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Salicylic Acid-Regulated Antioxidant Mechanisms and Gene Expression Enhance Rosemary Performance under Saline Conditions
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Salinity stress as a major agricultural limiting factor may influence the chemical composition and bioactivity of Rosmarinus officinallis L. essential oils and leaf extracts. The application of salicylic acid (SA) hormone may alleviate salinity stress by modifying the chemical composition, gene expression and bioactivity of plant secondary metabolites. In this study, SA was applied to enhance salinity tolerance in R. officinallis. R. officinallis plants were subjected to saline water every 2 days (640, 2,000, and 4,000 ppm NaCl) and 4 biweekly sprays of SA at 0, 100, 200, and 300 ppm for 8 weeks. Simulated salinity reduced all vegetative growth parameters such as plant height, plant branches and fresh and dry weights. However, SA treatments significantly enhanced these plant growth and morphological traits under salinity stress. Salinity affected specific major essential oils components causing reductions in α-pinene, β-pinene, and cineole along with sharp increases in linalool, camphor, borneol, and verbenone. SA applications at 100–300 ppm largely reversed the effects of salinity. Interestingly, SA treatments mitigated salinity stress effects by increasing the total phenolic, chlorophyll, carbohydrates, and proline contents of leaves along with decline in sodium and chloride. Importantly, this study also proved that SA may stimulate the antioxidant enzymatic mechanism pathway including catalase (CAT), superoxide dismutase (SOD), and ascorbate peroxidase (APX) as well as increasing the non-enzymatic antioxidants such as free and total ascorbate in plants subjected to salinity. Quantitative real-time PCR analysis revealed that APX and 3 SOD genes showed higher levels in SA-treated rosemary under salinity stress, when compared to non-sprayed plants. Moreover, the expression level of selected genes conferring tolerance to salinity (bZIP62, DREB2, ERF3, and OLPb) were enhanced in SA-treated rosemary under salt stress, indicating that SA treatment resulted in the modulation of such genes expression which in turn enhanced rosemary tolerance to salinity stress.
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INTRODUCTION

Salinity as abiotic stress is a permanent major threat to the agriculture industry worldwide and usually associated with morphological (e.g., reduced growth and productivity), physiological (e.g., reduction of gas exchange parameters and homeostasis), and biochemical (e.g., oxidative stress with elevated reactive oxygen species content) responses (Nazar et al., 2011; Gupta and Huang, 2014; Khan et al., 2014; Acosta-Motos et al., 2017; Quan et al., 2017). The accumulation of Na+ and Cl− during saline conditions is a detrimental factor that may lead to ion imbalance, ion toxicity, and physiological disorder (Gupta and Huang, 2014). Several approaches had been adopted to control salinity adverse effects on plants including breeding programs and utilization of transgenic plants (Bhatnagar-Mathur et al., 2008), chemical priming (Savvides et al., 2016), microorganisms (Jha et al., 2011), and salicylic acid (Fayez and Bazaid, 2014).

Salicylic acid (SA) plays a crucial role in plant development, disease resistance, stress tolerance, and fruit yield (Horváth et al., 2007; Rivas-San Vicente and Plasencia, 2011; Liu et al., 2015). Several investigations indicated that salicylic acid influences gas exchange parameters and water composition (Stevens et al., 2006), increases phenolics accumulation (Kovácik et al., 2009), enhances the oxidative stress tolerance (Li et al., 2014), and may alleviate osmotic stress (Nazar et al., 2011). SA effects are largely dependent on genetic and environmental factors (Idrees et al., 2010) as well as on method and dose of application (Horváth et al., 2007). Some investigations indicated that plant secondary metabolites might be influenced by SA treatments such as the essential oils in Ocimum basilicum L. (Mirzajani et al., 2015), oleoresins in Pinus (Rodrigues and Fett-Neto, 2009), and triterpenes in Nigella (Elyasi et al., 2016).

Rosmarinus officinallis L. (Lamiaceae), commercially known as rosemary, is produced in the Mediterranean region such as in Egypt (Domokos et al., 1997; Elansary and Mahmoud, 2015). Rosemary leaves are consumed fresh or dried and might be used for essential oils production as well as for cosmetic and pharmaceutical industries (Elansary et al., 2015; Habtemariam, 2016). Previous investigations have shown that rosemary has antioxidant, antibacterial and anticancer activities (Bozin et al., 2007; Elansary and Mahmoud, 2015). However, there is insufficient information on rosemary bioactivity and its anti-oxidative mechanisms during salt stress and SA treatments. Therefore, the main objective of this study was to investigate the effect of exogenous SA treatment on rosemary performance under saline conditions. Several important traits of rosemary such as morphological (e.g., plant heights, branches number, and fresh and dry weights), physiological (essential oil ratio and constitutes, phenolics, carbohydrates, chlorophyll, proline, and Na+ and Cl− of leaves), biochemical (antioxidant mechanisms) and genetic (expression of antioxidants genes and genes conferring tolerance to salinity) markers have been investigated in this study. Furthermore, the inhibitory activities against wide spectrum bacteria were investigated as an economic application.

MATERIALS AND METHODS

Chemicals, Plant Material, and Treatments

All chemicals were HPLC grade (Sigma, Egypt). Uniform R. officinallis L. plants that have 16 cm stems were obtained from local commercial nurseries. The plants were identified and voucher specimen were maintained at Alexandria University, Egypt. The plants were cultivated in a greenhouse and the experiments were repeated for two successive seasons in January 2016 and 2017. Plants were transplanted into 3.1 L pots containing coarse sand and 2 g L−1 media of commercial compound fertilizer (Crystalon®, 19% N: 19% P: 19% K). Plants were maintained under moderate temperatures (15.1–24.5°C); relative humidity (68–81%) and photosynthetically active radiation (900 W m−2 at 12.00 p.m.). The plants were irrigated with 250–300 mL plant−1 of saline water every 2 days (640, 2,000, and 4,000 ppm NaCl) and 4 biweekly sprays of salicylic acid (SA) at 0, 100, 200, and 300 ppm until drop off for 8 weeks. Plants subjected to salinity of 640 ppm NaCl (tap water) and 0 ppm salicylic acid sprays were considered as control. The plants were distributed on three blocks and each treatment was represented by six replicates with a total number of plants of 216. After 8 weeks, plant heights (cm) were measured then all plants were harvested. Number of branches per plant was counted and the fresh weight (g) was measured then the dry weight (g) was obtained following drying at room temperature (20°C) as reported by Elansary and Mahmoud (2015).

Essential Oil Extraction, GC-MS Analysis, and Preparation of Leaf Extracts

For essential oil extraction, a Clevenger-type apparatus was used for the hydrodistillation of dried ground leaf samples for 1 h, then the oil was dried, filtered, and finally kept at 4°C in dark conditions (Elansary et al., 2016). The essential oils were subjected to Thermo Scientific Gas Chromatograph Mass Spectrometer equipped with TG-1MS column. The carrier gas was helium, and temperature ramped from 45–165°C at 4°C min−1 for 2 min, then gradual increase to end temperature of 280°C for 15 min. The same column and temperatures were used for GC-FID analysis. Chemical compounds were identified using their retention time and retention indices of n-alkanes (C10–C36) and computer matching using NIST mass spectra ver. 2.0 and WILEY libraries as well as literature references (Chalchat et al., 1993; Adams, 2007). For the preparation of leaf extracts, ground dried leaves were dissolved in methanol (99%, 3 mL), maintained on a shaker in dark conditions for 1 h, then centrifuged for 5 min (4°C, 7,000x gr) and the supernatant was kept at −80°C for further analyses.

Antioxidants

2,2′-diphenypicrylhydrazyl (DPPH) and β-carotene-linoleic acid assays were used following Elansary et al. (2017) to determine essential oils free radical scavenging activity of each sample which was expressed as IC50 (μg mL−1) or the sample concentration required to scavenge 50% of DPPH/β-carotene-linoleic acid. Total and free ascorbate (non-enzymatic antioxidants) were quantified in ground frozen leaves following Elansary et al. (2017).

The enzymes activities of ascorbate peroxidase (APX), catalase (CAT), and superoxide dismutase (SOD) were quantified in leaves tissues according to Zhang and Kirkham (1996) and Elansary et al. (2017). ROS accumulation was determined by quantifying H2O2 composition in leaves following Elansary et al. (2017) and using the Beyotime Colorimetric Assay Kit (Beyotime, China).

Total Phenolic, Proline, Chlorophyll, Carbohydrate, Sodium and Chloride Compositions

Total phenolics were quantified in leaves according to Amerine and Ough (1988) and Singleton and Rossi (1965) using a Folin-Ciocalteau method. The proline was quantified in 0.5 g (% of dry matter) following Bates et al. (1973) spectrophotometrically at 520 nm. The chemical constituents of the soil (sandy) used were quantified following Jackson (1958) (Table S1). Total chlorophyll content was determined following Moran and Porath (1980). Total carbohydrates (%) in the leaves was determined according to Dubios et al. (1956). Sodium and chloride contents (mg g−1) in the leaves were determined according to Piper (1947).

