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Abstract

:

Salinity stress is one of the most vital abiotic stresses, impairing the productivity of crops in both irrigated and dry areas. A pot experiment was carried out in a greenhouse environment, aiming to examine the relevant tolerances and evaluate the effect of salinity stress on plant growth, fruit physiological, and quality traits of two strawberry cultivars, Camarosa and Rociera. The plants were irrigated with water with electrical conductivity (EC) of 0.4 dS m−1 (control), or with a salt solution with either ECs 2 dS m−1 (moderate salt stress) or 4 dS m−1 (elevated salt stress). Furthermore, several meteorological parameters, as well as soil moisture, were monitored inside the greenhouse. The results showed that salinity induced osmotic stress, water deprivation, and toxic effects, affecting the growth parameters and yield of both cultivars. The elevated salt stress imposed a negative impact on Rociera’s fruits carbohydrates, organic acids, and anthocyanins, while the antioxidant capacity increased. However, Rociera exhibited high total yield/plant and total yield even under elevated salt stress compared to Camarosa. Camarosa plants grown under high salt levels presented low salinity tolerance index, plant water content, and growth parameters. The fruits exhibited low fresh weight but high sweetness index and antioxidant power. An accumulation of soluble sugars under saline conditions, especially sucrose, was also detected in cv. Camarosa fruits when compared to Rociera. Therefore, the two cvs. exhibited a different pattern of response to salinity stress concerning their physiological, biochemical and nutritional characteristics; however, either could be an interesting alternative for cultivation in areas where a slight salinization of the water or soil imposes a limitation on the rather salt-sensitive crops. Agronomic and biochemical evaluation of salinity stress coupled with monitoring of greenhouse microclimatic conditions will lead to a better understanding of the effects on plant growth and quality characteristics, enhancing the productivity of strawberry cultivars, especially under salt-affected environments.
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1. Introduction


Plants are typically exposed to a broad myriad of biotic and abiotic stresses, including feeding from wild animals and insects, weed infestation, hail, mechanical injury, diseases, low soil fertility, drought, salinity, and other stresses that can diminish the plant photosynthetic area, and thus, the attained total plant biomass or grain yield [1,2]. Salinity is an environmental stress, one which inhibits the growth, development and productivity of many plants in both irrigated and dry areas [3,4]. By 2050, it is estimated that roughly half of the world’s arable areas will be damaged by salt stress [5]. Salt stress is an ever-increasing problem worldwide, due to the continuous accumulation of salt in agricultural soils as a result of irrigation, fertilization, and climate warming [6]. Under the usual climatic change scenarios, agricultural systems would need to be extended to drier and more saline lands to meet increasing food demand. Furthermore, as the amount of water available for crop production decreases in the future, the use of low-quality irrigation water will rise [7]. Therefore, the use of saline water and wastewater in agriculture is regarded one of the alternative sources of irrigation [8].



Soil salinization is affected by numerous factors, including climate change and uncontrolled anthropogenic activities by the continuously increasing human population [9,10]. Limited rainfall, high evapotranspiration, high temperature, and poor water management all contribute to increased soil salinity in arid and semiarid regions of the world [11]. Thus, it is critical to determine the impact of salt stress on crop development and elucidate the mechanisms of plant response to salinity. The adaptation or tolerance of plants to salinity stress involves complex physiological, biochemical, and molecular mechanisms, which are still far from being fully understood. The main physiological and biochemical factors include ion homeostasis and compartmentalization, ion transport and uptake, biosynthesis of osmoprotectants and compatible solutes, activation of antioxidant enzymes and synthesis of antioxidant compounds, synthesis of polyamines, generation of nitric oxide (NO), and hormone modulation [12]. Plants also use a variety of molecular mechanisms to regulate (either upregulating or downregulating) the synthesis of specific gene products in response to salt stress [12].



Salinity, as well as other intense abiotic stresses, influences numerous physiological, biochemical and morphological functions of plants, such as plant development and metabolism, water and nutrient uptake, photosynthetic performance, antioxidant mechanism, yield, etc. [13,14,15]. It is well documented that the first response of a plant to osmotic pressure is to limit its leaf development, especially under intense stress levels [16]. Many researchers have reported that increased salt concentration around the roots causes a metabolic disorder and induces toxicity symptoms, especially in the older leaves, thus affecting the photosynthetic capacity and photoassimilates production, which consequently reduces the plant’s growth rate [17,18,19,20]. However, many researchers have proposed that mild stress conditions enhance the antioxidant content in the edible part of the plant and increase plant adaptability to stress-prone environments [21,22]. Therefore, the application of salt stress during fruit production has been proposed by several researchers to improve fruit quality, especially sweetness [23,24].



Strawberry (Fragaria × ananassa Duch.), is the most commercially and economically important cultivated berry in the horticulture sector. Over the last decade, the high market demand has led to increased strawberry production in different parts of the world, even in drier and more saline lands with poor-quality irrigation water [25]. However, strawberry plants are characterized as salt-sensitive fruit crops [26,27]. Variation in salt tolerance among strawberry cultivars has been recorded to date [28,29,30,31,32,33], emphasizing thus the importance of cultivar (cv) selection when soil or water salinity is too high [34].



The present study aims to evaluate the influence of moderate and elevated salinity stress on plant growth and quality traits, with special attention to bioactive compounds, of two strawberry cultivars which are currently cultivated in Greece. One is Camarosa, by far the most widespread cultivar in Western Greece, while the other is Rociera, a very prominent cultivar, which has been recently introduced in the region. Furthermore, several meteorological parameters and soil moisture were monitored inside the greenhouse in order to acquire essential information about the prevailing microclimatic conditions, which will eventually lead to a better understanding of the effects on plant growth and quality characteristics.




2. Materials and Methods


2.1. Plant Material and Experimental Design


The experiment was conducted at a greenhouse located at the Department of Agriculture, University of Patras, in Amaliada, Greece (latitude: 37.79353° N, longitude: 21.36352° E, 60 m above sea level). The plant material consisted of fresh strawberry plants of cv. Camarosa and cv. Rociera. The latter genotype was suggested by the Research & Development (R&D) Department of Berryplasma World Ltd. (Varda Ilias, Greece).



The experiment was arranged as a randomized complete block (RCB) design, with three treatments and three replications of eleven plants per treatment. In total, 198 plants (99 plants/cultivar) were used, i.e., 2 cultivars × 3 salt treatments × 3 replications × 11 plants per replication.



The plants were planted in early November in 5 L black plastic pots (20 cm depth, 21 cm top dimensions, 17 cm bottom dimensions) filled with commercial compost—brown peat (pH = 5.5–6.3), without basic fertilization. The same volume of water was provided to all plants and the frequency of watering was determined according to the requirements of the plants to keep sufficient soil moisture. The plants were fertilized with Fe-EDDHA, and a water-soluble fertilizer (21-21-21 N-P-K, plus micronutrients and vitamins) at a dose rate of 1 g per plant to ensure optimum nutrient status.



Air temperature (°C), relative humidity (%), barometric pressure (kPa) and solar radiation flux density (W m−2) were monitored using sensors placed in the center of the greenhouse (ATMOS 14 and Pyr, both from METER Group, Inc., Pullman, WA, USA). Furthermore, water content sensors (% v/v) of appropriate size (ECH20 EC-5, METER Group, Inc., Pullman, WA, USA) were placed inside pots, each one corresponding to a different treatment. All microclimate and water content readings were automatically stored every 10 min using a datalogger (Em50, METER Group, Inc., Pullman, WA, USA).



