive correlation between the SWC and gs, but the value was lower when the leaf RWC was correlated with the SWC and gs. In the cultivar, Giarraffa, the correlations of both leaf RWC and SWC with gs were weak, while that between the SWC and leaf RWC was stronger than it was in ‘Leccino’. Concerning the correlation between the water-related parameters and photosynthesis, ‘Maurino’ showed the strongest correlation between the SWC, leaf RWC, gs, and A. The same strong positive correlation was found between A and the SWC in ‘Leccino’. The correlations between the leaf RWC and A (in ‘Leccino’) and the leaf RWC, SWC, and A (in ‘Giarraffa’) are weaker. Moreover, ETR and ΦPSII were strongly positively correlated with gs in ‘Maurino’ and ‘Leccino’, while they were more positively correlated with the leaf RWC in ‘Giarraffa’.





4. Discussion


Olive trees are one of the most cultivated crops in the Mediterranean region and will face frequent droughts due to climate change. Understanding how water deficit affects olive cultivars differently will help us to select those that are best suited to future climate change [49]. This study examined the inter-varietal differences in drought stress responses among three olive cultivars in Italy (cultivars Maurino, Leccino, and Giarraffa). The main variables investigated were the plant–water relationship and photosynthetic traits. The analysis of relative water content revealed the distribution of water within plants, and physiological analysis aimed to show how drought affects photosynthesis light reactions.



The first basic variable we investigated was the amount of water in the soil, which could also indicate how well different plants absorb water through their roots. Indeed, after only one week of stress, the soil water content of all the stressed plants was half of that of the controls, indicating that the cultivars remove comparable amounts of water from the soil. This parameter could not distinguish between the cultivars, which is consistent with the findings of other studies. In the study by Oddo et al. [50], for example, the three Italian cultivars tested (cultivars Giarraffa, Biancolilla, and Nocellara del Belice) showed no significant differences, and the report indicates a 55% reduction from the value of the controls during the first week of stress. There were no discernible differences in the decrease in the SWC in plants stressed for two and three weeks compared to that of the plants stressed for one week. Melaouhi et al. [51] studied the response of two-year-old ‘Arbequina’ and ‘Empeltre’ cultivars to mild (30% field capacity) and severe (50% field capacity) stress and found that both treatments resulted in a significant reduction in the SWC, but no differences or interactions between cultivars or treatments and cultivars were observed. Using the SWC as a benchmark, the current study confirmed that drought stress had an equal impact on all the cultivar groups, with the severity directly related to the duration of the water shortage. Some differences emerge if the available water rather than the soil water content is considered. In other-than-soil media (such as peat and pumice used in this case), the available water in the pots is the difference between the volumetric soil water content determined at psi = −1 kPa and −10 kPa [52]. Data reported by Pardossi et al. [53] defined the range (57/39%) of the volumetric soil water content as the available water for peat: pumice 1:1. Considering the gravimetric soil water content of this study, we assume that the control groups of the three cultivars have the maximum amount of available water during the whole period. The stressed groups of ‘Leccino’ and ‘Maurino’ nearly wilted at t1, while ‘Giarraffa’ reached this state one week later. From t2 onwards, the water available to the stressed groups of all cultivars was very limited.