RNA Isolation and Quantitative Real-Time PCR

Quantitative real-time PCR was conducted to evaluate the expression levels of APX gene, 3 SOD genes (FeSOD, Cu/ZnSOD, MnSOD) and 4 genes conferring tolerance to salinity (bZIP62, DREB2, ERF3, and OLPb) in the rosemary plants subjected to different SA treatments (0, 100, 200, 300 ppm) under different saline conditions (640, 2,000, 4,000 ppm). RNeasy Plant Mini kit (Qiagen) was used to isolate the total RNA from these plant tissues. Contaminating DNA was then removed. cDNA was synthesized by using Reverse Transcription kit, and qRT-PCR was then carried out in triplicates using QuantiTect SYBR Green PCR kit. The conditions for PCR amplification were 95°C for 10 min; 50 cycles of 95°C for 30 s, 62°C for 30 s, and 72°C for 2 min; then at 72°C for 3 min. Melting curve analysis was applied to test the amplification specificity. Gene-specific primers of Radyukina et al. (2011), Elansary et al. (2017), and Kim et al. (2017) were used for genes amplification. Actin (Radyukina et al., 2011) was used as a housekeeping gene, and the relative expression levels were determined using 2−ΔΔCt method.

Antibacterial Activities of Leaf Extracts

To explore the antibacterial activities of SA treated compared to control plants under saline conditions, Gram-negative and Gram-positive bacterial were screened against essential oils of different treatments (season 2016). Listeria monocytogenes (clinical isolate), Bacillus cereus (ATCC 14579), Staphylococcus aureus (ATCC 6538), Micrococcus flavus (ATCC 10240), Escherichia coli (ATCC 35210), and Pseudomonas aeruginosa (ATCC 27853) were examined against essential oils of different treatments using the micro-dilution method (Elansary et al., 2016). In microtiter plates, known concentration of essential oil was mixed with bacterial inoculum in Triptic Soy broth, then kept at 37°C for 24 h in a rotary shaker to determine the minimum inhibitory and bactericidal concentrations (MICs and MBCs). The MBC was determined using serial sub-cultivation of each essential oil (2 μL) with each bacterium then incubated 24 h at 37°C and the MBC was defined as the minimum concentration of the essential oil indicated killing off 99.5% of the of the inoculum. The density was determined at 655 nm and all experiments were performed twice in triplicates. Positive control (streptomycin and ampicillin, 0.01–10 mg/ mL) as well as the DMSO (5%) negative controls were used.

Statistical Analyses

Salinity was the main plot and Salicylic acid was the subplot in split plot experimental design. Experiments were repeated twice in January 2016 and 2017. The data of each season were presented as means and subjected to Least significant differences (LSD) test in ANOVA test using SPSS (PASW Ver. 21).

RESULTS

Morphological Performance

The use of irrigation water (tap water) that has 640 ppm NaCl and 3 doses of SA (100, 200, and 300 ppm) indicated that SA had significant effects on enhancing all studied morphological parameters in both seasons compared to the 640 ppm NaCl and 0 ppm SA (control) as shown in Table 1. Increasing NaCl concentration from 640 to 2,000 and 4,000 ppm significantly reduced number of branches, plant height, fresh and dry weights in plants received 0 ppm SA (Table 1). For example, plant height was reduced from 31.16 to 19.33 cm when increasing NaCl concentration from 640 to 4,000 ppm without using SA (0 ppm SA). On the other hand, SA significantly alleviated the morphological stress effects of salinity by increasing number of branches, plant height and fresh and dry weights in both seasons. Higher SA doses (200 and 300 ppm) were more effective in enhancing the overall morphological parameters during salinity stress (2,000 and 4,000 ppm NaCl). For example, plant heights increased from 22.33 to 28.33 cm and from 19.33 to 27.33 cm when treated with 300 ppm SA whereas 100 ppm SA showed lower values in 2016 season. Additionally, under saline conditions, the number of branches per plants showed significant increases following SA in both seasons. The fresh and dry weights showed parallel pattern for that found in number of branches and plant height.


Table 1. Means of plant height (cm), fresh weight per plant (g), number of branches per plant, and dry weight per plant (g) in two successive seasons (2016 and 2017) following salinity (ppm) and salicylic acid (ppm) treatments.
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Essential Oil Constitutes

Ten major oil constitutes were found in the essential oils of rosemary leaves such as cineole, α-pinene, camphor, linalool, borneol, and verbenone (Table 2). Plants irrigated with tap water (640 ppm NaCl) and sprayed with different doses of SA (100–300 ppm) showed significant differences in all of the 10 essential oil constitutes compared to SA-untreated plants. It was noted that specific oil constitutes decreased following spraying with 100–300 ppm SA in the first season such as that found in α-pinene which decreased from 8.56% in control plants to 4.02% in 640 ppm NaCl and 100 ppm SA treated plant in the first season. However, in the 640 ppm NaCl and 100–300 ppm SA treated plants, there were increases in several compounds such in linalool which increased from 5.43% in control plants to 6.59% in 640 ppm NaCl and 200 ppm SA treated plant in 2016. Similar increases were found in camphor, borneol, and caryophyllene oxide.


Table 2. Means of leaves major essential oils constitutes in two successive seasons (2016 and 2017) following salinity (ppm) and salicylic acid (ppm) treatments.
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Compared to control, salinity conditions of 2,000 ppm NaCl and 0 ppm SA showed apparent changes in many major oil constitutes such as the great reductions in α-pinene, β-pinene, and cineole along sharp increases in linalool, camphor, borneol, and verbenone in both growing seasons. Interestingly, the applications of SA at 100–300 ppm largely ameliorated the effects of salinity at 2,000 ppm NaCl. The notable saline mitigation effects were found in plants treated with SA at 100 ppm such as that found in α-pinene which increased from 0.9% in 2,000 ppm NaCl and 0 ppm SA treated plants to 8.26% in 2,000 NaCl and 100 ppm SA treated plants in 2016. The value of 8.26% α-pinene is comparable to 8.56% found in control plants in 2016. Both seasons of 2016 and 2017 had comparable values.

Under 4,000 ppm NaCl and 0 ppm SA, the reduction in specific oil constitutes including α-pinene and linalool were comparable to that found in plants treated with 2,000 ppm NaCl and 0 ppm SA in both seasons. However, SA sprays at 100–300 ppm had significant effects in reversing reductions in specific essential oil compositions such as α-pinene, β-pinene, camphen, cineol, and terpinolen. SA applications reduced specific essential oils constitutes such as the linalool (from 7.89% in 4,000 ppm NaCl and 0 ppm SA treated plants to 5.91% in 4,000 NaCl and 200 ppm SA treated plants in 2016) and the verbenone (from 12.68% in 4,000 ppm NaCl and 0 ppm SA treated plants to 3.95% in 4,000 NaCl and 200 ppm SA treated plant in 2016). Essential oil ratio showed significant variations related to saline irrigation and SA sprays (Table 2). Significant increases were recorded in the essential oil ratio following 640 ppm NaCl and SA sprays at 100–300 ppm compared to SA-untreated plants. Under saline conditions of 2,000–4,000 ppm NaCl, there were significant reduction in the essential oil ratio in 2,000 and 4,000 ppm NaCl and 0 ppm SA treatments compared to 2,000 and 4,000 NaCl and 100–300 ppm SA plants.

Phenol, Chlorophyll, Carbohydrate, Proline, Chloride and Sodium Compositions

Leaves total phenolic, chlorophyll, carbohydrate, and proline contents varied among treatments (Table 3). Under 640 ppm NaCl, SA sprays at 100–300 ppm significantly increased the phenolic composition of treated plants compared to 0 ppm SA in both seasons. Saline treatment at 2,000 ppm NaCl increased the phenolic composition compared to control plants. Also, under 2,000 ppm NaCl, SA treatments at 100–300 ppm significantly increased the phenolic compositions compared to 2,000 ppm NaCl and 0 ppm salicylic acid treated plants. Under 4,000 ppm NaCl, SA sprays at 100–300 ppm increased the phenolic composition compared to 4,000 ppm NaCl and 0 ppm SA treated plants.


Table 3. Means of leaves total phenolic (% of DW), total chlorophylls (mg g−1 DW), total carbohydrates (% of DW), and proline contents (mg g−1 of DW) in two successive seasons (2016 and 2017) following salinity (ppm) and salicylic acid (ppm) treatments.
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Total chlorophyll contents showed significant increases following SA sprays at 100–300 ppm under 640, 2,000, and 4,000 ppm NaCl compared to SA-untreated plants (Table 3). The highest chlorophylls were found in 640 ppm NaCl and 200–300 ppm SA treated plants in both growing seasons. In addition, 0 ppm SA treatments showed the lowest values of chlorophyll contents compared to SA treated plants under 640, 2,000, and 4,000 ppm. For example, the plants treated with 4,000 ppm NaCl and 0 ppm SA had 18.93 mg g−1 FW of total chlorophyll compared to 21.75 mg g−1 FW in 200 ppm SA treatment. The total carbohydrates showed significant increases in the leaves of SA treated plants with 640, 2,000, and 4,000 ppm NaCl and 200–300 ppm SA compared to 0 ppm SA treated plants in both seasons. The proline composition of leaves showed significant increases associated with increased salinity levels in both season (Table 3).

