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Abstract

:

Grafting with pumpkin rootstock could improve chilling tolerance in watermelon, and salicylic acid (SA) as a signal molecule is involved in regulating plant tolerance to chilling and other abiotic stresses. To clarify the mechanism in pumpkin rootstock-induced systemic acquired acclimation in grafted watermelon under chilling stress, we used self-grafted (Cl/Cl) and pumpkin rootstock-grafted (Cl/Cm) watermelon seedlings to study the changes in lipid peroxidation, photosystem II (PSII) activity and antioxidant metabolism, the spatio–temporal response of SA biosynthesis and H2O2 accumulation to chilling, and the role of H2O2 signal in SA-induced chilling tolerance in grafted watermelon. The results showed that pumpkin rootstock grafting promoted SA biosynthesis in the watermelon scions. Chilling induced hydrolysis of conjugated SA into free SA in the roots and accumulation of free SA in the leaves in Cl/Cm plants. Further, pumpkin rootstock grafting induced early response of antioxidant enzyme system in the roots and increased activities of ascorbate peroxidase and glutathione reductase in the leaves, thus maintaining cellular redox homeostasis. Exogenous SA improved while the inhibition of SA biosynthesis reduced chilling tolerance in Cl/Cl seedlings. The application of diphenyleneiodonium (DPI, inhibitor of NADPH oxidase) and dimethylthiourea (DMTU, H2O2 scavenger) decreased, while exogenous H2O2 improved the PSII activity in Cl/Cl plants under chilling stress. Additionally, the decrease of the net photosynthetic rate in DMTU- and DPI-pretreated Cl/Cl plants under chilling conditions could be alleviated by subsequent application of H2O2 but not SA. In conclusion, pumpkin rootstock grafting induces SA biosynthesis and redistribution in the leaves and roots and participates in the regulation of antioxidant metabolism probably through interaction with the H2O2 signal, thus improving chilling tolerance in watermelon.
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1. Introduction


Watermelon (Citrullus lanatus) is a warmth-loving plant originating from tropical Africa. It requires a higher temperature in the whole process of growth and development, being not resistant to temperatures below 15 °C. Watermelon plants usually suffer from chilling (0~15 °C) or freezing (<0 °C) stress when grown in the greenhouse in winter and early spring. As a stress factor affecting crop yield and quality, low temperature will cause a series of visible symptoms such as leaf wilting, chlorosis, or necrosis accompanied by many changes in physiological and biochemical cell functions [1]. Grafting, as important agricultural production technology, has been widely used in the production of horticultural crops to overcome soil-borne diseases caused by continuous cropping and improve the adaptability of horticultural crops to abiotic stresses such as low temperature.



Grafting tomatoes onto a cold-tolerant wild species increased the relative growth rate of shoots due to higher root mass ratios at suboptimal (15 °C) air/root zone temperatures [2]. The phytohormones of abscisic acid (ABA) and cytokinins (CTKs) were reported to transport from chilling-tolerant figleaf gourd (Cucurbita ficifolia) roots and protect leaf photosynthesis in chilling-sensitive cucumber plants [3]. Li et al. [4] found that under sub-optimal conditions, figleaf gourd rootstock with low-temperature tolerance induced increased expression of stress-responsive genes and activities of antioxidant enzymes, thus improving the photosynthetic efficiency of grafted cucumber plants. For watermelons, the most commonly used grafting rootstocks are pumpkins and gourds. Watermelon (‘Zaojia 8424’) grafted onto cold-tolerant gourds showed higher chlorophyll and proline content and lower malondialdehyde (MDA) content accompanied by enhanced antioxidant activity and higher expression of enzymes related to the Calvin cycle under cold stress [5]. Further, increased accumulation of melatonin, methyl jasmonate (MeJA), and hydrogen peroxide (H2O2) were observed in pumpkin or figleaf gourd-grafted watermelon plants, and the melatonin-MeJA self-amplifying feedback loop combined with H2O2 signal demonstrated a novel regulatory mechanism of rootstock-induced cold tolerance in watermelon [6].



As a phenolic phytohormone and signal molecule widely present in higher plants, salicylic acid (SA) affects water metabolism, mineral nutrient absorption, and photosynthesis, and participates in regulating physiological processes such as seed germination, flowering, and ion transmembrane transport [7,8]. In plants, SA biosynthesis has now been fully known to originate from two pathways: the isochorismate synthase (ICS) pathway and the phenylalanine ammonia–lyase (PAL) pathway [9,10,11]. Both are biosynthetic pathways starting in plastids from chorismate and then transferring to cytosol to finally synthesize SA [12]. ICS is the major pathway, contributing to more than 90% of SA biosynthesis involving ICS enzyme and Enhanced Disease Susceptibility 5 (EDS5)-, avrPphB Susceptible 3 (PBS3)-, and Enhanced Pseudomonas Susceptibility 1 (EPS1)-encoded enzymes [9,13]. Additionally, plants utilize the PAL pathway to synthesize a minor fraction (~10%) of SA [12]. Recent studies have found that SA plays a regulatory role in abiotic stresses, and exogenous SA treatment can improve plant tolerance to drought, low/high temperature, salinity, heavy metals, and other stresses [14,15,16,17]. In addition, low temperature induced the increased accumulation of endogenous free and conjugated SA in cucumber and watermelon plants, which was attributed to the increased gene expression and enzyme activities of PAL and benzoic acid 2-hydroxylase (BA2H) [18,19]. Co-inoculation of arbuscular mycorrhizal fungi and the plant growth-promoting rhizobacteria was reported to improve growth and photosynthesis by increasing the activity of PAL and accumulation of phenols and flavonoids in tobacco under drought stress [20]. Moreover, increased phenols content and improved growth were observed in exogenous melatonin-pretreated mallow plants under cadmium stress, which could be due to the induction of PAL activity and an increase in shoot soluble carbohydrates [21]. Glutathione and ascorbic acid in cells are important buffering agents that regulate cell redox homeostasis and prevent redox state imbalance caused by changes in environmental conditions [22]. Interestingly, evidence indicates that SA interplayed with reactive oxygen species (ROS) and glutathione in stressed plants to induce defense responses [23]. However, how endogenous SA responds to chilling stress in grafted watermelon plants and whether SA mediates chilling tolerance of grafted watermelon by changing the cellular redox status has not been illustrated.



In order to clarify the mechanism of pumpkin rootstock grafting in improving chilling tolerance of watermelon, we investigated the spatio–temporal response of chlorophyll fluorescence, membrane lipid peroxidation, antioxidant enzyme activities, cellular redox status, SA biosynthesis, and H2O2 accumulation to chilling stress in self-grafted and pumpkin rootstock-grafted watermelon plants. Additionally, by using SA biosynthesis inhibitor and H2O2 inhibitors, we found that the chilling tolerance in pumpkin rootstock-grafted watermelon depended on the interaction between the H2O2 signal and SA.




2. Materials and Methods


2.1. Plant Materials and Experimental Design


Watermelon inbred line [Citrullus lanatus (Thunb.) Matsum. and Nakai var. lanatus] ‘97103’ was taken as scion and ‘Qingyan No.1’ pumpkin was taken as rootstock. Pumpkin rootstock-grafted seedlings (Cl/Cm) and watermelon ‘97103’ self-grafted seedlings (Cl/Cl) were obtained using hole insertion grafting method. Seedlings were grown at 28/18 °C (day/night), photoperiod of 12 h/12 h, light intensity of 300 μmol m−2 s−1, and relative humidity of 70~85%. When the scion grew to four-leaf stage, half of the Cl/Cm or Cl/Cl seedlings were treated under 10/5 °C (day/night) as chilling stress, and the other halves were still grown under 28/18 °C (day/night) as control. After 0, 1, 3, 5, and 7 days of low-temperature treatment, leaf chlorophyll fluorescence was measured and leaf and root samples were taken at indicated times, respectively. After freezing with liquid nitrogen, the samples were stored at −80 °C before lipid peroxidation, antioxidant, SA content, PAL activity, and H2O2 accumulation assays.



