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Abstract

:

In Spain, almost all pistachios are grown under water-stress conditions. Pistachio plants have sophisticated mechanisms to avoid or tolerate stress. It is known that the rootstock affects responses to water stress in the cultivar grafted onto it. The traditional belief is that Pistacia terebinthus L. is the rootstock best adapted to rainfed conditions. This study examined the effect of rootstock on stress traits, photosynthetic rate, transpiration, stomatal conductance, chlorophyll, polyphenol concentrations, and growth in plants of Pistacia vera L. cv. Kerman grafted onto P. terebinthus, P. atlantica, and UCB-1. These responses were classified into constituent traits and characteristics of the plant’s adaptation to water stress. The latter was induced by adding PEG 6000 to the nutrient solution. Plants grafted onto P. terebinthus showed more constituent traits, while plants grafted onto UCB-1 showed a greater number of drought-responsive traits. Plants grafted onto P. atlantica showed similar adaptative traits to those observed in UCB-1 but lower values of transpiration and net photosynthesis. Although it is likely that plants grafted onto P. terebinthus survive longer under extreme drought conditions, under moderate stress conditions, their yield is probably lower than that of plants grafted onto UCB-1 under the same moderate stress conditions.






Keywords:


UCB1; P. terebinthus; P. atlantica; water potential; photosynthesis; polyphenols; Kerman












1. Introduction


Pistachios are one of the crops that best tolerate water and saline stress [1,2]. They are able to survive under extreme drought conditions. In trials run by [3] in Avdat, in the Negev desert, it was found that pistachios can even produce a certain amount of fruit in highly adverse conditions, in which all soil horizons fell below the wilting point and soil water potential reached −12 atm. The pistachio’s resistance was related to a powerful root system that reached a depth of 2.40 m and extracted water from very deep horizons. Under these extreme drought conditions, its root activity can cease completely for a period of 4–5 weeks.



The pistachio is often considered a xerophyte species, but in reality, it does not have the morphological characteristics of this kind of plant. Rather, it has high values of net photosynthesis (A) and stomatal conductance (gs). This is why some authors suggest that pistachios’ tolerance to drought depends mainly on avoiding water stress due to their ability to extract water from very deep layers of soil with low potential [4,5]. However, ref. [6] showed that the activity of the pistachio root system varies with the availability of water and is limited to shallower zones of soil when the intervals between irrigations are reduced. In reality, pistachio plants subject to water restrictions have, in addition to their ability to develop a powerful root system, sophisticated mechanisms for avoiding or tolerating water stress. For example, they are able to maintain photosynthesis activity at leaf water potential values below —5 MPa and, depending on their phenological status, modify photosynthesis and stomatal conductance responses [2].



It may appear contradictory that, while it is a crop capable of surviving in semi-desert conditions and of producing fruit when water resources are very limited, it also produces very well when there is a lot of water available. Irrigation increases both quantity and quality of yield and reduces alternance [6,7,8,9]. This is why, in the main producing countries (Iran and the United States), pistachios are usually grown in irrigated areas. If irrigation is in line with evapotranspiration (ET) values, a very large amount of water is needed for pistachio crops. In summer, pistachio plants transpire large amounts of water, with ET values higher than for most deciduous plants [10,11]. Its evaporative demand may reach 8.1 mm d−1 [8]. The crop coefficient value (Kc) given for pistachio in mid-summer varies greatly between authors. Ref. [6] calculated it at 0.8, ref. [12] at 1.19, and ref. [8] at 1.36. As such, there is some degree of uncertainty as to pistachios’ real irrigation requirements, with recommendations ranging between 550–600 mm·ha−1 [13,14] and 850–1000 mm·ha−1 [12,15]. In California, new orchards based on rootstock and more vigorous and productive cultivars are being established, with the expectation of irrigating with 1150 mm·ha−1·year−1 to obtain a mean annual yield of 2500 kg of commercial pistachio per hectare [9].



In Spain, the surface area of pistachio crops is growing at a rate of 8000 ha per year−1. In 2020, the surface area for pistachios was 49,534 ha [16], which rose to 66,466 ha in 2022 [17]. As not enough water is available to cover the high evaporative demand in the summer, pistachios are mainly cultivated under rainy conditions. In Spain, 62% of the crop’s surface area is rainfed, and 38% is irrigated. However, orchards defined as irrigated generally receive very little water, often not exceeding 150 mm·ha−1·year−1, similar to other regions in the Mediterranean Basin [9]. In reality, they can be considered rainfed orchards that receive supplementary irrigation. Thus, most pistachio orchards in Spain, whether rainfed or irrigated, are subject to periods of considerable water stress [18].



There are numerous studies of the effects of water and saline stress on species of the Pistacia genus, including P. vera, used as rootstock or cultivar. Many of these were conducted on seedlings in a controlled environment, in which photosynthesis responses and other physiological, biochemical, and morphological parameters were examined [1,19,20,21,22,23,24]. There are also several publications tackling the effects of water stress on physiological and yield parameters in on-field conditions in adult orchards [10,11,25,26]. Few studies have assessed the effects of rootstock-cultivar interaction on tolerance to water stress. However, pistachio orchards, as is the case in most fruit species, are in reality formed by ‘mixed organisms’ in which the rootstock constitutes the root system and the cultivar, the aerial part.