Leaves chloride and sodium compositions showed significant variations among treatments in the two seasons (Table 4). There was significant reduction in Na+ and Cl− compositions in treated plants at 640 ppm NaCl and 200–300 ppm SA compared to control treatments in both seasons. Under saline conditions of 2,000 and 4,000 ppm NaCl, SA treatments at 200–300 ppm significantly reduced Na+ and Cl− compositions in the leaves in both seasons compared to 0 and100 ppm SA treatments.


Table 4. Leaves chloride (% DW of leaves) and sodium contents (% DW of leaves) means in two successive seasons (2016 and 2017) following salinity (ppm) and salicylic acid (ppm) treatments.
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Antioxidant Capacity of Leaves Essential Oils and Methanolic Extracts

The total antioxidant capacity of essential oils as well as leaf extracts were determined in all treated plants, and significant differences were found among plants as responses to different levels of salinity (640–4,000 ppm NaCl) and SA treatments (0–300 ppm) (Table 5). The plants treated with saline conditions (2,000 and 4,000 ppm) without SA treatment showed significantly higher antioxidant capacity compared to control plants. For example, the IC50 in the DPPH method was reduced from 0.26 to 0.23 μg mL-1 when increasing the salinity from 640 to 4,000 ppm in the first season. The plants treated with SA at 100–300 and 640–4,000 ppm NaCl showed higher antioxidant capacity than 0 ppm SA treated plants. Using both methods of DPPH and linoleic acid assays, the highest antioxidant capacity among essential oils was found in plants treated with 4,000 ppm NaCl and 100–300 ppm SA in both seasons of 2016 and 2017.


Table 5. Means of leaves total antioxidant activities using DPPH free radical scavenging activity (IC50, μg mL−1) and β-Carotene-linoleic acid assay (IC50, μg mL−1) in two successive seasons (2016 and 2017) following salinity (ppm) and salicylic acid (ppm) treatments.
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In the DPPH assay, leaf extracts of plants treated with 640 ppm NaCl and 100–200 ppm SA showed higher antioxidant capacity than 0 ppm SA-treated plants in the two seasons. Furthermore, linoleic acid antioxidant assay pattern was similar to that found in the DPPH.

Significant increases were found in activities of CAT, SOD, and APX following SA sprays at 100–300 ppm. SA sprays at 300 ppm showed the highest activities of the enzymes compared to lower doses (Figure 1). There were significant reductions in H2O2 compositions in leaves following SA sprays compared to non-sprayed plants (Figure 2). Additionally, free ascorbate showed significantly higher increases following SA treatments at 200–300 ppm, and slight increases in the total ascorbate were also found (Figure 3).
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FIGURE 1. SOD, CAT, and APX activities in rosemary plants subjected to different SA treatments under saline conditions. Means with different letters within the same group have significant difference at P ≤ 0.05.
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FIGURE 2. H2O2 composition in rosemary plants subjected to different SA treatments under saline conditions. Means with different letters within the same group have significant difference at P ≤ 0.05.
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FIGURE 3. Free and total ascorbate in rosemary plants subjected to different SA treatments under saline conditions. Means with different letters within the same group have significant difference at P ≤ 0.05.



Expression Analysis of Antioxidant Enzymes Genes and Abiotic Stress-Responsive Genes

The expression levels of APX gene, 3 SOD genes and 4 genes conferring tolerance to salinity (bZIP62, DREB2, ERF3, and OLPb) were assessed in the rosemary plants subjected to different SA treatments (0, 100, 200, 300 ppm) under different saline conditions (640, 2,000, 4,000 ppm). The results showed that the APX and 3 SOD genes revealed higher levels in SA-treated rosemary under saline, with respect to non-sprayed plants (Figure 4), indicating the important roles of salicylic acid and antioxidant enzymes under abiotic stresses. SA treatment at 3,000 ppm showed the highest expression level for all the antioxidant enzymes genes.
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FIGURE 4. Gene expression levels of APX (A), Cu/ZnSOD (B), FeSOD (C), and MnSOD (D) in rosemary plants subjected to different SA treatments under saline conditions. Data are means ± SD (n = 3).



Moreover, the expression levels of the genes conferring tolerance to salinity (bZIP62, DREB2, ERF3, and OLPb) were evaluated using qRT-PCR. All the genes revealed higher levels in SA-treated rosemary under salt stress, as compared to non-sprayed plants (Figure 5). SA treatment at 3,000 ppm showed the highest expression level for all the stress-related genes. This indicates that SA treatment modulated the abiotic stress responsive gene expression in rosemary which in turn enhanced its tolerance to salinity stress.
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FIGURE 5. Gene expression levels of bZIP62 (A), DREB2 (B), ERF3 (C), and OLPb (D) in rosemary plants subjected to different SA treatments under saline conditions. Data are means ± SD (n = 3).



Antibacterial Activities of Essential Oils

The antibacterial activities of 2016 season essential oils treatments were compared as shown in Table 6. There were increases in the antibacterial activities with increasing either salinity or SA treatment concentration. Essential oils MIC were in the range of 0.0001–0.011 mg mL−1, whereas the MBC were in the range of 0.0004–0.030 mg mL−1. The highest antibacterial activities were found against S. aureus compared to other bacteria. The essential oil of plants treated with 4,000 ppm NaCl and 300 ppm SA showed the highest antibacterial activity ranges with MIC and MBC of 0.0010–0.0001 and 0.0021–0.0004 mg mL−1, respectively. The antibacterial activities of rosemary essential oils were much higher than antibiotics.


Table 6. Antibacterial activities (mg mL−1) of rosemary leaves essential oils in 2016 season following salinity (ppm) and salicylic acid (ppm) treatments.
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DISCUSSION

Increasing salinity significantly inhibited rosemary plant growth due to the accumulation of salts in plant tissues and reduced vegetative growth which is consistent with several reports (Munns, 2005; Gupta and Huang, 2014; Shrivastava and Kumar, 2015). The improved vegetative growth of several crops following SA treatments had been widely recorded (Gunes et al., 2007; Kovácik et al., 2009; Rivas-San Vicente and Plasencia, 2011). Bagherifard et al. (2015) reported that 5% SA was effective in enhancing fresh and dry weights and overall plant growth in Artichoke (Cynara Scolymus L.) under saline conditions. These morphological effects have been associated with enhanced gas exchange parameters including stomatal closure (Mateo et al., 2004; Melotto et al., 2006; Stevens et al., 2006) and hormonal status (Abreu and Munné-Bosch, 2009). The relatively stable four major oil constitutes of the Egyptian rosemary found in this study were cineol, camphor, linalool, and α-pinene which showed variations in their overall ratios. Previous investigations reported that the major rosemary oil constitutes are camphor, α-pinene, 1,8-cineole, camphene, β-caryophyllene, limonene, α-terpineol, myrcene, p-cymene, bornyl acetate, and linalool (Salido et al., 2003; Langroudi et al., 2013). In this study, significant changes in the essential oil composition following saline and SA treatments have been reported. Such variations following drought/SA treatments have been reported in other medicinal plants belonging to the same family (Lamiaceae) such as Thymus daenensis Celak. Thymus daenensis Celak was subjected to drought stress conditions and higher oil yields and changes in specific oil constitutes such as a-pinene, β-caryophyllene, and thymol following SA treatments were recorded (Pribalouti et al., 2014). Idrees et al. (2010) found that SA may increase the essential oil content of plants by increasing nutrient uptake and number of oil glands as well as influencing monoterpene biosynthesis. Langroudi et al. (2013) also reported that salinity may affect major essential oil constitutes of rosemary plants such as cineol, camphor and α-pinene which is consistent with our results.