To examine the effects of exogenous SA on chilling tolerance of grafted watermelon seedlings, 2/3 of the Cl/Cl or Cl/Cm seedlings at the four-leaf stage were pretreated with water. While 1/3 of the Cl/Cl or Cl/Cm seedlings were pretreated with 50 µM SA. After 24 h, half of the water-treated and totally SA-treated Cl/Cl or Cl/Cm plants were placed in growth chambers at 10/5 °C for 5 days. The remaining water-treated Cl/Cl or Cl/Cm plants were maintained in a growth chamber at 28/18 °C to serve as the control. The chlorophyll fluorescence imaging was taken at 0, 1, 3, 5 d after chilling stress. Further, endogenous SA biosynthesis was inhibited by spraying with 50 μM L-α-aminooxy-β-phenylpropionic acid (AOPP), and SA recovery experiment for chilling tolerance in Cl/Cl seedlings was conducted as previously described [19].



To examine the role of H2O2 signaling in SA-induced chilling tolerance, firstly, Cl/Cl seedlings were sprayed with 1 mM H2O2, 20 µM diphenyleneiodonium (DPI, an NADPH oxidase inhibitor) and 20 mM dimethylthiourea (DMTU, a H2O2 and •OH scavenger), respectively, prior to chilling stress [24], and leaf chlorophyll fluorescence was measured after 3 days of chilling stress. Secondly, the DPI- and DMTU-pretreated plants were subsequently sprayed with water, H2O2, or SA before cold treatment, and photosynthetic gas exchange was again determined after 3 days of chilling stress. For all the exogenous spraying treatments, Tween-20 was mixed into each solution and an aliquot of 10 mL was applied per plant using a plastic sprayer.




2.2. Analysis of Chlorophyll Fluorescence and Photosynthetic Gas Exchange


Chlorophyll fluorescence at the whole area of the third leaf from the bottom was measured by using Pulse-Amplitude Modulation (PAM) imaging (MAXI; Heinz Walz, Effeltrich, Germany). The seedlings were adapted in the dark for at least 30 min before the measurements were taken. The intensities of the actinic light and saturating light were set at 280 and 4000 μmol m−2 s−1, respectively. The maximum quantum yield of PSII (Fv/Fm) and effective quantum yield of PSII (ΦPSII) were measured and calculated in accordance with the method described by [25]. Fv/Fm = (Fm − Fo)/Fm and ΦPSII = (F’m − Fs)/F’m. The net photosynthetic rate (Pn) was measured between 9:00–12:00 in the morning with an open gas exchange system (LI-6400 XT; Li-Cor, Lincoln, NE, USA) on the third leaf of each plant with a CO2 concentration of 410 µmol mol−1, a photosynthetic photon flux density of 300 µmol m−2 s−1, a leaf temperature of 25 ± 1.5 °C, and a relative air humidity of 80–90%.




2.3. Determination of Lipid Peroxidation and Antioxidant Enzyme Activities


For lipid peroxidation and antioxidant enzyme assays, leaf or root tissues (0.3 g) were ground with a 2 mL ice-cold buffer containing 50 mM phosphate-buffered saline (pH 7.8), 0.2 mM EDTA, 2 mM L-ascorbic acid, and 2% (w/v) polyvinylpyrrolidone. Homogenates were centrifuged at 12,000× g for 20 min, and the resulting supernatants were used to determine the MDA content and enzyme activities. The samples for MDA determination were mixed with 10% trichloroacetic acid that contained 0.65% 2-thiobarbituric acid (TBA) and heated at 95 °C for 25 min. Then, MDA equivalents were corrected for the non-MDA compounds by subtracting the absorbance at 532 nm of a TBA-less solution that contained the plant extract [26]. Catalase (CAT) activity was measured as a decline in A240 in accordance with the method described by Patra et al. [27]. Peroxidase (POD) activity was measured as an increase in A470 by using guaiacol as a substrate [28]. Ascorbate peroxidase (APX) activity was measured as a decrease in A290, as described by [29]. Glutathione reductase (GR) activity was measured based on the decrease of NADPH at A340 according to Halliwell and Foyer [30]. Total antioxidant capacity (T-AOC) was determined with the ability to reduce Fe3+ to Fe2+, as previously described [19]. All spectrophotometric analyses were conducted on an Infinite M200 PRO Multi-Detection Microplate Reader (Tecan, Männedorf, Zürich, Switzerland).




2.4. Measurements of Glutathione and Ascorbate Contents


For the measurement of reduced glutathione (GSH) and oxidized glutathione (GSSG), plant leaf tissue (0.3 g) was homogenized in 2 mL of 6% metaphosphoric acid containing 2 mM EDTA and centrifuged at 4 °C for 10 min at 12,000× g. After neutralization with 0.5 M phosphate buffer (pH 7.5), 0.1 ml of the supernatant was added to a reaction mixture containing 0.2 mM NADPH, 100 mM phosphate buffer (pH 7.5), 5 mM EDTA, and 0.6 mM 5,5′-dithio-bis (2-nitrobenzoic acid). The reaction was initiated by adding 3 U of GR and was monitored by measuring the changes in absorbance at 412 nm for 1min. For the GSSG assay, GSH was masked by the addition of 40 μL of 2-vinylpyridine to the neutralized supernatant, whereas 40 μL of water was added for the total glutathione assay. The GSH concentration was obtained by subtracting the GSSG concentration from the total concentration [31].



Reduced (AsA) and oxidized (DHA) forms of ascorbate were measured following Law et al. [32]. The total AsA was determined by initially incubating the extract for 50 min with 200 mM phosphate buffer solution (pH 7.4) and 1.5 mM dithiothreitol (DTT) to reduce all DHA to AsA. After incubation, 200 µL of 0.5% (w/v) N-ethylmaleimide (NEM) was added to remove excess DTT. AsA was analyzed in a similar manner except that 400 µL deionized H2O was substituted for DTT and NEM. Color was developed in both series of reaction mixtures (total and reduced ascorbate) with the addition of 400 µL 10% (w/v) trichloroacetic acid, 400 µL 44% ο-phosphoric acid, 4% α′-dipyridyl in 70% ethanol, and 200 µL 3% (w/v) FeCl3. The reaction mixtures were then incubated at 40 °C for 40 min in a water bath and the absorbance was recorded at 525 nm. The DHA concentration was obtained by subtracting the AsA concentration from the total concentration.




2.5. Measurements of SA Content and PAL Activity


Free and conjugated SA measurements in leaf and root tissues were conducted using a rapid biosensor-based method, as described by DeFraia et al. [33]. Leaf tissues were ground in liquid nitrogen and then left at room temperature for 5 min. Acetate buffer (0.1 M, pH 5.6) was added at a ratio of 2.5 μL/mg tissue at room temperature before samples were mixed and centrifuged for 15 min at 16,000× g. Half (100 μL) of the supernatant was stored on ice for free SA measurement, and the other half was incubated at 37 °C for 90 min with 4 U of β-glucosidase (3.2.1.21, Sigma-Aldrich, St. Louis, MO, USA) for conjugated SA measurement. An overnight biosensor culture of Acinetobacter sp. ADPWH_lux was diluted in 37 °C LB (1:20) and grown for ~3 h at 200 rpm to an OD600 of 0.4. Up to 20 μL of crude extract that was stored at room temperature (20–22 °C) was added to 60 μL of LB and 50 μL of biosensor culture in a black 96-well cell culture plate. The plate was incubated at 37 °C for 1 h without shaking before luminescence was read on an Infinite M200 Pro Multi-Detection Microplate Reader (Tecan, Männedorf, Zürich, Switzerland).



For the PAL activity, leaf or root tissues (0.3 g) were ground in liquid nitrogen and then added with 1.5 mL of ice-cold buffer containing 50 mM Tris-HCl (pH 8.5), 5 mM EDTA, 15 mM β-mercaptoethanol, 1 mM 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), and 0.15% (w/v) polyvinylpyrrolidone (PVP). Homogenates were centrifuged at 12,000× g for 20 min at 4 °C, and the resulting supernatants were used to determine PAL activity on the basis of the formation of trans-cinnamic acid monitored at 290 nm [34].