The rootstock usually determines the vigor of the cultivar and its responses to water stress [27]. In general, rootstocks with little vigor mean the cultivar grows less because they modify auxin transport and hydraulic conductivity in both root and stem systems [28,29,30]. Moreover, the effects of the rootstock on water stress responses change with the cultivar grafted on [31]. The influence of the rootstock on pistachio has been described as follows: ref. [5] found that the Nostrale cultivar grafted onto P. atlantica transpired more and had greater photosynthetic activity than when it was grafted onto P. terebinthus. A field-based study [32] found that the Mateur and Kerman cultivars were more vigorous and had greater chlorophyll and sugar content in leaf when grafted onto P. atlantica than onto P. vera. In more recent studies of plants in pots [18,33,34] and in field conditions [13,35], the highly significant effects of the three rootstocks most commonly used in Spain (P. terebinthus, P. atlantica, and UCB-1) on the growth and water relationships of the Kerman cultivar were described. However, the findings were contradictory. Ref. [34] concluded that, of these three rootstocks, UCB-1 produced Kerman plants that adapted worst to water stress. Ref. [18] found that the Kerman plants grafted onto UCB-1 were those that had greater vegetation growth under stress conditions, which could be taken as better adaptation. However, taking into account the volume pressure curves, the Kerman plants grafted on P. atlantica responded best to water stress. Then again, including reductions in stomatal conductance and its greater sensitivity to defoliation, P. terebinthus could well be a rootstock more sensitive to water stress than P. atlantica [13,35], although ref. [33] concluded the opposite.



These contradictions may originate in the design of the experiments. Effects of the rootstock on water relationships are often confused with effects of the rootstock on the plant’s overall vigor [27]. As plants that grow more and are more vigorous tend to use more water, they dry out the soil or substrate sooner than less vigorous ones. This may mean that greater vigor or greater size is interpreted as a worse response to water stress, whereas in reality, invigorating rootstocks may give the plant greater drought tolerance because they extract more water from the soil [36]. In plant-pot trials, ref. [33] noted a possible effect of the size of plants used. Those grafted onto P. atlantica were smaller than those grafted onto P. terebinthus, which could condition the findings.



One way to avoid the effects of plant vigor and size is to cultivate in a solution with high osmotic potential such that the level of water stress is the same, regardless of the plants vigor or size. Many models of stress caused by drought are based on the use of presumably inert, high-molecular-weight polyethylene glycol (PEG) [37], which limits water entering the root system and causes uniform water stress over time [38,39,40].



The aim of this study was to assess the responses of the Kerman pistachio cultivar (Pistacia vera cv. Kerman) when subjected to the most commonly used pistachio rootstock in Spain (Pistacia terebinthus, Pistacia atlantica, and UCB-1) and when subjected to water stress caused by PEG 6000.




2. Materials and Methods


2.1. Plant Material


This study was conducted between 1 July 2020 and 14 August 2020 in a greenhouse on IMIDRAs experimental farm ‘El Encin’ at Alcalá de Henares, Madrid, Spain. Seeds of P. terebinthus, P. atlantica, and UCB-1 rootstocks were germinated and planted in 5 L polyethylene plant pots. In 2019, P. vera cv. Kerman was grafted onto them. In 2020, 8 plants grafted onto each of the three rootstocks were selected and transplanted to 18 L plant-pots with medium-grain perlite (B-12 perlite). These plants were kept under controlled greenhouse conditions in a hydroponic system with Hoagland solution for two months [41]. Temperature and relative humidity in the greenhouse (day/night) ranged between 27/22 °C and 49/71%, respectively. The mean light intensity was 1212.4 μmol m−2s−1 PAR, with a maximum daily intensity of 1350 μmol m−2s−1 and a minimum daily intensity of 895 μmol m−2s−1. The plants were watered eight times a day for a period of five minutes per irrigation. The first watering was carried out at dawn and the last at sunset, irrigating every two hours. A total of 2.5 L plant−1 day−1 was applied.



The trial started in July 2020. Four plants grafted onto each rootstock, randomly selected and well irrigated, were kept as controls, while four plants of each rootstock were subjected to osmotic potential in a ferti-irrigation solution of Ψs = −2.5 MPa applying PEG 6000 at a concentration following [42]. The stress level was maintained for two weeks (stress period), after which all the plants subjected to stress had PEG 6000 withdrawn from their nutrient solution and were irrigated for a further 14 days solely with Hoagland solution (recovery period). The Hoagland solution was replenished weekly, and the irrigation system was cleaned at the same time. During the stress period, the PEG concentration was replenished every time the nutrient solution was changed, once a week.




2.2. Stem Water Potential


The stem water potential was measured at solar midday with a PMS 600 pressure chamber (PMS Instrument Company, Albany, OR, USA) using nitrogen gas for pressurization [43,44]. A completely open leaf on each plant was covered with aluminum foil one hour before measurement, thus halting transpiration and allowing the leaf to reach equilibrium with the stem water potential [45]. Due to the difficulty of determining stem water potential in the pistachio plant because of turpentine exudation, a piece of paper was placed just above the cut in the petiole to assist measurement, as paper does not moisten with turpentine, whereas it does with xylem solution. Water potential was measured at the start of the stress period (24 h after the start), at the end of the stress period (14 days), and at the end of the recovery period (14 days after the end of the stress period).