The use of saline water (2,000–4,000 ppm NaCl) in irrigation of rosemary plants caused significant increases in the phenolic, chlorophyll, proline, Na+, and Cl− compositions of leaves. Interestingly, SA treatments at 200–300 ppm caused alleviation of stress effects resulting in significant increases in the total phenolic, chlorophyll, carbohydrates, and proline compositions of leaves along with reduction in Cl− and Na+. The phenolic composition of rosemary leaves increased as a response to salinity as well as SA treatments which support previous investigations (Gupta and Huang, 2014; Bagherifard et al., 2015). Bagherifard et al. (2015) found that salinity and SA may increase the flavonoid composition (phenolic compartment) and the antioxidant activity in artichoke (Cynara Scolymus L.). In the current study, under saline irrigation, salt accumulation was found due to the increased ratios of Na+ and Cl− in the leaves which are in agreement with previous studies (Munns, 2005). Proline is one of the major compatible solutes that accumulate following salt stress to protect the cell and maintain continuous water influx (Hoque et al., 2007). The increase in the accumulation of proline in rosemary subjected to salinity (2,000–4,000 ppm NaCl) and SA sprays (200–300 ppm) shows the promising effect of SA during stress conditions. The accumulation of carbohydrates following SA treatments under saline irrigation indicates enhanced stress tolerance which agrees with previous investigations that reported carbohydrate accumulation as an indicator of osmotic adjustment, carbon storage, scavenging of reactive oxygen and stress tolerance in plants (Yin et al., 2010; Gupta and Huang, 2014). Several investigations indicated that SA is a strong regulator of photosynthesis and chlorophyll composition in leaves by influencing chlorophyll content (Fariduddin et al., 2003), carotenoid composition (Gao et al., 2012), and stomatal closure (Khokon et al., 2011). SA may play a role in enhancing plant stress tolerance (Horváth et al., 2007; Kovácik et al., 2009; Li et al., 2014). However, few reports studied the antioxidant mechanism driving SA-mediated stress tolerance in plants. Gholamnezhad et al. (2016) reported that SA may affect the activities of some enzymes such as peroxidase and catalase in infected wheat plants. Mutlu et al. (2016) reported that SA alleviated cold damage in barley subjected to cold stress by stimulating the activities of SOD and POD enzymes. Zhang et al. (2011) reported that SA may influence hydrogen peroxide production in chilled cucumber subjected. This is the first study which proves that SA may stimulate the antioxidant mechanism pathway in rosemary plants subjected to salinity by stimulating antioxidant enzymes activities (SOD, APX, and CAT). These results are in agreement with that reported by He and Zhu (2008) who found that the exogenous salicylic acid decreases NaCl toxicity and enhance antioxidant enzymes activities (SOD, APX, and CAT) in tomato. However, it has been long accepted that salicylic acid enhances H2O2 content by inactivation of H2O2-removing enzymes such as APX and CAT and the increase of H2O2-producing enzymes such as SOD (Durner and Klessig, 1995; Rao et al., 1997). Moreover, the exogenous salicylic acid not always has a positive effect in ameliorating the oxidative stress imposed by salinity (Barba-Espín et al., 2011). These variable results might explain that the effect of exogenous salicylic acid on antioxidant enzymes activities and stress alleviation depends on plant species. The APX and 3 SOD genes revealed higher levels in SA-treated rosemary under salt stress, when compared to non-sprayed plants, indicating the important roles of salicylic acid and antioxidants under salinity and abiotic stresses. Moreover, in order to study the effect of SA treatment at the transcriptional level, a number of important genes conferring salt tolerance such as DREB2 (dehydration-responsive element-binding protein; Chen et al., 2007), bZIP62 (Liao et al., 2008), ERF3 (Zhang et al., 2009), and OLPb (osmotin-like protein b; Tachi et al., 2009) has been selected and analyzed in this study. These specific genes were selected due to their potential use as models to study the changes at the transcriptional level under salt stress (Kim et al., 2017). Therefore, this study investigated whether SA will modulate the expression of such genes in rosemary under salt stress. The expression levels of these genes were enhanced in SA-treated rosemary under saline conditions, indicating that SA treatment resulted in the modulation of such genes expression which in turn enhanced rosemary tolerance to salinity stress.

High salinity in the plant environment produces high ratios of reactive oxygen species (ROS) that may damage plant cells. Plants produce non-enzymatic antioxidants such as phenols (e.g., flavonoids) that play a pivotal role in detoxyifying signlet oxygen, hydroxyl radical, hydrogen peroxide, and others (Gupta and Huang, 2014; Rakhmankulova et al., 2015; AbdElgawad et al., 2016). Rosemary plants subjected to salinity at 2,000 and 4,000 ppm NaCl showed higher antioxidant activities in their leaves extracts and their essential oils compared to NaCl-untreated plants. Also, SA treated plants with 100–300 ppm and grown under saline irrigation at 2,000–4,000 ppm NaCl showed higher antioxidant activities in leaves extracts and essential oils than SA-untreated plants. The higher antioxidant activities in leaf extracts of plants subjected to high salinity levels and/or SA treatments at 100–300 ppm are associated with higher composition of phenols. Previous reports indicated that SA application may protect the photosynthesis by reducing the oxidative stress (Ananieva et al., 2002; Krantev et al., 2008). In addition, SA may enhance stress tolerance by improving their antioxidant activities (Horváth et al., 2007). The higher antioxidant activities in the essential oils of plants treated with high saline (2,000 and 4,000 ppm NaCl) and/or SA sprays compared to control might be explained by the changes in the chemical composition of the essential oil itself as well as the probable higher antioxidant activities of the fluctuating essential oils main components. Elansary et al. (2015) reported fluctuations in the main oil constitutes of Ocimum basilicm (Lamiaceae) subjected to water stress. The fluctuation of the main oil constitutes (e.g., phenolic compounds) had been associated with SA application in other plants such as in Thymus daenensis Celak (Lamiaceae) subjected to drought stress (Pribalouti et al., 2014) and in Melissa officinallis (Lamiaceae) under normal conditions (da Silva et al., 2014).

The essential oils showed obvious antibacterial activities against several bacteria and such results agreed with previous investigations (Fu et al., 2007; Zaouali et al., 2010). In the current study, it was noted that increasing salinity levels as well as SA concentrations are associated with increased antibacterial activities. In most recent studies, there were a clear correlation between the nature and proportion of the main oil constitutes and the antibacterial activities found. Olfa et al. (2016) reported specific higher antibacterial activities of the essential oils of Origanum majorana L. (Lamiaceae) plants subjected to saline conditions compared to normally grown plants. Pribalouti et al. (2014) suggested that stress conditions (e.g., water stress) may affect the amounts of phenolic compounds in the essential oils. In the current study, we found significant increases in specific constitutes of the essential oil of plants subjected to salinity and SA such as linalool, camphor, borneol, and caryophyllene oxide. For example, Federman et al. (2016) reported that the major oil constitute of the orange was the linalool responsible for inhibiting growth and biofilm formation in S. aureus.

The increases in specific essential oil constitutes as well as enhancement of leaves bioactivity as a response to SA treatment might be attributed to the antioxidant enzymatic mechanism pathway including catalase (CAT), superoxide dismutase (SOD), and ascorbate peroxidase (APX) as well as enhancing gene expression of APX, 3 SOD isoforms, bZIP62, DREB2, ERF3, and OLPb. The application of SA not only improve the performance of rosemary plants under stress conditions but also increases pharmaceutical value of the crop as antibacterial agent and enhances the composition of the oil and leaves.

CONCLUSIONS

The genes of APX, 3 SOD isoforms as well as the genes conferring tolerance to salinity (bZIP62, DREB2, ERF3, and OLPb) revealed higher levels in SA-treated rosemary under salinity, with respect to non-sprayed plants, indicating that SA treatment resulted in the modulation of such genes expression which in turn enhanced rosemary tolerance to salinity stress. SA treatments enhances the vegetative growth traits and bioactivity of rosemary plants under salt stress. Salinity stress affected specific major essential oils constitutes including reductions in α-pinene, β-pinene, and cineole along with sharp increases in linalool, camphor, borneol, and verbenone. However, SA applications at 100–300 ppm largely reversed such effects of salinity. Interestingly, SA treatments mitigated salinity stress effects by increasing the total phenolic, chlorophyll, carbohydrates, and proline compositions of leaves as well as reducing chloride and sodium salts. The increases in the leaves phenolic composition and major essential oil constitutes caused significant changes in the antioxidant activities of the leaf extracts and essential oils. The essential oils showed antibacterial activities against several bacteria. The current study proved that SA may stimulate the antioxidant mechanism pathway in plants subjected to salinity by stimulating antioxidant enzymes activities as well as increasing non-enzymatic antioxidants such as scorbate and proline.

AUTHOR CONTRIBUTIONS

HE, MAE, NE, AA and MSE designed the study, performed experiments, analyzed the data, and wrote the manuscript. HA helped in writing the manuscript. All the authors revised and approved the manuscript.

ACKNOWLEDGMENTS

The study was funded by the deanship of Scientific Research at King Saud University through research group No (RG1435-011). Also, the study was supported by the Botanical Gardens Research Department, Horticultural Research Institute (ARC), and the Faculty of Agriculture—Elshatby, Alexandria, Egypt.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fphys.2017.00716/full#supplementary-material

REFERENCES

 AbdElgawad, H., Zinta, G., Hegab, M. M., Pandey, R., Asard, H., and Abuelsoud, W. (2016). High salinity induces different oxidative stress and antioxidant responses in maize seedlings organs. Front. Plant Sci. 7:276. doi: 10.3389/fpls.2016.00276

 Abreu, M. E., and Munné-Bosch, S. (2009). Salicylic acid deficiency in NahG transgenic lines and sid2 mutants increases seed yield in the annual plant Arabidopsis thaliana. J. Exp. Bot. 60, 1261–1271. doi: 10.1093/jxb/ern363

 Acosta-Motos, J. R., Ortuño, M. F., Bernal-Vicente, A., Diaz-Vivancos, P., Sanchez-Blanco, M. J., and Hernandez, J. A. (2017). Plant responses to salt stress: adaptive mechanisms. Agronomy 7:18. doi: 10.3390/agronomy7010018

 Adams, R. P. (2007). Identification of Essential Oil Compounds by Gas Chromatography/Mass Spectrometry, 4th Edn. Carol Stream, IL: Allured pub Corp.

 Amerine, M. A., and Ough, C. S. (1988). “Phenolic compounds,” in Methods for Analysis of Musts and Wines, eds C. S. Ough and M. A. Amerine (New York, NY: John Wiley and Sons), 196–219.