2.6. Determination of Electrolyte Leakage


Electrolyte leakage of the third fully expanded leaves was measured after chilling stress according to Hong et al. [35] with minor modifications. Briefly, 0.1 g of leaf samples were cut into 1-centimeter2 fragments, rinsed with deionized water, and then shaken for 3 h at 22 °C. The electrolyte leakage was calculated by the percentage of conductivity before (EL1) and after (EL2) boiling of the leaf fragments. Electrolyte leakage (%) = EL1/EL2 × 100.




2.7. Determination of H2O2 Content


To determine the H2O2 content, 0.3-gram leaf tissues were sampled and ground in 3 mL of 1 M HClO4. Then, the mixture was transferred to a 10-mililiter plastic tube. The homogenate was centrifuged at 6000× g for 5 min at 4 °C and the supernatant was collected, adjusted to pH 6.0 with 4 M KOH, and centrifuged at 110 g for 1 min at 4 °C. The supernatant was placed onto a AG 1-X8 prepacked column (Bio-Rad, Hercules, CA, USA), and H2O2 was eluted with 4 mL of double-distilled H2O. The sample (800 μL) was mixed with 400 μL of reaction buffer containing 4 mM 2,2′-azino-di (3-ethylbenzthiazoline-6-sulfonic acid) and 100 mM potassium acetate at pH 4.4, 400 μL of deionized water, and 0.25 U of horseradish peroxidase. The H2O2 content was measured at OD412 [36].




2.8. Statistical Analysis


The experiment involved a completely randomized block design with four replicates, and each replicate consisted of 10 grafted watermelon seedlings. Statistical analysis was performed using the SAS statistical package. The differences between the treatment means were separated using Tukey’s test at a significance level of p < 0.05.





3. Results


3.1. Pumpkin Rootstock Alleviated the Oxidative Damage Caused by Chilling Stress in Grafted Watermelon Seedlings


At normal temperature (28/18 °C), the MDA content in leaves and roots of pumpkin rootstock-grafted (Cl/Cm) seedlings was similar to that of watermelon self-grafted (Cl/Cl) seedlings (Figure 1A,B). However, MDA content in leaves and roots of Cl/Cl seedlings increased significantly after chilling stress, while the content in Cl/Cm seedlings showed no significant accumulation after five days of chilling treatment. At seven days of chilling stress, the MDA content in leaves and roots of Cl/Cl seedlings increased by 154.55% and 67.50%, respectively compared with the control. By contrast, 56.67% increase in leaves and 47.50% increase in roots in MDA content were observed in Cl/Cm plants in comparison with control (Figure 1A,B). Similarly, the Fv/Fm and ΦPSII, two popular metrics for quantifying photo-oxidative stress, in the leaves of Cl/Cl and Cl/Cm seedlings showed no significant differences and remained relatively stable at normal temperature (Figure 1C,D). The Fv/Fm decreased promptly in Cl/Cl seedlings after one day of chilling stress, while that in Cl/Cm seedlings decreased more sluggishly in chilling-stressed plants compared with control (Figure 1C). As shown in Figure 1E, the image of Fv/Fm showed more serious photo-oxidative damage in Cl/Cl leaves compared with Cl/Cm leaves after seven days of chilling stress. Additionally, the ΦPSII showed constant decrease in Cl/Cl seedlings within seven days of chilling stress, while that in Cl/Cm seedlings decreased slightly in comparison with control (Figure 1D). These results indicated that pumpkin rootstock alleviated the oxidative damage of chilling stress in grafted watermelon seedlings.




3.2. Chilling-Induced Changes in Antioxidant Enzyme System and Cellular Redox Homeostasis in Grafted Watermelon Seedlings


To investigate the antioxidative response to chilling stress in Cl/Cl and Cl/Cm seedlings, we examined the changes in activities of four antioxidant enzymes and total antioxidant capacity (T-AOC). The activities of CAT, POD, APX, GR, and T-AOC of the roots increased significantly in Cl/Cm seedlings, peaked at one day after chilling stress. However, the activities of POD, APX, GR, and T-AOC, except for CAT decreased gradually with chilling treatment in the roots of Cl/Cl seedlings (Figure 2B,D,F,H,J). After 1 d of chilling treatment, the CAT activity in leaves of Cl/Cl and Cl/Cm seedlings increased significantly, then decreased under the level of control after three days of chilling stress (Figure 2A). Interestingly, the activities of APX and GR increased significantly and peaked at three days of chilling treatment in the leaves of both Cl/Cl and Cl/Cm seedlings, with the highest level in chilling-stressed Cl/Cm leaves (Figure 2E,G). On the contrary, POD activity in the leaves of Cl/Cl and Cl/Cm plants showed lower levels of control within the seven days of chilling stress (Figure 2C). The T-AOC reached the highest level in leaves of Cl/Cm plants after five days of chilling treatment, then decreased to a similar level of that in leaves of Cl/Cl plants after seven days of chilling treatment (Figure 2I).



Glutathione and ascorbate are important non-enzymatic antioxidants and play pivotal roles in cellular redox homeostasis. In the present study, no significant differences were observed in the content of GSH and GSSG, and GSH/GSSG ratio between Cl/Cl and Cl/Cm leaves at normal temperature (Figure 3A,C,E). Chilling induced a significant increase in the GSH content and peaked at three days in stressed Cl/Cm plants compared with control. However, the GSH content in Cl/Cl leaves showed minor changes in response to chilling stress (Figure 3A). Importantly, the GSSG was shown to accumulate after three days of chilling stress in both Cl/Cl and Cl/Cm leaves with a higher level in Cl/Cl plants (Figure 3C). Therefore, the ratio of GSH/GSSG in leaves of Cl/Cm plants increased significantly and peaked at three days of chilling treatment. While the GSH/GSSG ratio in Cl/Cl leaves decreased as a result of the increased accumulation of GSSG under chilling stress (Figure 3E). Moreover, the AsA content continuously increased in both Cl/Cl and Cl/Cm leaves within seven days of chilling stress, with a higher level in Cl/Cm plants (Figure 3B). On the contrary, chilling induced a significant decrease of DHA content at one day or three days of chilling stress in Cl/Cl and Cl/Cm leaves, respectively (Figure 3D). As a result, a significant increase in the ratio of AsA/DHA in Cl/Cl and Cl/Cm leaves was observed at one day or three days of chilling stress, respectively (Figure 3F). These results suggested that pumpkin rootstock induced early response of antioxidant enzyme system in the roots under chilling stress, and the subsequently increased activities of the antioxidant enzyme system and changes in cellular redox status in the leaves jointly regulated chilling tolerance of grafted watermelon.




3.3. SA Was Involved in the Regulation of Chilling Tolerance in Pumpkin Rootstock-Grafterd Watermelon Seedlings


To determine the role of SA in chilling stress response in grafted watermelon plants, we examined the free and conjugated SA contents in the leaves and roots of Cl/Cl and Cl/Cm seedlings during chilling stress (Figure 4). At normal temperature, the content of free and conjugated SA in leaves and roots of Cl/Cm plants was significantly higher than that of Cl/Cl plants (Figure 4A,C). The content of free and conjugated SA in the roots of Cl/Cl plants increased slightly and then decreased under the level of control after seven days of chilling stress, while the free and conjugated SA in the roots of Cl/Cm plants showed increased and decreased accumulation in response to chilling stress, respectively (Figure 4C,D). Under chilling conditions, the content of free SA in leaves of both Cl/Cm and Cl/Cl plants continued to increase, while the content of conjugated SA did not change significantly compared with the control (Figure 4A,B). These results indicated that pumpkin rootstock induced SA biosynthesis in the leaves and roots of grafted watermelon seedlings, and chilling induced hydrolysis of conjugated SA into free SA in the roots combined with increased accumulation of free SA in the leaves of Cl/Cm plants, probably serve to improve chilling tolerance. In addition, the activity of PAL in the leaves of Cl/Cm plants was significantly higher than that in Cl/Cl plants under normal temperature (Figure 5A). Chilling induced a significant increase in PAL activity in the leaves and roots of Cl/Cl and Cl/Cm plants, which showed that PAL activity in the roots of Cl/Cm plants peaked at three days of chilling stress in comparison with control (Figure 5).