Salt treatments started 65 days after planting, in early January, when the plants had developed enough leaves (plants were at the growth stage 15–17, i.e., 5 to 7 true leaves unfolded-based on BBCH crop growth stage scale). The salt stress treatments consisted of: (a) water from the urban network with no added NaCl with electric conductivity (EC) 0.4 dS m−1 (control); (b) NaCl solution with EC = 2 dS m−1; and (c) NaCl solution with EC = 4 dS m−1. For saline solutions, tanks of 50 L were used where salt (NaCl, ACS reagent, ≥99.0%) was added to the tap water with a continuous shaking and measuring of solution EC until EC setpoints were reached. The water’s electrical conductivity was determined using a portable conductivity meter (Delta OHM, HD 2306 model, Selvazzano Dentro, PD, Italy). In order to avoid sudden osmotic stress to plants, the salt concentration of solutions was gradually increased from week to week, to the desired level. Plants were irrigated with 0.50 L water (control) or with the salt solutions, on average twice a week, avoiding wilting.



A total of three sampling events took place; each event lasted approximately one month. The first occurred on 24 January to 23 February, the second sampling took place on 24 February to 27 March, and the last one on 28 March to 17 April. All fully ripe fruits per plant (red color in the whole fruit) were harvested, placed into labeled plastic bags, and immediately transferred via a portable freezer to the laboratory for further analysis.




2.2. Physical Characteristics Determination


The weight of each individual fruit, along with its diameter and length, were recorded with an electronic balance (Kern 470, Kern and Sohn, GmbH, Germany) and a digital caliper (Starrett, 727 Series, Athol, New England, MA, USA), respectively. Furthermore, overall fruit production was classified into two categories based on fruit diameter (according to the European Commission Regulation (843/2002) on the strawberry fruit trade), ‘Extra’, fruits with diameter above 25 mm, and ‘I and II’ for fruits with a diameter of at least 18 mm. Malformed or diseased fruits were not included in this classification. Fruit color was measured, at two opposite points of the equatorial region of each fruit, with a Minolta CR 300 reflectance Chroma Meter (Minolta, Osaka, Japan).



On completion of the above measurements, sepals were removed, and the fruits were stored at −25 °C for further analyses. The sample lots were mixed frozen by a food processor to obtain a homogenous mixture. Furthermore, fruit dry weight of at least ten fruits per replicate was measured at the end of each sampling event, by drying the whole fruit in an oven at 70 °C to constant weight, and the ratio of fresh versus dry weight was determined.




2.3. Evaluation of Plant Growth Parameters and Toxicity Symptoms


At the end of the trial (7 months after planting), five plants from each block were randomly selected, the above-ground plant mass (AGPM) and the roots were separated and data on plant growth parameters were determined (AGPM fresh weight, root fresh weight, AGPM dry weight, and root dry weight per plant). AGPM and root dry weight were determined after the plant material was dried in an oven at 70 °C for 72 h to a constant weight. The water content of the AGPM and roots were calculated using the following formulas:


AGPM water content = AGPM fresh weight − AGPM dry weight










Root water content = Root fresh weight − Root dry weight











At the end of each sampling event, the growth rate of the plants, as well as, the foliar salt toxicity symptoms were assessed, using the following scale for each plant, from 0 to 5, where: 0 = no symptoms (no foliar damage), 1 = symptoms such as leaf tip burn in less than 25% of the foliar, 2 = burn symptoms at 25–50% of the foliar, 3 = burn symptoms at 50–75% of the foliar, 4 = symptoms at more than 75% of the foliar, and 5 = dead plants. Furthermore, the salt tolerance index (TI) was evaluated using the following formula:


Tolerance index (TI) = (Treatment dry weight/Blank dry weight) × 100.












2.4. Total Soluble Solids (TSS), Total Titratable Acidity (TA) and pH Determinations


A fraction (2 mL) of the homogenous mixture was centrifuged at 12,000 rpm for 5 min and the supernatant clear juice was analyzed for total soluble solids (TSS), total titratable acidity (TA), and pH. TSS was evaluated with a digital refractometer (Hanna Intruments, HI 96801 model) at 20 °C and expressed as oBrix. TA was determined in diluted juice (0.5 mL juice and 19.5 mL distilled water) by titrating to pH 8.2 using 0.1 N NaOH. TA was expressed at % citric acid. pH was determined using a pH meter (Consort C5010, Cleaver) after dilution of 1 mL juice in 9 mL of distilled water.




2.5. Total Phenol Content, Total Anthocyanin Content and Antioxidant Capacity Determination


A frozen strawberry fruit mixture (0.5 g) was extracted twice with 5 mL 75% (v/v) ethanol under periodical stirring at 38 °C in a water bath. After centrifugation the supernatant was assessed for total phenols, total o-diphenols, total flavonoids and total flavanols according to Roussos et al., 2020. The results were expressed as mg equivalent of gallic acid, caffeic acid, and catechin, per g fresh weight, respectively.



The total anthocyanin content was assessed based on pH differentiation method as described by Roussos et al., 2020. Results were expressed as mg pelargonidin 3-glucoside 100 g−1 fresh tissue (MW = 433.2 and ε = 36,000 L mol−1 cm−1).



The antioxidant capacity of strawberry fruits was evaluated using the DPPH and FRAP assays based on the method of Roussos et al. [35] and expressed as μmol Trolox equivalents per g fresh weight.




2.6. Carbohydrates Determination


Soluble sugars extraction and determination was performed by the method described by Denaxa et al. [36]. For the HPLC sugar analysis, a Shimadzu Nexera X2 HPLC system equipped with an LC-30AD pump and HP1047A refractive index detector (Agilent, Santa Clara, CA, USA) was used. The separation of the carbohydrates was achieved through a Hamilton HC-75 cation exchange column, calcium form (Ca2+) (305 mm × 7.8 mm, 9 μm) (Hamilton, Bonaduz, Switzerland), equilibrated at 80 °C, at a flow rate 0.6 mL min−1 with water as mobile phase. Three soluble sugars were detected in the strawberry fruits, i.e., sucrose, glucose, and fructose. Total sugar concentration was estimated by summing the concentrations of the detected individual sugars. Final concentrations were expressed as mg g−1 fresh weight.



The sweetness index (SI) of the fruit, was calculated based on the relative amount and sweetness properties of each carbohydrate [37]. Therefore, SI was calculated as 1.00 × (glucose concentration) + 1.35 × (sucrose concentration) + 2.3 × (fructose concentration).




2.7. Organic Acids Determination


Approximately 0.5 g of frozen strawberry fruit mixture was extracted twice with 5 mL aqueous 3% (w/v) metaphosphoric acid at room temperature for 30 min under periodical vortexing, as described by Roussos et al. [35]. For the organic acids determination, a Shimadzu Nexera X2 HPLC system equipped with an LC-30AD pump and SPD-M20A diode array detector (DAD) was used. The analysis was performed on a Li-Chrospher RP18 column (250 mm × 4.6 mm, 5 μm, Merck Kenilworth, NJ, USA), eluted isocratically at a flow rate of 1 mL min−1 and the mobile phase was consisted of 0.02% (v/v) formic acid in water. Four organic acids (citric, malic, fumaric, and ascorbic acid) were detected at 200 nm, and the total organic acid concentration was also calculated. Final concentrations were expressed as mg g−1 fresh weight.