 Ananieva, E. A., Alexieva, V. S., and Popova, L. P. (2002). Treatment with salicylic acid decreases the effects of paraquat on photosynthesis. J. Plant Physiol. 159, 685–693. doi: 10.1078/0176-1617-0706

 Bagherifard, A., Bagheri, A., Sabourifard, H., Bagherifard, G., and Najar, M. (2015). The effect of salicylic acid on some morphological and biochemistry parameters under salt stress in Herb Artichoke (Cynara Scolymus L.). Res. J. Fish Hydrobiol. 10, 745–750. doi: 10.1080/14620316.2016.1205960

 Barba-Espín, G., Clemente-Moreno, M. J., Álvarez, S., García-Legaz, M. F., Hernández, J. A., and Díaz-Vivancos, P. (2011). Salicylic acid negatively affects the response to salt stress in pea plants: effects on PR1b and MAPK expression. Plant Biol. 13, 909–917. doi: 10.1111/j.1438-8677.2011.00461.x

 Bates, L. S., Waldren, R. P., and Teare, I. D. (1973). Rapid determination of free proline for water stress studies. Plant Soil 39, 205–207. doi: 10.1007/BF00018060

 Bhatnagar-Mathur, P., Vadez, V., and Sharma, K. K. (2008). Transgenic approaches for abiotic stress tolerance in plants: retrospect and prospects. Plant Cell Rep. 27, 411–424. doi: 10.1007/s00299-007-0474-9

 Bozin, B., Mimica-Dukic, N., Samojlik, I., and Jovin, E. (2007). Antimicrobial and antioxidant properties of rosemary and sage (Rosmarinus officinalis L. and Salvia officinalis L., Lamiaceae) essential oils. J. Agric. Food Chem. 55, 7879–7885. doi: 10.1021/jf0715323

 Chalchat, J., Garry, R., Michet, A., Benjilali, B., and Chabart, L. (1993). Essential oils of rosemary (Rosmarinus officinalis L.). the chemical composition of oils of various origins (morocco, spain, france). J. Essent. Oil Res. 5, 613–618. doi: 10.1080/10412905.1993.9698293

 Chen, M., Wang, Q. Y., Cheng, X. G., Xu, Z. S., and Li, L. C. (2007). GmDREB2, a soybean DRE-binding transcription factor, conferred drought and high-salt tolerance in transgenic plants. Biochem. Biophys. Res. Commun. 353, 299–305. doi: 10.1016/j.bbrc.2006.12.027

 da Silva, S., Moreira, C. B., Esquibel, M. A., San Gil, R. A., Riehl, C. A., and Sato, A. (2014). Effect of salicylic acid on essential oil compounds of Melissa officinalis in vitro plants. Agropecuária Técnica 35, 178–184. doi: 10.25066/agrotec.v35i1.20709

 Domokos, J., Héthelyi, É., Pálinkás, J., Szirmai, S., and Tulok, M. H. (1997). Essential oil of rosemary (Rosmarinus officinalis L.) of Hungarian origin. J. Essent. Oil Res. 9, 41–45. doi: 10.1080/10412905.1997.9700712

 Dubios, M., Gilles, K., Hamlton, J., Rebers, P., and Smith, F. (1956). Colourimetric method for determination of sugars and related substances. Anal. Chem. 28, 350–356. doi: 10.1021/ac60111a017

 Durner, J., and Klessig, D. F. (1995). Inhibition of ascorbate peroxidase by salicylic acid and 2,6-dichloroisonicotinic acid, two inducers of plant defense responses. Proc. Natl. Acad. Sci. U.S.A. 92, 11312–11316. doi: 10.1073/pnas.92.24.11312

 Elansary, H. O., and Mahmoud, E. A. (2015). Egyptian herbal tea infusions antioxidants and their antiproliferative and cytotoxic activities against cancer cells. Nat. Prod. Res. 29, 474–479. doi: 10.1080/14786419.2014.951354

 Elansary, H. O., Mahmoud, E. A., Shokralla, S., and Yousefou, K. (2015). Diversity of plants, traditional knowledge and practices in local cosmetics: a case study from Alexandria, Egypt. Econ. Bot. 69, 114–126. doi: 10.1007/s12231-015-9308-9

 Elansary, H. O., Yessoufou, K., Abdel-Hamid, A. M. E., El-Esawi, M. A., Ali, H. M., and Elshikh, M. S. (2017). Seaweed extracts enhance Salam turfgrass performance during prolonged irrigation intervals and saline shock. Front. Plant Sci. 8:830. doi: 10.3389/fpls.2017.00830

 Elansary, H. O., Yessoufou, K., Shokralla, S., Mahmoud, E. A., and Skalicka-Woźniak, K. (2016). Enhancing mint and basil oil composition and antibacterial activity using seaweed extracts. Ind. Crops Prod. 92, 50–56. doi: 10.1016/j.indcrop.2016.07.048

 Elyasi, R., Majdi, M., Bahramnejad, B., and Mirzaghaderi, G. (2016). Spatial modulation and abiotic elicitors responses of the biosynthesis related genes of mono/triterpenes in black cumin (Nigella sativa). Ind. Crops Prod. 79, 240–247. doi: 10.1016/j.indcrop.2015.11.005

 Fariduddin, Q., Hayat, S., and Ahmad, A. (2003). Salicylic acid influences net photosynthetic rate, carboxylation efficiency, nitrate reductase activity, and seed yield in Brassica juncea. Photosynthetica 41, 281–284. doi: 10.1023/B:PHOT.0000011962.05991.6c

 Fayez, K. A., and Bazaid, S. A. (2014). Improving drought and salinity tolerance in barley by application of salicylic acid and potassium nitrate. J. Saudi Soc. Agric. Sci. 13, 45–55. doi: 10.1016/j.jssas.2013.01.001

 Federman, C., Ma, C., and Biswas, D. (2016). Major components of orange oil inhibit Staphylococcus aureus growth and biofilm formation, and alter its virulence factors. J. Med. Microbiol. 65, 688–695. doi: 10.1099/jmm.0.000286

 Fu, Y., Zu, Y., Chen, L., Shi, X., Wang, Z., Sun, S., et al. (2007). Antimicrobial activity of clove and rosemary essential oils alone and in combination. Phytother. Res. 21, 989–994. doi: 10.1002/ptr.2179

 Gao, Z., Meng, C., Zhang, X., Xu, D., Miao, X., Wang, Y., et al. (2012). Induction of salicylic acid (SA) on transcriptional expression of eight carotenoid genes and astaxanthin accumulation in Haematococcus pluvialis. Enzyme Microb. Technol. 51, 225–230. doi: 10.1016/j.enzmictec.2012.07.001

 Gholamnezhad, A., Sanjarian, F., Goltapeh, E. M., Safaie, N., and Razavi, K. (2016). Effect of salicylic acid on enzyme activity in wheat in immediate early time after infection with Mycosphaerella graminicola. Plant Sci. Sci. Agric. Bohemica 47, 1–8. doi: 10.1515/sab-2016-0001

 Gunes, A., Inal, A., Alpaslan, M., Eraslan, F., Bagci, E. G., and Cicek, N. (2007). Salicylic acid induced changes on some physiological parameters symptomatic for oxidative stress and mineral nutrition in maize (Zea mays L.) grown under salinity. J. Plant Physiol. 164, 728–736. doi: 10.1016/j.jplph.2005.12.009

 Gupta, B., and Huang, B. (2014). Mechanism of salinity tolerance in plants: physiological, biochemical, and molecular characterization. Int. J. Genomics 2014:701596. doi: 10.1155/2014/701596

 Habtemariam, S. (2016). The therapeutic potential of rosemary (Rosmarinus officinalis) diterpenes for Alzheimer's Disease. Evid. Based Complement. Alternat. Med. 2016:2680409. doi: 10.1155/2016/2680409

 He, Y., and Zhu, Z. J. (2008). Exogenous salicylic acid alleviates NaCl toxicity and increases antioxidative enzyme activity in Lycopersicon esculentum. Biol. Plant. 52, 792–795. doi: 10.1007/s10535-008-0155-8

 Hoque, M. A., Banu, M. N. A., Okuma, E., Amako, K., Nakamura, Y., Shimoishi, Y., et al. (2007). Exogenous proline and glycinebetaine increase NaCl-induced ascorbate-glutathione cycle enzyme activities, and proline improves salt tolerance more than glycinebetaine in tobacco Bright Yellow-2 suspension-cultured cells, J. Plant Physiol. 164, 1457–1468. doi: 10.1016/j.jplph.2006.10.004

 Horváth, E., Szalai, G., and Janda, T. (2007). Induction of abiotic stress tolerance by salicylic acid signaling. J. Plant Growth Regul. 26, 290–300. doi: 10.1007/s00344-007-9017-4

 Idrees, M., Khan, M. M. A., Aftab, T., Naeem, M., and Hashmi, N. (2010). Salicylic acid-induced physiological and biochemical changes in lemongrass varieties under water stress. J. Plant Interact. 5, 293–303. doi: 10.1080/17429145.2010.508566

 Jackson, N. L. (1958). Soil Chemical Analysis. London: Constable & Co. Ltd.