The Fv/Fm and electrolyte leakage are commonly used indicators to evaluate chilling tolerance in plants. Here, we analyzed the SA-induced changes in Fv/Fm and electrolyte leakage after chilling stress (Figure 6). Water and 50 μM of SA were pretreated before the Cl/Cl and Cl/Cm seedlings were exposed at 10/5 °C for five days. As shown in Figure 6A, the images of Fv/Fm in the leaves of Cl/Cl and Cl/Cm seedlings exhibited no significant differences when grown at normal temperature. Chilling induced a substantial decrease in Fv/Fm in water-treated Cl/Cl plants, while SA pretreatment alleviated the PSII damage in Cl/Cl plants as indicated by better performance of Fv/Fm imaging. Furthermore, the mitigation of PSII damage in pumpkin rootstock-grafted Cl/Cm plants under chilling stress was compromised in SA-pretreated Cl/Cl and Cl/Cm plants, implying an important role of SA in pumpkin rootstock-induced chilling tolerance. The electrolyte leakage in self-grafted Cl/Cl leaves in response to chilling stress was also determined by altering the cellular SA levels (Figure 6B). Chilling induced 172.8% increase in the electrolyte leakage in water-treated Cl/Cl plants, while SA pretreatment alleviated the electrolyte leakage in chilling-stressed Cl/Cl leaves. Exogenous treatment of 50 μM AOPP (inhibitor of SA biosynthesis) induced 257.4% increase in the electrolyte leakage in chilling-stressed Cl/Cl plants as compared with the control. However, the increase of electrolyte leakage in AOPP-treated leaves was compromised by the subsequent application of SA under chilling stress (Figure 6B).




3.4. The H2O2 Signal Was Involved in SA-Induced Chilling Tolerance in Grafted Watermelon Seedlings


Cellular ROS signaling plays important roles in the acclimation of plants to various abiotic stresses. We used different concentrations of DPI (inhibitor of NADPH oxidase), DMTU (H2O2 scavenger), and exogenous H2O2 to examine the role of H2O2-induced chilling tolerance in self-grafted Cl/Cl plants (data not shown). Our results showed that 20 μM DPI and 20 mM DMTU significantly inhibited the PSII activity and increased the sensitivity of Cl/Cl seedlings to chilling stress as indicated by lower values of Fv/Fm imaging compared with water-treated plants (Figure 7A). On the contrary, exogenous spraying of different concentrations of H2O2 effectively improved the PSII activity in chilling-stressed Cl/Cl seedlings (data not shown), and the optimal H2O2 concentration to protect the leaves from photo-oxidative damage was 1mM (Figure 7A). These results suggested that H2O2 could reduce PSII damage in watermelon leaves under chilling stress, and thus enhances the chilling tolerance of watermelon. We also detected the H2O2 content in response to chilling stress in grafted watermelon leaves (Figure 7B). The results showed that the H2O2 content in Cl/Cl and Cl/Cm plants remained stable within seven days at normal temperature (28/18 °C). However, H2O2 accumulation in Cl/Cl seedlings was continuously induced by chilling stress, while that in Cl/Cm seedlings peaked at one day of chilling treatment, and then began to decrease under the level of control within seven days of chilling stress (Figure 7B). Therefore, we speculated that H2O2 signal was likely involved in the early response of grafted watermelon to chilling stress and played a role in the downstream of SA to regulate chilling tolerance in pumpkin rootstock-grafted watermelon plants.



We used self-grafted Cl/Cl seedlings as materials to study the role of H2O2 in SA-induced chilling tolerance in grafted watermelon plants (Figure 7C). The Pn in Cl/Cl leaves decreased significantly under chilling stress in comparison with control (28/18 °C). DMTU and DPI pre-treatment further reduced the Pn in chilling-stressed Cl/Cl leaves, and subsequent exogenous H2O2 treatment could effectively alleviate the decrease of Pn under chilling stress. Importantly, the role of SA-induced increase in Pn under chilling conditions was eliminated in DMTU and DPI pre-treated Cl/Cl plants, respectively (Figure 7C). These results suggested that the H2O2 signal was involved in SA-regulated chilling tolerance in pumpkin rootstock-grafted watermelon plants.





4. Discussion


4.1. SA Biosynthesis Participates in Chilling Stress Response in Grafted Watermelon Plants


SA in plants exists in two main forms: its active free form and its inactive vacuolar storage form, including SA glucoside (SAG) and SA glucose ester (SGE). Conjugated SAG and SGE accumulate in the cell vacuoles in large quantities and can form active, usable forms by hydrolysis [37]. Promoted SA biosynthesis due to pathogen attack played important roles in the regulation of defense response in Arabidopsis, tobacco, and citrus fruit [38,39,40]. Additionally, SA functions as a signal of several types of abiotic stresses such as high light exposure, salinity, drought, and low temperature [16,41,42,43]. Here, our results demonstrated that chilling induced a significant increase in free SA in both the leaves and roots of Cl/Cm plants (Figure 4A,C). Similarly, higher SA accumulation was observed in the leaves, roots, and xylem sap of pumpkin rootstock-grafted than self-grafted cucumber plants due to increased expression of PAL, ICS, and SABP2 genes involved in SA biosynthesis and activity of PAL under chilling stress [44]. Furthermore, our previous iTRAQ-based quantitative proteomic study showed a more significant accumulation of PAL protein (Cla008727) in pumpkin rootstock-grafted than self-grafted watermelon plants after exposure to chilling for 48 h [45]. The virus-induced gene silencing of PAL in cotton plants showed reduced levels of both free SA and SAG content, suggesting that the SA biosynthesis is critically dependent on the PAL pathway [46]. Many chemical modifications of SA can occur in cells, and glucose conjugation at the hydroxyl group of SA leads to the biosynthesis of inactive SAG which is stored in the vacuolar [47]. In the present study, a significant decrease in the conjugated SA content was shown in the roots of Cl/Cm plants (Figure 4D), implying the possible formation of active free SA from hydrolyzed SAG in the roots under chilling conditions. Several studies support the notion that both N-hydroxy-pipecolic acid and SA are mobile between local and systemic tissue in Arabidopsis and tobacco for systemic acquired resistance (SAR) [48,49,50,51]. Accordingly, chilling-stimulated free SA accumulation in the watermelon leaves probably came from the transport of SA from the pumpkin rootstock (Figure 4A,C). These results thus suggest a potential role of SA biosynthesis in the systemic regulation of chilling tolerance in grafted watermelon plants at transcriptional, translational, and subcellular levels.




