

  agronomy-12-01369




agronomy-12-01369







Agronomy 2022, 12(6), 1369; doi:10.3390/agronomy12061369




Article



The Role of Salicylic Acid in Mitigating the Adverse Effects of Chilling Stress on “Seddik” Mango Transplants



Ibrahim Hmmam 1,*[image: Orcid], Amr E. M. Ali 1, Samir M. Saleh 2, Nagwa Khedr 1 and Abdou Abdellatif 1[image: Orcid]





1



Pomology Department, Faculty of Agriculture, Cairo University, 4, El-Gamaa St., Giza 12613, Egypt






2



Central Laboratory for Agricultural Climate (CLAC), Agriculture Research Center (ARC), 6, Michael Bakhom St., Dokki, Giza 12411, Egypt









*



Correspondence: ibrahim.s.hmmam@agr.cu.edu.eg; Tel.: +20-1006985497







Academic Editor: Juan Jose Rios



Received: 25 April 2022 / Accepted: 30 May 2022 / Published: 6 June 2022



Abstract

:

Salicylic acid (SA) was sprayed on “Seddik” mango transplants at concentrations of 0, 0.5, 1, and 1.5 mM. Then, the mango transplants were subjected to 72 h of chilling stress at 4 ± 1 °C, followed by a six-day recovery under greenhouse conditions. Untreated transplants exposed to chilling stress represented the positive control, while those not exposed were the negative control. SA-pretreated mango transplants were compared to the positive and negative controls, evaluating physiological and biochemical changes. The SA concentration of 1.5 mM L−1 was the most efficient in mitigating chilling injury (CI) in mango transplants by maintaining the integrity of the leaves’ cell membrane and minimizing electrolyte leakage (EL), specifically after six days of recovery. SA increased photosynthetic pigment content, total sugar content, and 2, 2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity and decreased proline and total phenolic content in the “Seddik” mango transplants’ leaves. After exposure to chilling stress, the antioxidant enzymes’ internal activities in SA-pretreated chilled mango transplants improved, especially on the sixth day of recovery, compared to the negative control; the transplants nearly attained normal growth levels. Thus, SA can protect plants against the adverse effects of chilling stress.
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1. Introduction


Mango (Mangifera indica L.), a tropical tree, is highly sensitive to low temperatures and needs protection against chilling damage. Mango grows very well in a warm, frost-free environment with a specified winter dry season. Mango’s optimum temperature ranges from 24 to 26.7 °C, with a minimum temperature of 10–12 °C, and chilling injury (CI) symptoms occur below these temperatures [1]. Currently, mango is experiencing CI during winter in Egypt, which affects its normal growth and development. According to the Central Laboratory for Agricultural Climate (CLAC) data, the minimum temperatures during the winter season have fluctuated over the last decade. This has caused cold symptoms in plants, specifically in tropical and subtropical fruit trees. Several cytological, biochemical, physiological, and molecular activities are altered due to chilling stress. They include photosynthesis, plasma membrane permeability, water status, osmotic balance, antioxidant activities, and other processes [2]. Many plant species have accrued SA when exposed to chilling stress. Salicylic acid (SA), an endogenous plant hormone, plays a vital role in growth, photosynthetic activity, and pigment content and has crucial physiological and biological roles in normal and stressed plants’ metabolism [3,4,5,6]. SA application improves CI tolerance in many fruit tree species, including apple [7], apricot [8], banana [9], citrus [10], guava [11], kiwifruit [12], loquat [13], mango [14], peach [15], cactus pear [16], plum [17], and pomegranate [18,19]. The vast majority of SA applications has the goal to alleviate CI to fruits during cold storage, and SA use to ease CI on fruit trees is very limited. Therefore, this study aimed to investigate SA role in mitigating the effects of chilling stress on Egyptian “Seddik” mango cultivar transplants.




