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Abstract

:

Damask rose is an important essential oil crop. In the present study, plants were subjected to three different water deficit levels (70, 40, and 10% available water content) for two periods (June–October). Plant phenology, growth, essential oil yield, gas exchange features, membrane stability and major antioxidant defense elements were monitored across two years. Soil water deficit was related to quicker completion of the growth cycle (up to 7.4 d), and smaller plants (up to 49.7%). Under these conditions, biomass accumulation was jointly constrained by decreased leaf area, chlorophyll content, CO2 intake, and photosynthetic efficiency (up to 82.8, 56.9, 27.3 and 68.2%, respectively). The decrease in CO2 intake was driven by a reduction in stomatal conductance (up to 41.2%), while the decrease in leaf area was mediated by reductions in both number of leaves, and individual leaf area (up to 54.3, and 64.0%, respectively). Although the reactive oxygen species scavenging system was activated (i.e., proline accumulation, and enhanced activity of three antioxidant enzymes) by water deficit, oxidative stress symptoms were still apparent. These effects were amplified, as soil water deficit became more intense. Notably, the adverse effects of water deficit were generally less pronounced when plants had been exposed to water severity during the preceding year. Therefore, exposure to water deficit elicited plant tolerance to future exposure. This phenotypic response was further dependent on the water deficit level. At more intense soil water deficit across the preceding year, plants were less vulnerable to water deficit during the subsequent one. Therefore, our results reveal a direct link between water deficit severity and plant tolerance to future water stress challenges, providing for the first time evidence for stress memory in damask rose.
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1. Introduction


Damask rose (Rosa damascena Mill.) ranks among the top in the list of high-value essential oil crops [1,2]. It is a perennial shrub, which is commercially cultivated in many countries across the world (e.g., Bulgaria, China, Egypt, France, India, Iran, Italy, Morocco, Russia, Turkey, and the USA) [3,4,5]. Although at present the essential oil of damask rose is mostly employed by fragrance and food industries, it has repeatedly been shown to demonstrate great potential for cosmetic and pharmaceutical applications owing to a wide range of acquired therapeutic, antimicrobial, and antioxidant properties [1,6,7]. On a global scale, it has been estimated that the demand currently exceeds production by a factor of two, while the former is expected to rise substantially in the near future [3,5]. This demand–supply gap is further challenged by the frequently recorded declining rainfall events in semiarid and rainfed sites [8,9]. Since the occurrence of water deficit events is likely to increase in environments with low or unpredictable precipitation, elucidating the respective plant responses will likely provide guidance towards yield improvements [10].



Several morphological and physiological traits are adversely affected by water deficit, and collectively limit plant growth and productivity [11,12,13]. Under water deficit conditions, for example, photosynthesis is jointly constrained by decreases in stomatal conductance (CO2 intake), leaf area (light interception), chlorophyll content (light absorption) and photosynthetic efficiency [9,14]. Under these conditions, the coordination between the generation and detoxification of reactive oxygen species (ROS) is also weaker [15]. Antioxidant defense comprises of both enzymatic [e.g., ascorbate peroxidase (APX), catalase (CAT) and peroxidase (POD)] and non-enzymatic (e.g., carotenoids) components [14,16]. ROS scavenging properties have also been ascribed to proline, which exerts a range of additional beneficial functions such as balancing osmotic pressure as well as maintaining protein and cell membrane stability [9,15]. Under increased ROS accumulation, many adverse effects are unavoidable, including lipid peroxidation and the associated electrolyte leakage [16,17].



The literature associated with water deficit effects is conventionally limited to a single crop cycle or shorter periods [8,14,18,19]. Although this approach is suitable for annual taxa, it is evidently less informative for perennial ones [12]. The few existing studies suggest that some species adjust certain morphological and physiological traits, which may change plant ability to endure next season’s stress events (the so-called stress memory) [12,20,21,22]. This acclimation considerably diverged between species [23,24], justifying the need to investigate more taxa of interest. In addition, the relation between growth history and plant response to next-season stress events has been mostly evaluated qualitatively, namely by realizing a single water deficit level [12,24]. Therefore, a quantitative analysis between water deficit severity and plant phenotype following the next season stress event has not currently been determined.



In this context, the quantitative relationship between water deficit severity and plant phenotype was investigated across two consecutive years. Plants were subjected to three different water deficit levels for two seasons. Alongside to essential oil yield, emphasis was placed on plant phenology, photosynthetic efficiency, gas exchange features, membrane stability, and major antioxidant defense systems. The following hypotheses were addressed: (i) the acclimation level to water deficit depends on the severity of water limitation; and (ii) differences in acclimation level are associated with morphological, physiological and biochemical alterations. The present physiological approach is expected to generate valuable insights into tolerance to environments with low water availability, which in the long run may potentially manage effective and sustainable damask rose essential oil production.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


The present field study was performed at the experimental farm of the Faculty of Agriculture of Lorestan University (semi-arid climate region) in Khorramabad (Iran), at 33°29′ N latitude, 48°22′ E longitude and 1125 m altitude. Soil (0−40 cm depth) was of fine texture (45.3% clay, 32.2% silt and 22.5% sand) with 0.4% organic carbon content, and 2.4 dS m−1 electrical conductivity. Prior to experimental year 1 (2017−2018), soil N, P, and K contents were 0.060%, 11.8 ppm, and 275 ppm, while prior to experimental year 2 (2018−2019) these were 0.058%, 12.04 ppm, and 268 ppm, respectively. Field management followed conventional local practices. Fertilizer application (118, 128, and 176 kg per hectare net amounts of N, P and K, respectively) was practiced every year at two doses (1 March, and 15 April), and was decided by considering soil analysis and nutrient requirements of damask rose. On a regular basis, weeds were manually removed. Pesticide or fungicide use was not required.



The damask rose Iranian cv. “Kashan 93” was employed, because it is water deficit -tolerant, and is commonly cultivated in Iran. To overcome the difficulty of forming adventitious roots, single-node leafy (semi-hardwood) stem cuttings were rooted in vitro (10.26 ± 1.21 roots per shoot). For experimentation, rooted cuttings were selected to be of similar leaf area (38–42 cm2), shoot diameter (5−6 mm) and vigor. These were manually transplanted in the field on 14 November (2017). Two cuttings were initially planted per spot. Two weeks later, the most vigorous one was kept at each spot, by removing the other one. The distance between (north–south oriented) rows and plants was 1.5 and 0.75 m, respectively (thus at a density of 0.88 plants m−2).



The experiment lasted for 3 successive years (2017−2020). In the first year (2017−2018; hereafter referred to as experimental year 1), the three water deficit treatments (described below) were realized from June to October of 2018 (i.e., immediately after the spring rains, and lasted until the start of autumn rains). Morphological, physiological and biochemical traits were evaluated at the end of the treatment (i.e., 1–5 d before the autumn rains of 2018), while phenology and flowering features were assessed in the spring (April–May) of the subsequent year (2019). Likewise, in the second year (2018−2019; hereafter referred to as experimental year 2), treatments were performed from June to October of 2019 (i.e., after the spring rains and until the start of autumn rains). Morphological, physiological and biochemical traits were determined at the end of the treatment (i.e., 1–5 d before autumn rains of 2019), while phenology and flowering traits were recorded in the spring (April–May) of the next year (2020).



During the abovementioned period (June–October; absence of precipitation) of experimental year 1 (2017−2018), three water deficit levels were implemented, by adjusting irrigation to 70, 40, and 10% available water content (representing full irrigation, mild water deficit, and severe water deficit, respectively). The employed available water content range was selected on the basis of both a comprehensive literature survey [8,18], and a pre-experiment. Prior to the experiment, a preliminary study, covering an extended range of irrigation levels, informed choice of the irrigation regime by which the crop was optimally grown (thus avoiding excess irrigation), as well as the one where growth is severely impeded, meanwhile minimizing the risk of mortality.