4.2. Differential Response of Antioxidant Enzyme System and Cellular Redox Homeostasis Synergistically Function in Pumpkin Rootstock-Induced Chilling Tolerance in Watermelon


Several types of ROS including Superoxide (O2•−), hydroxyl (•OH), singlet oxygen (1O2), and H2O2 are important for plants and play a dual role under various abiotic stresses; a small amount of those acts as a signal for inducing stress responses, while excess generation of those causes oxidative damage to membranes, proteins, DNA, RNA, and even the whole cell [52]. The plant antioxidant defense system comprises enzymatic and non-enzymatic antioxidants in different subcellular localization. Superoxide dismutase (SOD), CAT, POD, APX, monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), GR, and glutathione peroxidase (GPX) are well known antioxidant enzymes, while AsA, GSH, carotenoids, tocopherols, flavonoids, etc. are some commonly known non-enzymatic antioxidants [53]. The AsA-GSH cycle comprises AsA, GSH, APX, MDHAR, DHAR, and GR, which play a vital role in detoxifying ROS. Our present study showed remarkably increased activities of CAT, POD, APX, and GR after 1 day of chilling stress in the roots of Cl/Cm plants (Figure 2B,D,F,H), suggesting an early response of the antioxidant enzyme system in the pumpkin roots to chilling stress. AsA and GSH are strong antioxidants, but the maintenance of their redox homeostasis is important in conferring stress tolerance in plants, which largely depends on the activities of APX, MDHAR, DHAR, and GR involved in the AsA-GSH cycle [54,55]. Here, it is obvious that chilling induced a substantial increase in the ratios of GSH/GSSG and AsA/DHA after three days of chilling stress in Cl/Cm leaves, which was mainly attributed to the increase of GSH content and decrease of DHA content, respectively (Figure 3). The antioxidant enzymes usually showed differential responses in tolerant and sensitive varieties due to cold stress. Javadian et al. [56] showed significant low temperature-induced elevation in activities of CAT and POD in leaves of winter cultivar rather than in spring cultivar in wheat. Differential responses of the activities in SOD, CAT, POD, and APX were also reported in four cultivars of banana, and higher cold tolerance may correlate with the long-term cold adaptation of the antioxidative enzymes such as SOD, POD, and APX that alleviate oxidative stress caused by low temperature [57]. Our present results indicated significantly decreased POD activity in the leaves of chilling-stressed Cl/Cl and Cl/Cm plants compared with the control, which could be attributed to the reduced accumulation of POD proteins (Cla002251, Cla003190, Cla014013) as reported in our previous study [45]. However, the specifically increased activities of APX and GR after three days of chilling stress in Cl/Cm leaves suggest an important role of the AsA-GSH cycle in pumpkin rootstock-induced chilling tolerance in watermelon.




4.3. H2O2 Signal Mediates the Regulation of SA on Chilling Tolerance of Grafted Watermelon


H2O2 has emerged as a signaling molecule in plants, and its role in early signaling events initiated by environmental stimuli is well established [58,59]. A prominent source of H2O2 production in the apoplast is Respiratory Burst Oxidase Homologues (RBOHs)-encoded NADPH oxidases, which use electrons from cytosolic NADPH to reduce oxygen to O2− in the apoplast [59]. Here, our results exhibited significantly increased H2O2 accumulation at one day of chilling stress in Cl/Cm leaves (Figure 7B), which implies early H2O2 signaling in response to chilling stress. In cases of mechanical wounding, excessive light, drought, low/high temperature, and salt stress, the H2O2 bursts are mainly produced via the NADPH oxidase pathway, resulting in the activation of the antioxidant system containing SOD, CAT, APX, and GR, thus alleviating the oxidative damage on PSII activity and photosynthesis [60,61]. Many phytohormones like auxin, brassinosteroids, gibberellins, ABA, ethylene, strigolactones, jasmonic acid, and also SA generate ROS as part of the mechanism that regulates plant growth and development and stress response [62]. The crosstalk of phytohormones in response to abiotic stresses was reported to induce antioxidant defense via distinguished pathways [63]. In Arabidopsis, a spatial–temporal interaction of the ROS wave with ABA accumulation in systemic tissues mediates the systemic acquired acclimation (SAA) of plants to heat stress [64]. It is emphasized here that in the present study, the inhibition of H2O2 by application of DMTU and DPI increased, while exogenous H2O2 reduced the sensitivity to chilling stress in Cl/Cl plants (Figure 7A), suggesting a positive role of H2O2 in the chilling tolerance of grafted watermelon plants. A few studies reported that the SA levels increased upon heat or cold stress in plants, which were shown to improve the photosynthetic capacity by protecting the PSII complex from higher levels of ROS [18,65,66]. Additionally, exogenous application of SA enhanced heat or cold tolerance through activation of antioxidant enzymes such as SOD, CAT, POD, APX, and GR in tomato and watermelon plants [67,68]. In this study, the decrease in Pn in DMTU and DPI-pretreated Cl/Cl plants under chilling stress was alleviated by subsequent H2O2 treatment but not SA (Figure 7C), indicating that SA-induced chilling tolerance in grafted watermelon plants is dependent on the H2O2 signal. Thus, a spatial–temporal interaction of the SA accumulation with H2O2 signal in the distant shoot may mediate the SAA of grafted watermelon plants to chilling stress.





5. Conclusions


Overall, we conclude that after a grafted watermelon plant is subjected to chilling stress, the pumpkin root may transmit SA signal to the watermelon shoot, thereby enhancing the activities of APX and GR and modulating the glutathione and ascorbate homeostasis through interaction with H2O2 signaling, thus improving the photosynthetic efficiency under chilling stress. In the future, we need to further study how the SA interacts with H2O2 signal in response to chilling stress in plants, and the transcriptome and metabolome analysis in watermelon or pumpkin with varied chilling sensitivity could shed light on the link between phytohormones and antioxidant system in response to chilling stress.







Author Contributions


Conceptualization, F.C. and Z.B.; investigation, M.G. and J.L.; resources, Z.B. and Y.H.; data curation, M.G. and J.L.; writing—original draft preparation, F.C.; writing—review and editing, F.C.; supervision, F.C., Y.H. and Z.B.; project administration, F.C.; funding acquisition, Z.B. and F.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China, grant number 31501783; the National Key Research and Development Program of China, grant number 2019YFD1000300; the China Agriculture Research System of MOF and MARA, grant number CARS-25; the Natural Science Foundation of Hubei Province, grant number 2019CFA017.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Theocharis, A.; Clément, C.; Barka, E.A. Physiological and molecular changes in plants grown at low temperatures. Planta 2012, 235, 1091–1105. [Google Scholar] [CrossRef] [PubMed]

	



Venema, J.H.; Dijk, B.E.; Bax, J.M.; van Hasselt, P.R.; Elzenga, J.T.M. Grafting tomato (Solanum lycopersicum) onto the rootstock of a high-altitude accession of Solanum habrochaites improves suboptimal-temperature tolerance. Environ. Exp. Bot. 2008, 63, 359–367. [Google Scholar] [CrossRef]

	



Zhou, Y.; Huang, L.; Zhang, Y.; Shi, K.; Yu, J.; Nogués, S. Chill-induced decrease in capacity of RuBP carboxylation and associated H2O2 accumulation in cucumber leaves are alleviated by grafting onto figleaf gourd. Ann. Bot. 2007, 100, 839–848. [Google Scholar] [CrossRef]

	



Li, H.; Wang, F.; Chen, X.; Shi, K.; Xia, X.; Considine, M.J.; Yu, J.; Zhou, Y. The sub/supra-optimal temperature-induced inhibition of photosynthesis and oxidative damage in cucumber leaves are alleviated by grafting onto figleaf gourd/luffa rootstocks. Physiol. Plant. 2014, 152, 571–584. [Google Scholar] [CrossRef]

	



Lu, K.; Sun, J.; Li, Q.; Li, X.; Jin, S. Effect of cold stress on growth, physiological characteristics, and calvin-cycle-related gene expression of grafted watermelon seedlings of different gourd rootstocks. Horticulturae 2021, 7, 391. [Google Scholar] [CrossRef]

	



Li, H.; Guo, Y.; Lan, Z.; Xu, K.; Chang, J.; Ahammed, G.J.; Ma, J.; Wei, C.; Zhang, X. Methyl jasmonate mediates melatonin-induced cold tolerance of grafted watermelon plants. Hortic. Res. 2021, 8, 57. [Google Scholar] [CrossRef]

	



Raskin, I. Role of salicylic acid in plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1992, 43, 439–463. [Google Scholar] [CrossRef]

	



Khan, W.; Prithiviraj, B.; Smith, D.L. Photosynthetic responses of corn and soybean to foliar application of salicylates. J. Plant Physiol. 2003, 160, 485–492. [Google Scholar] [CrossRef] [PubMed]

	