2.3. Photosynthesis Measurements


Photosynthesis was measured by an infrared CO2 and H2O gas analyzer (LI-COR 6400, LI-COR Inc., Lincoln, NE, USA) in four repetitions of each rootstock under control and under stress conditions. The photosynthesis rate (A), the stomatal conductance (gs), the substomatal concentration of CO2 (Ci), and leaf transpiration (E) were measured at 24 h from the start of stress, after 14 days of stress, and after 14 days of recovery from stress. The data measured enabled us to calculate carboxylation efficiency (A/Ci), intrinsic efficiency of water use (A/gs), and Water Use Efficiency (WUE), calculated as a quotient of A by E.




2.4. Determination of Chlorophyll and Other Pigments


Chlorophyll (Chl), flavonols (Flav), and anthocyanins (Anth) were measured in 4 leaves of each plant with a portable chlorophyll meter (Dualex 4 Scientific Clip, FORCE-A, Orsay, France). Measurements were taken on the adaxial surface of the leaves’ terminal leaflets.




2.5. Biomass Weight and Plant Growth


At the end of the trial, all plant biomass growth was cut. The fresh weight of total biomass was measured. Then, branches and leaves were separated, and the total fresh weight of biomass for each was measured. Leaf area was measured in each plant. Biomass was placed in a stove at 72 °C until it reached a constant weight. Dry weights of leaves, branches, and total dry biomass were measured.




2.6. Statistical Analysis


The experiment was designed in a factorial way with two stress levels and three units per rootstock. A two-way variance analysis examined the effects of the stress treatment and rootstocks. Means were compared with the Duncan test (p = 0.05). The analysis used SPSS 22 (IBM Corporation, Armonk, NY, USA).





3. Results


3.1. Stem Water Potential (MPa)


The lowest stem water potential values (−4.50 MPa) were found at the end of the stress period in plants grafted onto PT that were subjected to water stress, and the highest (−1.05 MPa) in plants grafted onto UCB-1 and PA in the control treatment at the end of the recovery period (Figure 1). Significant differences were found between the start and end of the stress period, due to irrigation treatment. At the end of the stress period, significant differences were found due to the rootstock. The plants grafted onto PT had a significantly lower water potential than those grafted onto UCB-1. At the end of the recovery period, there were significant differences caused by the rootstock, with the water potentials of the plants grafted onto PT significantly lower than those in plants grafted onto PA or UCB. The kind of rootstock used caused major differences in cultivars’ water potential. These differences appeared both in the absence of stress and when the plants were subjected to high water stress (Figure 1). At the end of the stress period, water potentials reached −4.50 MPa in plants grafted onto PT (against −4.10 and −3.60 MPa in those grafted onto PA and UCB-1, respectively).




3.2. Gas Exchange and Photosynthesis


Table 1 shows the results for gas exchange and photosynthesis. At the start of the stress period, plants subjected to stress had a Ci value (212 µmol CO2 mol−1) significantly lower than unstressed plants (226 µmol CO2 mol−1). This reduction did not occur for UCB-1, with the interaction Rootstock × Stress level being significant. The different rootstocks had a significant effect on E: UCB-1 had the highest E (7.5 mmol H2O m−2 s−1), followed by PA (6.0 mmol H2O m−2 s−1) and PT (5.2 mmol H2O m−2 s−1). Plants subjected to stress had a significantly lower E (5.9 mmol H2O m−2 s−1) than control plants (6.7 mmol H2O m−2 s−1).



Plants grafted onto UCB-1 had stomatal conductance (0.2 mol CO2 m−2 s−1) that was significantly greater than those grafted onto PT (0.17 mol CO2 m−2 s−1) and PA (0.15 mol CO2 m−2 s−1). Plants subjected to stress had significantly lower E (0.15 mol CO2 m−2 s−1) than control plants (0.19 mol CO2 m−2 s−1). No significant effect of the rootstock or PEG treatment on A was found at the start of the stress period (Table 1). At the end of the recovery period, the effect of PT had a Ci (227) that was significantly higher than UCB-1 (207) or PA (196). The plants subjected to stress had significantly lower Ci (195) than the control ones (225). UCB-1 plants had E (3.8 mmol H2O m−2 s−1) significantly greater than those grafted on PA (3.0 mmol H2O m−2 s−1) or PT (2.6 mmol H2O m−2 s−1). The plants subjected to stress had E (2.0 mmol H2O m−2 s−1) significantly lower than the control ones (4.3 mmol H2O m−2 s−1). The plants subjected to stress had a gs (0.06 mol CO2 m−2 s−1) significantly lower than the control ones (0.21 mol CO2 m−2 s−1). The plants grafted onto UCB-1 had A (13.0 µmol CO2 m−2 s−1) significantly greater than those grafted onto PA (11.5 µmol CO2 m−2 s−1) or PT (10.1 µmol CO2 m−2 s−1). The plants subjected to stress had A (7.9 µmol CO2 m−2 s−1) significantly lower than control plants (15.8 µmol CO2 m−2 s−1). After the period of recovery, the plants subjected to stress had Ci (218) significantly lower than control ones (252). The plants grafted onto UCB-1 had E (4.2 mmol H2O m−2 s−1) significantly greater than those grafted onto PA (3.1 mmol H2O m−2 s−1) or PT (2.7 mmol H2O m−2 s−1). The plants subjected to stress had gs (0.12 mol CO2 m−2 s−1) significantly less than control plants (0.19 mol CO2 m−2 s−1). The plants grafted onto UCB-1 had an A (15.6 µmol CO2 m−2 s−1) significantly greater than those grafted onto PT (13.0 µmol CO2 m−2 s−1) or PA (10.7 µmol CO2 m−2 s−1).