The respective water deficit level was maintained by adjusting irrigation volume based on soil water content, when the required threshold was reached. Soil water content was determined at the depth of 5–20 cm by using time domain reflectometry probes (CS630/CS635, Campbell Scientific Ltd., Leicestershire, UK). Regardless of the water deficit level, the same quantity of nutrients was supplied to all plants. In each treatment, the above-mentioned water deficit levels (70, 40, and 10% available water content) were also applied during the abovementioned period (June–October) of experimental year 2 (2018–2019). The experiment thus consisted of nine treatments [3 water deficit regimes (year 1) × 3 water deficit regimes (year 2)]. The experimental plots were distributed according to a factorial arrangement following a randomized complete block design. Each plot contained four lines in sequence (Figure S1). At each plot, measurements were performed on three randomly selected plants situated at lines 2 and 3 (thus excluding the border lines 1 and 4). In each plant, three separate measurements were further obtained. The average of nine measurements [i.e., (3 plants plot−1) × (3 measurements plant−1)] was further treated as a single replication. For taking observations, three plots were analyzed, and in this way three replications were considered.



Available water content refers to the volume of water which can be absorbed by the plant, representing the difference between field capacity and permanent wilting point. These variables were measured by employing the retention curve method and corresponded to −0.1 kPa and −1.5 MPa matric potentials, respectively. At the permanent wilting point, although soil still includes some water, it is unavailable for plant uptake.



Determinations were performed at both organ (leaf, flower) and plant levels. For leaf-level assessments, sampled leaves had developed under direct sunlight, and were fully expanded. For flower-level evaluations, fully open flowers were selected (i.e., anthers were visible; the so-called stage V). Non-invasive determinations were carried out 1–5 d prior to the destructive harvest. In destructive measurements, the time between sampling and the onset of the evaluation never exceeded 12 min, besides enzymatic activity assessment, where samples were immediately immersed in liquid nitrogen, and moved to a freezer at −80 °C for storage before further processing.



To avoid border effects, a border row surrounded the experimental units, which was not sampled (Figure S1). In all evaluations, three replicates were assessed. Each replicate corresponded to a different plant, which was randomly sampled within every plot (excluding the border row plants). In all destructive measurements, three separate measurements were performed in each replicate plant, and further averaged. In leaf potassium and calcium content assessment (described below) specifically, these three samples per replicate plant were pooled.




2.2. Leaf Chlorophyll Fluorescence


To evaluate plant photosynthetic performance, the ratio of variable to maximum chlorophyll fluorescence (Fv/Fm) was recorded [25,26]. Measurements were carried out by employing an analyzer fluorimeter (Pocket PEA, Hansatech Instruments, King’s Lynn, Norfolk, UK). Immediately after dark adaptation (≥30 min), the maximum quantum efficiency of PSII photochemistry (Fv/Fm) was measured using a photosynthetic photon flux density of 3000 μmol m−2 s−1 as saturating flash for a duration of 1 s [27].



For assessing the in vivo adaptive responses of the photosynthetic system (especially photosystem II) to the cultivation regime, the kinetics of chlorophyll fluorescence induction were further determined. In this context, a polyphasic chlorophyll fluorescence induction curve (O–J–I–P-transient) was performed [25,26]. The computations and applied protocol are provided in Moosavi-Nezhad et al. (2021) [25].



By using attached fully expanded leaves of intact plants, the above-mentioned chlorophyll fluorescence evaluations were conducted on a clear day and 1 h following the onset of the light period (07:00–09:00 h) at the growth site (Figure S1). The sampling area was outlined with a marker. Prior to each evaluation, leaves were dark adapted (≥30 min) by using leaf clips. To minimize systematic within-leaf heterogeneity, sampling areas were selected in the middle of the lamina (1 cm distance from the main vein), by excluding leaflet periphery (i.e., ≥2 cm of the leaf base and tip) [28]. Three replicates were evaluated per treatment.




2.3. Leaf Gas Exchange


By employing a portable photosynthesis system (CI-340; CID, Inc., Camas, WA, USA), leaf gas exchange features were determined. During evaluation, environmental conditions (22 °C air temperature, 50% relative air humidity, 400 μmol mol−1 incoming air CO2 concentration and 2000 μmol m−2 s−1 photosynthetic photon flux density) were held constant. In order to perform the evaluations under a uniform stomatal conductance pattern, determinations were carried out on a clear day and 2 h following the onset of the light period (08:00–10:00 h) [15]. Prior to evaluation, leaves were allowed to equilibrate to leaf chamber conditions (≥15 min). Photosynthetic water use efficiency (     net   photosynthesis   rate    transpiration    ) and carboxylation efficiency (     net   photosynthesis   rate     intracellular     CO 2     concentration     ) were further computed. Gas exchange features were determined on the leaves on which chlorophyll fluorescence features had been earlier assessed, by using the same (marked) spot. Three replicates were evaluated per treatment.




2.4. Plant Phenology, Morphology, and Biomass Allocation


The time to flowering, number of flowers, flower diameter, number of petals, and receptacle (axis to which floral organs are attached) diameter were recorded. For evaluating flower diameter, measurements were performed in two perpendicular directions (starting from the largest diameter), and averaged. Diameter assessments were performed by using a caliper (±0.2 mm; series 500 Mitutoyo, Aurora, IL, USA).



The main stem length (from the root-to-shoot junction to the apical meristem), canopy diameter, number of leaves (longer than 0.5 cm), and leaf area (one-sided surface area) were also measured. For canopy diameter assessment, the overhead (top-view) 2D plant silhouette was considered. A convex hull (the minimal polygon enclosing the entire plant silhouette perimeter) was fitted, and the maximum and minimum distances of point pairs intersecting the convex hull center were taken as plant length and width, respectively. By using these data, canopy area was calculated (  π ×    plant   length   2  ×    plant   width   2   ) [13]. Stem and canopy length, as well as canopy width assessments were performed by using a folding meter (±0.1 cm). For leaf area determination, individual leaves were scanned (HP Scanjet G4010; Irvine, CA, USA), and then evaluated by using specialized software (Digimizer software; version 4.1.1.0, MedCalc Software, Ostend, Belgium) [16]. In some cases at 10% available water content, sampled leaves were moderately curled towards the midrib (see images in Jia et al., 2021 [29]). To eliminate the curvature-induced reduction in projected area, these leaves were flattened out on a white paper prior to scanning. Individual leaf area values were recorded to the nearest 1 mm2. Plant leaf area was the sum of individual leaf areas.



Shoot, (total and individual) flower, as well as (total and individual) petal (fresh and dry) masses were further determined (±0.01 g; MXX-412; Denver Instruments, Bohemia, NY, USA). For dry weight assessment, herbal samples were transferred to a drying oven (80 °C) for 72 h. For evaluating the level of tolerance, stress tolerance index was calculated as the biomass of each treatment relative to the biomass of control (     plant   dry   weight     plant   dry   weight   of   control    × 100 %  ). For assessing the ratio of plant carbon gain to water use, integral water use efficiency was computed as the ratio of plant dry mass to water use (     plant   dry   weight     total   water   consumption     ).




2.5. Petal Essential Oil Content


The essential oil content is equally important to essential oil yield, because it directly affects the extraction cost, and in this way the financial returns of essential oil production [30,31]. By using a Clevenger apparatus, petal samples were submitted to hydro-distillation. Herbal material (500 g) was added to a 1 L flask filled with 400 mL of double-distilled water. Heating was applied for 3 h [31]. The isolated essential oils were dried over anhydrous sodium sulfate [31]. Essential oil content was expressed in percentage (     essential   oil   weight       sample   weight    × 100 %  ).



In the morning (07:00–09:00 h) after dew, sampling was performed (18–20 °C during harvest). To maintain turgidity, excised petal samples were immediately placed in sealable plastic bags with moistened tissue, which were placed under shade while remaining at the field site. Three replicates were assessed per sample.




2.6. Leaf Potassium and Calcium Content


The leaf potassium and calcium contents were evaluated. Leaves were cleaned with double distilled water, and placed in a drying oven (80 °C) for 72 h. They were then ground into fine powder, and filtered through a 30-mesh screen [32]. The filtered herbal material (1 g) was dry-ashed at 515 °C for 6 h. The obtained ash was dissolved in 6.0 N HCl (5 mL), and filled up to 50 mL by using double distilled water [32]. Potassium and calcium contents were assessed by using a flame photometer (Jenway PFP7, Keison, Chelmsford, Essex, UK) and atomic absorption spectrometry, respectively. These were expressed on a dry weight basis. In both elements, quantitative assessment was performed by using the respective standard curve. Three replicates were evaluated per treatment. For each replicate, three samples had been pooled.