2. Materials and Methods


This study was conducted during the 2021/2022 growing season at the Department of Pomology, Faculty of Agriculture, Cairo University, Egypt. All chemicals used in this study were reagent-grade and purchased from many worldwide suppliers (Bio Basic Inc., Markham, ON, Canada; Caisson Laboratories Inc., North Logan, UT, USA; Chem-Lab, Zedelgem, Belgium; Loba Chemie Pvt. Ltd., Maharashtra, India; Merck Ltd., Darmstadt, Germany; SDFCL, Chennai, India, and Sigma-Aldrich, Taufkirchen, Germany). Unless otherwise specified, all solutions were prepared in distilled water.



2.1. Greenhouse, Chilling Chamber Preparation, and Plant Materials


One-year-old mango (Mangifera indica L., cv. “Seddik”) transplants grafted on “Sukkary” rootstock were used. The selected plants had uniform sizes, received the recommended water amounts to prevent the development of water deficit, were supplemented with macro- and microelements, and were treated with suitable pesticides to prevent other biotic stresses. A greenhouse was prepared for mango transplants’ growth and recovery under normal growth conditions (25 °C/20 °C, day/night) before and after exposure to chilling. A chilling room was prepared to expose the mango transplants to chilling stress at 4 ± 1 °C. This temperature was determined based on the last decade’s data (Figure 1) provided by the Central Laboratory for Agricultural Climate (CLAC).




2.2. Exogenous Salicylic Acid Treatments and Chilling Stress Induction


Salicylic acid (SA) was sprayed 48 and 24 h before the chilling treatment for 3 d at different concentrations (0, 0.5, 1, and 1.5 mM) on uniform juvenile mango transplants of “Seddik” cultivar. SA was dissolved in a NaOH solution (0.002 N); the pH was adjusted to 6.8 before the treatment. Then, Tween 80 was added at 0.1% as a surfactant. Untreated (treated with tap water) transplants exposed to chilling represented the positive control, while untreated transplants not exposed to chilling and kept under greenhouse conditions (25 °C/20 °C, day/night) throughout the entire period were the negative control.



For chilling exposure, the transplants were transferred to the Agriculture Development Systems (ADS) project’s growth chamber, Faculty of Agriculture, Cairo University, at 4 ± 1 °C for 72 consecutive hours, followed by a period of six days of recovery under greenhouse conditions (25 °C/20 °C, day/night).




2.3. Measurements


Leaf samples were collected from the third to fifth leaf from the top of the transplant at 0 and 6 days after the culmination of the period of chilling exposure at 4 ± 1 °C for 72 consecutive hours. All treatments were assessed by the following measurements:



2.3.1. Defoliation


Defoliation percentage was estimated visually as the mean number of fallen leaves from each transplant with and without treatment after three weeks of chilling and compared to the initial mean number of leaves in each transplant.




2.3.2. Chilling Injury Index


Chilling injury (CI) was visually assessed after three weeks of exposure to chilling by employing the following scale: normal, no visible symptoms; trace, small necrotic areas on leaves but without growth restrictions (less than 5% of necrotic leaf area); slight, small necrotic areas on leaves (less than 15% of necrotic leaf area); moderate, well-defined necrotic areas on leaves (less than 30% of necrotic leaf area); and severe, extensive necrotic areas with severe growth restrictions (more than 50% of necrotic leaf area, plant still alive). By assigning a score of 1, 2, 3, 4, or 5, respectively, to each group, the average injury for each treatment was calculated [20].




2.3.3. Chlorophyll Content


Fresh leaf samples (0.25 g) were randomly chosen from three plants per replicate and homogenized in 20 mL of acetone (80% v/v). The absorbance was measured using a spectrophotometer (JENWAY 6300, Staffordshire, UK) at 663 and 646 nm, and the chlorophyll content was determined using the following equations [21]:


Chl a (mg g−1 fw) = 12.21 × A663 − 2.81 × A646










Chl b (mg g−1 fw) = 20.13 × A646 − 5.03 × A663










Total chlorophyll content (mg g−1 fw) = Chl a + Chl b












2.3.4. Chlorophyll Stability Index (CSI)


The CSI was determined by heating fresh leaf samples (0.25 g) in 20 mL of distilled water at 56 °C in a water bath for 30 min [22]. Normal and heated leaf samples were homogenized in 80% acetone, then the total chlorophylls content was computed as above; the CSI was determined by using the following formula:


CSI (%) = (Total chlorophyll without heating − Total chlorophyll after heating) × 100












2.3.5. Electrolyte Leakage (EL) and Membrane Stability Index (MSI)


Electrolyte leakage was determined to evaluate membrane permeability, following the procedure of Guo et al. [23] with some modifications. Ten leaf discs of randomly selected plants per replicate were taken from the youngest fully expanded leaf. Then, the discs were placed in a 50 mL falcon tube and washed three times with distilled water to remove surface contamination. Next, the discs were placed in a 50 mL falcon tube containing 20 mL of deionized water (Aquinity2 P10, MembraPure GmbH, Hennigsdorf, Germany) and incubated, at room temperature, for 24 h. The bathing solution’s (EC1) electrical conductivity (EC) was read after incubation using an electrical conductivity meter (BALRAMA, Digital EC Meter, New Delhi, India). Afterward, the same samples were placed into a boiling water bath for 20 min, and a second reading (EC2) was carried out after cooling the solution to room temperature. The EL was expressed as a percent value using the following formula:


EL (%) = (EC1/EC2) × 100











The membrane stability index (MSI) was computed based on electrolyte leakage data and expressed as a percent value using the following formula:


MSI (%) = [1 − (EC1/EC2)] × 100












2.3.6. Total Sugar Content


The total sugar content was determined utilizing the phenol–sulfuric acid method, according to Dubois et al. [24]. To this aim, 0.5 g of fresh leaf was homogenized in 20 mL of 80% ethanol (v/v). One mL ethanolic solution was mixed with 1 mL of 5% phenol dissolved in water (v/v), followed by the addition of 5 mL of concentrated sulfuric acid. The absorbance was read at 490 nm by a spectrophotometer (JENWAY 6300, Staffordshire, UK). A standard curve was generated, employing a pure glucose solution, and the total sugar content was expressed in mg glucose equivalent g−1 of fresh weight.




2.3.7. Total Phenolic Content


A fresh leaf sample (0.5 g) was extracted with 20 mL of 80% (v/v) methanol and then used for determining the total phenolic content. Total phenols were determined with a spectrophotometer, employing the modified Folin–Ciocalteu colorimetric method [25]. The methanolic extract (1 mL) was diluted 1:10, then mixed with 1 mL of Folin–Ciocalteu reagent in a test tube and allowed to stand for 6 min, followed by the addition of 5 mL of 1M Na2CO3 (w/v). Then, 3 mL of distilled water was added. The samples were incubated for 90 min at room temperature in the dark, and the absorbance at 760 nm was measured using the JENWAY 6300 spectrophotometer, Staffordshire, UK. The results were expressed as mg gallic acid (GAE) g−1 fw.




2.3.8. Proline Content


Proline content was determined using the Bates’s method [26]. Leaf tissue (0.5 g) was homogenized in 10 mL of 3% aqueous sulfosalicylic acid for 10 min, followed by filtration. Two milliliters of the filtrate were mixed with 2 mL of acid ninhydrin and 2 mL of glacial acetic acid, then placed in a boiling water bath for 1 h at 90 °C, and the reaction was completed in an ice bath. The developed color was extracted in 4 mL of toluene, and the intensity of the reaction mixture was determined spectrophotometrically (JENWAY 6300, Staffordshire, UK) at the wavelength of 520 nm. Proline concentration was determined from a standard curve and calculated on a fresh weight basis as follows: µmoles proline/g of fresh weight = [(µg proline/mL × mL toluene)/115.5 µg/µmole]/[(g sample)/5].




2.3.9. DPPH Free Radical Scavenging Assay


The antioxidant activity was assessed by the 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging method [27,28]. We added 2.4 mL of 0.1 mM DPPH to 1.6 mL of methanolic leaf extract, vortexed the mixture, and incubated it at room temperature in the dark. The absorbance of the samples was measured after 30 min at 517 nm using a spectrophotometer (JENWAY 6300, Staffordshire, UK). The percentage of DPPH scavenging activity was calculated as % inhibition of DPPH = (A517 control –A517 sample/A517 control) × 100.