3.3. Efficiency of Carboxylation and Water Use


Table 2 shows the values found for carboxylation efficiency (A/Ci), intrinsic water use efficiency (A/gs), instantaneous water use efficiency (WUE), and Fv/Fm. At the start of the stress period, the rootstock had a significant effect on A/gs. Also, at the start of the stress period, the stress level had a significant effect on intrinsic water use efficiency (A/gs). The rootstock had a significant effect on (A/gs) and WUE. PA caused the most A/gs (92.9), followed by PT (83.3) and UCB-1 (76.7). The rootstock had a significant effect on WUE, showing PT greater WUE values (2.6) than those on PA (2.2) and UCB-1 (2.1). A significant interaction was observed between the rootstock and the stress treatment. The WUE of the plants grafted onto PT increased in relation to control plants, whereas the WUE of stressed plants grafted onto UCB-1 was lower than that of control ones. At the end of the stress period, there was a significant effect of both the rootstock and the stress treatment on A/Ci. UCB-1 (0.06) and PA (0.06) had greater A/Ci than those of PT (0.04). Stress treatment had significant effects on A/Ci, A/gs, and Fv/Fm. After the recovery period, plants grafted onto UCB-1 had A/Ci (0.07) significantly greater than those grafted onto PT (0.06) and PA (0.04). At the end of this period, plants grafted onto PT had significantly better WUE (4.9) than those grafted onto UCB-1 (3.9) or PA (3.7).




3.4. Chlorophyll and Other Pigments


At the start of the stress period, significant differences due to the rootstock were observed in the concentrations of chlorophyll, flavonols, and anthocyanin. PA and UCB-1 had higher concentrations of chlorophyll (47.70 and 45.20 mg · cm−2, respectively) than PT (41.32 mg cm−2). In a significant rise, PT had the highest concentration of flavonol (3.18 µg · cm−2), followed by PA (2.85 µg · cm−2) and UCB-1 (2.85 µg · cm−2). Plants grafted onto PT had more anthocyanins (0.096 µg · cm−2) than those grafted onto PA (0.078 µg · cm−2) or UCB-1 (0.072 µg · cm−2).



At the end of the stress period, stressed treatment decreased chlorophyl concentrations and increased flavonol and anthocyanin concentrations significantly. PA and UCB-1 induced significantly higher chlorophyll concentrations (49.22 and 49.15 µg · cm−2, respectively, Figure 2) than PT (43.74 µg · cm−2). Flavonol concentration was significantly higher in plants grafted onto PT (3.09 µg · cm−2) than in those grafted onto PA (2.93 µg · cm−2) or UCB-1 (2.73 µg · cm−2, Figure 3). Anthocyanin concentrations were higher in plants grafted onto PT (0.123 µg · cm−2) than in those grafted onto PA (0.104 µg · cm−2) or UCB-1 (0.100 µg · cm−2, Figure 4).



After the recovery period, a significant effect of stress treatment was observed in chlorophyll, flavonols, and anthocyanin concentrations. There was a significant interaction between the rootstock and the stress level. Of the three rootstocks, UCB-1 stimulated the highest flavonol synthesis under water stress treatment in relation to control plants (Figure 3).




3.5. Biomass Weight and Plant Growth


Figure 5 shows the values of total dry biomass (g), leaf dry biomass (g), and branch dry biomass (g) in both control and stressed plants grafted onto PT, PA, and UCB-1. The rootstock selected for the grafts had a significant effect on the production of biomass. Plants grafted onto UCB-1 produced more biomass (204.5 g) than those grafted onto PA (150.01 g) and PT (92.08 g). Stress treatment had a significant effect on biomass production: plants subjected to stress produced less total biomass (117.73 g) than control plants (179.84 g). Plants grafted onto UCB-1 produced significantly greater leaf biomass (94.45 g) than those grafted onto PA (63.92 g) or PT (41.66 g). Stress treatment affected leaf biomass significantly: plants subjected to stress produced less leaf biomass (53.47 g) than control plants did (79.89 g). Plants grafted onto UCB-1 had significantly greater branch biomass (109.8 g) than those grafted onto PA (86.09 g) or PT (50.42 g). Stress treatment produced significantly less branch biomass (64.26 g) than that in control plants (99.95 g). There was significant interaction between rootstock and stress level: plants grafted onto PA and subjected to stress were those that least reduced their branch biomass from control plants (82.11 vs. 90.08 g) when compared with UCB-1 (71.32 vs. 148.28 g) or PT (39.36 vs. 61.48 g).