2.7. Leaf Chlorophyll and Carotenoid Content


Leaf chlorophyll content is critical for photosynthesis, while carotenoids are essential non-enzymatic antioxidants [16]. Leaf material (0.1 g) was homogenized with 100% acetone (10 mL). The homogenate was centrifuged (14,000× g for 20 min), and the supernatant was used for the assay. As chlorophyll is light-sensitive, extraction was carried out in darkness. The obtained solution was analyzed by using a spectrophotometer (Mapada UV-1800; Shanghai Mapada Instruments Co., Ltd., Shanghai, China). Leaf chlorophyll and carotenoid contents were calculated as described by Lichtenthaler and Wellburn (1983) [33]. Three replicates were evaluated per treatment.




2.8. Leaf Water Status


Plant water status was evaluated by recording leaf relative water content (RWC; also referred to as relative turgidity). Sampling was conducted 2 h following the onset of the light period (08:00–08:30 h). Immediately after excision, fresh weight was recorded (±0.0001 g; Mettler AE 200, Giessen, Germany). Leaves were then positioned on double distilled water in a 9 cm Petri dish, sealed with a lid. After 24 h incubation in darkness, the turgid (saturated) weight was determined. Eventually, dry weight was measured after 72 h at 80 °C. Based on these data, RWC was computed (     fresh   weight    −    dry   weight       saturated   fresh   weight    −    dry   weight    × 100 %  ) [34,35]. Three replicates were evaluated per treatment.




2.9. Leaf Electrolyte Leakage


The relative ion content in the apoplastic space (including cell membrane outer space, cell wall, intercellular spaces and apoplastic fluid), conventionally considered an indicator of membrane stability, was examined by determining electrolyte leakage [15]. Excised leaf discs (2 cm2) were cleaned three times with double-distilled water (3 min each) to take away surface-adhered electrolytes. They were then positioned on double distilled water (10 mL), and exposed to shaking at room temperature (25 °C) for 24 h. The electrolyte leakage in the resulting solution was subsequently recorded by using a conductimeter (Crison 522, Crison Instruments, S.A., Barcelona, Spain). Eventually, samples were autoclaved at 120 °C for 20 min. Total conductivity was then determined after returning to room temperature (25 °C). Three discs were assessed per replicate leaf. Three replicates were evaluated per treatment.




2.10. Leaf Lipid Peroxidation


The malondialdehyde (MDA) content, conventionally employed as an index of lipid peroxidation level, was recorded by using the thiobarbituric acid reactive substance assay [15]. Excised leaf discs (2 cm2) were homogenized. Then, they were immersed in 5 mL of 20% (w/v) trichloroacetic acid and 0.5% (w/v) thiobarbituric acid. Next, the suspension was subjected to centrifugation (6000× g for 15 min). The solution was then heated at 100 °C for 25 min. After reaching room temperature (25 °C), the precipitate was collected by centrifugation (6000× g for 5 min). The MDA content was computed by considering the absorbance at 532 nm, with adjustments for non-specific absorption at 450 and 600 nm, by using a spectrophotometer (Mapada UV-1800; Shanghai Mapada Instruments Co., Ltd., Shanghai, China). For the computation, an extinction coefficient (156 mmol MDA L−1 cm−1) was employed [15]. Three discs were examined per replicate leaf. Three replicates were evaluated per treatment.




2.11. Leaf Proline Content


Proline is elemental in regulating cell osmotic balance (by reducing water potential), and in this way safeguards both enzymatic activity and macromolecules’ structure [9,16]. In this context, leaf proline content was determined. Leaf samples (0.5 g) were subjected to homogenization, and then were immersed in 3% (w/v) aqueous sulphosalicylic acid (10 mL). The resulting extract was filtered (Whatman No. 2). Equal volumes of filtrate (2 mL), acid–ninhydrin (2 mL) and glacial acetic acid (2 mL) were combined. This mixture was heated to 100 °C for 1 h. The mixture was subsequently extracted with toluene (4 mL), and the (toluene-containing) chromophore was extracted from the liquid phase. After restoring room temperature (25 °C), the absorbance was measured at 520 nm by using a spectrometer (Mapada UV-1800; Shanghai. Mapada Instruments Co., Ltd., Shanghai, China). The proline concentration was determined based on a calibration curve [9,16]. Three replicates were evaluated per treatment.




2.12. Leaf Enzymatic Activity


For CAT activity assessment, leaf tissue (0.3 g) was ground with a (pre-cooled) mortar and pestle in liquid nitrogen for 5 min, homogenized with 1.5 mL of potassium phosphate buffer (containing 1 mM EDTA and 2% polyvinylpyrrolidone), and then centrifuged (14,000× g for 20 min) at 4 °C [15]. In the supernatant, CAT activity was determined by monitoring the decrease in absorbance at 240 nm for 2 min (10 s intervals) in a reaction mixture containing potassium phosphate buffer and hydrogen peroxide. For the computation, an extinction coefficient (39.4 M−1 cm−1) was utilized.



For POD activity evaluation, leaf tissue (0.3 g) was ground with a (pre-cooled) mortar and pestle in liquid nitrogen for 5 min, homogenized with 1.5 mL of 50 mM potassium phosphate buffer (pH 7.0), and then centrifuged (14,000× g for 20 min) at 4 °C [15]. The POD activity in the supernatant was assessed by measuring the reduction in absorbance at 470 nm for 2 min (10 s intervals) in a reaction mixture consisting of potassium phosphate buffer, guaiacol, and hydrogen peroxide. For the computation, an extinction coefficient (26.6 mM−1 cm−1) was employed.



For APX activity determination, leaf tissue (0.3 g) was ground with a (pre-cooled) mortar and pestle in liquid nitrogen for 5 min, and homogenized in the extraction solution [50 mM Na2HPO4/KH2PO4 (pH 7.0), 1 mM EDTA, 5% polyvinylpyrrolidone, and 1 mM ascorbic acid] [15]. The homogenate was then centrifuged (14,000× g for 20 min) at 4 °C. In the supernatant, APX activity was determined by monitoring the decrease in absorbance at 290 nm for 2 min (10 s intervals).



CAT, POD, and APX activity was expressed as µmol hydrogen peroxide reduced per min per g tissue [36]. Three replicates were evaluated per treatment.




2.13. Statistical Design and Analysis


Data analyses were carried out by using the R software (R version 4.3.1). A two-way ANOVA was applied, with the water deficit level of experimental year 1 serving as the factor A and the water deficit level of experimental year 2 as the factor B. Prior to further analysis, data was checked for normality (Shapiro–Wilk test) and homogeneity of variances (Levene’s test). Estimated least significant differences (LSD) of treatment effects were calculated (p = 0.05).




2.14. Principal Component and Correlation Analyses


Eigenvalues were computed for each of the 27 experimental units, and the variables that contributed most to each dimension were determined (Figures S1 and S2). In order to build the principal components, the first two eigenvalues, which accounted for 76.6% of the total variance, were retained. To find relationships between the principal components and the water deficit levels, a principal component analysis (PCA) was conducted. Units were clustered (using a unique color), and variables were grouped according to how much they engaged with the main components (using gradient colors). To show the positive and negative correlations between the variables under investigation, a correlation plot was also created. Under the R-studio integrated development environment (RStudio suite, 2023.06.0 Build 421, Boston, MA, USA), the libraries ‘factoextra’, ‘FactoMineR’, ‘readxl’, and ‘corrplot’ were utilized.





3. Results


3.1. Correlation Analysis


Correlation analysis across 45 traits revealed a complex relationship between morphological and biochemical attributes, that define damask rose physiology under different water deficit levels. The majority of interactions were positively regulated and statistically significant at the 0.5 level (Figure 1). Specifically, an important trait such as the shoot dry weight was associated with the number of petals, chlorophyll content, receptacle diameter, flower dry weight and individual leaf area, while negative associations were established with MDA concentration and electrolyte leakage. In parallel, both essential oil yield and percentage were positively correlated to carboxylation efficiency, and leaf Ca content. Interestingly, several indices such as floral water use efficiency and the relative variable fluorescence at 2 ms (Vj) remained unrelated, while the noted activation of the ROS scavenging system [i.e., proline accumulation, and enhanced activity of three antioxidant enzymes (CAT, POD, and APX)] displayed a somewhat neutral association to most of the studied traits, signifying a broader function for damask rose.