Although the cultivars retained a similar amount of water in the soil, they were consistently different in terms of transpiration. Firstly, each cultivar had a unique default stomatal density. This morphological difference is perfectly reflected in a different rates of stomatal conductance. The cultivar, Maurino, for example, has the highest stomatal density and the highest stomatal conductance, even when it is grown in well-watered conditions, which is followed by ‘Leccino’, and then ‘Giarraffa’, which has the lowest stomatal density and the earliest decrease in stomatal conductance. Oddo et al. [50], on the other hand, found that ‘Giarraffa’ retained high gs values after seven days of drought stress (0.4 mol m−2 s−1). In this case, ‘Maurino’ appeared to have stomatal characteristics that were less effective in preventing water loss than those of the controls of the other two cultivars, but this did not result in an overall lower leaf relative water content, except for at t2. As suggested by Bosabalidis and Kofidis [25], the higher stomatal density of ‘Maurino’ may allow the more precise regulation of transpiration. The drought tolerance of plants is generally associated with their ability to maintain a high leaf RWC under drought stress conditions [54]. Given that stomatal conductance regulates the plant water status [55], the simultaneous decrease in the RWC and gs in ‘Giarraffa’ at t1 results in a smaller difference between the stressed and control groups at t2 compared to that of the other two cultivars. On the contrary, in ‘Leccino’ and ‘Maurino’, stomatal conductance decreased one week later than the leaf RWC did, which is unlike what has been described by Boussadia et al. [56], Guerfel et al. [7], and Lawlor [9]. During periods of water scarcity, the stem could serve as a water reservoir [57]. At t2, however, the slightly higher water content in the stems of ‘Maurino’ under the control condition did not provide any support to counteract the RWC loss in the leaves at the same time point. The differences between cultivars in water-related parameters became apparent after one or two weeks of stress, but were completely lost as the stress level increased (at t3 and t4). Together with the tendency to maintain higher water contents, the rapid reduction in the stomatal conductance and the low stomatal density could allow ‘Giarraffa’ to use water resources more conservatively and make this cultivar interesting to researchers conducting future water management studies.



Water stress generally reduces stomatal conductance, which decreases the quantity of CO2 taken up by the leaves, limiting net carbon assimilation (A) [58], and thus, affecting plant growth. All the olive cultivars studied showed a decrease in parameter A, supporting the conclusion reached by Sofo et al. [59]. The authors of that case study looked at the cultivars, Biancolilla and Coratina, and found that ten days of total water depletion (roughly between t1 and t2 in the current study) resulted in a decrease in A of 11.8 to 3 mol m−2 s−1 and 14.1 to 1.1 mol m−2 s−1, respectively. In the current study, drought-stressed ‘Giarraffa’ showed an early decrease in A at t1, coinciding with stomatal closure (as indicated by the decrease in gs) and with a decrease in the leaf RWC. Instead, both ‘Leccino’ and ‘Maurino’ cultivars showed a delayed decrease in A compared to the timing of the decrease in the leaf RWC. Guerfel et al. [7] used the leaf water potential to assess the plant water status in two olive cultivars (‘Chemlai’ and ‘Chetoui’) subjected to 21 days of drought. They found a relationship between the leaf water potential and A (R2 0.96 for ‘Chemlai’ and 0.79 for ‘Chetoui’), which can be compared to the behaviour of the stressed group of ‘Giarraffa’. Mesophyll conductance is another important diffusive parameter that regulates the transfer of CO2 from sub-stomatal cavities to the chloroplasts within a leaf [58]. The reduction in gm was found to be associated with a decrease in A in drought-stressed plants, which played a crucial role in reducing CO2 availability in the mesophyll, as confirmed by a relative increase in mesophyll conductance limitation under water stress conditions. The underlying mechanisms involved in the regulation of gm under water stress conditions are not fully understood and deserve further investigation. However, previous studies have reported that gm may be affected by increasing abscisic acid (ABA) concentrations as the soil dries [12,60] or by changes in the leaf structure (such as cell wall thickness) as an acclimation response to the drought [61].