2.3.10. Extraction and Determination of Antioxidant Enzymes Activity


We used about 0.5 g of fresh young mango leaves to determine the concentration of superoxide dismutase (SOD), catalase (CAT), peroxidase (POX), and polyphenol oxidase (PPO) enzymes. Crude enzyme extracts were prepared using ground fresh leaves samples in liquid nitrogen that were homogenized in 10 mL of phosphate buffer pH 6.8 (0.1 M) and then centrifuged at 2 °C for 20 min at 20,000 rpm in a refrigerated centrifuge. The clear supernatant was the crude enzyme extract [29].



	
Superoxide Dismutase (SOD) Activity






SOD (EC 1.15.1.1) activity was determined by measuring the inhibition of the auto-oxidation of pyrogallol by employing a method described by Marklund and Marklund [30]. We used a 10 mL reaction mixture consisting of 3.6 mL of distilled water, 0.1 mL of enzyme extract, 5.5 mL of 50 mM phosphate buffer (pH 7.8), and 0.8 mL of 3 mM pyrogallol (dissolved in 10 mM HCl). The pyrogallol reduction rate was measured at 325 nm with a UV–VIS spectrophotometer (PD 303, Apel Co., Ltd., Saitama, Japan). One unit of enzyme activity is the amount of the enzyme leading to 50% inhibition of the auto-oxidation rate of pyrogallol at 25 °C [31].



	
Catalase (CAT) Activity






Catalase (E.C.1.11.1.6) activity was assayed based on Chen et al. [32]. The reaction mixture with a final volume of 10 mL, containing 40 µL of enzyme extract, was added to 9.96 mL of H2O2 phosphate buffer pH 7.0 (0.16 mL of 30% H2O2 to 100 mL of 50 mM phosphate buffer). Catalase activity was measured as the change in H2O2 absorbance in 60 s against a buffer blank at 250 nm using a UV–VIS spectrophotometer (PD 303, Apel Co., Ltd., Saitama, Japan). The blank sample was made by using buffer instead of the enzyme extract. One unit of enzyme activity is the amount of the enzyme reducing 50% of H2O2 in 60 s at 25 °C [31].



	
Peroxidase (POX) Activity






Peroxidase (EC 1.11.1.7) activity was assayed in a reaction mixture containing 5.8 mL of 50 mM phosphate buffer pH 7.0, 0.2 mL of the enzyme extract, and 2 mL of 20 mM H2O2. The change in optical density was determined spectrophotometrically (PD 303, Apel Co., Ltd., Saitama, Japan) within 60 s at 470 nm at 25 °C after adding 2 mL of 20 mM pyrogallol [33]. One unit of enzyme activity is the amount of the enzyme catalyzing one micromole of H2O2 per minute at 25 °C [31].



	
Polyphenol Oxidase (PPO) Activity






Polyphenol oxidase (EC 1.10.3.1) activity was determined using 125 µmol of phosphate buffer (pH 6.8), 100 µmol of pyrogallols, and 2 mL of enzyme extract. After incubating the mixture for 5 min at 25 °C, the reaction was stopped by adding 1 mL of 5% H2SO4. The developed color was read spectrophotometrically at 430 nm (PD 303, Apel Co., Ltd., Saitama, Japan) [34].





2.4. Statistical Analysis


The experiment used a completely randomized design (CRD) with three replicates; each replicate contained four mango transplants. The statistical analysis was performed using the R software, version 4.0.5, R Core Team, Vienna, Austria [35]. The main treatment effects at each sampling time were analyzed, and the means were compared by Duncan’s multiple range tests [36] at a significance level of 0.05. Pearson’s correlation coefficient was also calculated to specify associations between any measured parameters at each sampling time in response to chilling and SA application.





