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Abstract

:

Alginate oligosaccharides (AOS) are known for functions in regulating plant growth and stress resistance. This study investigated the damage on rice leaves caused by acid rain (AR) and high temperature (HT) simultaneously, as well as the alleviating effect of AOS on these stresses. The results show that plant biomass and antioxidant enzyme activities (AEAs) after AR treatment reduced more severely under HT conditions than normal-temperature conditions. Both AR and HT triggered the accumulation of reactive oxygen species (ROS) in rice leaves. The suppressing effects of AR and HT were individual in most cases, except for AEAs. Microscopic analysis showed that pH 2 AR and HT injured leaf epidermis, particularly the bulliform cells, the veins and interveinal regions. Spraying AOS resulted in a slight elevation of biomass, a significant increase in AEAs and a remarkable decline in ROS concentrations under HT conditions with AR. Besides, the chlorophyll a contents of a leaf after pH 2 AR plus AOS treatment under HT conditions remained 66.1% of that after pH 7 treatment under normal-temperature conditions. Moreover, AOS protected the integrity of leaf tissue even after pH 3 treatment. Taken together, the above results suggest that AR and HT inhibited AEAs, led to the accumulation of ROS and damaged rice leaf. However, foliar applying AOS enhanced AEAs, scavenged ROS, and thus alleviated the stress induced by HT and AR.
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1. Introduction


The deleterious effects for crop production often originate from several ambient stresses occurring simultaneously [1]. Acidic deposition resulting from SO2 and NOx emitted to the atmosphere [2] is one of the essential environmental problems [3,4]. Even though mild acid rain (pH 4.5~5.5) was reported to benefit seedling germination and shoot growth for certain plants [2], severe acid rain directly and indirectly influences the growth of crops by interfering with a considerable number of biochemical and physiological processes, altering several antioxidant enzyme-mediated reactions, accelerating lipid peroxidation, inhibiting photosynthesis and worsening the rhizosphere condition for nutrient uptake, which leads to nutrient disorder and morphological changes of plants [2,3,5,6,7]. For instance, cape found that pH 3.5 acid rain can lead to several subtle structural changes in broadleaved tree leaves [8], and Ramlall et al. reported that pH 3.0 acid rain results in chlorotic and necrotic spots in leaf blades of forest natal mahogany (Trichilia dregeana Sond.), accompanying a reduction in leaf chlorophyll concentration and root biomass [9]. Besides, Ren et al. indicated that acid rain at pH 2.5 increases the accumulation of malondialdehyde, superoxide anions and hydrogen peroxide, and promotes membrane permeability in rice (Oryza sativa L.) leave cells [10]. Even though mild acid rain may increase H+ -ATPase activity to pump excessive intracellular H+ to intercellular space as a tolerant mechanism [2,11], 5 d intermittent pH 2.5 acid rain treatment inhibits H + -ATPase activity in the plasma membrane of rice seedlings and damages the integrity of the plasma membrane [12]. Accompanying structural damages in the plasma membrane and chlorophyll, CO2 accumulates in intercellular space due to narrower stomata after exposure to acid rain whose pH was lower than pH 3, and finally the rate of photosynthesis is lowered [13]. Moreover, since the composition of acid rain in southern China has evolved from single SO42− type to SO42−-NO3− mixed type, the adverse effects become stronger with a longer residual time [14]. However, the growth inhibition of soybean caused by pH 4.5 simulated acid rain can be reversed by sufficient Ca nutrition supply [15]. So, the damaging effects induced by acid rain depend on pH value and nutrient condition.



Apart from acid rain, seasonal extreme high temperature is another abiotic stress factor resulting in damage to membrane integrity [16,17] and has been an obstacle for crop production in southern China since the 1990s [18]. It has been reported that high temperature inhibits seed germination [19], spikelet fertility and development [20,21]. It also induces reactive oxygen species (ROS) and malondialdehyde accumulation [22,23], and interferes in photosynthesis [24]. However, Yang et al. gave the opposite opinion that a high temperature of 38 °C enhances photosynthesis if a certain Rubisco isoform activates and the transpiration cooling mechanism works [25]. Therefore, Wang et al. suggested that the physiological effects of high temperature for rice may be diverse during different stages of its life cycle [21].