According to Grassi and Magnani [45], the contribution of stomatal, mesophyll conductance, and biochemical limitations can explain the decrease in net CO2 assimilation under drought stress. In this study, the limitations were calculated after two weeks of the drought study. The main factors limiting photosynthesis are stomatal and mesophyll conductance, confirming that diffusive limitations rather than biochemical impairments play a significant role under intermediate stress conditions [8,45]. In particular, water stress increased the overall contribution of the stomatal limitation to photosynthesis in stressed ‘Giarraffa’ and ‘Maurino’ plants at t2. The lack of a biochemical impairment was further demonstrated by the absence of any effects on the maximum electron transport rate (Jmax) and the maximum carboxylation capacity (Vcmax) at least up to t2, as found in drought-stressed Q. ilex by Hoshika et al. [12,62] and in salt-stressed olive trees by Centritto et al. [11]. Chlorophyll fluorescence parameters provide more information about the functionality of photosynthetic machinery during stress. The decrease in the ETR and ΦPSII observed in ‘Leccino’ at t2 anticipates the PSII impairment shown by the strong reduction in Fv/Fm at t3. The cultivar, Giarraffa, which shows decreases in the ETR and ΦPSII only at t4, seems to avoid a photosystem impairments thanks to the earlier decreases in gs and A [63]. The cultivar Maurino showed an intermediate pattern, revealing the first PSII impairments at t3.



Measuring the pigment levels can help assess the health of a plant and determine whether it is under abiotic stress [64]. Indeed, Dias et al. [27] found that the cultivars, Cobrancosa, Cordovil de Serpa, and Cordovil de Castelo Branco, showed a decrease in the chlorophyll and carotenoid contents, which are most likely due to oxidative stress damage under drought stress. However, no stress-related differences in the pigment content were observed in this study, indicating that pigment impairments were not present throughout the experiment. Marino et al. [65] found similar results: after a dry summer without irrigation, 10-year-old olive trees (‘Leccino’) showed no significant changes in the chlorophyll and carotenoid contents. In our case study, the lack of differences in lipid peroxidation between the control and stressed plants suggest that damage to the lipid bilayer of cell membranes does not occur in the early stages of drought stress. Since no lipid peroxidation was observed (at least until t2), the increase in EL may be due to a preliminary response of the plants to drought stress rather than cell damage. According to Demidchik et al. [66], EL is primarily caused by the efflux of K+ through specific channels activated by ROS. K+ release can cause programmed cell death (PCD) or decrease anabolism in favour of catabolic processes, resulting in energy release. All the cultivars studied increased their EL in response to stress, but ‘Maurino’ showed a stronger and faster response. The cultivar, Maurino, could theoretically achieve a faster EL response due to the increased water loss and transpiration rate, at least until t2. The rapid reduction of gas exchange as the SWC and RWC decreased has been shown to give an advantage to the defence of photosynthetic process under drought stress in ‘Giarraffa’, that even with a lower A compared to that of the control, maintained a higher electron transport rate and effective photosystem II efficiency until the last week of the stress study.