Figure 6 and Figure 7 show the values of the number of leaves, unitary leaf area (cm2), and total leaf area of the plants grafted onto PT, PA, and UCB-1 subjected to stress and of the control plants. UCB-1 had significantly more leaves (108) than those grafted onto PA (81) or PT (59). The number of leaves fell significantly under stress treatment (69 vs. 96). There was no significant effect on the unitary leaf area caused by different rootstocks or stress levels. The rootstock influenced the total leaf area (cm2) significantly. Plants grafted onto UCB-1 had a total leaf area of 4825 cm2, those grafted onto PA, 3292.7 cm2, and those onto PT, 2619.5 cm2. Plants subjected to stress had their total leaf area (2468.4 cm2) significantly lower than non-stressed plants (4689.8 cm2).





4. Discussion


In the absence of stress (control treatment), PT rootstock led to lower water potentials than PA and, even more, UCB-1. These effects of the rootstock on control plants were more evident at the end of the stress period and at the end of the recovery period. PT caused a constitutive response that reduced the water potential of the cultivar that was not subjected to water stress. The Kerman cultivar is expected, when stress is absent or moderate, to be more productive on PA and UCB-1 rootstocks than on PT. In general, adaptive response traits affect yield under pronounced stress conditions, whereas constitutive traits like the ones observed in this study affect yield when the plant is under low or moderate stress [31,45,46]. When plants were subjected to stress, they showed, regardless of the rootstock used, significantly lower water potentials than control plants at both the start and the end of the stress period.



The water potentials reached were lower than what might be expected for a concentration of 200 g L−1 of PEG 6000 in the nutrient solution, which would give an osmotic potential in distilled water of Ψs, near to −2.5 MPa. The water used had an EC of 1 dS m−2, attaining, with the addition of Hoagland solution salts, a final EC of 3.5 dS m−2. This affected water potential values. In any case, the water potential values reached were sufficient for studying the responses of a species like pistachio, which tolerates potentials of up to −5 or −6 MPa [1].



When the plants grafted onto PT were subjected to stress, they had water potentials significantly lower than those grafted onto PA and UCB-1. This was seen both at the end of the stress period and after the recovery period (Figure 1). Other authors [18,33] also found that, under stress conditions, the PT rootstock had lower potentials than PA and UCB-1. These low water potentials can be considered a feature of tolerance to water stress [21]. The recovery period was relatively rapid—less than the 40 days reported by [13]. After 14 days of the recovery period, there were no differences between the water potential of the plants subjected to stress and control plants, while differences between the rootstocks were maintained.



The PT rootstock is the least vigorous of the three, with a certain size-reducing character [47,48]. Plants grafted onto rootstock with these traits usually have lower water potential values than those grafted onto vigorous rootstocks [29,30].



Plants grafted onto UCB-1 had greater gas exchange capacity, even under stress conditions (Table 1), which is related to greater plant growth (Figure 5). Bigger plants have more potential production [33]. When under stress, plants grafted onto UCB-1 were those that least reduced their A from control values (Table 1). Plants able to maintain photosynthetic capacity under stressful conditions resist stress better [19].



Plants grafted onto UCB-1 had significantly more efficient carboxylation (Table 2). This greater capacity of the Rubisco enzyme to convert CO2 into glucids, combined with greater A and gs, suggests that UCB-1 gives its cultivars increased net photosynthesis potential [49,50]. Plants grafted onto PT increased their WUE under stress conditions (Table 2). This could be due to the reduction of E (Table 1), which is a constituent trait conferred on the cultivar [51]. Increased WUE under stress conditions due to the reduction of E in the plants grafted onto PT could be due to this rootstock’s size-reducing character. Reduced E causes a directly proportional reduction in growth [52].



The plants grafted onto PT had lower stress-induced concentrations of chlorophyll (Figure 2). Chlorophyll plays a major role in maintaining photosynthetic capacity and is one of the principal mechanisms for reducing the effects of water stress [21,51]. PT-grafted plants had higher flavonol concentrations even under control conditions, which implies a constitutive adaptation to water stress [31]. When plants were subjected to stress, the ones grafted onto UCB-1 were those that increased most of their leaf flavonol concentrations over control values (Figure 3). This increased synthesis of phenolic compounds, stimulated by biotic and abiotic stresses, is a drought-responsive trait conferred on the cultivar by the rootstock [31,53]. These phenolic compounds act as scavengers of reactive oxygen species (ROS) caused by stress [54]. Some authors [55,56] found that wheat and tomato cultivars previously classified as resistant to water stress were those that had the highest concentrations of these compounds under stress conditions. Similarly, the plants subjected to stress and grafted onto PA and UCB-1 were those that most increased their anthocyanin concentrations over control (Figure 3). Anthocyanins, which are also phenolic compounds, act as scavengers of ROS, thus protecting the photosynthesis mechanism [31,57]. The rootstocks causing greater synthesis of these compounds under stress conditions confer on the cultivar an adaptation in response to stress [31,51].



Plants grafted onto UCB-1 grew most, whether with unlimited irrigation or with restricted irrigation (Figure 5). This rootstock is probably the one that gives the cultivar the greatest productive potential under light or moderate stress, as well as a more stable yield under control conditions [21,33]. Plants grafted onto UCB-1 were those that reduced their leaf area the most when suffering from water stress (Figure 6). Inhibition of leaf growth when only limited water is available is a drought-responsive morphological trait that reduces the plant’s area for evaporation and so lowers water loss per surface unit [31,58].