Brown seaweeds contain abundant bioactive compounds [26], including a series of oligosaccharides extracted from algae, called alginate oligosaccharides (AOS) [27]. Since these compounds are extracted from biorenewable resources [28], AOS are regarded as novel environment-friendly agricultural regulators with great utilization potential [29]. It has been widely reported that AOS promote root growth and development [30,31] as well as nutrient uptake [32,33] of several plants. Besides, as a kind of signal molecule [34], AOS also participate in the drought tolerance of wheat via the abscisic acid-dependent signal pathway [35] and the pathogen resistance of the arabidopsis (Arabidosis thaliana (L.) Heynh) via the salicylic acid-mediated signaling pathway [36]. Moreover, AOS can recover declined biomass and chlorophyll contents of plants caused by saline stress [37,38]. In addition, Tang et al. summarized the contributions of AOS on enhancing the antioxidant enzyme system for saline stress tolerance as: (1) a protective agent for osmotic stress and (2) an analog of auxin [39]. Besides, carrageenan oligosaccharides from red algae also show the significant embryogenic induction effect of broccoli (Brassica oleracea var. italica Plenck) in microspore cultivation [40].



Acid rain and high temperature usually occurred simultaneously in the summer of South China. Although many previous studies have reported the individual effects of acid rain and high temperature on plants, it remains unclear whether there are compound effects, i.e., interaction between these two factors on rice growth. Understanding the underlying damage mechanism of stresses to plants and the response of plants is essential for rescuing losses caused by these stresses [11]. In this study, the compound effects of acid rain and high temperature on the growth of rice seedlings were investigated under greenhouse conditions. The alleviating effect of AOS on acid rain-high temperature compound stress on rice was also investigated. Since the leaf is the major organ suffering stresses of acid rain and high temperature, and AOS with low molecular mass (<100 kDa) can penetrate through stomata [41], AOS was applied by foliar spraying in this study. The findings of this study may be beneficial for alleviating damages due to these two stresses, which often occur simultaneously in southern China.




2. Materials and Methods


2.1. Plant Preparation


Cultivar ‘Tianyou 998′, a high-yield rice (Oryza sativa L) cultivar widely planted in southern China, was selected as experimental material in this study. After sterilization and 3-time deionized water rinsing, the seeds were germinated at 28 ± 3 °C for 3 to 5 d. After germination, rice seedlings were transplanted into nutrient solution for 21 d. The nutrient solution was prepared according to the formula of Zhu et al. [42]. Then, seedlings were transplanted into soil for further pot experiments. Those experiments were performed after 14 d of recovery from transplanting, i.e., the seedlings were around 40 d old before treatments started.




2.2. Experimental Design


The seedlings were divided into two groups. One group of seedlings grew in a greenhouse whose highest temperature was at 27 ± 1 °C in the daytime, which was assigned as normal-temperature treatment. The other group grew in a greenhouse whose highest temperature was at 32 ± 1 °C in the daytime, which was assigned as high-temperature treatment. The lowest temperature of both greenhouses was 20 ± 1 °C at night. The length of daytime during the experiment was 13 h, from 5:30 a.m. to 6:30 p.m., while the length of night was 11 h, from 6:30 p.m. to 5:30 a.m.



Five acid rain treatments were set in this study in each temperature treatment group: pH 2, pH 3, pH 4, pH 5 and pH 7 (the control), which covered the pH range from neutral to extreme cases of acid rain in southern China (the common range of acid rain in this region is 3.5–4.8) [2,14,43], The stock solution of acid rain consisted of sulfuric acid and nitric acid with the molar ratio of 4:1, which was based on the composition of acid rain in Guangzhou [44], and its pH value was 1.0. Then, the stock solution was diluted to pH 2.0, 3.0, 4.0 and 5.0, respectively, with deionized water according to theoretical calculation, and then was adjusted with the aforementioned stock solution and NaOH (if necessary) [2,14,45]. The control treatment (pH 7.0) was deionized water [11]. The rain solution was preheated to the target temperature (32 °C for high-temperature treatment and 27 °C for normal-temperature treatment) before pH adjustment. The experiments were arranged in a complete randomized design. Three replicates were set for each treatment, and two rice plants were in a pot as a replicate. One hundred milliliters of acid rain (including pH 7 deionized water) were sprayed on the rice leaves at 9:00 a.m. every day. The acid drops were sprayed uniformly on all leaves of the whole plant and little rain dropped to the soil. After 7 d of treatment, intact rice plants were harvested for subsequent analysis, inducing biomass, chlorophyll contents, ROS concentrations and antioxidant enzyme activities, etc., as well as microscopic observation.



In the assay to assess the alleviation effect of AOS, rice plants grew in normal- and high-temperature conditions as described above. The AOS solution in this study was extracted from kelp (Laminaria japonica Aresch.) by enzyme-mediated hydrolysis in the authors’ laboratory. It was composed mainly of alginate oligosaccharides, and the pH of the 37.5 mg/L AOS solution was 7.0 at 30 °C. Seven-day foliar fertilization was performed and 100 mL of 37.5 mg/L AOS was sprayed at 9:00 p.m. every day, which was performed 12 h before acid rain spraying. The reason for applying AOS at 9:00 p.m. was providing a sufficient exposure interval. During the interval, acid rain solution and AOS solution could not be mixed on the surface of rice leaves. The replicate settings and the acid rain exposure operation were identical to the acid rain exposure experiment described in the above paragraph in this article. After 7 d of spraying, the whole rice plants were harvested for subsequent assays inducing biomass, chlorophyll contents, ROS concentrations and antioxidant enzyme activities, etc., as well as microscopic observation.