5. Conclusions


The conservation of biodiversity is becoming increasingly important in both natural and agricultural environments as climate change has a stronger impact on plants. The widely cultivated olive trees are represented by a broad range of cultivars, each with their own genetic background that may play a role in olive cultivar adaptation to various abiotic stresses such as drought. The three Italian olive cultivars tested in this study differed significantly in their responses to drought stress in growth chamber experiments; though, not all the parameters revealed significant differences. Some defence mechanisms are not used by any of the olive cultivars, whereas others are implemented first by a specific cultivar, resulting in an anticipatory and protective response. The data collected thus far suggest that Giarraffa is likely the most tolerant cultivar, but the molecular processes underlying this evidence are not fully understood. ‘Giarraffa’ showed the earliest stomatal response, but this is not the determining factor for a significantly better water saving capacity than that of the other cultivars. To summarise, the physiological results described here suggest that the genetic basis of water deficit responses may differ between olive cultivars and that specific genotypes (such as ‘Giarraffa’) may be used in breeding programmes to develop preferred cultivars for drought-prone regions. Taking into account both water-related parameters and photosynthesis, we suggest using fluorescent chlorophyll parameters (such as ΦPSII and ETR) as markers to discriminate the drought resistance of cultivars within large germplasm collections, and also, considering the ease with which these data can be collected for a high number of plants. However, the more precise cataloguing of drought-tolerant olive cultivars necessitates additional testing. We have already planned biochemical research to track proteins (such as dehydrins and osmotin) and molecules (such as proline) related to the water balance in the leaves and stems. These may provide a valid alternative to stomatal closure to conserve water during drought and will give a more accurate picture of the specific response of each cultivar.
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Figure 1. Leaf relative water content (leaf RWC) measured in control and drought olive cultivars from t0 to t4. At t0, the stressed and control samples were still one group. The bars represent mean ± standard error. Values for ‘Giarraffa’ (GIA) are blue, ‘Leccino’ (LEC) values are orange, and ‘Maurino’ (MAU) values are green. Striped bars indicate control samples. For each time point, different letters denote statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc tests considering both cultivar and treatment. 
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Figure 2. Stem relative water content (stem RWC) measured in control and drought olive cultivars analysed at t0, t2, and t4. At t0, the stressed and control samples were still one group. The bars represent mean ± standard error. Values for ‘Giarraffa’ (GIA) are blue, ‘Leccino’ (LEC) values are orange, and ‘Maurino’ (MAU) values are green. Striped bars indicate control samples. For each time point, different letters denote statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc tests considering both cultivar and treatment. MAU values at t4 are not shown due to technical problems. 
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Figure 3. Stomatal conductance (gs) in control and drought-stressed olive cultivars from t0 to t4. At t0, the stressed and control samples were still one group. The bars represent mean ± standard error. The values for ‘Giarraffa’ (GIA) are blue, those for ‘Leccino’ (LEC) are orange, and ‘Maurino’ (MAU) values are green. Strip bars refer to control samples. Within each time point, different letters denote statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc tests considering both cultivar and treatment. 






Figure 3. Stomatal conductance (gs) in control and drought-stressed olive cultivars from t0 to t4. At t0, the stressed and control samples were still one group. The bars represent mean ± standard error. The values for ‘Giarraffa’ (GIA) are blue, those for ‘Leccino’ (LEC) are orange, and ‘Maurino’ (MAU) values are green. Strip bars refer to control samples. Within each time point, different letters denote statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc tests considering both cultivar and treatment.
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Figure 4. Electrolyte leakage (EL) in control and drought-stressed olive cultivars from t0 to t4. At t0, the stressed and control samples were still one group. The bars represent mean ± standard error. The values for ‘Giarraffa’ (GIA) are in blue, those for ‘Leccino’ (LEC) are orange, and ‘Maurino’ (MAU) values are green. Strip bars refer to control samples. Within each time point, different letters denote statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc tests considering both cultivar and treatment. 
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Figure 5. Net CO2 assimilation (A) in control and drought-stressed olive cultivars from t0 to t4. At t0, the stressed and control samples were still one group. The bars represent mean ± standard error. The values for ‘Giarraffa’ (GIA) are in blue, those for ‘Leccino’ (LEC) are orange, and ‘Maurino’ (MAU) values are green. Strip bars refer to control samples. Within each time point, different letters denote statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc tests considering both cultivar and treatment. 
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Figure 6. Effective efficiency of PSII (ΦPSII) in control and drought-stressed olive cultivars from t0 to t4. At t0, the stressed and control samples were still one group. The bars represent mean ± standard error. The values for ‘Giarraffa’ (GIA) are blue, those for ‘Leccino’ (LEC) are orange, and ‘Maurino’ (MAU) values are green. Strip bars refer to control samples. Within each time point, different letters denote statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc tests considering both cultivar and treatment. 
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Figure 7. Electron transport rate (ETR) in control and drought-stressed olive cultivars from t0 to t4. At t0, the stressed and control samples were still one group. The bars represent mean ± standard error. The values for ‘Giarraffa’ (GIA) are blue, those for ‘Leccino’ (LEC) are orange, and ‘Maurino’ (MAU) values are green. Strip bars refer to control samples. Within each time point, different letters denote statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc tests considering both cultivar and treatment. 
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Figure 8. Percentages of stomatal limitation (Ls), mesophyll diffusion resistance (Lm), and biochemical limitation (Lb) on photosynthetic process in control and drought-stressed olive cultivars, calculated for ‘Giarraffa’ (a), ‘Leccino’ (b), and ‘Maurino’ (c) at t2. The percentages shown for each group are the means of five values calculated independently for each limitation (Ls, Lm, and Lb). The asterisks (*) denote statistical significance (p-value < 0.01) according to Tukey’s multiple post hoc test. Only the significant difference between control and stressed samples of the same cultivar is highlighted. 
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Figure 9. Correlogram of the 8 parameters evaluated at each time point in ‘Giarraffa’ (a), ‘Leccino’ (b), and ‘Maurino’ (c). Each parameter is expressed as the ratio of the DS group to the CTRL group value at each time point and correlates to the time course (t1, t2, t3, and t4). The size of the dots corresponds to the value of the correlation coefficient according to the right-positioned scale, while the colour indicates the direction of change (blue for positive correlation; red for negative correlation). 