Rekhter, D.; Lüdke, D.; Ding, Y.; Feussner, K.; Zienkiewicz, K.; Lipka, V.; Wiermer, M.; Zhang, Y.; Feussner, I. Isochorismate-derived biosynthesis of the plant stress hormone salicylic acid. Science 2019, 365, 498–502. [Google Scholar] [CrossRef]

	



Torrens-Spence, M.P.; Bobokalonova, A.; Carballo, V.; Glinkerman, C.M.; Weng, J.K. PBS3 and EPS1 complete salicylic acid biosynthesis from isochorismate in Arabidopsis. Mol. Plant 2019, 12, 1577–1586. [Google Scholar] [CrossRef]

	



Lefevere, H.; Bauters, L.; Gheysen, G. Salicylic acid biosynthesis in plants. Front. Plant Sci. 2020, 11, 338. [Google Scholar] [CrossRef] [PubMed]

	



Mishra, A.; Baek, K.-H. Salicylic acid biosynthesis and metabolism: A divergent pathway for plants and bacteria. Biomolecules 2021, 11, 705. [Google Scholar] [CrossRef]

	



Chen, Z.; Zheng, Z.; Huang, J.; Lai, Z.; Fan, B. Biosynthesis of salicylic acid in plants. Plant Signal. Behav. 2009, 4, 493–496. [Google Scholar] [CrossRef] [PubMed]

	



Yusuf, M.; Hasan, S.A.; Ali, B.; Hayat, S.; Fariduddin, Q.; Ahmad, A. Effect of salicylic acid on salinity-induced changes in Brassica juncea. J. Integr. Plant Biol. 2008, 50, 1096–1102. [Google Scholar] [CrossRef]

	



Hayat, Q.; Hayat, S.; Irfan, M.; Ahmad, A. Effect of exogenous salicylic acid under changing environment: A review. Environ. Exp. Bot. 2010, 68, 14–25. [Google Scholar] [CrossRef]

	



Miura, K.; Tada, Y. Regulation of water, salinity, and cold stress responses by salicylic acid. Front. Plant Sci. 2014, 5, 4. [Google Scholar] [CrossRef]

	



Khan, M.I.R.; Fatma, M.; Per, T.S.; Anjum, N.A.; Khan, N.A. Salicylic acid-induced abiotic stress tolerance and underlying mechanisms in plants. Front. Plant Sci. 2015, 6, 462. [Google Scholar] [CrossRef]

	



Dong, C.J.; Li, L.; Shang, Q.M.; Liu, X.Y.; Zhang, Z.G. Endogenous salicylic acid accumulation is required for chilling tolerance in cucumber (Cucumis sativus L.) seedlings. Planta 2014, 240, 687–700. [Google Scholar] [CrossRef]

	



Cheng, F.; Lu, J.; Gao, M.; Shi, K.; Kong, Q.; Huang, Y.; Bie, Z. Redox signaling and CBF-responsive pathway are involved in salicylic acid-improved photosynthesis and growth under chilling stress in watermelon. Front. Plant Sci. 2016, 7, 1519. [Google Scholar] [CrossRef] [PubMed]

	



Begum, N.; Wang, L.; Ahmad, H.; Akhtar, K.; Roy, R.; Khan, M.I.; Zhao, T. Co-inoculation of arbuscular mycorrhizal fungi and the plant growth-promoting rhizobacteria improve growth and photosynthesis in tobacco under drought stress by up-regulating antioxidant and mineral nutrition metabolism. Microb. Ecol. 2021, 1–18. [Google Scholar] [CrossRef]

	



Tousi, S.; Zoufan, P.; Ghahfarrokhie, A.R. Alleviation of cadmium-induced phytotoxicity and growth improvement by exogenous melatonin pretreatment in mallow (Malva parviflora) plants. Ecotox. Environ. Safe. 2020, 206, 111403. [Google Scholar] [CrossRef] [PubMed]

	



Foyer, C.H.; Noctor, G. Ascorbate and glutathione: The heart of the redox hub. Plant Physiol. 2011, 155, 2–18. [Google Scholar] [CrossRef] [PubMed]

	



Herrera-VÃ¡squez, A.; Salinas, P.; Holuigue, L. Salicylic acid and reactive oxygen species interplay in the transcriptional control of defense genes expression. Front. Plant Sci. 2015, 6, 171. [Google Scholar] [CrossRef] [PubMed]

	



Xia, X.J.; Wang, Y.J.; Zhou, Y.H.; Tao, Y.; Mao, W.H.; Shi, K.; Asami, T.; Chen, Z.; Yu, J.Q. Reactive oxygen species are involved in brassinosteroid-induced stress tolerance in cucumber. Plant Physiol. 2009, 150, 801–814. [Google Scholar] [CrossRef]

	



Van Kooten, O.; Snel, J.F.H. The use of chlorophyll fluorescence nomenclature in plant stress physiology. Photosynth. Res. 1990, 25, 147–150. [Google Scholar] [CrossRef]

	



Hodges, D.M.; DeLong, J.M.; Forney, C.F.; Prange, R.K. Improving the thiobarbituric acid-reactive-substances assay for estimating lipid peroxidation in plant tissues containing anthocyanin and other interfering compounds. Planta 1999, 207, 604–611. [Google Scholar] [CrossRef]

	



Patra, H.K.; Kar, M.; Mishra, D. Catalase activity in leaves and cotyledons during plant development and senescence. Biochem. Physiol. Pflanz. 1978, 172, 385–390. [Google Scholar] [CrossRef]

	



MacAdam, J.W.; Nelson, C.J.; Sharp, R.E. Peroxidase activity in the leaf elongation zone of tall fescue: I. Spatial distribution of ionically bound peroxidase activity in genotypes differing in length of the elongation zone. Plant Physiol. 1992, 99, 872–878. [Google Scholar] [CrossRef]

	



Nakano, Y.; Asada, K. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in Spinach chloroplasts. Plant Cell Physiol. 1981, 22, 867–880. [Google Scholar]

	



Halliwell, B.; Foyer, C.H. Ascorbic acid, metal ions and the superoxide radical. Biochem. J. 1976, 155, 697–700. [Google Scholar] [CrossRef]

	



Rao, M.V.; Ormrod, D.P. Ozone exposure decreases UVB sensitivity in a UVB-sensitive flavonoid mutant of Arabidopsis. Photochem. Photobiol. 1995, 61, 71–78. [Google Scholar] [CrossRef]

	



Law, M.Y.; Charles, S.A.; Halliwell, B. Glutathione and ascorbic-acid in spinach (Spinacia oleracea) chloroplasts—The effect of hydrogen-peroxide and of paraquat. Biochem. J. 1983, 210, 899–903. [Google Scholar] [CrossRef] [PubMed]

	



DeFraia, C.T.; Schmelz, E.A.; Mou, Z. A rapid biosensor-based method for quantification of free and glucose-conjugated salicylic acid. Plant Methods 2008, 4, 28. [Google Scholar] [CrossRef] [PubMed]

	



Edwards, R.; Kessmann, H. Isoflavonoid phytoalexins and their biosynthetic enzymes. In Molecular Plant Phathology, a Practical Approach; Oxford University Press: Oxford, UK, 1992; pp. 45–62. [Google Scholar]

	



Hong, S.-W.; Lee, U.; Vierling, E. Arabidopsis hot mutants define multiple functions required for acclimation to high temperatures. Plant Physiol. 2003, 132, 757–767. [Google Scholar] [CrossRef] [PubMed]

	



Willekens, H.; Chamnongpol, S.; Davey, M.; Schraudner, M.; Langebartels, C.; VanMontagu, M.; Inze, D.; VanCamp, W. Catalase is a sink for H2O2 and is indispensable for stress defence in C3 plants. EMBO J. 1997, 16, 4806–4816. [Google Scholar] [CrossRef]

	



Dean, J.V.; Shah, R.P.; Mohammed, L.A. Formation and vacuolar localization of salicylic acid glucose conjugates in soybean cell suspension cultures. Physiol. Plant. 2003, 118, 328–336. [Google Scholar] [CrossRef]