2.3. Analysis of Biomass in Rice Leaves


After treatment, harvested rice seedlings were inactivated at 105 °C for 2 h and then dried at 65 °C for 3 d in a drying chamber. The dry mass (biomass) of rice was weighed on a balance.




2.4. Measurements of Hydrogen Peroxide (H2O2) and Superoxide Anion (O2−) in Rice Leaves


Harvested rice leaves were stored at 4 °C. H2O2 accumulation in rice leaves was determined by the titanium sulfate method [46]. Briefly, 0.2 g of fresh leaves was collected and homogenized with 5 mL of 50 mmol/L pH 6.8 phosphate buffer solution (PBS). After centrifugation at 16,000× g for 20 min at 4 °C, the supernatant was collected as extract solution. Three milliliters of extract solution was mixed with 1 ml 1 g/L titanium sulfate and the mixture was centrifuged at 16,000× g for 20 min at 4 °C. Then, the optical density at 410 nm (OD410) of the supernatant was measured. The concentration of H2O2 in solution was calculated based on the standard curve and presented in the form of µmoL/g fresh mass (FM).



The measurement of O2− was according to the method of Shah et al. [47]. Briefly, 0.3 g of fresh rice leaves was homogenized with 5 ml of 100 mmol/L pH 7.2 PBS containing 1 mmol/L sodium diethyl dithiocarbamate (superoxide dismutase inhibitor). After centrifugation at 15,000× g for 30 min at 4 °C, the supernatant was collected. The 3 mL reaction mixture for O2− content determination consisted of 1 ml of supernatant, 100 mmol/L (final concentration, similarly hereafter) PBS, 1 mmoL/L sodium diethyl dithiocarbamate and 0.25 mmol/L nitro-blue tetrazolium. The O2− concentration was presented as ΔA540 (the variance of OD540)/(min·g FM).




2.5. Measurement of Chlorophyll Contents in Rice Leaves


The contents of chlorophyll a and b were measured by the colorimetrical method [48]. Briefly, 0.1 g of rice leaves were homogenized with a 10 mL mixture solution consisting of acetone and ethanol (1:1, v/v) for 10 min in dark. Then, the mixtures were centrifugated at 3000× g for 20 min. Approximately 2.0 mL of supernatant was collected for the second centrifugation at 8000× g for 10 min. Supernatant after twice centrifugation was used for chlorophyll analysis with a UV-Vis. spectrophotometer (Mode 754, Shunyu Hengping Scientific Instrument Co., Ltd., Shanghai, China). OD663 and OD645 were recorded for calculating the contents of chlorophyll a and b according to the method of Gassame et al. [48].




2.6. Activity Measurements of Superoxide (SOD), Catalase (CAT) and Peroxiddase (POD)


After treatment, rice leaves were collected for analysis of antioxidant enzyme activities, including SOD (EC 1.15.1.1), CAT (EC 1.11.1.6) and POD (EC 1.11.1.7). The extraction procedures were based on the protocol of Fidalgo et al. [49]. The leaf samples were homogenized with pre-cooled 50 mmol/L pH7.8 PBS containing 5 mmol/L EDTA and 20 g/L polyvinylpyrrolidone in the ratio of 1:10 (w/v) in a mortar on ice. The homogenates were centrifugated at 4 °C with 10,000× g for 15 min. The supernatant solution was used for activity analysis of POD, CAT and SOD. Particularly, SOD and CAT activities were measured by the method described by Soares et al. [50]. POD activity was measured according to the methods of Fidalgo et al. [49] and Bradford [51].




2.7. Microscopic Observation of Leaf Slices


The intact fresh leaves of rice seedlings were rinsed and cut into segments with proper size for embedding and slicing. Rice blade patches were spread horizontally in boiled agar solution that had cooled down to 50 °C before the agar began solidifying. Rice blade segments embedded by agar were cut to 40 μm slices by a microslicer (Zero-1, Dosaka E.M. Co. Ltd., Kyoto, Japan). Then, the slices were observed under a microscope (BX43, Olympus Co., Tokyo, Japan) and the images were captured by a digital camera (MC-50, MShot Co. Ltd., Guangzhou, China) affiliated in a microscope.




2.8. Statistical Analysis


All data were analyzed by the SAS® system for Windows (version 2010, SAS Institute, Cary, NC, USA) for multiple-way analysis of variance and Duncan’s Multiple Range Test. The results in the figures are presented as means ± standard error. The significance level was p = 0.05.