2.8. Statistical Analyses


All samples were analyzed twice regarding fruit quality characteristics, while each fruit was measured separately for its physical characteristics. The statistical analyses were performed using the JMP 7.0 statistical software (SAS Institute, Cary, NC, USA). Data were analyzed as two-way ANOVA with the factors being the salt treatments and the strawberry cultivars. The data were analyzed together, with each sampling event serving as replication. Significant differences were detected by using Tukey’s HSD test at α = 0.05. Additionally, principal component analysis (PCA) after varimax rotation was separately performed per cultivar, to visually describe the effect of each salinity level on all the measured variables by a reduced number of factors. Discriminant analysis by forward selection was also performed to test the possible classification of the tested cultivars as well as that of salinity levels, based on the measured variables.





3. Results


3.1. Microclimate and Soil Moisture Data


Strawberry flower induction has been shown to be significantly affected by temperature as well as photoperiod. In this context, Table 1 and Table 2 depict the day and night monthly average values for temperature, relative humidity, and solar radiation that occurred inside the greenhouse during the experiment. January was the coldest month, with average temperatures of 12.6 °C during the day and 6.9 °C during the night. Also, January exhibited the lowest amount of incoming solar radiation relative to other months with only 124.1 W m−2 per day, while March and April reached over 260 W m−2 per day. The increased incoming solar radiation in March and April resulted in higher temperatures. The variation of relative humidity during the experiment was typical, with higher values during the night. Obviously, relative humidity inside the greenhouse was strongly affected by the rainfall events that occurred during the experiment.



Figure 1 presents the cumulative chill duration in hours and temperature data against the different experiment stages. Fruit formation initiated on 18 January 2019 accumulating 368 hours of temperature below 7 °C, while at the beginning of the first harvesting period, a total of 521 chill hours were totaled. It is obvious that the prevailing temperatures before fruit formation were well below 10 °C. The median temperature during the period from 2 January 2019 up to 18 January 2019 was 8 °C, resulting in a sharp increase of chill duration, while the corresponding median before the first harvesting round, i.e., from 18 January 2019 up to 23 January 2019 ascended to 11.3 °C. On 1 April 2019, the total accumulated chill duration reached 621 hours, which remained constant until the end of the experiment.



Figure 2 presents the eight-hour averaged water content data of the three pots of cv. Camarosa against the different experiment stages and the daily air temperature. The selection of the eight-hour timescale allowed the assessment of the water content variation since the irrigation events during each day of the experiment were clearly identified. Thus, the plants were irrigated 24 times during the cultivation period, and it is obvious that the variation of the water content is similar between the three treatments, especially after the irrigation events. During the coldest period, i.e., 23 December 2019 up to 18 January 2019, only three irrigations were applied, reflecting the limited water deficit of the plants. From 2 February 2019 until 5 February 2019 temperature was increased, so irrigation was applied on 4 February 2019 and 7 February 2019.




3.2. Effect of Salt Stress on Strawberry Fruit Physical and Quality Parameters


Salt stress negatively affected some of the fruit’s physical and quality parameters, such as mean fruit weight, fruit length, fruit diameter, diameter/length ratio, number of fruits per plant, the dry/fresh weight ratio, and finally the total yield per plant, as well as the total yield (Table 3 and Table 4). Mean fruit weight was significantly reduced in cv. Camarosa plants treated with the high salinity solution. Similarly, the same plants exhibited the lowest mean fruit diameter and fruit length among treatments (Table 3). The ratio of fruit diameter to weight did not differ significantly among the various salt treatments for cv. Camarosa or cv. Rociera; however, the plants of cv. Camarosa exhibited significantly lower values compared to cv. Rociera (Table 3). Furthermore, the dry/fresh weight ratio was highest in cv. Camarosa and cv. Rociera control plants, with a significant difference from that determined in the salt treated plants of both cultivars. On the other hand, the fruit’s firmness exhibited no difference among the various treatments.



The number of fruits per plant was significantly reduced in cv. Camarosa plants irrigated with the high salinity solution (Table 4). Furthermore, cv. Camarosa and cv. Rociera control plants exhibited the highest percentage of fruits classified into the Extra category and, at the same time, the lowest percentage of fruits within the I plus II category (Table 4). Finally, the total yield per plant and total yield differed significantly among treatments, with cv. Rociera exhibiting higher values compared to cv. Camarosa. Furthermore, cv. Camarosa control plants presented significantly higher total yield per plant and total yield than did moderate and elevated salinity treatments. Overall, the total yield was reduced significantly when salt stress applied in both cultivars (Table 4). It is noteworthy that total yield/plant in cv. Camarosa plants treated with the medium and high salinity solution was almost 21.5% and 29.1% reduced, respectively, compared with the control treatment. Similarly, in cv. Rociera the reduction was on average 17.3% and 22.7%.



The salt treatments did not exhibit any significant effect on the fruit juice total soluble solids (TSS), total titratable acidity (TA), or their ratio (TSS:TA) (Table 5) in the two cultivars. As far as the fruit color is concerned, there was not detected any statistically significant difference among treatments in any of the measured variables (L*, Chroma and Hue).




3.3. Effect of Salt Stress on the Phenolic and Anthocyanin Content of Strawberry Fruits and Antioxidant Capacity


The total phenols and flavonoids content differed significantly between control and high salt treatment for cv. Camarosa, which exhibited higher values, while the above parameters did not differ significantly for cv. Rociera. As far as the total o-diphenols and total flavanols content is concerned, there was no statistically significant difference among the treatments. However, the salt stress resulted in high total anthocyanin content for both cultivars, with a significant difference from control treatment (Table 6). Furthermore, total anthocyanins content of cv. Camarosa fruits was significantly higher compared to cv. Rociera.



According to FRAP assay, the antioxidant capacity of cv. Camarosa exhibited the highest values for the plants treated with the high salinity solution, whereas cv. Rociera control plants showed significantly lower value compared to both salinity treatments (Table 6). Furthermore, the highest antioxidant capacity values, according to DPPH assay, were measured for cv. Camarosa plants treated with the high salinity solution, as well as for cv. Rociera plants treated with the medium or high salinity solution (Table 6).




3.4. Effect of Salt Stress on Strawberry Fruit Carbohydrate and Organic Acids Concentration


The results presented in Table 7 show that strawberry cultivars differed significantly in their soluble carbohydrates (fructose, glucose, sucrose) concentration when exposed to salinity. Therefore, in cv. Rociera, a decrease due to salt stress in the concentrations of sucrose, glucose, fructose, and total sugars was observed. That was also the case for the sweetness index (SI). The detected decrease of total sugars and SI in cv. Rociera at the high salt stress level compared with the control was approximately 23%. On the other hand, in cv. Camarosa, the measured carbohydrates concentration increased considerably at the high salt stress compared with control treatment (Table 7). It is noteworthy that high salt application had a 29.8% increase in total sugars concentration and 31% in SI.