3.2. Leaf Chlorophyll Fluorescence


The range of the dark-adapted variable to the maximum fluorescence ratio [Fv/Fm = (Fm − Fo)/Fm] was 0.82–0.86, of the ratio of photochemical to non-photochemical use of light energy in the reaction center of photosystem II [Fv/F0 = (Fm − Fo)/Fo] was 4.6–6.0, and of Vj was 0.35–0.48 (Table 1). The performance index on absorption basis (PIabs), which is more sensitive to changes of photosynthetic activity than Fv/Fm, varied between 4.0 and 11.7.



Across the experimental years (2017−2019), the water deficit (i.e., lower soil available water content) tended to increase Vj, while it tended to decrease Fv/Fm, its interrelated one (Fv/F0), and PIabs (Table 1), indicating that photo-damage had been induced. This effect was generally more prominent when water deficit was applied in experimental year 2, as compared to experimental year 1. In this way, the largest negative adjustment was achieved during the first year of exposure to water deficit, as compared to the second one.



When pooling all nine treatments [three water deficit regimes (year 1) × three water deficit regimes (year 2)], Fv/Fm was positively correlated with Fv/F0 and PIabs (R2 of 0.92 and 0.89, respectively; see also Figure 1).




3.3. Leaf Gas Exchange


Gas exchange traits [photosynthesis rate (3.1–11.8), transpiration rate (1.8–5.3), stomatal conductance (0.30–0.51), substomatal CO2 concentration (389–585), carboxylation efficiency (0.007–0.022), and photosynthetic water use efficiency (1.7–3.0)] varied by at least 27% among treatments under study (Table 2).



Across experimental years, the water deficit tended to decrease all gas exchange traits (photosynthesis rate, transpiration rate, stomatal conductance, substomatal CO2 concentration, and carboxylation efficiency), besides photosynthetic water use efficiency where no consistent trend was apparent (Table 2). This negative effect of water deficit on gas exchange traits was generally more prominent when water deficit was applied in experimental year 2, as compared to experimental year 1.



By considering all nine treatments, the photosynthesis rate was positively correlated with the transpiration rate, stomatal conductance, substomatal CO2 concentration, and carboxylation efficiency (R2 of 0.86, 0.94, 0.66 and 0.95, respectively; see also Figure 1). These results suggest that plants under water deficit conditions experience limitations in both stomatal and photosynthetic capacity components.




3.4. Plant Phenology, Morphology, Biomass Allocation and Essential Oil Yield


Among treatments, the variation was more prominent in the number of flowers (208–254), individual flower dry weight (0.40–0.52), number of petals (29.3–40.3), receptacle diameter (10.0–12.1), and individual petal dry weight (0.32–0.40), as compared to the time to flowering (79.3–86.7) and flower diameter (65.6–73.5) (Table 3).



Across experimental years, water deficit tended to decrease all floral features under study (time to flowering, number of flowers, flower diameter, individual flower dry weight, number of petals, receptacle diameter, and individual petal dry weight) (Table 3). This negative effect was generally more prominent when water deficit was applied in experimental year 2, as compared to experimental year 1. These results suggest that water deficit conditions simultaneously constrained resource allocation to either aspect of floral display (i.e., size and number).



By pooling all nine treatments, the number of flowers was positively correlated with flower diameter, individual flower dry weight, number of petals, receptacle diameter, and individual petal dry weight (R2 of 0.95, 0.85, 0.80, 0.85 and 0.88, respectively; see also Figure 1). Therefore, a flower size–number trade-off was clearly not evident across water deficit environments and experimental years.



All traits related to biomass [main stem length (1.50–1.89), canopy diameter (1.51–1.82), number of leaves (594–1301), plant leaf area (0.36–2.09), individual leaf area (5.8–16.1), shoot dry weight (1.46–2.90), flower dry weight (year 1; 0.08–0.13), flower dry weight (year 1 + 2; 0.12–0.20), and shoot dry weight ratio (34.3–45.9)] varied between 17 and 83% among treatments under study (Table 4). The respective variation was 7.9 and 10.7% for the petal dry weight ratio (17.5–19.0) and flower dry weight ratio (16.7–18.7).



Across experimental years, water deficit tended to increase shoot dry weight ratio, and decrease the remaining parameters (main stem length, canopy diameter, number of leaves, plant leaf area, individual leaf area, shoot dry weight, flower dry weight, petal dry weight ratio, and flower dry weight ratio) (Table 4, Figure 2). These effects were generally more prominent when water deficit was applied in experimental year 2, as compared to experimental year 1. These results suggest that water deficit conditions not only limited growth, but also elicited specific morphological adjustments.



By pooling all nine treatments, the number of leaves was positively correlated with plant leaf area, and individual leaf area (R2 of 0.93, and 0.78, respectively; see also Figure 1). Shoot dry weight was positively related to main stem length (R2 of 0.78), but was not related to shoot dry weight ratio (R2 of 0.00; see also Figure 1).



Water use efficiency of the shoot was several orders of magnitude higher than the floral one (Table 5). Water use efficiency [shoot (3.2–6.7), flower (year 2; 0.17–0.35), and flower (year 1 + 2; 0.18–0.28)] varied between 36 and 52% among treatments under study.



The water deficit effect on shoot water use efficiency did not follow a general trend (Table 5). At 70% available water content of experimental year 2, the water deficit during experimental year 1 tended to decrease floral water use efficiency. Within each water deficit regime of experimental year 1, water deficit during experimental year 2 tended to increase floral water use efficiency.



The stress tolerance index of the flower was higher than the one of the shoot (68–100 versus 42–100; Table 5).



Across experimental years, the water deficit tended to decrease shoot and flower stress tolerance index (Table 5). These effects were generally more prominent on the shoot as compared to the flower, as well as when the water deficit was applied in experimental year 2, as compared to experimental year 1. This finding has the interesting implication that reproductive modules generally appear more tolerant to water deficit conditions, as compared to plant size.



Petal essential oil percentage varied between 0.021 and 0.040, while plant essential oil yield between 0.10 and 0.25 (Table 5).



At 70% available water content of experimental year 1, the water deficit during experimental year 2 tended to decrease petal essential oil percentage and plant essential oil yield (Table 5). At 40% available water content of experimental year 1, water deficit during experimental year 2 tended to increase petal essential oil percentage and plant essential oil yield. At 10% available water content of experimental year 1, water deficit during experimental year 2 decreased petal essential oil percentage and plant essential oil yield only at 10% available water content.



By pooling all nine treatments, a strong correlation was apparent between the petal essential oil percentage and plant essential oil yield (R2 of 0.91; see also Figure 1).



The water deficit effect on leaf Ca and K contents did not follow a general trend (Table 5).




3.5. Plant Physiological and Biochemical Traits


Across experimental years, the water deficit tended to increase electrolyte leakage (indicating stress-induced tissue injury), decrease leaf relative water content (thus hydration level), as well as chlorophyll and carotenoid (major photosynthetic pigments with the latter also being major non-enzymatic antioxidant) contents (Table 6). These effects were generally more prominent when water deficit was applied in experimental year 2, as compared to experimental year 1.



With the exception of 40% available water content of experimental year 1, water deficit tended to increase leaf MDA content (Table 6), indicating enhanced levels of lipid peroxidation. Across experimental years, water deficit also tended to increase leaf proline content, which is an excellent osmolyte.



Across experimental years, water deficit also tended to enhance the activity of three key antioxidant enzymes (CAT, POD, and APX; Table 6).



By pooling all nine treatments, leaf relative water content (thus hydration level) was positively correlated with both tissue damage indices (i.e., electrolyte leakage, and leaf MDA content, R2 of 0.77, and 0.75, respectively; see also Figure 1). A strong correlation was apparent between electrolyte leakage and leaf MDA content (R2 of 0.76), as well as between leaf chlorophyll and carotenoid contents (R2 of 0.76; see also Figure 1).