3. Results and Discussion


The effects of the exogenous SA application on chilled “Seddik” mango transplants were observed. Defoliation percentages for all treatments, after 21 days of exposure to chilling stress, were significantly high (p ≤ 0.05) compared to those of the negative control (8.33%), but the chilled transplants pretreated with 1.5 mM L−1 SA yielded an acceptable defoliation percentage (23.33%). The positive control revealed the highest defoliation percentage (45.14%) after 21 days of exposure to chilling stress (Figure 2A). Chilling temperatures (lower than 10 °C) cause many physiological changes in chilling-sensitive plants, inducing CI and even mortality in tropical and subtropical species [37]. The plants exhibited a steady increase in leaf fall in the early stages of cold stress exposure and, as days progressed, they became even more defoliated [38]. Similarly, the chilling injury index (CII) of all chilled transplants not treated (positive control) or pretreated with SA was significantly higher (p ≤ 0.05) than that of the negative control (Figure 2B). Thus, SA pretreatment at 1 and 1.5 mM alleviated mango transplants’ CI symptoms (Figure 2E,F, respectively) compared with the positive control (Figure 2D). In fact, the application led to a vital reduction in CI incidence [2,39]. Exposure of the mango transplants to chilling stress for 72 h critically affected plant photosynthetic pigments, chlorophyll a, b, and total pigments, even in transplants pretreated with SA. However, after six days of recovery, the SA-treated mango transplants, specifically, those treated with SA at 1.5 mM, showed pigment values similar to those of the negative control (normal growth conditions). Hence, SA application mitigated the chilled mango transplants’ chilling stress during the recovery period (Figure 3A–C). The lowest total chlorophyll values were 8.99 and 8.87 mg g−1 for positive control treatment after zero and six days of chilling stress, respectively. Similarly, the chlorophyll stability index (CSI) was the lowest for the untreated transplants (positive control) exposed to chilling stress; SA increased mango leaves’ CSI compared with the positive control (Figure 3D).



Under low-temperature conditions, chlorophyll-degrading enzymes’ (chlorophyllases) activity increases, and their biosynthesis is inhibited, leading to a decrease in chlorophyll content in chilled plants [40,41].



The leaves’ low chlorophyll content at low temperatures can be interpreted as a lack of photosynthetic efficiency [42,43]. Moreover, the reduction in photosynthetic capacity at low temperatures is associated with a decrease in PSII quantum efficiency, the primary target of damage at low temperatures [1,44]. Chilling damage occurs when membranes acquire more saturated fatty acids due to the exposure to low temperatures [44,45,46]. In Figure 4A, it is discernible that the transplants exposed to chilling stress showed an increase in electrolyte leakage percentage after zero (52.99%) or six days (64.51%) compared to those pretreated with SA. The negative control recorded the lowest electrolyte leakage percentage values after zero (28.49%) and six days (28.05%) of exposure to chilling stress.



Contrarily, the membrane stability index was the highest for the negative control compared to the positive control, with the lowest values (47.01 and 35.49%) after zero and six days of chilling stress exposure, respectively (Figure 4B). Usually, electrolytes leakage is used to assess the chilling damage [47]. Guinn [48] suggested that the increase in electrolyte leakage is likely due to chilling-induced water stress. Furthermore, increased electrolyte leakage from chilled plants was attributed to membrane deterioration and corresponded to the presence of leaked inorganic and organic ions [46,49,50,51,52]. SA role in maintaining the fatty acids’ content and ratio in the cell membranes could explain its protection of the cell membrane structure [53]. Differences in total sugar content were not statistically significant but accrued gradually with increased SA concentrations, specifically, after six days of recovery, in the chilled mango transplants compared with the positive control (Figure 5A). Generally, plants amass many relevant solutes, such as soluble sugars and amino acids, in response to cold and other osmotic stresses [54,55,56]. During the recovery period, the highest significant (p ≤ 0.05) total phenolic content was recorded in the positive control, with 3.76 mg g−1, and the lowest (p ≤ 0.05) in the negative control, with 1.81 mg g−1. The same trend was also evident after exposure to chilling stress for all treatments (Figure 5B). The transplants pretreated with increased SA concentrations before being subjected to chilling had a lower proline content after zero or six days of stress exposure, as shown in Figure 5C. Rivero et al. [57] observed that mango tissues accrued phenolic compounds under cold stress. A decreased amount of phenolics was observed in SA-pretreated transplants, depicting the effect of SA in alleviating CI in mango under chilling. This finding agrees with Han et al. [58]. However, Wongsheree et al. [45] found that total phenolic compounds in lemon basil leaves, whether young or mature, were not affected by chilling stress exposure at 4 °C. Under cold stress, exogenous SA application caused an increase of soluble carbohydrates in Phaselous vulgaris [59]. SA treatment substantially increased solutes and total soluble sugars, and these osmolytes promoted cryostability in the cell membranes, protecting the plants from cold stress [60,61]. Moreover, the stress conditions increased proline metabolism, attributable to an increase in proline biosynthesis enzymes (pyrolline-5-carboxylate reductase and -glutamyl kinase) [62,63]. Sayyari et al. [64] reported that SA ameliorated CI by inhibiting proline accumulation; the variation in proline content in response to chilling stress primarily depended on the plant genotype [64,65].