	



Strawn, M.A.; Marr, S.K.; Inoue, K.; Inada, N.; Zubieta, C.; Wildermuth, M.C. Arabidopsis isochorismate synthase functional in pathogen-induced salicylate biosynthesis exhibits properties consistent with a role in diverse stress responses. J. Biol. Chem. 2007, 282, 5919–5933. [Google Scholar] [CrossRef]

	



Catinot, J.; Buchala, A.; Abou-mansour, E.; Metraux, J.-P.; Me, J. Salicylic acid production in response to biotic and abiotic stress depends on isochorismate in Nicotiana benthamiana. FEBS Lett. 2008, 582, 473–478. [Google Scholar] [CrossRef]

	



Zhang, M.; Wang, J.; Luo, Q.; Yang, C.; Yang, H.; Cheng, Y. CsMYB96 enhances citrus fruit resistance against fungal pathogen by activating salicylic acid biosynthesis and facilitating defense metabolite accumulation. J. Plant Physiol. 2021, 264, 153472. [Google Scholar] [CrossRef]

	



Mateo, A.; Funck, D.; Mühlenbock, P.; Kular, B.; Mullineaux, P.M.; Karpinski, S. Controlled levels of salicylic acid are required for optimal photosynthesis and redox homeostasis. J. Exp. Bot. 2006, 57, 1795–1807. [Google Scholar] [CrossRef]

	



Lee, S.; Park, C.-M. Modulation of reactive oxygen species by salicylic acid in Arabidopsis seed germination under high salinity. Plant Signal. Behav. 2010, 5, 1534–1536. [Google Scholar] [CrossRef] [PubMed]

	



Wan, D.; Li, R.; Zou, B.; Zhang, X.; Cong, J.; Wang, R.; Xia, Y.; Li, G. Calmodulin-binding protein CBP60g is a positive regulator of both disease resistance and drought tolerance in Arabidopsis. Plant Cell Rep. 2012, 31, 1269–1281. [Google Scholar] [CrossRef] [PubMed]

	



Fu, X.; Feng, Y.-Q.; Zhang, X.-W.; Zhang, Y.-Y.; Bi, H.-G.; Ai, X.-Z. Salicylic acid is involved in rootstock-scion communication in improving the chilling tolerance of grafted cucumber. Front. Plant Sci. 2021, 12, 693344. [Google Scholar] [CrossRef] [PubMed]

	



Shi, X.; Wang, X.; Cheng, F.; Cao, H.; Liang, H.; Lu, J.; Kong, Q.; Bie, Z. iTRAQ-based quantitative proteomics analysis of cold stress-induced mechanisms in grafted watermelon seedlings. J. Proteomics 2019, 192, 311–320. [Google Scholar] [CrossRef]

	



Mo, S.; Zhang, Y.; Wang, X.; Yang, J.; Sun, Z.; Zhang, D.; Chen, B.; Wang, G.; Ke, H.; Liu, Z.; et al. Cotton GhSSI2 isoforms from the stearoyl acyl carrier protein fatty acid desaturase family regulate Verticillium wilt resistance. Mol. Plant Pathol. 2021, 22, 1041–1056. [Google Scholar] [CrossRef]

	



Rivas-San Vicente, M.; Plasencia, J. Salicylic acid beyond defence: Its role in plant growth and development. J. Exp. Bot. 2011, 62, 3321–3338. [Google Scholar] [CrossRef]

	



Yalpani, N.; Silverman, P.; Wilson, T.M.; Kleier, D.A.; Raskin, I. Salicylic acid is a systemic signal and an inducer of pathogenesis-related proteins in virus-infected tobacco. Plant Cell 1991, 3, 809–818. [Google Scholar]

	



Chen, Y.C.; Holmes, E.C.; Rajniak, J.; Kim, J.G.; Tang, S.; Fischer, C.R.; Mudgett, M.B.; Sattely, E.S. N-hydroxy-pipecolic acid is a mobile metabolite that induces systemic disease resistance in Arabidopsis. Proc. Natl. Acad. Sci. USA 2018, 115, E4920–E4929. [Google Scholar] [CrossRef] [PubMed]

	



Lim, G.H.; Liu, H.; Yu, K.; Liu, R.; Shine, M.B.; Fernandez, J.; Burch-Smith, T.; Mobley, J.K.; McLetchie, N.; Kachroo, A.; et al. The plant cuticle regulates apoplastic transport of salicylic acid during systemic acquired resistance. Sci. Adv. 2020, 6, eaaz0478. [Google Scholar] [CrossRef]

	



Mohnike, L.; Rekhter, D.; Huang, W.; Feussner, K.; Tian, H.; Herrfurth, C.; Zhang, Y.; Feussner, I. The glycosyltransferase UGT76B1 modulates N-hydroxy-pipecolic acid homeostasis and plant immunity. Plant Cell 2021, 33, 735–749. [Google Scholar] [CrossRef]

	



Mittler, R. Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 2002, 7, 405–410. [Google Scholar] [CrossRef]

	



Hasanuzzaman, M.; Bhuyan, M.H.M.B.; Anee, T.I.; Parvin, K.; Nahar, K.; Mahmud, J.A.; Fujita, M. Regulation of ascorbate-glutathione pathway in mitigating oxidative damage in plants under abiotic stress. Antioxidants 2019, 8, 384. [Google Scholar] [CrossRef]

	



Hasanuzzaman, M.; Hossain, M.A.; da Silva, J.A.T.; Fujita, M. Plant response and tolerance to abiotic oxidative stress: Antioxidant defense is a key factor. In Crop Stress and Its Management: Perspectives and Strategies; Springer: Dordrecht, The Netherlands, 2012; pp. 261–315. [Google Scholar]

	



Szarka, A.; Tomasskovics, B.; Bánhegyi, G. The ascorbate-glutathione-α-tocopherol triad in abiotic stress response. Int. J. Mol. Sci. 2012, 13, 4458–4483. [Google Scholar] [CrossRef]

	



Javadian, N.; Karimzadeh, G.; Mahfoozi, S.; Ghanati, F. Cold-induced changes of enzymes, proline, carbohydrates, and chlorophyll in wheat. Russ. J. Plant Physiol. 2010, 57, 540–547. [Google Scholar] [CrossRef]

	



Zhang, J.Z.; Zhang, Q.; Chen, Y.J.; Sun, L.L.; Song, L.Y.; Peng, C.L. Improved tolerance toward low temperature in banana (Musa AAA Group Cavendish Williams). South Afr. J. Bot. 2012, 78, 290–294. [Google Scholar] [CrossRef]

	



Waszczak, C.; Carmody, M.; Kangasjärvi, J. Reactive oxygen species in plant signaling. Annu. Rev. Plant Biol. 2018, 69, 209–236. [Google Scholar] [CrossRef] [PubMed]

	



Smirnoff, N.; Arnaud, D. Hydrogen peroxide metabolism and functions in plants. New Phytol. 2019, 221, 1197–1214. [Google Scholar] [CrossRef] [PubMed]

	



Khan, T.A.; Yusuf, M.; Fariduddin, Q. Hydrogen peroxide in regulation of plant metabolism: Signalling and its effect under abiotic stress. Photosynthetica 2018, 56, 1237–1248. [Google Scholar] [CrossRef]

	



Chen, Q.; Yang, G. Signal function studies of ROS, especially RBOH-dependent ROS, in plant growth, development and environmental stress. J. Plant Growth Regul. 2020, 39, 157–171. [Google Scholar] [CrossRef]

	



Xia, X.J.; Zhou, Y.H.; Shi, K.; Zhou, J.; Foyer, C.H.; Yu, J.Q. Interplay between reactive oxygen species and hormones in the control of plant development and stress tolerance. J. Exp. Bot. 2015, 66, 2839–2856. [Google Scholar] [CrossRef] [PubMed]

	