Figure 9. Correlogram of the 8 parameters evaluated at each time point in ‘Giarraffa’ (a), ‘Leccino’ (b), and ‘Maurino’ (c). Each parameter is expressed as the ratio of the DS group to the CTRL group value at each time point and correlates to the time course (t1, t2, t3, and t4). The size of the dots corresponds to the value of the correlation coefficient according to the right-positioned scale, while the colour indicates the direction of change (blue for positive correlation; red for negative correlation).



[image: Horticulturae 09 00830 g009]







[image: Table] 





Table 1. The effects of factors “cultivar” (C), “treatment” (S), and their interaction (C × S), as well as their statistical significance, on the following parameters: soil water content (SWC), relative water content of leaves (leaf RWC) and stems (stem RWC), stomatal density (SD), stomatal conductance (gs), electrolyte leakage (EL), lipid peroxidation (as measured by malondialdehyde content, MDA), photosynthetic pigments content of chlorophyll a and b (Chl a + b), and carotenoids (Car). Each value represents the mean ± standard deviation. Different superscripts indicate statistical differences (p < 0.05).
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	SWC

(%)
	Leaf RWC

(%)
	Stem RWC

(%)
	SD

(n./mm2)
	gs

(mol m−2 s−1)
	EL

(%)
	MDA

(mmol/kg DW)
	Chl a + b

(µg/mg DW)
	Car

(µg/mg DW)





	Cultivar (C)
	
	
	
	
	
	
	
	
	



	Giarraffa
	89 ± 52 a
	64.0 ± 16.1
	69.2 ± 17.9
	34.4 ± 7.6 c
	0.086 ± 0.039 b
	26.3 ± 12.5 b
	5.28 ± 0.98 b
	3.93 ± 0.82
	0.70 ± 0.15



	Leccino
	76 ± 50 b
	60.5 ± 15.1
	66.7 ± 17.0
	38.4 ± 5.0 b
	0.070 ± 0.040 c
	27.4 ± 13.3 b
	3.78 ± 0.50 c
	3.66 ± 0.71
	0.65 ± 0.13



	Maurino
	76 ± 49 b
	61.3 ± 17.6
	69.4 ± 20.0
	48.4 ± 5.4 a
	0.112 ± 0.051 a
	37.7 ± 21.1 a
	7.26 ± 1.33 a
	3.49 ± 1.93
	0.63 ± 0.32



	p-value
	0.014
	0.080
	0.051
	<0.001
	<0.001
	<0.001
	<0.001
	0.837
	0.649



	Treatment (S)
	
	
	
	
	
	
	
	
	



	CTRL
	117 ± 26 a
	82.0 ± 8.6 a
	88.0 ± 2.1 a
	40.1 ± 9.3
	0.119 ± 0.037 a
	21.9 ± 4.8 b
	4.93 ± 1.67 b
	3.43 ± 1.17
	0.61 ± 0.19