3. Results


3.1. Effect of Simulated Acid Rain and High Temperature on Rice Height and Biomass


The height and biomass of rice were measured to investigate their response to acid rain with different pH under normal- and high-temperature conditions. The results from Figure 1 indicate that pH 2 acid rain treatment inhibited rice growth significantly under both normal- and high-temperature conditions. The height and biomass of rice exposed to pH 2 acid rain was 88.2% and 68.3% of those after pH 7 treatment under normal-temperature conditions, respectively. Additionally, the corresponding values were 78.0% and 57.5% under high-temperature conditions, i.e., high temperature caused greater inhibition after pH 2 acid rain exposure. On the other hand, no remarkable differences in height and biomass were observed among treatments when the pH of acid rain was over 3 under both temperature conditions except that the biomass after pH 3 acid rain treatment was significantly lower than that of pH 7 rain under high-temperature conditions. Besides, pH 5 acid rain treatment slightly promoted the height of rice plants under both temperature conditions. Analysis of variance indicated that both low-pH rain and high temperature retarded rice height but only acid rain declined biomass. Notably, their effects were individual, i.e., the interaction effect was not significant.



All of the rice seedlings grew vigorously in general, and their leaves were green and straight under normal-temperature conditions (Figure 2a–c). Contrarily, rice plants grew weakly with drooping yellow leaves under high-temperature conditions (Figure 2d–f). Particularly, the growth of the plants treated with acid rain at pH 2 and pH 3 was significantly inhibited in comparison to those with higher pH treatments (Figure 2a,d). The plants with sagging leaves were dwarfed. The phenomenon became more obvious under high-temperature conditions. In addition, exposure to pH 2 acid rain obviously inhibited leaf development. There were seven complete expanded leaves in rice plants after pH 7 treatment, while there were only six slimmer expanded leaves in rice after pH 2 acid rain treatment (Figure 2b,c,e,f).




3.2. Effect of Simulated Acid Rain and High Temperature on the Chlorophyll Contents of Rice Leaves


The potential photosynthesis capacity of leaves can be represented by the chlorophyll contents of rice leaves [52]. The chlorophyll contents of rice leaves declined with the decreasing pH value of acid rain under both temperature conditions, and the variation trends of chlorophyll a and b contents were similar (Figure 3). In addition, chlorophyll a and b contents under high-temperature conditions were greatly lower than those under normal-temperature conditions. However, no statistically significant declines occurred when treatment pH was higher than 3. Compared with pH-7 treatment, the contents of chlorophyll a and b treated with pH-2 acid rain were reduced by 52.0% and 39.6% under normal-temperature conditions and by 61.9% and 56.1% under high-temperature conditions, respectively (Figure 3). The significant decreases in chlorophyll contents also occurred in pH-3 acid rain treatments under both temperature conditions. Two-way analysis of variance indicated that both low-pH rain and high temperature caused a significant decrease (p < 0.01) of chlorophyll a content while only acid rain significantly declined chlorophyll b content. In addition, there was no significant interaction between these two factors.




3.3. Effect of Simulated Acid Rain and High Temperature on Leaf Reactive Oxygen Species Concentration and Antioxidant Enzyme Activities


Reactive oxygen species (ROS), including superoxide anion (O2−) and hydrogen peroxide (H2O2), are sensitive indices in plants for several stresses. The results from Figure 4a,b indicate that the O2− concentrations of leaves subjected to treatments whose pH was lower than 5 were significantly higher than those with pH-5 or pH-7 treatments, while similar phenomena occurred in H2O2 concentration when pH was lower than 4. Besides, the concentration of both O2− and H2O2 increased with the decreasing pH value of acid rain. In comparison to the pH-7 treatment, pH-2 acid rain treatment elevated the concentrations of O2− and H2O2 in rice leaves by 2.92 times and 84.4% under normal-temperature conditions and by 2.80 times and 87.2% under high-temperature conditions, respectively. So, high temperature aggravated the O2− and H2O2 accumulation in leaves induced by acid rain compared with normal-temperature conditions. Analysis of variance suggested that even though both acid rain and high temperature significantly (p < 0.01) increased the concentrations of O2− and H2O2, there was no remarkable interaction effect between the two factors.