5. Conclusions


PT rootstock is considered very tolerant of drought. Under our trial conditions, the plants grafted onto PT showed constitutive traits of tolerance that were expressed even when unlimited water was available. Under stress conditions, PT is the rootstock that most reduces the stomatal conductance, photosynthesis, and growth of the cultivar. Of the three rootstocks, PT is probably the best suited to surviving in highly adverse conditions, but this facet penalizes its yield when water limitation is not extreme. The plants grafted onto UCB-1 had drought-responsive traits in response to water stress. Under the same conditions of stress, the cultivar had greater gas exchange, more photosynthesis, more efficient carboxylation, better synthesis of phenolic compounds, and better growth. PA rootstock led to drought-responsive traits that were similar, but inferior, to those caused by UCB-1. PA caused greater anthocyanin leaf concentration in response to stress, maintained higher chlorophyll levels than PT, and had gas exchange and net photosynthesis values that lay between PT and UCB-1. Given the sensitivity of PA and PT to Verticillium wilt, UCB-1 seems to be the better option under supplementary irrigation conditions when the plant is suffering moderate stress.



Under field conditions, these responses will be greatly nuanced by the ability of the rootstocks to develop a powerful root system. In our trial, root development was limited by hydroponics and pot volume. On the other hand, the stress caused by PEG-6000 is immediate and intense, whereas in the field, stress occurs gradually, and it is known that this can cause stress adaptation mechanisms to have a very different expression. We believe that further studies are needed to better understand the responses observed in the field.
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Figure 1. Stem water potential (MPa) measured at solar midday in P. vera cv. Kerman plants grafted onto P. terebinthus (PT), P. atlantica (PA), and UCB−1 were subjected to water stress (PEG) and control treatment (Control). Letters marked significant differences in the same period, and bars marked the standard error of the average. 
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Figure 2. Chlorophyll (Chl) concentrations in mg cm−2 at the end of the recovery period in P. vera cv. Kerman plants grafted onto P. terebinthus (PT), P. atlantica (PA), and UCB−1 were subjected to water stress (PEG) and control treatment (Control). Letters show significant differences between the values, and bars show the standard error of each average. 
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Figure 3. Flavonol (Flav) concentrations in µg cm−2 at the end of the recovery period in P. vera cv. Kerman plants grafted onto P. terebinthus (PT), P. atlantica (PA), and UCB−1, subjected to water stress (PEG) and control treatment (Control). Letters show significant differences between the values, and bars show the standard error of each average. 






Figure 3. Flavonol (Flav) concentrations in µg cm−2 at the end of the recovery period in P. vera cv. Kerman plants grafted onto P. terebinthus (PT), P. atlantica (PA), and UCB−1, subjected to water stress (PEG) and control treatment (Control). Letters show significant differences between the values, and bars show the standard error of each average.
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Figure 4. Leaf anthocyanin concentrations in µg cm−2 at the end of the recovery period in P. vera cv. Kerman plants grafted onto P. terebinthus (PT), P. atlantica (PA), and UCB−1 were subjected to water stress (PEG) and control treatment (Control). Letters show significant differences between the values, and bars show the standard error of each average. 






Figure 4. Leaf anthocyanin concentrations in µg cm−2 at the end of the recovery period in P. vera cv. Kerman plants grafted onto P. terebinthus (PT), P. atlantica (PA), and UCB−1 were subjected to water stress (PEG) and control treatment (Control). Letters show significant differences between the values, and bars show the standard error of each average.
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Figure 5. Dry biomass of P. vera cv. Kerman plants grafted onto P. terebinthus, P. atlantica, or UCB-1, divided into total dry biomass (g), dry leaf biomass (g), and dry branch biomass (g), was subjected to water stress (PEG) and control treatment (Control). Letters show significant differences between the values, and bars show the standard error of each average. 
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Figure 6. Number of leaves per plant of P. vera cv. Kerman plants grafted onto P. terebinthus, P. atlantica, or UCB-1 subjected to water stress (PEG) and control treatment (Control). Letters show significant differences between the values, and bars show the standard error of each average. 
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Figure 7. Total leaf area of P. vera cv. Kerman plants grafted onto P. terebinthus, P. atlantica, or UCB−1 subjected to water stress (PEG) and control treatment (Control) Letters show significant differences between the values, and bars show the standard error of each average. 
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Table 1. Photosynthesis parameters, substomatal CO2 concentration (Ci) (µmol CO2 mol−1), transpiration (E) (mmol H2O m−2 s−1), stomatal conductance (gs) (mol CO2 m−2 s−1), and net photosynthesis (A) (µmol CO2 m−2 s−1), all measured in P. vera L. cv. Kerman plants grafted onto P. terebinthus (PT), P. atlantica (PA), or UCB-1 were subjected to two stress treatments (control and stress, PEG). Measurements were taken at the start of the stress period, at the end of it, and at the end of the recovery period.
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Start of Stress