	DS
	26 ± 21 b
	50.9 ± 10.8 b
	64.4 ± 9.8 b
	40.7 ± 7.6
	0.052 ± 0.029 b
	41.2 ± 20.1 a
	5.94 ± 1.72 a
	4.10 ± 1.31
	0.73 ± 0.23



	p-value
	<0.001
	<0.001
	<0.001
	0.203
	<0.001
	<0.001
	0.004
	0.116
	0.143



	C × S
	
	
	
	
	
	
	
	
	



	p-value
	0.715
	0.041
	0.001
	<0.001
	<0.001
	<0.001
	0.422
	0.636
	0.824
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Table 2. Effects of the factors “cultivar” (C), “treatment” (S), and their interaction (C × S), and their statistical significance on the following parameters: net photosynthetic rate (A), effective efficiency of photosystem II (Φ PSII), maximum efficiency of photosystem II (Fv/Fm), electron transport rate (ETR), mesophyll conductance (gm), stomatal limitation (Ls), mesophyll conductance limitation (Lm), biochemical limitation (Lb), maximum rate of carboxylation (Vcmax), and maximum electron transport rate (Jmax). Each value is the mean ± standard deviation. Different superscripts indicate statistical differences (p < 0.05).
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	A

(µmol m−2 s−1)
	Φ PSII
	Fv/Fm
	ETR

(µmol m−2 s−1)
	gm

(mol m−2 s−1)
	Ls

(%)
	Lm

(%)
	Lb

(%)
	Vcmax

(µmol m−2 s−1)
	Jmax

(µmol m−2 s−1)





	Cultivar (C)
	
	
	
	
	
	
	
	
	
	



	Giarraffa
	7.79 ± 3.87 b
	0.149 ± 0.032 b
	0.797 ± 0.048
	100.6 ± 21.5 b
	0.110 ± 0.043
	44.5 ± 10.7 a
	27.5 ± 10.4
	28.0 ± 17.9
	57.1 ± 13.4
	74.9 ± 16.2 ab



	Leccino
	7.14 ± 3.78 b
	0.154 ± 0.034 ab
	0.797 ± 0.055
	100.1 ± 19.3 b
	0.139 ± 0.077
	43.9 ± 5.2 ab
	21.6 ± 8.0
	34.5 ± 12.7
	55.8 ± 12.1
	87.4 ± 13.4 a



	Maurino
	10.66 ± 5.48 a
	0.166 ± 0.039 a
	0.800 ± 0.047
	111.7 ± 26.1 a
	0.112 ± 0.053
	38.9 ± 11.6 b
	27.5 ± 11.1
	33.6 ± 14.7
	49.1 ± 23.0
	68.8 ± 19.4 b



	p-value
	<0.001
	<0.001
	0.860
	<0.001
	0.061
	0.026
	0.295
	0.196
	0.520
	0.054



	Treatment (S)
	
	
	
	
	
	
	
	
	
	



	CTRL
	11.38 ± 3.40 a
	0.172 ± 0.031 a
	0.823 ± 0.010 a
	113.9 ± 19.6 a
	0.156 ± 0.058 a
	34.8 ± 6.1 b
	21.9 ± 6.9 b
	43.3 ± 6.1 a
	52.8 ± 12.4
	76.2 ± 17.9



	DS
	4.96 ± 3.46 b
	0.137 ± 0.031 b
	0.768 ± 0.061 b
	91.9 ± 21.1 b
	0.087 ± 0.037 b
	50.7 ± 6.2 a
	30.7 ± 11.4 a
	18.6 ± 11.5 b
	54.9 ± 21.9
	75.2 ± 18.6



	p-value
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	0.015
	<0.001
	0.706
	0.945



	C × S
	
	
	
	
	
	
	
	
	
	



	p-value
	<0.001
	0.001
	0.091
	0.034
	0.732
	0.067
	0.140
	0.271
	0.419
	0.058
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