3.6. Principal Component Analysis


To identify and measure the components that control the influence across the treatments, a PCA was performed (Figure 3). The eigenvalues were assessed to ascertain the number of optimal principal components. The first two dimensions supported 76.6% of the total variation (Figures S1 and S2). The degree of a considerable impact of each trait reflected on the PCA was assessed by employing the cos 2 index. Amongst these descriptors, electrolyte leakage, MDA content, chlorophyll content, flower dry weight, the number of leaves and transpiration rate had a great imprint for the classification of individual units. The PCA, established on the first two components, disclosed the complicated association between the treatments (Figure 3).



Interestingly, water availability across the years was not a factor that enabled a clear cut-off value for damask rose traits. Specifically, phenotypes that had a watering scheme of 40% available water content during the first year were indistinguishable during the second year, when irrigated at 40 or 10% available water content. On the other hand, 10% available water content during the second year was vital for the grouping of units that were first irrigated at 70 and 10% available water content thresholds. Nonetheless, well-watered roses across both years (constant 70% available water content) formed a separate cluster, signifying that irrigation is a crucial parameter for developing specific agronomical and biochemical traits.





4. Discussion


In environments with low or unpredictable precipitation, soil water deficit inevitably poses serious challenges to plant growth and productivity [12,13]. By using different soil water deficit levels spanning over two growing seasons in a field experiment carried out in a semi-arid region, the long-term acclimation responses of damask rose to water limitation were assessed for the first time, along with the underlying morphological, physiological and biochemical processes.



Soil water shortage limited plant growth and essential oil yield (Table 4 and Table 5). This effect was amplified, as soil water deficit became more intense. Previous studies have also indicated that water limitation effects on plant growth and productivity are incremental as water availability decreases [9,15]. Notably, this inhibition of plant growth and essential oil yield was less pronounced, when plants had been exposed to water severity during the preceding year (Table 4 and Table 5). In a single growth season, where water deficit had been imposed over weeks, evidence of water stress memory has been earlier documented in other taxa (e.g., Alopecurus pratensis [37], Solanum tuberosum [38]). Under water deficit over seasons, instead, water stress memory effects have been reported in a limited number of species (e.g., Vitis vinifera; [12]). Our findings in the present study directly suggest that exposure to water deficit elicits plant tolerance to future exposure in next seasons. In this regard, this study for the first time provides evidence for stress memory in damask rose. This phenotypic response was further dependent on the water deficit level (Table 4 and Table 5). At more intense soil water deficit across the preceding year, plants were less vulnerable to water deficit during the subsequent one. Therefore, our results reveal a link between water deficit severity and plant tolerance to future water stress challenges.



Reduced soil water availability markedly affected all aspects of plant growth and development under study. For instance, it was related to quicker completion of the growth cycle, as illustrated by earlier flowering (up to 7.4 d), to lower number of flowers and to decreased floral size (Table 3). In terms of time to flowering, an early transition from vegetative to reproductive phase reduces the period available for carbon fixation during the vegetative stage, and in this way is conventionally counterproductive in terms of yield [9,15]. In other species, acceleration of floral transition has been associated with decreased duration of leaf expansion [39]. Reduced soil water availability was further associated with smaller plants (Table 4). Although the decrease in size was indeed expressed across all organs under study (i.e., stem, leaves, and flowers), it was not uniform (Table 3 and Table 4, Figure 2). In this way, water deficit elicited a range of morphological adaptations, including biomass partitioning adjustments (Table 4, Figure 2).



The water deficit-induced decrease in plant size was mediated by several morphological and physiological traits. Under such conditions, biomass accumulation was incrementally constrained by lower leaf area (Table 4), chlorophyll content (Table 6), CO2 intake (Table 2), and photosynthetic efficiency (Table 1 and Table 2). Comparable findings have been earlier noted in other taxa [9,14,16]. The decrease in CO2 intake was driven by a reduction in stomatal conductance (Table 2), since under such conditions stomata tend to close under the need to conserve hydration [12,40]. The decrease in plant leaf area (up to 83%) was mediated by reductions in both number of leaves (up to 54%), and individual leaf area (up to 64%). Contrary to our findings, in another study on damask rose, where water stress was realized in a single season, leaf number was not affected by water limitation [8].



Water deficit has been earlier related to increased water use efficiency [41]. In this study and against expectations, photosynthetic water use efficiency (Table 2), and water use efficiency of the shoot (Table 5) were not consistently affected by soil water deficit. At 70% available water content imposed during experimental year 2, water deficit during experimental year 1 tended to decrease floral water use efficiency (Table 5). Within each water deficit regime of experimental year 1, water deficit during experimental year 2 tended to increase floral water use efficiency. In our study system, therefore, soil water deficit determined floral water use efficiency, and this effect was dependent on the timing (year) of water severity.



A strong positive correlation between petal essential oil percentage and plant essential oil yield was evident (R2 of 0.91; see also Figure 1). These two traits co-varied based on both water deficit level and year of exposure. At 70 and 10% available water content of experimental year 1, water deficit during experimental year 2 tended to decrease petal essential oil percentage and plant essential oil yield (Table 5). At 40% available water content of experimental year 1, instead, water deficit during experimental year 2 tended to increase petal essential oil percentage and plant essential oil yield. In this way, petal essential oil percentage and plant essential oil yield always varied in the same direction in response to soil water deficit, while the sign of this response (positive or negative) was dependent on the timing (year) of water severity.



Water deficit elicits oxidative stress [14]. In this study, it was indeed related to enhanced electrolyte leakage (Table 6), indicating impaired membrane integrity [15,16]. At water deficit conditions, membrane damage is typically a symptom of oxidative damage, arising when ROS accumulation reaches phytotoxic levels [9,15]. The scavenging system was further assessed by determining proline and carotenoid contents, as well as CAT, POD, and APX activities (Table 6). Under water deficit conditions, carotenoid content was generally downregulated. Instead, proline synthesis and the activity of the three antioxidant enzymes were rather stimulated (Table 6), which jointly are expected to narrow the oxidative burst and the associated cell damage.