Excessive accumulation of ROS is harmful to cells due to their strong oxidative ability, so the activities of antioxidant enzymes, including superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD), vary as a response. As shown in Figure 4c–e, pH-3 acid rain increased the activities of SOD, CAT and POD by 53.2–83.6% and 41.9–87.0% under normal- and high-temperature conditions, respectively, compared to pH-7 treatment under normal-temperature conditions. Notably, pH-3 acid rain increased the activities of SOD, CAT and POD by 43.9–56.3% under normal-temperature conditions and decreased them by 6.8–31.9% under high-temperature conditions, respectively. However, the activities of SOD, CAT and POD did not vary greatly among the treatments when the pH values of acid rain were over 4. Different from height, biomass and chlorophyll contents, rain pH, ambient temperature and their interaction contributed to the variation of enzyme activities on SOD, CAT and POD according to analysis of variance results. But ambient temperature didn’t significantly affect SOD activities (Figure 4c–e).




3.4. Effect of Simulated Acid Rain and Temperature on Rice Leaf Appearance


Simulated acid rain not only influences physiological responses, but also changes the appearance of plants [53]. Under both temperature conditions, no injury spots appeared in rice leaves treated with pH-7 and pH-5 treatments (Figure 5a,b,f,g). Some small necrotic spots only appeared under high-temperature conditions, while they were absent under normal-temperature conditions after suffering from pH-4 acid rain (Figure 5c,h). Even though many yellow or brown spots appeared in rice leaves under both normal- and high-temperature conditions when the acid rain pH was 2 or 3, more yellowish white spots (some of them with brown edge) and brown spots were observed in the leaves under high-temperature conditions, and their size was larger than those under normal-temperature conditions (Figure 5d,e,i,j).



No visible spots were observed on the longitudinal section of rice leaves after being subjected to pH-4 acid rain treatment under normal-temperature conditions, while the injury spots appeared under high-temperature conditions (Figure 6a–c,f–h). After exposure to pH-3 acid rain treatment, many visible injury spots appeared in the longitudinal sections of rice leaves under both normal- and high-temperature conditions, but more injury spots were observed under high-temperature conditions. Besides, more cells losing structural integrity appeared on bulliform cells and minor longitudinal veins away from the midrib (major longitudinal vein) under high-temperature conditions (Figure 6d,i). After pH-2 acid rain treatment, the injuries became more severe, and most of them distributed in bulliform cells, minor longitudinal veins and even midrib. Under high-temperature conditions, the injury spots even crossed two longitudinal veins, and the structural integrity of the vessels and sieve tubes in the minor longitudinal veins could not be maintained (Figure 6e,j). In addition, the damages in leaves at a lower position, e.g., mesophyll between veins, were more severe than those at a higher position.




3.5. Physiological Alleviating Effect of AOS on High Temperature-Low pH Compound Stress on Leaves


Seven-day foliar spraying AOS significantly increased rice plant biomass after pH-3, -5 and -7 treatments under high-temperature conditions, and the increasing percentages ranged from 2.0% to 9.7%. Besides, the application of AOS recovered the biomass of plants subjected to a high temperature to at least 73.0% of the corresponding values under normal-temperature conditions (Table 1). Under normal-temperature conditions, chlorophyll a content only insignificantly raised 1.6–14.2% after applying AOS, while a significant increment occurred in chlorophyll b contents after pH-2, -4 and -5 treatments, which ranged from -1.1% to 38.4% (Figure 7). Under high-temperature conditions, applying AOS alleviated the acid-rain-induced decline of chlorophyll a content in leaves when the pH of acid rain treatment was over 3. The increasing ratio ranged from 26.0% to 67.8%. Moreover, the chlorophyll a contents of leaves subjected to high-temperature treatment remained at 91.7% to 118% of those with corresponding pH treatments under normal-temperature conditions after AOS treatment (Figure 7). On the other hand, spraying AOS remarkably increased chlorophyll b concentration in leaves after all acid rain (pH ≤ 5) treatments (Figure 7) under both normal- and high-temperature conditions, which was different from the results of Figure 7. The increasing ratio ranged from 4.14% to 10.6%. Besides, applying AOS recovered chlorophyll b contents under high-temperature conditions to at least 84.8% of corresponding values in normal-temperature conditions. It can be summarized that applying AOS induced a satisfactory alleviation effect in maintaining chlorophyll contents when the leaves were exposed to acid rain whose pH was higher than 3. Analysis of variance indicated that temperature, rain pH and AOS application all significantly (p < 0.01) affected the contents of both chlorophyll component. There were also significant interaction effects among three factors, but with some exceptions.



AOS remarkably declined O2− concentration by 22.4% to 56.1% compared to those without AOS when plants were exposed to acid rain whose pH was higher than 3 under high temperature, which were 0.86 to 1.57 times of corresponding values under normal-temperature conditions (Figure 8a). Event AOS could not reverse the increasing trend of H2O2 concentration when leaves were exposed to acid rain, and foliar applying AOS declined H2O2 concentration by 4.5% to 17.2% compared to those subjected to acid rain of corresponding pH but without AOS treatments, which was most significant after pH-2 treatment. Besides, AOS reduced H2O2 concentration to the levels closed to corresponding pH ones after pH-2, -3 and -7 rain treatments under normal conditions (Figure 8b).