	
End of Stress

	
Recovery




	
Rootstock

	
Trait

	
Ci

	
E

	
gs

	
A

	
Ci

	
E

	
Gs

	
A

	
Ci

	
E

	
gs

	
A






	
P. terebinthus

	
Control

	
240 ± 5

	
5.4 ± 0.8

	
0.18 ± 0.04

	
12.9 ± 2.0

	
231 ± 18

	
3.6 ± 0.5

	
0.2 ± 0.04

	
14.2 ± 1.4

	
266 ± 24

	
3.0 ± 0.1

	
0.19 ± 0.01

	
14.6 ± 1.5




	
PEG

	
184 ± 15

	
4.5 ± 0.5

	
0.12 ± 0.02

	
13.7 ± 1.0

	
223 ± 17

	
1.7 ± 0.0

	
0.06 ± 0.01

	
5.9 ± 0.8

	
201 ± 28

	
2.4 ± 0.7

	
0.12 ± 0.05

	
11.5 ± 2.8




	
P. atlantica

	
Control

	
219 ± 4

	
6.7 ± 0.4

	
0.18 ± 0.02

	
14.9 ± 1.5

	
228 ± 8

	
4.2 ± 0.1

	
0.21 ± 0.01

	
15.7 ± 0.9

	
256 ± 7

	
3.6 ± 0.2

	
0.17 ± 0.02

	
12.8 ± 0.7




	
PEG

	
200 ± 11

	
5.3 ± 0.7

	
0.12 ± 0.02

	
11.7 ± 1.1

	
164 ± 2

	
1.8 ± 0.0

	
0.06 ± 0.01

	
7.3 ± 0.3

	
248 ± 3

	
2.6 ± 0.5

	
0.10 ± 0.05

	
8.5 ± 2.1




	
UCB-1

	
Control

	
219 ± 7

	
7.9 ± 0.1

	
0.22 ± 0.01

	
17.4 ± 0.9

	
217 ± 7

	
5.1 ± 0.1

	
0.23 ± 0.01

	
17.6 ± 0.8

	
231 ± 12

	
4.3 ± 0.2

	
0.20 ± 0.01

	
16.0 ± 1.1




	
PEG

	
233 ± 24

	
7.1 ± 0.2

	
0.18 ± 0.01

	
13.5 ± 1.8

	
198 ± 7

	
2.6 ± 0.2

	
0.08 ± 0.01

	
8.4 ± 0.5

	
207 ± 6

	
4.2 ± 0.2

	
0.14 ± 0.02

	
15.2 ± 0.1




	
Rootstock effect

	
P. terebinthus

	
226 ± 14

	
5.2 ± 0.6

	
0.17 ± 0.03

	
13.1 ± 1.4

	
227 ± 11

	
2.6 ± 0.5

	
0.13 ± 0.04

	
10.1 ± 2.0

	
233 ± 22

	
2.7 ± 0.4

	
0.16 ± 0.03

	
13.0 ± 1.4




	
P. atlantica

	
209 ± 7

	
6.0 ± 0.5

	
0.15 ± 0.02

	
13.3 ± 1.1

	
196 ± 15

	
3.0 ± 0.5

	
0.13 ± 0.04

	
11.5 ± 1.9

	
252 ± 4

	
3.1 ± 0.3

	
0.14 ± 0.03

	
10.7 ± 1.4




	

	
UCB-1

	
226 ± 12

	
7.5 ± 0.2

	
0.20 ± 0.01

	
15.4 ± 1.2

	
207 ± 6

	
3.8 ± 0.6

	
0.15 ± 0.04

	
13.0 ± 2.1

	
219 ± 8

	
4.2 ± 0.1

	
0.17 ± 0.02

	
15.6 ± 0.5




	
Trait effect

	
Control

	
226 ± 4

	
6.7 ± 0.4

	
0.19 ± 0.02

	
15.1 ± 1.0

	
225 ± 6

	
4.3 ± 0.3

	
0.21 ± 0.01

	
15.8 ± 0.7

	
252 ± 10

	
3.6 ± 0.2

	
0.19 ± 0.01

	
14.4 ± 0.7




	
PEG

	
212 ± 13

	
5.9 ± 0.5

	
0.15 ± 0.01

	
12.8 ± 0.9

	
195 ± 10

	
2.0 ± 0.2

	
0.06 ± 0.01

	
7.2 ± 0.5

	
218 ± 11

	
3.1 ± 0.4

	
0.12 ± 0.02

	
11.7 ± 1.4




	
ANOVA

	
Rootstock

	
Ns 1

	
0.007

	
0.04

	
ns

	
0.05

	
0.001

	
Ns

	
0.02

	
ns

	
0.007

	
ns

	
0.035




	

	
Treatment

	
0.05

	
0.02

	
0.03

	
ns

	
0.007

	
0.001

	
0.001

	
0.001

	
0.03

	
ns

	
0.02

	
ns




	

	
P × T

	
0.03

	
ns

	
ns

	
ns

	
ns

	
Ns

	
Ns

	
ns

	
ns

	
ns

	
ns

	
ns








In the same column, the average value ± standard is shown as an error. 1 ns: no significant differences (p ≥ 0.05).