 Jha, Y., Subramanian, R. B., and Patel, S. (2011). Combination of endophytic and rhizospheric plant growth promoting rhizobacteria in Oryza sativa shows higher accumulation of osmoprotectant against saline stress. Acta Physiol. Plant. 33, 797–802. doi: 10.1007/s11738-010-0604-9

 Khan, M. I. R., Asgher, M., and Khan, N. A. (2014). Alleviation of salt-induced photosynthesis and growth inhibition by salicylicacid involves glycinebetaine and ethylene in mungbean (Vigna radiata L.). Plant Physiol. Biochem. 80, 67–74. doi: 10.1016/j.plaphy.2014.03.026

 Khokon, M. A. R., Okuma, E., Hossain, M. A., Munemasa, S., Uraji, M., Nakamura, Y., et al. (2011). Involvement of extracellular oxidative burst in salicylic acid-induced stomatal closure in Arabidopsis. Plant Cell Environ. 34, 434–443. doi: 10.1111/j.1365-3040.2010.02253.x

 Kim, M. J., Kim, H. J., Pak, J. H., Cho, H. S., Choi, H. K., Jung, H. W., et al. (2017). Overexpression of AtSZF2 from Arabidopsis showed enhanced tolerance to salt stress in soybean. Plant Breed. Biotechnol. 5, 1–15. doi: 10.9787/PBB.2017.5.1.001

 Kovácik, J., Grúz, J., Backor, M., Strnad, M., and Repcák, M. (2009). Salicylic acid-induced changes to growth and phenolic metabolism in Matricaria chamomilla plants. Plant Cell Rep. 28, 135–143. doi: 10.1007/s00299-008-0627-5

 Krantev, A., Yordanova, R., Janda, T., Szalai, G., and Popova, L. (2008). Treatment with salicylic acid decreases the effect of cadmium on photosynthesis in maize plants. J. Plant Physiol. 165, 920–931. doi: 10.1016/j.jplph.2006.11.014

 Langroudi, M. E., Sedaghathoor, S., and Bidarigh, S. (2013). Effect of different salinity levels on the composition of rosemary (Rosmarinus officinalis) essential oils. Am. Eur. J. Agric. Environ. Sci. 13, 68–71. doi: 10.5829/idosi.aejaes.2013.13.01.1888

 Li, T., Hu, Y., Du, X., Tang, H., Shen, C., and Wu, J. (2014). Salicylic acid alleviates the adverse effects of salt stress in Torreya grandis cv. merrillii seedlings by activating photosynthesis and enhancing antioxidant systems. PLoS ONE 9:e109492. doi: 10.1371/journal.pone.0109492

 Liao, Y., Zou, H. F., Wei, W., Hao, Y. J., Tian, A. G., Huang, J., et al. (2008). Soybean GmbZIP44, GmbZIP62 and GmbZIP78 genes function as negative regulator of ABA signaling and confer salt and freezing tolerance in transgenic Arabidopsis. Planta 228, 225–240. doi: 10.1007/s00425-008-0731-3

 Liu, X., Rockett, K. S., Korner, C. J., and Pajerowska-Mukhtar, K. M. (2015). Salicylic acid signalling: new insights and prospects at a quarter-century milestone. Essays Biochem. 58, 101–113. doi: 10.1042/bse0580101

 Mateo, A., Mühlenbock, P., Rusterucci, C., Chang, C. C., Miszalski, Z., Karpinska, B., et al. (2004). Lesion simulating disease is required for acclimation to conditions that promote excess excitation energy. Plant Physiol. 136, 2818–2830. doi: 10.1104/pp.104.043646

 Melotto, M., Underwood, W., Koczan, J., Nomura, K., and He, S. Y. (2006). Plant stomata function in innate immunity against bacterial invasion. Cell 126, 969–980. doi: 10.1016/j.cell.2006.06.054

 Mirzajani, Z., Hadavi, E., and Kashi, A. (2015). Changes in the essential oil content and selected traits of sweet basil (Ocimum basilicum L.) as induced by foliar sprays of citric acid and salicylic acid. Ind. Crops Prod. 76, 269–274. doi: 10.1016/j.indcrop.2015.06.052

 Moran, R., and Porath, D. (1980). Chlorophyll determination in intact tissues using N,N-Dimethyl formamide. Israel Plant Physiol. 65, 478–479. doi: 10.1104/pp.65.3.478

 Munns, R. (2005). Genes and salt tolerance: bringing them together. New Phytol. 167, 645–663. doi: 10.1111/j.1469-8137.2005.01487.x

 Mutlu, S., Atıcı, Ö., Nalbantoğlu, B., and Mete, E. (2016). Exogenous salicylic acid alleviates cold damage by regulating antioxidant enzyme in two barley (Hordeum vulgare L.) cultivars. Front. Life Sci. 9, 99–109. doi: 10.1080/21553769.2015.1115430

 Nazar, R., Iqbal, N., Syeed, S., and Khan, N. A. (2011). Salicylic acid alleviates decreases in photosynthesis under salt stress by enhancing nitrogen and sulfur assimilation and antioxidant metabolism differentially in two mungbean cultivars. J. Plant Physiol. 168, 807–815. doi: 10.1016/j.jplph.2010.11.001

 Olfa, B., Mariem, A., Salah, A. M., and Mouhiba, N. A. (2016). Chemical content, antibacterial and antioxidant properties of essential oil extract from Tunisian Origanum majorana L. cultivated under saline condition. Pak. J. Pharm. Sci. 29, 1951–1958.

 Piper, C. S. (1947). Soil and Plant Analysis. Adelaide: The University of Adelaide, 258–274.

 Pribalouti, A. G., Samani, M. R., Hashemi, M., and Zeinali, H. (2014). Salicylic acid affects growth, essential oil and chemical compositions of thyme (Thymus daenensis Celak.) under reduced irrigation. Plant Growth Regul. 72, 289–301. doi: 10.1007/s10725-013-9860-1

 Quan, R., Wang, J., Yang, D., Zhang, H., Zhang, Z., and Huang, R. (2017). EIN3 and SOS2 synergistically modulate plant salt tolerance. Sci. Rep. 7:44637. doi: 10.1038/srep44637

 Radyukina, N. L., Shashukova, A. V., Makarova, S. S., and Kuznetsov, V. V. (2011). Exogenous proline modifies differential expression of superoxide dismutase genes in UV-B-irradiated Salvia officinalis plants. Russ. J. Plant Physiol. 58, 51–59. doi: 10.1134/S1021443711010122

 Rakhmankulova, Z. F., Shuyskaya, E. V., Shcherbakov, A. V., Fedyaev, V. V., Biktimerova, G. Y., Khafisova, R. R., et al. (2015). Content of proline and flavonoids in the shoots of halophytes inhabiting the South Urals. Russ. J. Plant Physiol. 62, 71–79. doi: 10.1134/S1021443715010112

 Rao, M. V., Paliyath, G., Ormrod, P., Murr, D. P., and Watkins, C. B. (1997). Influence of salicylic acid on H2O2 production, oxidative stress, and H2O2-metabolizing enzymes. Plant Physiol. 115, 137–149. doi: 10.1104/pp.115.1.137

 Rivas-San Vicente, M., and Plasencia, J. (2011). Salicylic acid beyond defence: its role in plant growth and development. J. Exp. Bot. 62, 3321–3338. doi: 10.1093/jxb/err031

 Rodrigues, K. C. S., and Fett-Neto, A. G. (2009). Oleoresin yield of Pinus elliottii in a subtropical climate: seasonal variation and effect of auxin and salicylic acid-based stimulant paste. Ind. Crops Prod. 30, 316–320. doi: 10.1016/j.indcrop.2009.06.004

 Salido, S., Altarejos, J., Nogueras, M., Saánchez, A., and Luque, P. (2003). chemical composition and seasonal variations of rosemary oil from southern Spain. Essent. Oil Res. 15, 10–14. doi: 10.1080/10412905.2003.9712248

 Savvides, A., Ali, S., Tester, M., and Fotopoulos, V. (2016). Chemical priming of plants against multiple abiotic stresses: mission possible? Trends Plant Sci. 21, 329–340. doi: 10.1016/j.tplants.2015.11.003

 Shrivastava, P., and Kumar, R. (2015). Soil salinity: a serious environmental issue and plant growth promoting bacteria as one of the tools for its alleviation. Saudi J. Biol. Sci. 22, 123–131. doi: 10.1016/j.sjbs.2014.12.001

 Singleton, V. L., and Rossi, J. A. (1965). Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents. Am. J. Enoland Vitic. 16, 144–158.