SOD activities increased when the leaves were exposed to acid rain (pH < 5) treatments, and the highest activities were observed in pH-3 treatment when AOS was absent. In addition, SOD activities of leaves with AOS treatment also kept a stable level when leaves were exposed to acid rain, which were significantly higher than the activity after pH-7 treatment (Figure 8c). So, SOD activities of leaves with AOS treatment were higher than those of corresponding treatments without AOS treatment when leaves were exposed to rain with a pH of 2 and 5. However, opposite results happened when the pH of acid rain was 3. On the other hand, AOS significantly increased CAT and POD activities of leaves in case of pH-2 to -4 treatments by 13.1% to 50.4% and 10.7% to 20.6%, respectively (Figure 8d,e). Nevertheless, the POD activities of leaves with AOS treatment were approximately equal to or even lower than those without AOS treatment when the pH of rain was higher than 5. However, the CAT activities after AOS treatment were still slightly higher than those without AOS on this occasion. Compared with the corresponding values without AOS under normal conditions, CAT and POD activities of leaves subjected to AOS under high temperature increased by 1.9% to 74.8% and 12.0% to 55.6%, respectively.




3.6. Alleviating Effect of Foliar AOS Application on Structural Damages Induced by High Temperature-Low pH Compound Stress on Leaves


No visible symptom appeared on the leaves when the rain pH treatment was over 5, regardless of whether AOS was applied or not (Figure 9). On the contrary, chlorotic spots and strips were observed on the leaf blade surface after 7 d pH-4 acid rain treatment when AOS was absent, while the corresponding leaves after AOS treatment were as healthy as those after the control (pH 7) treatment. After pH-3 acid rain treatment, not only chlorotic but also brown and even transparent spots and strips were widely distributed on leaf blades without AOS treatment, but only a few small yellow spots appeared on the leaves after AOS treatment. Similarly, the sizes of brown and transparent spots on leaves without AOS treatment were larger than those with AOS treatment after pH-2 acid rain exposure.



The microscopic photos (Figure 10) indicated that AOS prevented leaves from suffering visible damage when acid rain pH was higher than 5. On the other hands, a few chlorotic spots appeared in upper epidermis after pH-5 treatment without AOS. When the pH of acid rain continued decreasing, damage spots appeared on leaves of both AOS-present and -absent treatments. However, the spots on the leaves with AOS treatment were less than the corresponding ones without AOS treatment when acid rain pH was 3 or 4. It is worth mentioning that the necrosis area expanded to the mesophyll of leaves when they were subjected to treatments without AOS, while only a brown area appeared at the epidermis of leaves with AOS treatment. Irrespective of this, necrotic tissues were observed in epidermis, mesophyll and minor longitudinal veins of leaf blades when they suffered from pH-2 acid rain, and there was little difference between AOS-present and -absent treatments. So, it can be summarized that applying AOS significantly alleviated the damages caused by acid rain (pH ≥ 3) and high temperature on leaf blade tissue.





4. Discussion


4.1. Effect of Simulated Acid Rain on ROS Concentrations and Activities of Antioxidant Enzymes in Rice Leaves


Various ROS are produced and accumulate in plants when they are suffering from abiotic stresses [7,10]. In this study, the threshold pH value of significant increment for O2− concentrations and H2O2 concentration in leaves were 4 and 3, respectively (Figure 4a,b), which indicates that that rice leaves can partially cope with oxidative stress resulting from pH-4 to pH-5 acid rain treatment by self-regulation in rice leaves (Figure 1, Figure 2, Figure 3, Figure 5, Figure 6 and Figure 7). Ren et al. also reported similar results that simulated acid rain ranging from pH 3.5 to 5.5 does not induce damage spots [10]. However, strong acid rain (pH 2) triggered excessive O2−· and H2O2 accumulation in rice leaves (Figure 4a,b) and resulted in distinguishing irreversible injury symptoms (Figure 6 and Figure 7) partially since its acidity exceeded the ROS scavenging ability of rice plants, especially under high-temperature conditions.