Citric acid was the predominant organic acid detected among the measured organic acids in strawberry fruits (Table 8). The fruits’ ascorbic acid was negatively affected by salt stress imposition, a phenomenon which was more pronounced for cv. Camarosa. Therefore, the fruits deriving from cv. Camarosa plants exposed to salt stress presented the lowest concentration of ascorbic acid compared with the other treatments. A decrease in ascorbic acid concentration was also detected in fruits of cv. Rociera, but the difference was not statistically significant compared with control. Malic acid did not present any statistical fluctuations. Notably, a significant rise in citric acid concentration was observed in the fruits of salt-stressed plants of both cultivars; however, a more pronounced increase was found in the fruits of cv. Camarosa. Finally, the fruits from cv. Camarosa plants treated with the high salinity solution presented the highest concentration of total acids.




3.5. Effect of Salt Stress on Strawberry Growth Parameters and Toxicity Symptoms


Salinity had a negative impact on root, AGPM, and total plant fresh and dry weight in both cvs. However, this decrease was more pronounced when the high salinity solution was applied (Table 9). In cv. Camarosa plants at the high salt stress, the root fresh weight was reduced on average by 48.2%, root dry weight by 49.1%, AGPM fresh weight by 22.2%, AGPM dry weight by 24.3%, total plant fresh weight by 34.1%, and total plant dry weight by 33.1% compared with control. Furthermore, the root fresh weight was reduced on average by 43%, root dry weight by 44%, AGPM fresh weight and dry weight by 27.8%, total plant fresh weight by 33.4%, and total plant dry weight by 31.4% in high salt-stressed cv. Rociera plants, compared with control. The ratio of root to AGPM fresh weight as well as the root to AGPM dry weight exhibited the highest value for cv. Camarosa control plants and the lowest for cv. Rociera plants at the high salt stress.



Salt stress noticeably decreased the number of leaves in both cvs (Table 10). However, a significantly reduced number of leaves was recorded in plants treated with the high salinity solution, a reduction which was more pronounced in cv. Camarosa plants. More specifically, cv. Camarosa plants had a 22% and 38.9% decrease in the leaf number and cv. Rociera had a 15.8% and 31.6% decrease in the leaf number, at 2 dS m−1 and 4 dS m−1 NaCl, respectively. The salt-stressed cv. Rociera plants exhibited the lowest AGPM and root water content. Furthermore, plant water content was found to be lowest for cv. Rociera plants treated with the high salinity solution, while cv. Camarosa plants treated with the medium salinity solution preserved almost the same plant water content to cv. Rociera control plants (Table 10). The highest tolerance index among the treatments was measured for the cv. Rociera plants at the moderate salt stress with no significant difference from the control treatment (Table 10).



Toxicity symptoms appeared at the end of January, (Figure 3a) revealing a significant difference between the two cvs. At the end of January, cv. Camarosa plants treated with the high salt levels presented higher toxicity symptoms than did cv. Rociera plants for the same treatment. Nonetheless, at the end of the harvest period, cv. Camarosa plants treated with the high salinity solution exhibited severe toxicity symptoms (Figure 3a). More specifically, 45% of cv. Camarosa plants treated with the high salinity solution exhibited symptoms (Figure 3b). From February to the end of the harvest season, the percentage of cv. Camarosa plants that presented symptoms due to salinity increased gradually and reached up to 55% and 68%, respectively, for the medium and the high salt stress. On the other hand, in cv. Rociera a sudden significant increase in the percentage of plants with toxicity symptoms was observed in May, reaching up to 95% for the high salt stress (Figure 3b).




3.6. Principal Components Analysis


Seven principal components with an eigenvalue higher than 1.0 were produced by the PCA, regarding the data collected from cv. Camarosa. Principal component 1 (PC1) is comprised of salt tolerance index, root and plant water content, root as well as whole plant fresh and dry weight and fruit sucrose concentration. PC2 is comprised of FRAP, fruit fructose, glucose and total sugars concentration, sweetness index, fruit mean weight, length, and diameter (Table 11). Low salinity level did not present any common areas in both control and elevated salt stress, as depicted in Figure 4. Elevated salinity level was clearly located in the positive side of both PC1 and PC2, revealing that cv. Camarosa plants grown under elevated salinity presented low salinity tolerance index, as well as low root and plant water content and low root and plant fresh and dry weight but high fruit sucrose, fructose, glucose and total sugars concentration as well as sweetness index (Figure 4). Nonetheless, these plants produced fruits of low fresh weight, length and diameter but high antioxidant power (based on FRAP assay).



PCA on data produced by the trial on cv. Rociera revealed nine principal components with eigenvalue above 1.0. PC1 was comprised of salt tolerance index, number of leaves, AGPM and plant water content, AGPM and plant fresh weight and plant dry weight. On the other hand, PC2, was comprised of FRAP, fructose, sucrose and total sugars concentration, and sweetness index (Table 11). In cv. Rociera plants grown under control conditions were clearly separated from those grown under elevated salinity level, which showed similar areas with those plants grown under low salinity level (Figure 4). Control treatment was located on the negative side of PC1, producing plants with a high number of leaves and tolerance index, high AGPM and whole plant water content and high AGPM and whole plant fresh weight and plant dry weight (Figure 4).



The discriminant analysis (forward selection), taking into account all the data produced by both cvs., revealed some significant findings, based mainly on FRAP, fruit total anthocyanins concentration, and the number of leaves (according to the discriminant function coefficients) (Figure 5). Treatments were clearly distinguished by each other, irrespective of the cv. More remarkable though, was the fact that the analysis was able to distinguish the two cvs. even under control conditions, imposing the effect of the genotype. Another interesting finding was the fact that as the salinity level increased, the data produced were gradually shifted to the right in both cultivars.





4. Discussion


In the present study, plant growth parameters such as root, AGPM, and total plant fresh and dry biomass significantly decreased when the applied salt concentration increased, confirming the negative impact of salt stress on plant growth parameters [25,38]. Significant decrease in fresh and dry weight of leaves and roots in different Fragaria × ananassa cvs. grown under NaCl stress has been also reported by Pirlak and Esitken [39], Saied et al. [29], Turhan and Eris [31], Khayyat et al. [40], Keutgen and Pawelzik [41], Yilmaz and Kina [42], Al-Shorafa et al. [8], Garriga et al. [17] and Ntanos et al. [43].



The decrease in the shoot and root dry weight is one of the most important agricultural markers to detect salt-sensitive plants [17]. In the present study, a greater decrease in root dry weight (on average 80%) was observed in both cvs. compared to AGPM dry weight (68–72%), but the above reduction under NaCl salinity was not statistically significant compared to control. Furthermore, in cv. Camarosa, root dry weight was not significantly decreased under salt imposition, similarly to the results reported by Yoon et al. [44] for soybean. On the other hand, in cv. Rociera a significant decrease in the root dry weight was detected, especially upon high salt concentration. Ghaderi et al. [19] as well as Ntanos et al. [43] reported an increase in root to AGPM dry weight ratio due to salt stress, results that were related to the greater reduction in the above ground biomass rather than in the increase of root biomass. In the present study however, the ratio of root to AGPM dry weight did not exhibit significant differences in both cvs. Total dry weight was also highest in cv. Camarosa and cv. Rociera control plants, whereas lowest dry mass was observed in cv. Rociera plants treated with the high salinity solution. Al-Shorafa et al. [8] found also that the growth parameters (shoot, root, and total dry weights and root:shoot ratios) were significantly reduced with each increase in salinity level, with cv. Camarosa having higher value for all these parameters compared with cv. Albino. Thus, the distinct reduction in root, AGPM and total plant dry weight of cv. Rociera indicates its possible sensitivity to NaCl salinity, as was also seen by the PCA results. In accordance with the literature, the sensitive cultivars produced less dry weight under salinity conditions than did the tolerant ones [45,46,47], hence it seems that tissue susceptibility to salt stress varies between cvs. and different plant species.