5. Conclusions


Across two experimental years, the quantitative relationship between water deficit severity and plant phenotype was investigated. Plants were subjected to three different water deficit levels for two periods (June–October). Water deficit shortened the time required for the transition from the vegetative to reproductive phase (up to 7.4 d), and constrained resource allocation to either aspect of floral display (size and number). Across treatments, a trade-off between flower size and number was clearly not apparent. Soil water deficit was also related to smaller plants (up to 49.7%). Despite the noted activation of the ROS scavenging system, oxidative stress symptoms were still elicited by water deficit. Plant hydration level was closely associated with two tissue injury indices. These effects were generally amplified, as soil water deficit became more severe. Importantly, the adverse effects of water deficit were mostly less pronounced, when plants had been exposed to water deficit during the preceding year. Therefore, exposure to water deficit enhanced plant tolerance to future exposure. This phenotypic response was further dependent on the water deficit level. At a more severe soil water deficit across the preceding year, plants were less vulnerable to water deficit during the subsequent one. Therefore, our results suggest a consistent relationship between water deficit severity and plant tolerance to future water stress challenges, providing for the first time evidence for stress memory existence in damask rose.
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Figure 1. Positive, neutral and negative affinities across morpho-physiological traits in Rosa damascena ‘Kashan 93’ cultivated under different watering regimes (70, 40 and 10% available water content) during two consecutive years. The blue circles represent positive correlations, whereas the red circles convey negative links. Color intensity is correlated by a correlation coefficient (r) on a scale from −1 to 1. Statistically significant values are indicated by larger circles (non-significant, p = 0.05, p = 0.01 and p = 0.001, respectively). A, photosynthesis rate; APXact, ascorbate peroxidase activity; CaC, leaf Ca content; CD, canopy diameter; CarC, carotenoid content; CE, carboxylation efficiency; ChlC, chlorophyll content; Ci, substomatal CO2 concentration; CATact, catalase activity; DWPF, dry weight (% of total) Flower; DWPP, dry weight (% of total) Petal; DWPS, dry weight (% of total) Shoot; E, transpiration rate; EL, electrolyte leakage; EOP, essential oil; EOY, essential oil yield; FD, flower diameter; FDW, flower dry weight; FN, number of flowers; FT, time to flowering; Fv/Fm, ratio of variable to maximum chlorophyll fluorescence; Fv/F0, ratio of photochemical to non-photochemical use of light energy in the reaction center of photosystem II; gs, stomatal conductance; IFDW, individual flower dry weight; ILA, individual leaf area; IPDW, individual petal dry weight; KC, leaf K content; LN, number of leaves; MDAC, MDA content; PIabs, performance index on absorption basis; PLA, plant leaf area; PODact, peroxidase activity; PN, number of petals; ProC, proline content; PWUE, photosynthetic water use efficiency; RD, receptacle diameter; RWC, relative water content; SDW, shoot dry weight; SL, main stem length; STIF, stress tolerance index Flower; STIS, stress tolerance index Shoot; Vj, the relative variable fluorescence at 2 ms; WUEF12, water use efficiency Flower 1 + 2; WUEF2, water use efficiency Flower 2; WUES, water use efficiency Shoot. 
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Figure 2. Flower dry weight of year 2 as well as year 1 plus 2 ((A,B), respectively) in Rosa damascena ‘Kashan 93’ cultivated under different watering regimes (70, 40 and 10% available water content) during two consecutive years. In the x-axis, the former number is the watering regime of year 1, and the latter is the respective one of year 2. Values are the mean of three replications ± the standard error. 
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Figure 3. (A) Principal coordinate analysis across Rosa damascena ‘Kashan 93’ cultivated under different watering regimes (70, 40 and 10% available water content) during two consecutive years. (B) A gradient scale and color intensity (scale) show how each attribute contributes to the two dimensions. Lower cos2 values are found in vectors close to the plot center. Variables with narrow angles show affinity, whereas those with broad angles show a negative connection. A, photosynthesis rate; APXact, ascorbate peroxidase activity; CaC, leaf Ca content; CD, canopy diameter; CarC, carotenoid content; CE, carboxylation efficiency; ChlC, chlorophyll content; Ci, substomatal CO2 concentration; CATact, catalase activity; DWPF, dry weight (% of total) Flower; DWPP, dry weight (% of total) Petal; DWPS, dry weight (% of total) Shoot; E, transpiration rate; EL, electrolyte leakage; EOP, essential oil; EOY, essential oil yield; FD, flower diameter; FDW, flower dry weight; FN, number of flowers; FT, time to flowering; Fv/Fm, ratio of variable to maximum chlorophyll fluorescence; Fv/F0, ratio of photochemical to non-photochemical use of light energy in the reaction center of photosystem II; gs, stomatal conductance; IFDW, individual flower dry weight; ILA, individual leaf area; IPDW, individual petal dry weight; KC, leaf K content; LN, number of leaves; MDAC, MDA content; PIabs, performance index on absorption basis; PLA, plant leaf area; PODact, peroxidase activity; PN, number of petals; ProC, proline content; PWUE, photosynthetic water use efficiency; RD, receptacle diameter; RWC, relative water content; SDW, shoot dry weight; SL, main stem length; STIF, stress tolerance index Flower; STIS, stress tolerance index Shoot; Vj, the relative variable fluorescence at 2 ms; WUEF12, water use efficiency Flower 1 + 2; WUEF2, water use efficiency Flower 2; WUES, water use efficiency Shoot. 






Figure 3. (A) Principal coordinate analysis across Rosa damascena ‘Kashan 93’ cultivated under different watering regimes (70, 40 and 10% available water content) during two consecutive years. (B) A gradient scale and color intensity (scale) show how each attribute contributes to the two dimensions. Lower cos2 values are found in vectors close to the plot center. Variables with narrow angles show affinity, whereas those with broad angles show a negative connection. A, photosynthesis rate; APXact, ascorbate peroxidase activity; CaC, leaf Ca content; CD, canopy diameter; CarC, carotenoid content; CE, carboxylation efficiency; ChlC, chlorophyll content; Ci, substomatal CO2 concentration; CATact, catalase activity; DWPF, dry weight (% of total) Flower; DWPP, dry weight (% of total) Petal; DWPS, dry weight (% of total) Shoot; E, transpiration rate; EL, electrolyte leakage; EOP, essential oil; EOY, essential oil yield; FD, flower diameter; FDW, flower dry weight; FN, number of flowers; FT, time to flowering; Fv/Fm, ratio of variable to maximum chlorophyll fluorescence; Fv/F0, ratio of photochemical to non-photochemical use of light energy in the reaction center of photosystem II; gs, stomatal conductance; IFDW, individual flower dry weight; ILA, individual leaf area; IPDW, individual petal dry weight; KC, leaf K content; LN, number of leaves; MDAC, MDA content; PIabs, performance index on absorption basis; PLA, plant leaf area; PODact, peroxidase activity; PN, number of petals; ProC, proline content; PWUE, photosynthetic water use efficiency; RD, receptacle diameter; RWC, relative water content; SDW, shoot dry weight; SL, main stem length; STIF, stress tolerance index Flower; STIS, stress tolerance index Shoot; Vj, the relative variable fluorescence at 2 ms; WUEF12, water use efficiency Flower 1 + 2; WUEF2, water use efficiency Flower 2; WUES, water use efficiency Shoot.
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Table 1. Chlorophyll fluorescence features of Rosa damascena ‘Kashan 93’ cultivated under different watering regimes (70, 40 and 10% available water content) during two consecutive years. Values are the mean of three replications ± standard error. Fv/F0, ratio of photochemical to non-photochemical use of light energy in the reaction center of photosystem II; Fv/Fm, dark-adapted variable to maximum fluorescence ratio; PIabs, performance index on absorption basis; Vj, the relative variable fluorescence at 2 ms.






Table 1. Chlorophyll fluorescence features of Rosa damascena ‘Kashan 93’ cultivated under different watering regimes (70, 40 and 10% available water content) during two consecutive years. Values are the mean of three replications ± standard error. Fv/F0, ratio of photochemical to non-photochemical use of light energy in the reaction center of photosystem II; Fv/Fm, dark-adapted variable to maximum fluorescence ratio; PIabs, performance index on absorption basis; Vj, the relative variable fluorescence at 2 ms.





	
Year

	
1

	
2

	
2

	
2

	
2

	
2




	

	
Available Water Content (%)

	
Fv/Fm

	
Fv/F0

	
Vj

	
PIabs






	

	
70

	
70

	
0.86 ± 0.001

	
6.0 ± 0.04

	
0.35 ± 0.00

	
11.7 ± 0.01




	

	
70

	
40

	
0.84 ± 0.004

	
5.4 ± 0.04

	
0.42 ± 0.01

	
6.50 ± 0.45




	

	
70

	
10

	
0.83 ± 0.002

	
5.1 ± 0.07

	
0.44 ± 0.01

	
5.20 ± 0.30




	

	
40

	
70

	
0.85 ± 0.002

	
5.9 ± 0.09

	
0.39 ± 0.01

	
9.20 ± 0.49




	

	
40

	
40

	
0.85 ± 0.002

	
5.6 ± 0.10

	
0.40 ± 0.01

	
8.20 ± 0.23




	

	
40

	
10

	
0.84 ± 0.002

	
5.6 ± 0.08

	
0.41 ± 0.01

	
7.30 ± 0.49




	

	
10

	
70

	
0.84 ± 0.002

	
5.5 ± 0.08

	
0.42 ± 0.01

	
6.70 ± 0.37




	

	
10

	
40

	
0.83 ± 0.002

	
4.9 ± 0.07

	
0.48 ± 0.01

	
4.00 ± 0.41




	

	
10

	
10

	
0.82 ± 0.004

	
4.6 ± 0.04

	
0.41 ± 0.03

	
4.70 ± 0.08




	

	
F-Value

	
5.28

	
7.45

	
5.94

	
15.31




	

	
p-Value

	
0.007

	
<0.001

	
0.004

	
<0.001











 