To alleviate oxidative damage triggered by ambient stresses, plants have developed a series of physiological mechanisms for adaption [54]. For example, plants evolve antioxidant enzymes, including SOD, CAT, POD, etc., to regulate the ROS accumulation and reduce the damages caused by various stresses. In particular, SOD converts O2− into H2O2 and O2, and subsequently CAT and POD efficiently catalyze H2O2 into completely harmless water [52]. Activity elevation of antioxidant enzymes is a strategy for plants to cope with acid rain [2] and high temperature tolerance [55], and Ren et al. [10] and Gilani et al. [56] summarized that pH 3.5 is the threshold value of antioxidant enzyme activity elevation for several plants. Even the activities of SOD, POD and CAT did not vary greatly among treatments when the pH of acid rain was over 4 under both temperature conditions, strong acid rain (pH 2 or 3) remarkably interfered with functions of these enzymes, and high-temperature treatment aggravated this problem (Figure 4c,e). Notably, the activities of SOD, POD, and CAT in rice leaves were raised by pH-3 acid rain treatment, while they were reduced by pH-2 acid rain under high-temperature conditions (Figure 4c,e). The results suggested that the ROS production triggered by pH-2 acid rain might exceed the scavenging abilities of antioxidant enzymes, especially under high-temperature conditions. It also explained the ROS accumulation discussed above. However, it is worth noting that the injury degree of high temperature depends on exposure duration and intensity [20]. Compared with severe heat (over 40 °C) stress, the high temperature in this study was relatively mild [16], so its damaging effect was easily concealed by acid rain.




4.2. The Damages of Simulated Acid Rain on Rice Leaves


Apart from invisible physiological changes, acid rain also causes visible changes in plants. Similar to the results of leaves subjected to rain whose pH was higher than 4 (Figure 5 and Figure 6), Ren et al. found that 5-time pH-4 acid rain exposure does not lead to obvious damages on rice leaves [10]. On the other hand, Rodrigues et al. [57] and Liang et al. [11] reported that visible chlorotic spots appeared on the leaves after being exposed to pH-2 or pH-3 acid rain. Besides, high-temperature conditions aggravate this injury [58]. These results were consistent with those of Figure 5 that pH-2 and pH-3 acid rain caused significant necrotic damages in rice leaves under both temperature conditions, and the symptoms were more severe under high-temperature conditions. Satoh et al. [59] reported that 7 d acidic fog exposure depresses chlorophyll synthesis and, subsequently leads to leaf chlorosis, which is another significant acid-rain-induced symptom [13]; this happens due to ROS accumulation and chlorophyll contents declining. Besides, the variation of chlorophyll contents (Figure 3) coincided with the report from Huang et al. [45] that the chlorphyll a contents of leaves were sensitive to acid rain pH while chlorophyll b content kept stable, which is regarded as a strategy to avoid leaf senescence and chlorophyll decomposition. Ren et al. suggested that pH-2.5 or -3.0 simulated acid rain triggers increases in malondialdehyde concentration and membrane permeability, and subsequently induced injures on leaves [10]. Considering the results of ROS and antioxidant enzyme activities (Figure 4), it is reasonable to assume that the leaf chlorosis after strong acid rain exposure was attributed to ROS accumulation. It is worth mentioning that the occurrence of visible necrotic spots induced by acid rain depended on the intensity and exposure duration of acid rain. Li et al. [60] indicated that acid-rain-induced damages in rice leaves can be detected within minutes. However, in this study, injury spots appeared within 4 to 5 h after pH-2 acid rain exposure under normal-temperature conditions, and 3 to 4 h under high-temperature conditions (data not shown).



Ju et al. [61] found that the chloroplasts of rice leaves keep an intact structure when they were treated with pH-4 acid rain, while they swell when they are treated with pH-3 acid rain. Similarly, thylakoid and matrix lamellar structures in rice leaves are deformed, accompanying cell membrane fracture and chloroplast matrix leakage after exposure to pH-2 acid rain [53]. Moreover, Vani et al. indicated that in vivo high temperature (40 °C) can alter chloroplast and thylakoid ultrastructures of rice leaves [58]. The results from Figure 7 support the above views that spraying pH-2 and -3 acid rain resulted in obvious damages in upper and lower epidermal tissues, bulliform cells, aerial cavity, mesophyll, vascular bundles and parenchymal tissues [62]. Irrespective of this, pH-4 acid rain only slightly injured the upper epidermal cells under high-temperature conditions. Taken together, the above results suggest that low-pH acid rain could trigger injures on rice leaves, and high temperature stress aggravated this damage. Since chloroplasts were damaged, chlorophyll contents declined. Subsequently, the growth and development of rice were seriously retarded (Figure 1, Figure 2 and Figure 3). It was an interesting finding that acid rain preferentially damaged the parts far from the aerial cavities of the blade (Figure 7). The probable reason for this is that acid rain is inclined to accumulate on the lower position between the veins of a leaf rather than the higher position with aerial cavities after acid rain exposure.




4.3. Alginate Oligosaccharide Alleviated Symptoms Induced by Acid Rain and High Temperature


The results of Figure 8 indicate that AOS can alleviate the ROS accumulation and enhance antioxidant enzyme activities in leaves induced by both acid rain and high temperature. However, available direct evidence from systemic studies on the alleviating effect of AOS on acid rain and high temperature is still limited. So, its alleviating effect has to be discussed with the results and opinions of studies on other stresses, e.g., acidic fog, pathogen infection and drought.