The number of leaves is another parameter of growth that is affected negatively by salinity according to Ghaderi et al. [19], while Saied et al. [29] found that the number of leaves remained unaltered in strawberry cvs. Elsanta and Korona when subjected to NaCl stress. The present results showed that both cvs. exhibited almost the same number of leaves in control treatment and that salt application had a great negative impact on the number of leaves in both cvs. In particular, an excessive decrease in the number of leaves was observed in cv. Rociera and especially in plants treated with the high salt concentration (38.9%), indicating the severity of the imposed salinity stress.



Studies have shown that salt accumulation in the root zone reduces the osmotic potential. This in turn imposes an osmotic stress that hampers the necessary for plant growth root water uptake and thereby diminishes leaf water content [43,48]. In the present study, it was found that AGPM, root and plant water content of both strawberry cvs. were reduced under salinity application. Furthermore, by the end of the experiment, the high salinity treatment presented higher soil water content than did the other two. Therefore, these results indicate the reduced plant ability to assimilate the required amount of water due to the increased osmotic and ionic salt stress caused by the 4 dS m−1 salt concentration, results that are in line with other reports [17,49]. Moreover, the lowest water content was measured in cv. Rocieras’ plants when treated with the high salinity solution, pinpointing that salinization significantly affects plant’s water loss. This difference between cvs. might be related to the difficulty of cv. Rociera’s root to absorb water in response to salt application as was also attested by the severe reduction of root fresh and dry weight.



Besides reducing growth, the elevated salt stress had a significantly negative impact on strawberry fresh fruit yield [50]. In the present study, mean fruit weight and the number of fruits per plant were significantly reduced in both cvs., especially in the plants irrigated with the high salinity solution, as also reported by Kaya et al. [51], Khayyat et al. [52] and Keutgen and Pawelzik [32]. With salinity, fruit size reduction could be attributed to inhibition of water uptake and water transport to the fruit as well [24], which was observed in the present experiment, taking into account the decrease in the AGPM and root water content. A significant decrease was also observed in fruit diameter and fruit length in both cvs. under salinity stress in accordance with that reported by Ondrašek et al. [53].



Ferreira et al. [54] reported a low threshold of electrical conductivity of the soil saturation extract (ECe) (1.0 dS m−1) for strawberry plants, after which yield decreases 33% with each increasing ECe unit. According to Sun et al. [34] the level of yield reduction varies with cultivar, as seen in the present study as well. Therefore, it is noteworthy that total yield per plant in cv. Camarosa plants treated with the medium and the high salinity solution was reduced by 21.5% and 29.1% respectively, while in cv. Rociera this reduction was on average 17.3% and 22.7%. Reduction of strawberries yield growing under saline conditions has been also reported by many researchers [27,43,54], and was attributed either to lower fruit weight [48] and/or to the lower number of fruits [27,43,55]. Contrary to what has been proposed by Saied et al. [29] and Keutgen and Pawelzik [32], the reduced dry:fresh weight ratio could be ascribed to lower fruit water content under stress conditions [43] or to decreased photoassimilates accumulation into the fruits.



Salinity has been also found to decrease the marketable fruits classified into the Extra category, as was earlier reported by Ferreira et al. [54] and Ntanos et al. [43]. On the other hand, fruit firmness, an important quality parameter for fruit shelf-life, exhibited no difference under salinity stress, as was also observed by Garriga et al. [17] and Ntanos et al. [43], while opposite results have been reported by Awang et al. [56] and Zahedi et al. [57]. Garriga et al. [50], suggested that the activity of pectinases and/or other cell wall degrading enzymes was not changed by Na+ and Cl− ions deleterious effect, hence the fruit retained its desirable firmness. According to the same researchers, this could increase fruit firmness; however, the lower fruit size of the salt-stressed plants could have balanced the low water availability, causing the stressed plants to exhibit similar firmness to control ones.



Numerous studies highlight that salinity affects positively the total soluble solids, organic acids, and sugars concentrations, compounds which have been associated with and contribute in aroma and taste improvement in many fruits [58,59]. Based on the results of TSS content and TA, Garriga et al. [50] and Ferreira et al. [54] indicate a variable and genotype-dependent effect of salinity on fruit quality. Saied et al. [29], Keutgen and Pawelzik [60] and Galli et al. [25] reported that the increased NaCl concentration in the nutrient solution resulted in an increase of both TSS content and TA in strawberry. However, other literature reports on strawberry fruits showed that TSS and TA content did not change as salinity level in the irrigation water increased [52,60,61,62], results that are in line with the findings of the present study. Regarding coloration of the strawberry fruit skin, the measured parameters were not affected by the application of NaCl, as also reported by Saied et al. [29] and Ntanos et al. [43].



An increased sugar concentration in fruits is very common under saline conditions, since sugars and other low molecular weight osmolytes accumulate to counterbalance the increase of osmotic potential in the vacuole to adjust to salt stress [63,64]. Likewise, in the results of Galli et al. [25], an accumulation of soluble sugars under saline conditions in cv. Camarosa plants was detected, especially of sucrose, as salt levels were elevated. In cv. Rociera fruits, on the other hand, the sugar content was significantly reduced, confirming the results of Keutgen and Pawelzik [32] according to which strawberry cvs. differed in their contents of soluble carbohydrates (fructose, glucose, sucrose), when exposed to salinity. This reduction could be ascribed firstly to the reduced number of leaves, and also to oxidative stress occurrence. Furthermore, judging from the toxicity signs on the leaves, it could be assumed that the photosynthetic activity was lower and thus reduced the supply of photoassimilates to the fruits. These findings are in line with the results of Saied et al. [29] and Ntanos et al. [43], who also detected reductions of fruit carbohydrates.



Furthermore, it was found that by increasing the osmotic stress to 4 dS m−1, citric acid and total organic acids were significantly increased under the saline conditions, which was more pronounced for cv. Camarosa, as was also attested by Zahedi et al. [27] and Ntanos et al. [43]. Citric acid was the major detected organic acid, accounting for about 0.6% FW in control fruits of both cvs., while in the salt-stressed plants, its values ranged between 7% and 9% FW. On the other hand, salinity stress resulted in decreased concentration of ascorbic acid of the fruit especially in cv. Camarosa, results which are in line with those of Jamalian et al. [62] and Haghshenas et al. [48]. The decrease in the fruits’ ascorbic acid content, especially at the elevated salt levels, suggests that the rate of ascorbic acid oxidation exceeded the capacity of the regenerative system. In other words, the ascorbic acid reduction would be attributed to plant’s inability to produce this active compound under extreme stresses. Ntanos et al. [43] concluded that salinity stress diminishes the photosynthetic ability and therefore the sugars production required for vitamin C biosynthesis declines, resulting thus in a decreased concentration of fruit ascorbic acid. However, that was the case only in cv. Rociera’s fruits exposed to high salt stress, where decreased carbohydrate content was detected. Nevertheless, the reduction of ascorbic acid content and of its redox state is regarded as a serious disadvantage for human nutrition and health.