 Stevens, J., Senaratna, T., and Sivasithamparam, K. (2006). Salicylic acid induces salinity tolerance in tomato (Lycopersicon esculentum cv. Roma): associated changes in gas exchange, water relations and membrane stabilization. Plant Growth Regul. 49, 77–83. doi: 10.1590/S0103-90162009000200006

 Tachi, H., Fukuda-Yamada, K., Kojima, T., Shiraiwa, M., and Takhara, H. (2009). Molecular characterization of a novel soybean gene encoding a neutral PR-5 protein induced by high-salt stress. Plant Physiol. Biochem. 47, 73–79. doi: 10.1016/j.plaphy.2008.09.012

 Yin, Y. G., Kobayashi, Y., Sanuki, A., Kondo, S., Fukuda, N., Ezura, H., et al. (2010). Salinity induces carbohydrate accumulation and sugar-regulated starch biosynthetic genes in tomato (Solanum lycopersicum L. cv. ‘Micro-Tom’) fruits in an ABA- and osmotic stress-independent manner. J. Exp. Bot. 61, 563–574. doi: 10.1093/jxb/erp333

 Zaouali, Y., Bouzaine, T., and Boussaid, M. (2010). Essential oils composition in two Rosmarinus officinalis L. varieties and incidence for antimicrobial and antioxidant activities. Food Chem. Toxicol. 48, 3144–3152. doi: 10.1016/j.fct.2010.08.010

 Zhang, G., Chen, M., Li, L., Xu, Z., Chen, X., Guo, J., et al. (2009). Overexpression of the soybean GmERF3 gene, an AP2/ERT type transcription factor for increased tolerance to salt, drought, and diseases in transgenic tobacco. J. Exp. Bot. 60, 3781–3796. doi: 10.1093/jxb/erp214

 Zhang, J., and Kirkham, M. B. (1996). Antioxidant responses to drought in sunflower and sorghum seedlings. New Phytol. 132, 361–373. doi: 10.1111/j.1469-8137.1996.tb01856.x

 Zhang, W. P., Jiang, B., Lou, L. N., Lu, M. H., Yang, M., and Chen, J. F. (2011). Impact of salicylic acid on the antioxidant enzyme system and hydrogen peroxide production in Cucumis sativus under chilling stress. Z. Naturforsch. C 66, 413–422. doi: 10.5560/ZNC.2011.66c0413

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 El-Esawi, Elansary, El-Shanhorey, Abdel-Hamid, Ali and Elshikh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-08-00716-g005.gif
I.II.II.I I.II.II.I





OPS/images/fphys-08-00716-t001.jpg
Salinity
(PPm)

640

2,000

4,000

Means with different letiers within the same cokumn have sionificant diference at P < 0.05.

Salicylic
acid (ppm)

0
100
200
300

0
100
200
300

0
100
200
300

Plant height (cm)
2016 2017
3116£03 3183£08b
3266411a  83.3805a
3283£02a 8350 1.1a
3316£05a 8383 13a
2283024  2383+07e
26.16£07c 2800060
27.50 £0.3¢ 28.16 £ 0.5¢
2833£0%  2000+083c
1933£08f  20.00+0.1f
2000£09% 225002
26.83 £0.9¢c 26.83 +0.8d
2738£03c 2750 0.2cd

Branches per plant
2016 2017
4.16+0.1b 4.50 +0.1b
466401a  466%00a
466+£00a  483%01a
483£01a  500&01a
30001  833+00e
350£01d  8:8200d
383+0.1¢c 4.00+0.1d
416£01b  433x04c
266011  2.83+0.4f
300£00e  8.160.1d
366+00cd 3.83+0.0d
383£01c 8820.1d

Fresh weight per plant (g)

2016

4072 1.1b
42,69 +09a
42914052
4334£12a

29.18 £ 0.1e
3419+ 0.3d
3598+ 1.3¢
37.10£05¢

2527 £0.71
26.15 £ 041
35,06 + 03¢
35.73 £ 05¢

2017

4186+ 13b
4383+ 18a
4421+ 12a
4432:£07a

81.22+03d
36,67 £05¢
36,80 £ 0.4c
37.99 £ 05¢

26.20 £ 0.60
29.47 £0.7d
35.15 £ 0.2¢
36.02:£0.7c

Dry weight per plant (g)
2016 2017
768£03b  780%02b
80604  826+01a
809+01a  833+00a
817£01a  835+03a
550£00e  588+0.1e
644£01d  691£00d
6.77 £0.1cd 6.96 + 0.3cd
69903  7.16%02¢
4.76 £ 0.1e 493+0.1¢
49201 555+00e
6.60 + 0.0cd 6.62 4 0.0cd
674:0.1cd 679 +0.1cd





OPS/images/fphys-08-00716-g003.gif
Total ascorbate pmol -1g DW  Free ascorbate pmol -1 DW
]

540 ppm BSA 100 ppm BSA 200 ppm ISA 300 ppm

¢

Sty Hoppm Sallalty 2000 ppm.

S 0ppm GSA 100ppm OSA 20ppm OSA Moppm

Saloity 2000 ppes

bt

Sality 4000 ppn

Saloiy 4000 ppes





OPS/images/fphys-08-00716-g004.gif
uﬂu uuu

[ ———— [ m————————





OPS/images/fphys-08-00716-t004.jpg
Salinity ~ Salicylic Chioride content
(ppm)  acid (ppm)

2016 2017

640 0 096003 099 :0.03f
100 093+ 00de 094+ 004fg
200 088002 0890029
300 0.80 % 0.01f 083+ 002

2,000 o 1.41 & 0.05b0 1.45 & 0.05¢
100 1.2 007c 1.34 +0.04d
200 1.15£004d 1.17 £ 002
800 1.8 0.03d 1.20 + 0.04e

4,000 o 1,68+ 0.05a 1.67 & 0.06a
100 1.53006b 1.57 & 0.03b
200 146+ 0.05b 149 +0.05b
300 1.36:0.04c 1.40 % 0.06c

Sodium content

2016

121 £ 002
118 + 001e

2017

1.25 002
1.18 + 0.03ef

1.1 & 0.03ef 1.12 & 0.03f

1.01 4 002f

1.04 £ 0.04g

1.77 4 0.04bc 1.82 & 0.05bo

1.66 + 0.05c
1.45 % 004d
1.49 £ 001d

200 £007a
1.92 % 0060
1.83  005b.
1.71 £ 007¢

1.68 + 0.06c
1.46  0.04d
1.51 + 0.06d

2.08 £0.08a
1.96 % 0.04b
1.87  0.06b
1.76 £ 0.07c

Means with different letters within the same column have significant difference at P <

005





OPS/images/fphys-08-00716-t002.jpg
Salinity
(Ppm)

100
200
300

Salicylic
acid (ppm)

«-pinene

*RI =946

2016 2017

8.56a 8.48a
4.02d 3.98d
4.41d 4.01d
4.13d 4.10d

09 093
8.26a 821a
6.13c 6.18¢c
6.16c 6.15¢

3.88d 3.82d
837a 831a
806a 8.11a
801b 8.000

Camphen

RI=953

2016 2017

391a
1.35¢
1.43
1.3%

3.89a
1.3%
1.38¢
1.41e

0.28f 0.25¢
291b 287b
1.84d 181d
1.88d 1.89d

1.13¢ 1.10e
2.82 281b
2.44c 249
2.47¢ 2.43¢

p-pinene

2016

4.66a
3.0c
3¢
3.08c

1.64d
468
3.7
3210

1.77d
4.78a
4230
411b

970
2017

463
311c
3.16c
312

157d
4748
311c
3250

1.71d
483
421b
4220

Cineole

RI = 1,040

2016

13.77ab
13.41ab
13.44ab

13.320

8.39d

14.1a
8.92cd
8.92cd

9.42
13.88ab
13.54ab
13.61ab

2017

13.65ab
13.33ab
13.41ab
1331b

8.36d

14.15a
8.84cd
8:81cd

9.35¢
13.83ab
13.59ab
13.53ab

Terpinolene

RI

2016

2.55¢

394
3.00

291b

3.20a
298>
2.37d
2.35d

2.3d
3.26a
2980
297

251c
3040
3.1b
3

311a
2916
2.33d
234d

2.32d

3.21a
3.00

2.956

*Retention indices. Means with differant letlers within the same cokunn have significent difference at P < 0.05.

Linalool

RI=1,117

2016

5.43d
657b
659
6550

808a
6.53d
599
5.87c

7.89%
5.7d
591c

5.95¢

2017

5.41d
655b
6560
654b

8.00a
551d
594c
5.90¢

7.85a
5.75d
593

Camphor

RI=1,139

2016

11.29¢
14.06b
14.03b
13.07¢

16.242
12.78cd
12.62cd
12.73cd

12.36cd
12.4d

14.13b

1411

2017

11.29
14.090
1401b
13.01c

16.21a
12.79cd
1261cd
1271cd

1231cd
12.2d

14.04b

14.000

Borneol

RI=1,188

2016

11.52d
13.45b
13.46b
13330

159a
12,930
13.500
13.560

13.61b

12.18¢
1291bc

12.67¢

2017

11.46d
13.330
13.36b
13.35b

16a
12.96b
13.51b.
13.530.