Concerning DPPH radical-scavenging activity, SA application positively impacted the chilled mango transplants during recovery by enhancing the function of DPPH. It increased with increases in SA concentration, and the lowest value was measured for the positive control (Figure 5D). The induction of DPPH scavenging activity in chilled mango transplants by SA depended on the concentration applied. This was also observed for banana [66], mango [67,68], and lemons [69] when cold-exposed fruits were treated with SA. Under chilling conditions, SA pre-treatment reduced SOD activity in mango leaves (Figure 6A). After 72 h of exposure to chilling stress, SOD activity significantly (p ≤ 0.05) decreased compared to that in the negative control (0.81 U g−1) but significantly (p ≤ 0.05) increased with the gradual increase of SA concentration (0.65, 0.93, and 1.00 U g−1 with 0.5, 1, and 1.5 mM SA, respectively). The positive control exhibited the lowest significant (p ≤ 0.05) value (0.56 U g−1). This trend was also evident for the recovery period with fewer responses, whereas the negative control showed the highest (0.80 U g−1) and the lowest values (0.38 U g−1). The SOD values in chilled transplants pretreated with SA were 0.42, 0.61, and 0.64 U g−1 with 0.5, 1, and 1.5 mM SA, respectively. Similarly, chilling stress (positive control) significantly (p ≤ 0.05) reduced CAT activity during recovery compared to the negative control, but SA pre-treatment gradually increased CAT activity (p ≤ 0.05) in chilled mango transplants (Figure 6B). Under chilling conditions, POX activity in mango leaves was significantly (p ≤ 0.05) high for the positive control, reaching the highest value (0.73 U g−1) compared to the negative control (0.104 U g−1). As expected, SA pre-treatment gradually decreased POX activity after six days of chilling stress to its normal level (0.104 U g−1) with 1.5 mM L−1 SA treatment (Figure 6C).



Moreover, PPO activity in chilled mango leaves was also significantly (p ≤ 0.05) high after exposure to chilling. However, SA gradually decreased the enzyme activity by about half compared to the negative control. After six days of exposure to chilling stress, PPO activity in chilled mango leaves was significantly (p ≤ 0.05) higher, and the SA treatments significantly (p ≤ 0.05) reduced PPO activity until it approximately returned to the normal level compared to the negative control (Figure 6D).



The untreated mango leaves exhibited lower SOD and CAT enzyme activities after six days of chilling stress exposure than the treated ones. It implies less protection against membrane oxidation in untreated leaves [45]. Accordingly, a positive correlation between SOD and CAT enzyme activities was detected after zero (r = 0.34) and six days (r = 0.81) of chilling stress exposure (Figure 7A,B). Generally, SA treatment effectively alleviated the chilled mango transplants’ CI compared to the negative control, reaching the normal levels after six days of stress (recovery). These findings are aligned with those of Chen et al. [9] and Khademi et al. [66], who found that SA treatment effectively reduced banana CI by maintaining membrane integrity and improving antioxidants’ activity. SOD and CAT enzymatic activities exhibited the same trend. SOD, the primary line of defense against ROS-induced oxidative damages, catalyzes the dismutation of two superoxide radicals into H2O2 and O2. CAT converts H2O2 into H2O and O2. Still, POX enables H2O2 oxidation and yields water and another oxidizing molecule. This was evident in the highly positive significant correlation (p < 0.001) between POX enzyme activity and EL (r = 0.77) after 72 h of exposure to chilling stress (Figure 7A). PPO causes tissue browning in most horticultural crops by oxidizing phenolic compounds to quinones. CI alleviation by SA application decreased PPO activity and increased antioxidant systems and specific bioactive chemicals’ concentration, as reported for banana [70], cherry [71], litchi [72], pomegranate [18], and wax apple [73]. After six days of exposure to chilling, PPO had significant (p < 0.001) correlations with EL, total phenol, and proline (Figure 7B). Meanwhile, it showed strong negative correlations with MSI, plant photosynthetic pigments (chlorophyll a, b, and total), SOD, and CAT. SA treatment of cold-stressed plants altered the activities of different enzymatic antioxidants such as CAT, SOD, and POX [74,75]. In the correlation analysis, a significant positive correlation (p < 0.001) between CAT, chlorophyll a, b, MSI, SOD, and total sugar (Figure 7B) was found. SA was shown to enable some crops to recover from cold damage by regulating antioxidative mechanisms [39,59,76,77].