Sweetness is one of the important taste parameters characterizing the acceptance of strawberry fruits by consumers. However, taste is also related to acids and volatile compounds [65]. In the present study, the content of TOA is relatively high (>1.2% of FM) in the fruits of salt-stressed plants of both cvs., which could be attributed to the large amounts of citric acid, especially at high salt stress levels. Therefore, the ratio TSC to TOA of both cvs. fruits is lower than 5.3, a value that has been quoted in the literature for the good quality of strawberry fruits [60,65]. Especially in cv. Rociera, the detected TSC/TOA ratio was 5.04 and 3.9 in the fruits derived from the plants of moderate and elevated salt stress levels, respectively. Generally, it was observed that salinity stress affected fruit phytochemical content, especially with regard to the concentration of the different groups of phenolic compounds and antioxidant capacity. Therefore, moderate salinity increased total phenolic compounds and total flavonoids in cv. Camarosa, and a further increase was observed in the elevated salt stress. The detected accumulation of phenolic compounds inhibits the free radicals’ activity and protects cell membranes and macromolecules from the imposed osmotic stress. Therefore, plants maintain their photosynthetic capacity and metabolic processes. This hypothesis could be also confirmed by the increased carbohydrate content in the fruits of cv. Camarosa plants as well as the moderate toxicity signs on the leaves. On the contrary, in cv. Rociera, fruits’ total phenolics and total flavonoids concentration did not change significantly upon salt application. These results indicate that the phenylpropanoid and flavonoid biosynthetic pathways remained unaffected and functional in this cultivar, enabling fruit tissues to respond to endogenous and external signals for defense requirements [43]. Similar results were observed by Keutgen and Pawelzik [60], who found that, in the less sensitive genotype Korona, moderate salt imposition increased the phenolic compounds, while in salt-sensitive cv. Elsanta, the phenolic compounds’ content remained the same. The same researchers concluded that the composition and amounts of phenolic compounds are influenced mainly by genotype and finally by the environmental conditions.



In addition to phenolic compounds, anthocyanins are also involved in reactive oxygen species scavenging, and increases in their concentrations are known to contribute to plant tolerance [60]. A significant anthocyanin accumulation was detected in both strawberry cvs. under salt stress. More specifically, the present data showed that with increasing salt application, the total anthocyanins concentration tended to increase in cvs. Camarosa and Rociera. That was also the case in several studies [60,66]. Similar to total phenols, cv. Camarosa fruits were characterized by higher amounts of anthocyanins accumulation. Therefore, it seems that in this cultivar, moderate or even elevated salt stress did not influence the portion of anthocyanin per total phenolic compounds. On the other hand, Garriga et al. [17] found that with increasing salt concentration in the medium, total anthocyanin concentration tended to decrease in cvs. Camarosa and Bau, while their levels remained constant in cv. Cucao. Furthermore, Keutgen and Pawelzik [37] reported that moderate salinity increased fruit anthocyanins in the less salt-sensitive strawberry cv. Korona, while their concentration decreased in the more sensitive cv. Elsanta. Finally, Ntanos et al. [43], found that in cv. Camarosa, anthocyanin levels remained stable under salt stress.



Previous studies have established a relationship between salt stress and antioxidant levels in strawberry fruits [25,37,67]. Similarly, fruits’ antioxidant capacity (both measured by DPPH and FRAP assays) was positively related to salt concentration, with the increase being more pronounced for cv. Rociera plants. These findings indicate that stress imposition triggered the antioxidant mechanism in both strawberry cvs., and especially in cv. Rociera. On the other hand, the results obtained by Zahedi et al. [27] showed a significant decrease in total phenolic compounds as well as a significant reduction in the antioxidant capacity of the fruits.




5. Conclusions


The present data showed that salinity induced osmotic stress, water deprivation and toxic effects, affecting hence the growth parameters and the yield of strawberry plants regardless of the cultivar. However, the two cvs. were clearly distinguished, even under control conditions, which indicates the strong impact of the genotype. Another interesting finding was that the two cvs. exhibited a different pattern of response to salinity stress concerning their physiological, biochemical, and nutritional characteristics. Generally, cv. Rociera presented reduction of the plant growth parameters, the number of leaves and plant water content a growth limitation under severe salinity conditions. Furthermore, the elevated levels of salt stress had a negative impact on phytochemical quality characteristics such as carbohydrates, organic acids, anthocyanins, and TSC/TOA ratio. However, in the same cv, salinity increased the antioxidant capacity, while ascorbic acid content remained stable. Furthermore, cv. Camarosa plants grown under elevated salinity levels presented low salinity tolerance index, as well as low plant water content and growth parameters, but high fruit sucrose, fructose, glucose, and total sugars concentration, as well as sweetness index. Nonetheless, these plants produced fruits of low fresh weight, length and diameter but high antioxidant power (based on FRAP assay). It was also found that moderate salt stress had a positive effect on the nutrient content of cv. Camarosa’s fruits. Therefore, the present data confirms the literature reports according to which the response to salinity is a genotype-dependent feature, suggesting that the genotype selection is of essential importance for achieving fruits with high concentration in bioactive compounds under saline conditions. Furthermore, it seems that both cvs. could be an interesting alternative for cultivation in areas where a slight salinization of the water or soil imposes a limitation of the rather salt-sensitive crops. However, the study and evaluation of several cultivars at different salt levels, or even the development of new salt-tolerant cultivars, could be considered as a valuable aspect of research, seeking to enhance the productivity of strawberry fruits for commercial interests and facilitating the management of salt-affected environments.
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Figure 1. Cumulative chill hours and temperature data versus experiment stages. 
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Figure 2. Water content data of the three treatments versus experiment stages. 
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Figure 3. (a) Toxicity symptom severity in strawberry plants; (b) percentage of strawberry plants that exhibited toxicity symptoms. Different letters within each month indicate significant differences among treatments, according to the Tukey HSD test at a = 0.05. 
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Figure 4. Principal component analysis scatterplot of the measured variables, based on the treatments imposed. CC, Camarosa control; CL, Camarosa 2 dS m−1; CH, Camarosa 4 dS m−1; RC, Rociera control; RL, Rociera 2 dS m−1; RH, Rociera 4 dS m−1. 
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Figure 5. Discriminant analysis plot of the effect of salt treatments on strawberry cvs. Camarosa and Rociera growth parameters and fruit physiological, quality, and biochemical characteristics. CC, Camarosa control; CL, Camarosa 2 dS m−1; CH, Camarosa 4 dS m−1; RC, Rociera control; RL, Rociera 2 dS m−1; RH, Rociera 4 dS m−1. 
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Table 1. Monthly daytime average values for temperature, relative humidity, and solar radiation during the experiment (20 November 2018–17 April 2019) inside the greenhouse.
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	Temperature

(°C)
	Relative Humidity

(%)
	Solar Radiation

(W m−2)





	November
	18.9
	63.5
	130.6



	December
	15.5
	59.8
	128.1



	January
	12.6
	66.1
	124.1



	February
	15.3
	54.0
	181.1



	March
	17.9
	59.0
	261.4



	April
	18.6
	64.2
	260.6
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Table 2. Monthly nighttime average values for temperature and relative humidity during the experiment (20 November 2018–17 April 2019) inside the greenhouse.
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	Temperature (°C)
	Relative Humidity (%)