Table 2. Gas exchange features of Rosa damascena ‘Kashan 93’ cultivated under different watering regimes (70, 40 and 10% available water content) during two consecutive years. Values are the mean of three replications ± standard error. PWUE, Photosynthetic water use efficiency.
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Year

	
1

	
2

	
2

	
2

	
2

	
2

	
2

	
2




	

	
Available Water Content (%)

	
Photosynthesis Rate

(μmol CO2 m−2 s−1)

	
Transpiration Rate (mmol H2O m−2 s−1)

	
Stomatal Conductance (mol m−2 s−1)

	
Substomatal CO2 Concentration

(mmol mol−1)

	
Carboxylation Efficiency

(mol CO2 m−2 s−1)

	
PWUE

(μmol CO2 mol H2O−1)






	

	
70

	
70

	
11.8 ± 0.71

	
5.3 ± 0.08

	
0.51 ± 0.043

	
535 ± 12

	
0.022 ± 0.0009

	
2.2 ± 0.11




	

	
70

	
40

	
6.10 ± 0.37

	
2.8 ± 0.24

	
0.40 ± 0.023

	
423 ± 26

	
0.015 ± 0.0011

	
2.2 ± 0.06




	

	
70

	
10

	
3.50 ± 0.20

	
2.0 ± 0.07

	
0.33 ± 0.006

	
432 ± 15

	
0.008 ± 0.0007

	
1.8 ± 0.05




	

	
40

	
70

	
7.80 ± 0.07

	
3.8 ± 0.10

	
0.44 ± 0.028

	
487 ± 4.3

	
0.016 ± 0.0001

	
2.0 ± 0.07




	

	
40

	
40

	
8.40 ± 0.41

	
2.8 ± 0.21

	
0.44 ± 0.020

	
464 ± 16

	
0.018 ± 0.0012

	
3.0 ± 0.10




	

	
40

	
10

	
5.90 ± 0.42

	
2.4 ± 0.03

	
0.41 ± 0.006

	
389 ± 10

	
0.015 ± 0.0014

	
2.5 ± 0.20




	

	
10

	
70

	
4.90 ± 0.52

	
2.8 ± 0.17

	
0.35 ± 0.028

	
423 ± 34

	
0.012 ± 0.0003

	
1.7 ± 0.09




	

	
10

	
40

	
4.60 ± 0.04

	
2.2 ± 0.03

	
0.33 ± 0.005

	
426 ± 4.4

	
0.011 ± 0.0000

	
2.1 ± 0.04




	

	
10

	
10

	
3.10 ± 0.17

	
1.8 ± 0.18

	
0.30 ± 0.006

	
431 ± 14

	
0.007 ± 0.0004

	
1.7 ± 0.18




	

	
F-Value

	
55.89

	
30.93

	
4.42

	
5.76

	
22.25

	
5.74




	

	
p-Value

	
<0.001

	
<0.001

	
0.013

	
0.005

	
<0.001

	
0.005











 





Table 3. Flowering features of Rosa damascena ‘Kashan 93’ cultivated under different watering regimes (70, 40 and 10% available water content) during two consecutive years. Values are the mean of three replications ± standard error.






Table 3. Flowering features of Rosa damascena ‘Kashan 93’ cultivated under different watering regimes (70, 40 and 10% available water content) during two consecutive years. Values are the mean of three replications ± standard error.





	
Year

	
1

	
2

	
2

	
2

	
2

	
2

	
2

	
2

	
2




	

	
Available Water Content (%)

	
Time to Flowering (d)

	
Number of Flowers

	
Flower Diameter (mm)

	
Individual Flower Dry Weight (g)

	
Number of Petals

	
Receptacle Diameter (mm)

	
Individual Petal Dry Weight (g)






	

	
70

	
70

	
86.7 ± 0.7

	
254 ± 2

	
73.5 ± 0.0

	
0.52 ± 0.004

	
40.3 ± 0.3

	
12.1 ± 0.1

	
0.40 ± 0.003




	

	
70

	
40

	
84.3 ± 0.7

	
232 ± 1

	
68.8 ± 0.3

	
0.47 ± 0.009

	
33.3 ± 0.9

	
11.4 ± 0.1

	
0.37 ± 0.003




	

	
70

	
10

	
82.3 ± 0.9

	
221 ± 1

	
66.4 ± 0.2

	
0.41 ± 0.002

	
30.3 ± 0.3

	
10.1 ± 0.1

	
0.33 ± 0.003




	

	
40

	
70

	
85.3 ± 0.9

	
238 ± 1

	
70.4 ± 0.5

	
0.51 ± 0.023

	
39.0 ± 0.0

	
11.8 ± 0.1

	
0.39 ± 0.002




	

	
40

	
40

	
86.3 ± 0.3

	
238 ± 1

	
69.9 ± 0.3

	
0.50 ± 0.017

	
38.7 ± 0.3

	
11.6 ± 0.3

	
0.39 ± 0.008




	

	
40

	
10

	
85.0 ± 0.6

	
234 ± 1

	
68.8 ± 0.4

	
0.47 ± 0.005

	
33.0 ± 0.0

	
11.4 ± 0.3

	
0.38 ± 0.006




	

	
10

	
70

	
83.7 ± 0.3

	
228 ± 1

	
67.8 ± 0.6

	
0.43 ± 0.010

	
32.0 ± 1.2

	
10.7 ± 0.2

	
0.35 ± 0.007




	

	
10

	
40

	
81.0 ± 0.6

	
226 ± 1

	
67.4 ± 1.3

	
0.43 ± 0.004

	
32.3 ± 0.3

	
10.4 ± 0.3

	
0.35 ± 0.009




	

	
10

	
10

	
79.3 ± 0.7

	
208 ± 0

	
65.6 ± 0.2

	
0.40 ± 0.003

	
29.3 ± 1.3

	
10.0 ± 0.1

	
0.32 ± 0.006




	

	
F-Value

	
4.65

	
115.51

	
11.10

	
6.98

	
11.32

	
5.57

	
19.05




	

	
p-Value

	
0.011

	
<0.001

	
<0.001

	
0.002

	
<0.001

	
0.005

	
<0.001











 





Table 4. Morphological, growth and dry weight distribution features of Rosa damascena ‘Kashan 93’ cultivated under different watering regimes (70, 40 and 10% available water content) during two consecutive years. Values are the mean of three replications ± standard error.
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Year

	
1

	
2

	
2

	
2

	
2

	
2

	
2

	
2

	
2

	
2

	
2




	

	
Available Water Content (%)

	
Main Stem Length (m)

	
Canopy Diameter (m2)

	
Number of Leaves

	
Plant Leaf Area (m2)

	
Individual Leaf Area (cm2)

	
Shoot Dry Weight (kg)

	
Dry Weight Ratio (%) 1




	
Shoot

	
Flower

	
Petal






	

	
70

	
70

	
1.89 ± 0.03

	
1.82 ± 0.04

	
1301 ± 46

	
2.09 ± 0.08

	
16.1 ± 0.9

	
2.90 ± 0.11

	
34.3 ± 0.4

	
18.1 ± 0.0

	
18.3 ± 0.13




	

	
70

	
40

	
1.68 ± 0.01

	
1.62 ± 0.00

	
801 ± 53

	
0.74 ± 0.05

	
9.30 ± 0.1

	
1.71 ± 0.03

	
41.1 ± 0.6

	
18.0 ± 0.3

	
18.3 ± 0.03




	

	
70

	
10

	
1.58 ± 0.01

	
1.51 ± 0.01

	
594 ± 41

	
0.40 ± 0.02

	
6.70 ± 0.2

	
1.50 ± 0.03

	
42.0 ± 0.7

	
16.7 ± 0.1

	
17.6 ± 0.03




	

	
40

	
70

	
1.75 ± 0.00

	
1.69 ± 0.02

	
983 ± 58

	
1.29 ± 0.04

	
13.2 ± 0.4

	
2.71 ± 0.02

	
44.8 ± 0.3

	
18.7 ± 0.2

	
19.0 ± 0.05




	

	
40

	
40

	
1.73 ± 0.01

	
1.68 ± 0.02

	
782 ± 18

	
0.99 ± 0.02

	
12.7 ± 0.3

	
2.67 ± 0.06

	
45.9 ± 0.5

	
18.7 ± 0.1

	
18.9 ± 0.03




	