 





Table 2. Carboxylation efficiency (A/Ci), intrinsic water use efficiency (A/gs), instantaneous water use efficiency (WUE), and Fv/Fm (Chlorophyll fluorescence) were measured when PEG was applied (start of stress), after the stress period (end of stress), and after 14 days of plant irrigation solely with Hoagland solution (Recovery).
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Start of Stress

	
End of Stress

	
Recovery




	
Rootstock

	
Trait

	
A/Ci

	
A/gs

	
WUE

	
Fv/Fm

	
A/Ci

	
A/gs

	
WUE

	
Fv/Fm

	
A/Ci

	
A/gs

	
WUE

	
Fv/Fm






	
P. terebinthus

	
Control

	
0.05 ± 0.008

	
73.1 ± 6.9

	
2.4 ± 0.1

	
0.81 ± 0.01

	
0.06 ± 0.006

	
76.9 ± 14.3

	
4.0 ± 0.4

	
0.83 ± 0.001

	
0.06 ± 0.011

	
75.8 ± 10.0

	
4.8 ± 0.6

	
0.79 ± 0.02




	
PEG

	
0.07 ± 0.001

	
113.7 ± 9.1

	
3.0 ± 0.2

	
0.79 ± 0.01

	
0.03 ± 0.006

	
106.7 ± 8.3

	
3.5 ± 0.4

	
0.82 ± 0.002

	
0.06 ± 0.007

	
109.0 ± 28.7

	
5.0 ± 0.4

	
0.80 ± 0.01




	
P. atlantica

	
Control

	
0.07 ± 0.008

	
84.8 ± 0.4

	
2.2 ± 0.1

	
0.80 ± 0.02

	
0.07 ± 0.007

	
74.2 ± 4.1

	
3.8 ± 0.2

	
0.83 ± 0.004

	
0.05 ± 0.003

	
74.4 ± 2.8

	
3.6 ± 0.0

	
0.81 ± 0.01




	
PEG

	
0.06 ± 0.003

	
101.0 ± 9.8

	
2.2 ± 0.1

	
0.80 ± 0.02

	
0.04 ± 0.002

	
132.4 ± 1.2

	
4.1 ± 0.1

	
0.81 ± 0.004

	
0.03 ± 0.009

	
89.3 ± 5.2

	
3.3 ± 0.1

	
0.78 ± 0.02




	
UCB-1

	
Control

	
0.08 ± 0.007

	
77.5 ± 2.4

	
2.2 ± 0.1

	
0.82 ± 0.01

	
0.08 ± 0.006

	
77.2 ± 1.6

	
3.5 ± 0.1

	
0.84 ± 0.002

	
0.07 ± 0.009

	
80.6 ± 1.8

	
3.7 ± 0.1

	
0.79 ± 0.02




	
PEG

	
0.06 ± 0.013

	
75.9 ± 11.0

	
1.9 ± 0.3

	
0.81 ± 0.01

	
0.04 ± 0.001

	
112.9 ± 6.1

	
3.2 ± 0.1

	
0.82 ± 0.004

	
0.07 ± 0.002

	
93.0 ± 4.6

	
3.7 ± 0.1

	
0.78 ± 0.01




	
Rootstock effect

	
P. terebinthus

	
0.06 ± 0.007

	
83.3 ± 11.3

	
2.6 ± 0.2

	
0.81 ± 0.01

	
0.04 ± 0.009

	
91.8 ± 9.9

	
3.8 ± 0.3

	
0.82 ± 0.002

	
0.06 ± 0.006

	
92.4 ± 15.5

	
4.9 ± 0.3

	
0.80 ± 0.01




	
P. atlantica

	
0.06 ± 0.004

	
92.9 ± 5.7

	
2.2 ± 0.1

	
0.80 ± 0.01

	
0.06 ± 0.006

	
103.3 ± 13.1

	
4.0 ± 0.1

	
0.82 ± 0.005

	
0.04 ± 0.005

	
81.9 ± 4.2

	
3.4 ± 0.1

	
0.80 ± 0.01




	

	
UCB-1

	
0.07 ± 0.008

	
76.7 ± 5.0

	
2.1 ± 0.2

	
0.82 ± 0.01

	
0.06 ± 0.009

	
95.0 ± 8.5

	
3.4 ± 0.1

	
0.83 ± 0.004

	
0.07 ± 0.004

	
86.8 ± 3.5

	
3.7 ± 0.1

	
0.79 ± 0.01




	
Trait effect

	
Control

	
0.07 ± 0.005

	
78.4 ± 2.7

	
2.3 ± 0.1

	
0.81 ± 0.01

	
0.07 ± 0.004

	
76.1 ± 4.3

	
3.8 ± 0.2

	
0.83 ± 0.002

	
0.06 ± 0.005

	
77.0 ± 3.2

	
4.0 ± 0.3

	
0.80 ± 0.01




	
PEG

	
0.06 ± 0.006

	
92.1 ± 8.2

	
2.2 ± 0.2

	
0.80 ± 0.01

	
0.04 ± 0.003

	
117.3 ± 4.9

	
3.6 ± 0.2

	
0.82 ± 0.002

	
0.05 ± 0.006

	
97.1 ± 9.1

	
4.0 ± 0.3

	
0.79 ± 0.01




	
ANOVA

	
Rootstock

	
Ns 1

	
0.05

	
0.02

	
ns

	
0.02

	
ns

	
Ns

	
ns

	
0.007

	
ns

	
0.001

	
ns




	

	
Treatment

	
ns

	
0.01

	
Ns

	
ns

	
0.001

	
0.001

	
Ns

	
0.001

	
ns

	
ns

	
ns

	
ns




	

	
P × T

	
ns

	
0.03

	
0.02

	
ns

	
ns

	
ns

	
Ns

	
ns

	
ns

	
ns

	
ns

	
ns








In the same column, the average value ± standard error is shown. 1 ns: no sognoficant differences (p ≥ 0.05).
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