	November
	13.3
	84.0



	December
	8.9
	83.3



	January
	6.9
	86.5



	February
	8.1
	78.3



	March
	9.8
	87.8



	April
	12.3
	88.3
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Table 3. Effect of salt stress on strawberry fruit mean weight, diameter, length, diameter:length ratio, firmness and dry:fresh weight ratio.
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Cultivar

	
Salt

Treatment

	
Weight (g)

	
Diameter (mm)

	
Length (mm)

	
Diameter/

Length

	
Firmness (N)

	
Dry/Fresh Weight






	
Camarosa

	
Control

	
19.20 c

	
36.71 c

	
33.89 b

	
1.08 b

	
1.68 a

	
0.11 a




	
2 dS m−1

	
18.60 d

	
35.61 c

	
34.81 ab

	
1.02 b

	
1.70 a

	
0.08 b




	
4 dS m−1

	
15.19 d

	
31.82 d

	
31.41 c

	
1.01 b

	
1.62 a

	
0.06 b




	
Rociera

	
Control

	
24.34 a

	
45.60 a

	
36.58 a

	
1.25 a

	
1.75 a

	
0.12 a




	
2 dS m−1

	
23.01 ab

	
43.44 b

	
35.91 ab

	
1.21 a

	
1.72 a

	
0.09 b




	
4 dS m−1

	
20.69 b

	
41.70 b

	
34.31 b

	
1.22 a

	
1.69 a

	
0.07 b








Means within the same column followed by the same letter do not differ significantly according to Tukey HSD test at a = 0.05.
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Table 4. Effect of salt stress on number of fruits per plant, classification of harvested fruits into categories (Extra, I and II), mean total yield per plant and mean total yield (thirty-three plants).
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Cultivar

	
Salt Treatment

	
Nb Fruits/Plant

	
Extra (%)

	
I and II (%)

	
Total Yield/Plant (g)

	
Total Yield (kg)






	
Camarosa

	
Control

	
9.21 ab

	
97.82 a

	
2.18 b

	
130.74 ab

	
4.31 d




	
2 dS m−1

	
8.24 ab

	
94.12 b

	
5.88 ab

	
103.13 b

	
3.40 e




	
4 dS m−1

	
6.87 b

	
92.82 b

	
7.18 a

	
92.85 b

	
3.17 e




	
Rociera

	
Control

	
10.97 a

	
97.02 a

	
2.98 b

	
277.26 a

	
9.15 a




	
2 dS m−1

	
10.52 a

	
96.91 ab

	
3.09 b

	
229.08 ab

	
7.56 b




	
4 dS m−1

	
9.91 ab

	
93.06 b

	
6.94 a

	
214.13 ab

	
7.07 c








Means within the same column followed by the same letter do not differ significantly according to Tukey HSD test at a = 0.05.
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Table 5. Effect of salt stress on the strawberry fruit juice pH, total soluble solids (TSS), titratable acidity (TA), the ratio of total soluble solids:titratable acidity and on the strawberry fruit color attributes (L*, chroma and Hue value).
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Cultivar

	
Salt Treatment

	
pH

	
TSS (°Brix)

	
TA (% Citric Acid)

	
TSS:TA

	
L*

	
Chroma

	
Hue






	
Camarosa

	
Control

	
3.34 a

	
8.80 a

	
1.12 a

	
8.65 a

	
36.48 a

	
43.20 a

	
33.75 a




	
2 dS m−1

	
3.30 a

	
8.39 a

	
1.06 a

	
8.67 a

	
36.10 a

	
43.17 a

	
33.58 a




	
4 dS m−1

	
3.33 a

	
8.28 a

	
1.19 a

	
7.63 a

	
35.75 a

	
40.80 a

	
32.60 a




	
Rociera

	
Control

	
3.31 a

	
9.00 a

	
1.06 a

	
9.45 a

	
36.89 a

	
41.32 a

	
32.54 a




	
2 dS m−1

	
3.26 a

	
8.09 a

	
0.98 a

	
8.91 a

	
35.85 a

	
40.94 a

	
32.64 a




	
4 dS m−1

	
3.27 a

	
8.06 a

	
1.12 a

	
8.15 a

	
34.90 a

	
40.25 a

	
32.59 a








Means within the same column followed by the same letter do not differ significantly according to Tukey HSD test at a = 0.05.
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Table 6. Effect of salt stress on strawberry fruit total phenols, total o-diphenols, total flavanols and total flavonoids concentration (expressed as mg g−1 fresh weight), total anthocyanins (expressed as mg g−1 fresh weight) and antioxidant capacity of strawberry fruit juice, according to FRAP and DPPH assays (expressed as μmol Trolox g−1 fresh weight).






Table 6. Effect of salt stress on strawberry fruit total phenols, total o-diphenols, total flavanols and total flavonoids concentration (expressed as mg g−1 fresh weight), total anthocyanins (expressed as mg g−1 fresh weight) and antioxidant capacity of strawberry fruit juice, according to FRAP and DPPH assays (expressed as μmol Trolox g−1 fresh weight).





	
Cultivar

	
Salt

Treatment

	
Total

Phenols

	
Total o-diphenols

	
Total

Flavanols

	
Total

Flavonoids

	
Total

Anthocyanins

	
FRAP

	
DPPH






	
Camarosa

	
Control

	
3.43 b

	
5.22 a

	
0.42 a

	
0.46 b

	
0.54 b

	
20.43 b

	
11.02 b




	
2 dS m−1

	
4.02 ab

	
3.67 a

	
0.43 a

	
0.54 ab

	
0.59 a

	
20.77 b

	
12.29 ab




	
4 dS m−1

	
4.56 a

	
4.50 a

	
0.51 a

	
0.59 a

	
0.61 a

	
24.20 a

	
13.89 a




	
Rociera

	
Control

	
4.45 a

	
3.30 a

	
0.52 a

	
0.58 a

	
0.34 d

	
19.37 b

	
12.21 ab




	
2 dS m−1

	
4.83 a

	
4.01 a

	
0.55 a

	
0.62 a

	
0.38 c

	
25.50 a

	
13.98 a




	
4 dS m−1

	
4.21 ab

	
4.76 a

	
0.46 a

	
0.59 a

	
0.40 c

	
24.74 a

	
13.63 a








Means within the same column followed by the same letter do not differ significantly according to Tukey HSD test at a = 0.05.
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Table 7. Effect of salt stress on strawberry fruit carbohydrate concentration (expressed as mg g−1 fresh weight) and sweetness index (SI).
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Cultivar

	
Salt Treatment

	
Sucrose

	
Glucose

	
Fructose

	
Total Sugars

	
SI






	
Camarosa

	
Control

	
17.49 bc

	
9.30 b

	
9.85 c

	
36.64 c

	
55.56 c




	
2 dS m−1

	
23.64 a

	
9.33 b

	
12.23 abc

	
45.21 ab

	
69.37 bc




	
4 dS m−1

	
24.39 a

	
10.21 ab

	
12.91 ab

	
47.51 a

	
72.83 a




	
Rociera

	
Control

	
19.70 b

	
11.90 a

	
13.95 a

	
45.55 ab

	
70.58 ab




	
2 dS m−1

	
18.72 bc

	
9.17 b

	
12.09 abc

	
39.98 bc

	
62.25 bc




	
4 dS m−1

	
16.13 c

	
8.34 c

	
10.58 bc

	
35.05 c

	
54.45 c








Means within the same column followed by the same letter do not differ significantly according to Tukey HSD test at a = 0.05.
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Table 8. Effect of salt stress on the strawberry fruit organic acid content (expressed as mg g−1 fresh weight).
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	Cultivar
	Salt Treatment
	Ascorbic Acid
	Malic Acid
	Citric Acid
	Total Acids