4. Conclusions


The results revealed that exogenous SA application minimized the adverse effects of chilling in local mango transplants of the “Seddik” cultivar, as evidenced by reduced membrane damage and enhanced endogenous production of photosynthetic pigments, total sugar, and DPPH. SA also reduced the content of total phenolic compounds and proline and regulated the activity of antioxidant enzymes, including SOD, CAT, PPO, and POX, especially during the recovery period. These findings suggest that exogenous SA treatment can help mango transplants recover from chilling stress damage.
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Figure 1. Minimum mean January, February, and March temperatures (open-air temperature) during the last decade in Giza district, Egypt. 
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Figure 2. Defoliation percentage for each treatment after 21 days of chilling stress (A), chilling injury index (B), chilling injury (CI) symptoms in mango transplants, negative control (C), CI symptoms in chilled mango transplants, positive control (D), CI symptoms in chilled mango transplants pretreated with 1 mM SA (E) and 1.5 mM SA (F). Bars with different letters represent significantly different data at 95% confidence, as determined by Duncan’s Multiple Range Test. Error bars represent the standard deviation. 
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Figure 3. Changes in leaf chlorophyll content; chlorophyll a content (A); chlorophyll b content (B); total chlorophyll (C), and chlorophyll stability index (D) in mango transplants under the studied treatments. Different lower-case letters indicate statistical differences between treatments at zero days after 72 h of chilling stress exposure, while the upper-case letters indicate significant differences between treatments at six days at 95% confidence, as determined by Duncan’s Multiple Range Test. Error bars represent the standard deviation. 
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Figure 4. Changes in electrolyte leakage (A) and membrane stability index (B) of mango transplants’ leaves under the studied treatments. Different lower-case letters indicate statistical differences between treatments at zero days after 72 h of chilling stress exposure, while the upper-case letters indicate significant differences between treatments at six days at 95% confidence, as determined by Duncan’s Multiple Range Test. Error bars represent the standard deviation. 
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Figure 5. Changes in total sugar (A), total phenolic content (B), proline content (C), and DPPH (D) in mango transplant leaves. Different lower-case letters indicate statistical differences between treatments at zero days after 72 h of chilling stress exposure, while the upper-case letters indicate significant differences between treatments at six days at 95% confidence, as determined by Duncan’s Multiple Range Test. Error bars represent the standard deviation. 
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Figure 6. Changes in the activities of superoxide dismutase (A), catalase (B), peroxidase (C), and polyphenol oxidase (D) in mango transplant leave. Different lower-case letters indicate statistical differences between treatments at zero days after 72 h of chilling stress exposure, while the various upper-case letters indicate significant differences between treatments at six days at 95% confidence, as determined by Duncan’s Multiple Range Test. Error bars represent the standard deviation. 
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Figure 7. Pearson’s correlation coefficient analysis for each sampling time, (A) for day zero and (B) for day six after 72 h of chilling stress exposure. R is presented in different colors; the legend shows the color range of different R values with * p < 0.05, ** p < 0.01, and *** p < 0.001 as indicators of statistical significance. 
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