Souza, L.A.; Monteiro, C.C.; Carvalho, R.F.; Gratão, P.L.; Azevedo, R.A. Dealing with abiotic stresses: An integrative view of how phytohormones control abiotic stress-induced oxidative stress. Theor. Exp. Plant Physiol. 2017, 29, 109–127. [Google Scholar] [CrossRef]

	



Suzuki, N.; Miller, G.; Salazar, C.; Mondal, H.A.; Shulaev, E.; Cortes, D.F.; Shuman, J.L.; Luo, X.; Shah, J.; Schlauch, K.; et al. Temporal-spatial interaction between reactive oxygen species and abscisic acid regulates rapid systemic acclimation in plants. Plant Cell 2013, 25, 3553–3569. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.J.; Fan, L.; Loescher, W.; Wei, D.; Liu, G.J.; Cheng, J.S.; Luo, H.B.; Li, S.H. Salicylic acid alleviates decreases in photosynthesis under heat stress and accelerates recovery in grapevine leaves. BMC Plant Biol. 2010, 10, 34. [Google Scholar] [CrossRef] [PubMed]

	



Duan, J.; Lee, K.P.; Dogra, V.; Zhang, S.; Liu, K.; Caceres-Moreno, C.; Lv, S.; Xing, W.; Kato, Y.; Sakamoto, W.; et al. Impaired PSII proteostasis promotes retrograde signaling via salicylic acid. Plant Physiol. 2019, 180, 2182–2197. [Google Scholar] [CrossRef]

	



Yang, J.; Gao, Y.; Li, Y.; Qi, X.; Zhang, M. Salicylic acid-induced enhancement of cold tolerance through activation of antioxidative capacity in watermelon. Sci. Hortic. 2008, 118, 200–205. [Google Scholar]

	



Shah Jahan, M.; Wang, Y.; Shu, S.; Zhong, M.; Chen, Z.; Wu, J.; Sun, J.; Guo, S. Exogenous salicylic acid increases the heat tolerance in tomato (Solanum lycopersicum L) by enhancing photosynthesis efficiency and improving antioxidant defense system through scavenging of reactive oxygen species. Sci. Hortic. 2019, 247, 421–429. [Google Scholar] [CrossRef]








[image: Antioxidants 10 02024 g001 550] 





Figure 1. Pumpkin rootstock-induced chilling tolerance in grafted watermelon plants. (A) Changes in malondialdehyde (MDA) content in the leaves under chilling stress. (B) Changes in MDA content in the roots under chilling stress. (C) Average values of the maximum quantum yield of PSII (Fv/Fm). (D) Average values of the effective quantum yield of PSII (ΦPSII). (E) Images of Fv/Fm under chilling stress. Leaf or root samples were collected at indicated times under control (28/18 °C) and chilling (10/5 °C) conditions. Cl/Cl, self-grafted watermelon plants; Cl/Cm, pumpkin rootstock-grafted watermelon plants. The data are the means of four replicates with SEs. The color gradient of the images in Fv/Fm provided at the bottom of Figure 1E ranged from 0 (black) to 1.0 (purple). 
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Figure 2. Dynamic changes in the activities of antioxidant enzyme system in grafted watermelon plants in response to chilling stress. (A) Catalase (CAT), (C) Peroxidase (POD), (E) Ascorbate peroxidase (APX), and (G) Glutathione reductase (GR) activities in the leaves. (B) CAT, (D) POD, (F) APX, and (H) GR activities in the roots. (I) Total antioxidant capacity (T-AOC) in the leaves. (J) T-AOC in the roots. Leaf or root samples were collected at indicated times under control (28/18 °C) and chilling (10/5 °C) conditions. Cl/Cl, self-grafted watermelon plants; Cl/Cm, pumpkin rootstock-grafted watermelon plants. The data are the means of four replicates with SEs. 
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Figure 3. Chilling-induced changes in glutathione and ascorbate homeostasis in grafted watermelon leaves. (A) Reduced (GSH) and (C) Oxidized glutathione (GSSG) content. (B) Reduced (AsA) and (D) Oxidized ascorbate content. (E) The ratio of GSH/GSSG content. (F) The ratio of AsA/DHA content. Leaf samples were collected at indicated times under control (28/18 °C) and chilling (10/5 °C) conditions. Cl/Cl, self-grafted watermelon plants; Cl/Cm, pumpkin rootstock-grafted watermelon plants. The data are the means of four replicates with SEs. rootstock induced SA biosynthesis in the leaves and roots of grafted watermelon seedlings, and chilling induced hydrolysis of conjugated SA into free SA in the roots combined with increased accumulation of free SA in the leaves of Cl/Cm plants probably serve to improve chilling tolerance. In addition, the activity of PAL in the leaves of Cl/Cm plants was significantly higher than that in Cl/Cl plants under normal temperature (Figure 5A). Chilling induced significant increase in PAL activity in the leaves and roots of Cl/Cl and Cl/Cm plants, which showed that PAL activity in the roots of Cl/Cm plants peaked at 3 d of chilling stress in comparison with control (Figure 5). 
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Figure 4. The spatio–temporal response of salicylic acid (SA) content to chilling stress in grafted watermelon plants. (A) Free and (B) Conjugated SA content in the leaves. (C) Free and (D) Conjugated SA content in the roots. Leaf or root samples were collected at indicated times under control (28/18 °C) and chilling (10/5 °C) conditions. Cl/Cl, self-grafted watermelon plants; Cl/Cm, pumpkin rootstock-grafted watermelon plants. The data are the means of four replicates with SEs. 
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Figure 5. The time-course response of phenylalanine ammonia-lyase (PAL) activity to chilling stress in grafted watermelon plants. (A) PAL activity in the leaves. (B) PAL activity in the roots. Leaf or root samples were collected at indicated times under control (28/18 °C) and chilling (10/5 °C) conditions. Cl/Cl, self-grafted watermelon plants; Cl/Cm, pumpkin rootstock-grafted watermelon plants. The data are the means of four replicates with SEs. 
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Figure 6. The role of SA-induced chilling tolerance in grafted watermelon plants. (A) Images of Fv/Fm in water or SA-pretreated Cl/Cl and Cl/Cm plants under chilling stress. Leaf samples were collected at indicated times under control (28/18 °C) and chilling (10/5 °C) conditions. (B) Electrolyte leakage in the leaves of water, AOPP, AOPP+SA, and SA-pretreated Cl/Cl plants after 3 days of chilling stress. AOPP, L-α-aminooxy-β-phenyl propionic acid. Both SA and AOPP were treated at 50 µM. The data are the means of four replicates with SEs. Different letters indicate significant differences according to Tukey’s test (p < 0.05). Cl/Cl, self-grafted watermelon plants; Cl/Cm, pumpkin rootstock-grafted watermelon plants. The color gradient of the images in Fv/Fm provided at the bottom of Figure 6A ranged from 0 (black) to 1.0 (purple). 
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Figure 7. H2O2 signal mediates SA-induced chilling tolerance in grafted watermelon plants. (A) Images of Fv/Fm in water, DPI, DMTU, and H2O2-pretreated Cl/Cl plants under chilling stress. Plants were pretreated with 20 µM DPI or 20 mM DMTU for 8 h, while water and H2O2 (1 mM) were pretreated for 24 h. Leaf samples were collected after 3 days of chilling (10/5 °C) stress for chlorophyll fluorescence analysis. (B) H2O2 accumulation in response to chilling stress. (C) Changes in the net photosynthetic rate (Pn) in the leaves of Cl/Cl plants under chilling stress. Plants were pretreated with 20mM DMTU or 20 µM DPI for 8 h, and then treated with water, H2O2 (1 mM), and SA (50 µM), respectively. The Pn was determined after 3 days of chilling stress. The data are the means of four replicates with SEs. Different letters indicate significant differences according to Tukey’s test (p < 0.05). Cl/Cl, self-grafted watermelon plants; Cl/Cm, pumpkin rootstock-grafted watermelon plants. The color gradient of the images in Fv/Fm provided at the bottom of Figure 7A ranged from 0 (black) to 1.0 (purple). 
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