	
	Control
	0.50 ab
	3.64 a
	6.38 b
	10.54 c



	Camarosa
	2 dS m−1
	0.45 b
	4.26 a
	8.72 ab
	13.43 b



	
	4 dS m−1
	0.39 b
	4.57 a
	9.27 a
	14.23 a



	
	Control
	0.60 a
	4.87 a
	5.41 b
	10.88 c



	Rociera
	2 dS m−1
	0.57 a
	5.04 a
	6.72 b
	12.35 b



	
	4 dS m−1
	0.51 ab
	5.21 a
	8.13 ab
	13.86 b







Means within the same column followed by the same letter do not differ significantly according to Tukey HSD test at a = 0.05.
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Table 9. Effect of salt stress on the strawberry root, above-ground plant mass (AGPM), and total plant fresh and dry weight (FW and DW).
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Cultivar

	
Salt

Treatment

	
Root

FW

	
Root

DW

	
AGPM FW

	
AGPM DW

	
Total Plant FW

	
Total Plant DW

	
Root/AGPM FW

	
Root/AGPM DW






	
Camarosa

	
Control

	
140.67 a

	
27.44 a

	
162.35 a

	
49.07 a

	
303.01 a

	
76.51 a

	
0.85 a

	
0.55 a




	
2 dS m−1

	
86.64 ab

	
16.95 ab

	
145.54 ab

	
40.12 ab

	
232.18 b

	
57.07 bc

	
0.63 ab

	
0.46 a




	
4 dS m−1

	
73.24 ab

	
13.98 ab

	
126.43 bc

	
37.22 ab

	
199.66 bc

	
51.20 bc

	
0.61 ab

	
0.39 a




	
Rociera

	
Control

	
89.78 ab

	
17.69 ab

	
148.51 ab

	
46.38 ab

	
238.29 b

	
64.07 ab

	
0.65 ab

	
0.42 a




	
2 dS m−1

	
70.28 b

	
15.16 ab

	
123.11 bc

	
38.51 ab

	
193.40 bc

	
53.67 bc

	
0.58 ab

	
0.40 a




	
4 dS m−1

	
51.41 b

	
10.33 b

	
107.50 c

	
33.61 b

	
158.92 c

	
43.95 c

	
0.50 b

	
0.32 a








Means within the same column followed by the same letter do not differ significantly according to Tukey HSD test at a = 0.05.
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Table 10. Effect of salt stress on strawberry number of leaves, above-ground plant mass (AGPM) water content, root water content, plant water content and plant tolerance index (%).
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Cultivar

	
Salt

Treatment

	
Nb of Leaves

	
AGPM Water Content (g)

	
Root Water Content (g)

	
Plant Water Content (g)

	
Tolerance Index (%)






	
Camarosa

	
Control

	
18 a

	
113.28 a

	
113.22 a

	
226.50 a

	
100 a




	
2 dS m−1

	
14 c

	
105.43 ab

	
69.68 ab

	
175.11 b

	
74.59 b




	
4 dS m−1

	
11 d

	
89.20 bc

	
59.26 ab

	
148.46 bc

	
66.91 b




	
Rociera

	
Control

	
19 a

	
102.13 ab

	
72.09 ab

	
174.22 b

	
100 a




	
2 dS m−1

	
16 b

	
84.60 bc

	
55.13 b

	
139.73 bc

	
83.76 ab




	
4 dS m−1

	
13 c

	
73.89 c

	
41.09 b

	
114.97 c

	
68.58 b








Means within the same column followed by the same letter do not differ significantly according to Tukey HSD test at a = 0.05.













[image: Table] 





Table 11. Component weights in principal component analysis based on the measured physiological and biochemical parameters.
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Camarosa

	
Rociera




	
Factors

	
Component 1

	
Component 2

	
Component 1

	
Component 2






	
FRAP

	
0.11

	
0.228

	
0.0674

	
−0.29




	
DPPH

	
0.128

	
0.148

	
0.0382

	
−0.0931




	
Total anthocyanins

	
0.227

	
0.0508

	
0.132

	
−0.124




	
Total phenols

	
0.187

	
0.201

	
−0.0989

	
0.00807




	
Total o-diphenols

	
−0.109

	
0.154

	
0.0479

	
0.0644




	
Total flavonoids

	
0.205

	
0.0574

	
−0.0556

	
−0.203




	
Total flavanols

	
0.121

	
0.18

	
−0.146

	
−0.134




	
Salt tolerance index

	
−0.279

	
0.0969

	
−0.288

	
−0.114




	
Nb of leaves

	
−0.192

	
−0.0939

	
−0.272

	
0.048




	
AGPM water content

	
−0.21

	
0.101

	
−0.253

	
0.0459




	
Root water content

	
−0.242

	
0.109

	
−0.184

	
−0.201




	
Plant water content

	
−0.268

	
0.123

	
−0.289

	
−0.113




	
Root FW

	
−0.245

	
0.108

	
−0.177

	
−0.204




	
Root DW

	
−0.253

	
0.106

	
−0.134

	
−0.198




	
AGPM FW

	
−0.222

	
0.0926

	
−0.261

	
0.0363




	
AGPM DW

	
−0.229

	
0.0608

	
−0.267

	
0.00987




	
Plant FW

	
−0.273

	
0.119

	
−0.292

	
−0.114




	
Plant DW

	
−0.279

	
0.0969

	
−0.288

	
−0.114




	
pH

	
−0.0245

	
0.163

	
−0.0793

	
0.0717




	
TSS

	
−0.034

	
−0.06

	
−0.0686

	
0.103




	
TA

	
0.0473

	
0.0844

	
−0.0487

	
−0.178




	
Total yield

	
−0.117

	
−0.0179

	
−0.0526

	
−0.204




	
Total yield/plant

	
−0.117

	
−0.0179

	
−0.0526

	
−0.204




	
Malic

	
0.0983

	
0.00574

	
0.00304

	
0.0812




	
ASA

	
−0.0464

	
0.119

	
0.104

	
−0.04




	
Citric

	
−0.1

	
−0.16

	
−0.134

	
−0.0762




	
Total organic acids

	
0.0788

	
−0.0689

	
−0.00655

	
0.0405




	
Fructose

	
0.0265

	
0.303

	
−0.197

	
0.257




	
Glucose

	
0.0647

	
0.282

	
−0.136

	
0.302




	
Sucrose

	
0.195

	
0.164

	
−0.0167

	
0.328




	
Total sugars

	
0.145

	
0.285

	
−0.137

	
0.343




	
SI

	
0.135

	
0.299

	
−0.154

	
0.332




	
Weight

	
0.0143

	
−0.286

	
0.178

	
−0.0434




	
Length

	
−0.00334

	
−0.335

	
0.131

	
0.0556




	
Diameter

	
0.0861

	
−0.253

	
0.216

	
−0.0737
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