	
40

	
10

	
1.70 ± 0.02

	
1.63 ± 0.01

	
706 ± 37

	
0.65 ± 0.03

	
9.20 ± 0.6

	
1.85 ± 0.03

	
42.1 ± 0.3

	
18.1 ± 0.2

	
18.6 ± 0.05




	

	
10

	
70

	
1.64 ± 0.02

	
1.58 ± 0.01

	
803 ± 64

	
0.74 ± 0.08

	
9.20 ± 0.4

	
1.69 ± 0.03

	
40.9 ± 0.4

	
17.0 ± 0.3

	
18.2 ± 0.01




	

	
10

	
40

	
1.62 ± 0.03

	
1.57 ± 0.03

	
841 ± 43

	
0.63 ± 0.04

	
8.10 ± 0.1

	
1.69 ± 0.06

	
41.2 ± 1.1

	
17.1 ± 0.2

	
17.9 ± 0.09




	

	
10

	
10

	
1.50 ± 0.01

	
1.51 ± 0.00

	
615 ± 12

	
0.36 ± 0.01

	
5.80 ± 0.2

	
1.46 ± 0.02

	
41.1 ± 0.7

	
16.9 ± 0.1

	
17.5 ± 0.03




	

	
F-Value

	
19.38

	
19.76

	
13.45

	
105.15

	
19.46

	
61.36

	
21.80

	
3.75

	
4.67




	

	
p-Value

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.025

	
0.011








1 Dry weight ratio = [(dry weight/fresh weight) × 100].













 





Table 5. Water use efficiency (shoot, flower), stress tolerance index (shoot, flower), leaf calcium (Ca) and potassium (K) content as well as petal essential oil percentage and plant essential oil yield of Rosa damascena ‘Kashan 93’ cultivated under different watering regimes (70, 40 and 10% available water content) during two consecutive years. Values are the mean of three replications ± standard error.






Table 5. Water use efficiency (shoot, flower), stress tolerance index (shoot, flower), leaf calcium (Ca) and potassium (K) content as well as petal essential oil percentage and plant essential oil yield of Rosa damascena ‘Kashan 93’ cultivated under different watering regimes (70, 40 and 10% available water content) during two consecutive years. Values are the mean of three replications ± standard error.





	
Year

	
1

	
2

	
2

	
2

	
1 + 2

	
2

	
2

	
2

	

	
2

	
1 + 2




	

	
Available Water Content (%)

	
Water Use Efficiency (g Dry Mass L−1 H2O)

	
Stress Tolerance Index (%)

	
Leaf Ca Content

	
Leaf K Content

	
Essential Oil (%)

	
Essential Oil Yield

(g plant−1)




	
Shoot

	
Flower

	
Flower

	
Shoot

	
Flower

	
(μg g−1)






	

	
70

	
70

	
5.2 ± 0.1

	
0.23 ± 0.003

	
0.21 ± 0.000

	
100 ± 2.6

	
100 ± 1.5

	
252 ± 8.30

	
228 ± 2.50

	
0.027 ± 0.001

	
0.19 ± 0.01




	

	
70

	
40

	
4.3 ± 0.1

	
0.27 ± 0.006

	
0.22 ± 0.003

	
49.3 ± 0.4

	
82.9 ± 0.9

	
217 ± 15.9

	
196 ± 16.9

	
0.026 ± 0.003

	
0.16 ± 0.02




	

	
70

	
10

	
4.7 ± 0.1

	
0.28 ± 0.000

	
0.22 ± 0.000

	
42.4 ± 0.7

	
74.3 ± 0.4

	
223 ± 8.10

	
200 ± 2.20

	
0.022 ± 0.002

	
0.12 ± 0.01




	

	
40

	
70

	
4.8 ± 0.1

	
0.21 ± 0.009

	
0.21 ± 0.006

	
71.9 ± 1.4

	
89.0 ± 0.9

	
234 ± 3.20

	
195 ± 4.90

	
0.027 ± 0.003

	
0.17 ± 0.02




	

	
40

	
40

	
6.7 ± 0.1

	
0.3 ± 0.012

	
0.26 ± 0.006

	
69.0 ± 0.6

	
88.7 ± 1.0

	
253 ± 3.30

	
234 ± 0.90

	
0.038 ± 0.001

	
0.24 ± 0.01




	

	
40

	
10

	
5.8 ± 0.1

	
0.35 ± 0.003

	
0.28 ± 0.003

	
52.1 ± 0.9

	
84.3 ± 0.1

	
314 ± 21.2

	
230 ± 4.80

	
0.040 ± 0.001

	
0.25 ± 0.01




	

	
10

	
70

	
3.2 ± 0.1

	
0.17 ± 0.003

	
0.18 ± 0.003

	
49.2 ± 0.9

	
79.6 ± 0.6

	
245 ± 10.7

	
176 ± 3.00

	
0.030 ± 0.002

	
0.17 ± 0.01




	

	
10

	
40

	
4.2 ± 0.1

	
0.24 ± 0.000

	
0.22 ± 0.000

	
48.7 ± 0.8

	
78.1 ± 1.2

	
275 ± 14.4

	
192 ± 17.5

	
0.030 ± 0.000

	
0.17 ± 0.00




	

	
10

	
10

	
4.5 ± 0.1

	
0.26 ± 0.000

	
0.22 ± 0.000

	
42.2 ± 0.9

	
68.0 ± 0.3

	
188 ± 10.2

	
182 ± 6.10

	
0.021 ± 0.001

	
0.10 ± 0.01




	

	
F-Value

	
51.10

	
26.76

	
36.86

	
199.75

	
82.88

	
14.02

	
5.86

	
10.37

	
16.17




	

	
p-Value

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.004

	
<0.001

	
<0.001











 





Table 6. Relative water content, electrolyte leakage, content of chlorophyll, carotenoids, malondialdehyde (MDA), and proline, as well as catalase, peroxidase and ascorbate peroxidase activity of Rosa damascena ‘Kashan 93’ cultivated under different watering regimes (70, 40 and 10% available water content) during two consecutive years. Values are the mean of three replications ± standard error. FW, fresh weight.
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Year

	
1

	
2

	
2

	
2

	
2

	
2

	
2

	
2

	
2

	
2

	
2




	

	
Available Water Content (%)

	
Relative Water Content (%)

	
Electrolyte Leakage (%)

	
Chlorophyll

	
Carotenoid

	
MDA

	
Proline

	
Catalase

	
Peroxidase

	
Ascorbate Peroxidase




	
Content (mg g−1 FW)

	
Content (µmol g−1 FW)

	
Activity (µmol min−1 g−1 FW)






	

	
70

	
70

	
67.7 ± 0.6

	
19.3 ± 0.1

	
18.8 ± 0.87

	
4.0 ± 0.51

	
0.9 ± 0.03

	
2.6 ± 0.09

	
1.4 ± 0.10

	
0.36 ± 0.016

	
0.12 ± 0.006




	

	
70

	
40

	
62.0 ± 1.6

	
29.4 ± 0.1

	
11.8 ± 0.56

	
2.5 ± 0.25

	
1.2 ± 0.10

	
2.8 ± 0.09

	
1.6 ± 0.11

	
0.38 ± 0.039

	
0.14 ± 0.002




	

	
70

	
10

	
50.0 ± 0.6

	
39.4 ± 0.9

	
8.70 ± 0.15

	
2.0 ± 0.08

	
2.1 ± 0.24

	
3.5 ± 0.12

	
2.0 ± 0.05

	
0.41 ± 0.004

	
0.13 ± 0.003




	

	
40

	
70

	
65.8 ± 1.7

	
22.3 ± 0.2

	
15.9 ± 0.85

	
2.7 ± 0.24

	
1.0 ± 0.05

	
3.0 ± 0.10

	
1.6 ± 0.04

	
0.49 ± 0.009

	
0.14 ± 0.014




	

	
40

	
40

	
65.6 ± 0.5

	
24.5 ± 1.0

	
16.1 ± 0.66

	
2.6 ± 0.17

	
1.0 ± 0.02

	
4.2 ± 0.34

	
2.1 ± 0.07

	
0.62 ± 0.