13,630

12.41c
12.86bc

1253

Verbenone

Caryophyllene oxide

RI=1204 RI=1,571
2016 2017 2016 2017
3754 8.71d 3.68b 363
360d 356d 4.15a 412
364d 367d 4d.i1a a1da
354d 3.46d 4.13a 4122
652 646 331c 3.35¢
441d 448d 314cd  3.12cd
16252 16.21a 1.88¢ 1.880
16.11a 16.22a 1.75¢ 1.81e
12680 12.61b 3.80b 373
4564 450d 2.56e 251e
3954 392d 2.73d 271d
393d 385d 2.65d 2.72d

Essential

oil % (FW)

2016

057e
1.98a
181a
1.65b

0550
1.86a
1.24c
1.91a

0.48f
0.38f
064
0.83d

2017

059





OPS/images/fphys-08-00716-t003.jpg
Salinity ~ Salicylic
(ppm)  acid (ppm)

640 o
100
200
300

2,000 0
100
200
300

4,000 0
100
200
300

Total phenolic composition

(% of DW)

2016 2017
0.41£00%e  0.10+00%e
012£001d  0.12+000d
0.14£000cd  0.13%0.01cd
0.45+001c  0.14+0.00c
0.15£001c  0.15£001c
017£002  0.41+001d
017£001b  0.14 £001cd
018£002  0.18+002b
0.16£001c  0.16£001c
019£002  0.18+001b
0180000  0.19:000b
02540022  024+002a

Total chlorophylls
content (mg g~1 DW)

2016

081+ 0.03¢
0.84 £001b,
0.95 £ 00152
0,92 +0.03a

0.79 £ 0.03cd
0.83 £ 0.02¢
091:£00da
0.89 0030

0.76 £0.04d
0.83 £ 0.05¢
0.87 £0.020
0.84 £001b

2017

0.82 +008¢
0.84+002b
0.95 £003a
0.92 +003a

0.80 +0.04d
0.84+003c
0.91:£005a
0.89 +0.02b

0.78 £00d
0.84+003c
0.87 £0.020
0.85 +0.05b.

Means with diferent letters within the same cokurnn have sianificant diference at P < 0.05.

Total carbohydrates Proline content of leaves (mg

contents (% of DW) g~ bw)

2016 2017 2016 2017
18.08 £ 0.2¢ 18.36 £ 0.3¢ 1.71 £ 0.02f 1.74 £ 0.05f
18.87 £ 0.3¢c 18.90 + 0.5¢. 1.71 £ 0.04f 1.74 £ 0.04f
2078£06a 21.03£03a  175+008f  1.790.02f

20314052 2073+06a 187+00fe  1.88+003

17.68£07e 1797 +07e 210£005d  2182003c
1844£08c  1874+02c 2.41£007d 217 £000c
1983£03> 19.33£06b 216:£005cd 222 £001ibc
1922+£01bc  2002+08bc 224+00dc  2.28+008b

1699£03e 1739+01e 236008 235005
1832+£02c  1873+£05c 237£005b 23640050
1952050  1955£07b 240006  239%004a
1866+£03c 1906408 250+005a  2.49+003a





OPS/images/fphys-08-00716-g001.gif
CAT activity ( pumol g-1 protein)  SOD activity (unit mg-1 protein)

APX actvity yuool g1 protein)

=SA0ppm BSA 100 ppm OSA 200 ppm OSA 300 ppm

b b2 ii

Saaiy 600 ppm Sty 2000

=S oppm BSA 10prm

o
¢ be b I%
Sty 640ppm  Satnty 2

esaoppm @sA 100ppm

< -
d! Ig

Sty G0ppm  Satnity 2000 pp

b

Sataty 4000






OPS/images/fphys-08-00716-g002.gif
H202 content (pumol g-1 DW)

RS0 ppm BSA 100 ppm BSA 200 ppm OSA 300 ppm
2 2






OPS/images/fphys-08-00716-t006.jpg
Salinity
(PPm)

640

2,000

4,000

Streptomycin

Ampicilln

Salicylic
acid (ppm)

100

100

100

L. monocytogenes
mic
mBC

0.012 & 0.001
0.030 + 0.003
0.011 £ 0001
0.029 + 0.001
0.010  0.002
0.028 + 0.002

0.009  0.001
0.026  0.001
0.008  0.0005
0.024  0.001
0.007 & 0.001
0.022 & 0.001

0.005  0.0005
0.018 & 0.001
0.004  0.001
0017 £ 0.003
0.003  0.001
0015 & 0.002

0.16 % 0.05
0.33 0,01
0.16 40,01
0.28 2001

. aureus
mic
MBC

0.0010  0.0001
0.0021  0.0003
0.0009  0.0001
0.0020 + 0.0002
0.0008 + 0.0002
0.0018 + 0.0001

0.006 = 0.0001
0.0014  0.0001
0.0006 £ 0.0001
0.0011  0.0003
0.0004 £ 0.0001
0.0010  0.0001

0.0003 £ 0.0001
0.0009 £ 0.0001
0.00025 = 0.0000
0.0007 £ 0.00001
0.0001  0.00003
0.0004 £ 0.00001

0.20 %001
0.43 001
0.10% 003
0.15 %001

B. cereus
mic
MBC

0.0028  0.0001
0.0060 + 0.0003
0.0027  0.0001
0.0059 + 0.0001
0.0025  0.0003
00055 + 0.0005

0.0025  0.0001
0.0056 + 0.0003
0.0023  0.0001
0.0053 + 0.0005
0.0020  0.0001
0.0049  0.0003

0.0018  0.0002
0.0046  0.0001
0.0016 + 0.0002
0.0044  0.0001
0.0011 + 0.0003
0.0040  0.0003

0.05 %001
0.14 2001
0.10 % 0,005
0.18 & 0,005

M. flavus
Mic
MBC

0.023 & 0,001
0.061 % 0,005
0.021 % 0,002
0.057 + 0,003
0.020 & 0,001
0.055 % 0.001

0.020 & 0,002
0.054 % 0,003
0.019 & 0002
0.051 % 0,001
0017 & 0,001
0.047 & 0,005

0016 % 0002
0.044 % 0003
0.014 % 0002
0.039 & 0,002
0.013 % 0,001
0.038 % 0,003

0.10 % 0,005
0.19 % 0005
0.10 % 0002
0.16 % 0.005

P. aeruginosa
Mic
MBC

0011 £ 0001
0,023 + 0.003
0,010 + 0,001
0,022 + 0,001
0.009  0.002
0,021 + 0,001

0.009  0.001
0,020 + 0.002
0.008  0.0005
0,019 + 0,003
0.007  0.001
0,018  0.002

0.006  0.001
0,016 + 0.003
0.006 + 0.001
0.015 0,001
0.005  0.001
0,012 £ 0,001

0.07 0,005
0.14 £001
0.14 £ 001
022001

E. coli
mic
mBC

0.0025  0.0001
0.0051 + 0.0005
0.0023  0.0001
0.0050 + 0.0003
0.0022  0.0001
0.0049 + 0.0003

0.0021  0.0001
0.0049 + 0.0001
0.0020 £ 0.0001
0.0047  0.0003
0.0018  0.0001
0.0045 = 0.0002

0.0018  0.0001
0.0044 + 0.0003
0.0015 + 0.0002
0.0040 + 0.0001
0.0012  0.0003
0.0035  0.0003

0.9 £ 001
0.42 %001
0.24 %001
0.44 2001





OPS/images/fphys-08-00716-t005.jpg
Salinity
(PPm)

640

2,000

4,000

Salicylic
acid (ppm)

0
100
200
300

0
100
200
300

0
100
200
300

Essential oils

DPPH (ICsp, pg mL~1)

2016

0.26£001a
0.22 4 0.00c
0.28 % 0.026¢
0.23 +001c

0.24£001b
0.19 % 0.00d
0.22 0,03
0.28 % 0.02bc

0.23 = 0.01bc
0.18 % 0.02de
0.17 % 0,000
0.17 £ 001e

2017

0.25 £ 0.02a
0.22 4 0.01be
0.22 & 0.02b¢
0.23 % 0.02b

0.24 4 0.01ab
0.20 + 0.01c
0.23 & 0.00b
0.22 % 0.01be.

0.23 %0016
0.17 £ 0.00d
0.17 £ 0.01d
0.18 % 0.02d

p-Carotene-linoleic acid
(ICs0, ng mL™")

2016 2017
028£00fa  020£00fa
0240022 025002
0256£001c 024002
026+001b  027+001b
02740026  0264002b
02840024 022+001d
025£001c  024+0.00¢
025£000c  024£001c
02640026 025002
020£001d  0.19£00%e
019£002d  0.19£00%e
020£000d 019001

Means with different lstiers within the same cokumn have sionificant diference at P < 0.05.

Leaf extracts

DPPH (ICso, j1g mL~")

2016

023 £001c
0.18.+0.02h
0.22:+002d
0.24+001b

0.19.£001g
023 +£0.02¢
028£001c
021 +0.02e

0.19.£001g
024 £0.01b
02540022
0.20 + 0.01f

2017

022 £002
0.16 + 001f
0.21+000d
0.23+001b,

0.18 £ 002
022 £001c
0.21£001d
0.21 +001d

0.18:£001e
0.23+0.02b
0.24£001a
0.21 +000d

p-Carotene-linoleic acid

(ICs0, ng mL")

2016 2017
025£002c 024001
021£001f 01840019
024001 023 0.02d
0.26+0.02b 0.25+0.01b
021£0011 02040021
025+£002c 0.24+0.01c
025£001c 024001
023+001e 0.22 +0.02e
021£000  0.20£001f
0.26 £0.01b  0.25 + 0.00b
028£001a 026000
023+000e 0.23+0.01d





OPS/images/cover.jpg
, frontiers
in Physiology

Salicylic Acid-Regulated
Antioxidant Mechanisms and
Gene Expression Enhance
Rosemary Performance
under Saline Conditions









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