Nutrient solution with 20 mg/L AOS is reported to enhance auxin synthesis, accumulation and transport, and subsequently promotes root elongation growth in rice root [27]. Similarly, applying AOS on the leaves of flowering Chinese cabbage (Brassica campestris L. ssp. Chinensis var. utilis Tsen et Lee) enhances gibberellic acid and trans-zeatin riboside transport in shoot [63]. Moreover, submicroparticles containing alginate significantly promote wheat growth by up-regulating auxin synthesis, transport and metabolism-related genes and, subsequently, increase auxin content [38]. In addition, AOS is reported to bind with guard cells in stomata and increases stomatal conductance [41,64]. The above studies partially explain the mechanism of the increases in biomass and chlorophyll contents after AOS treatment (Table 1, Figure 7). It is worth noting that there were interactions among rain pH, temperature and AOS on chlorophyll contents (Figure 7). So, the value variation in Table 1 and Figure 7 might be the result of a synergistic effect among these three factors. For instance, Figure 7 suggests that high temperature decreased chlorophyll a contents, but the chlorophyll a contents of leaves subjected to pH-7 and pH-5 rain treatments under high-temperature conditions with applying AOS were higher than not only corresponding treatments without applying AOS under high-temperature conditions, but also those under normal-temperature conditions (Figure 7). This phenomenon demonstrates that high temperature may be a positive factor for chlorophyll a accumulation when AOS and neutral-to-mild acidic rain (pH higher than 5) exit simultaneously.



Apart from contributing to chlorophyll contents, it is reported that AOS can increase the activities of the SOD and POD of wheat (Triticum aestivum L.) leaves [35] as well the SOD, CAT and POD activities of tomatoes (Lycopersicon esculentum Mill.) [65] subjected to drought. In this study, both high temperature [17] and acid rain [66] are triggers of ROS (Figure 4), while AOS enhance the antioxidant capacity of plant to scavenger ROS [38] by triggering antioxidant enzyme synthesis [67] (Figure 8). Similarly, AOS also elevated the CAT and POD activities of rice exposed to pathogen infection [68] and wheat exposed to cadmium [67]. It is worth paying attention to the fact that the contribution of AOS for SOD seems to be just keeping its activity at a relatively high level while remarkably elevating CAT and POD activities with decreasing acid rain pH (Figure 8c–e). As a result, the O2− concentration of a leaf with AOS treatment reached a similar level to that without AOS, while the H2O2 concentration with AOS treatment was still lower than that without AOS when acid rain pH was 2 (Figure 8a,b). As a result of antioxidant enzyme activity being raised or maintained to a relatively high level and ROS being scavenged, the cellular membrane was protected from the damage of ROS [65], and H2O2-induced cell death was avoided [69]. Therefore, the contribution of AOS on the raising of CAT and POD activities, maintaining SOD activity as well as scavenging H2O2 and O2− (Figure 8) probably helps leaves with AOS treatments recovering from the compound stress of acid rain and high temperature. Moreover, direct interaction with the plasma membrane is another mechanism of AOS promoting plant growth [70]. As the comprehensive effect of AOS on chlorophyll synthesis, ROS scavenging and direct membrane interaction, the cell damage and subsequent leaf chlorosis were alleviated (Figure 9 and Figure 10). However, it is worth noting that AOS are potential stimulators for endogenous stress-resistant compounds accumulating in plants [35,71], so there may be some unknown secondary resistant mechanisms activated by AOS, which need to be elucidated in further study.





5. Conclusions


Low-pH acid rain induced the variation of the activities of antioxidant enzymes in rice, the accumulation of H2O2 and O2−, and reduced the contents of chlorophyll. Subsequently, the epidermal cells, mesophyll cells and minor longitudinal veins were damaged. High temperature aggravated the damage of low-pH acid rain on rice leaves with higher ROS concentrations and more necrotic spots with a punctate structure. The foliar application of AOS alleviated the above symptoms by maintaining or enhancing SOD, CAT and POD activities to scavenge H2O2 and O2−. As a result, the biomass and chlorophyll contents of rice were recovered and the structural integrity of leaf tissue was maintained.
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Figure 1. Effect of 7-day simulated acid rain treatment on the growth of rice plants under normal- and high-temperature conditions. (a) Plant height. (b) Biomass. The columns with the same letter in each panel indicate an insignificant difference among different treatments (p < 0.05). The p values of two-way ANOVA for rain pH (R), temperature (T) and their interaction (R × T) are shown: **, p ≤ 0.01, NS, p > 0.05. 
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Figure 2. Rice seedlings exposed to different pH acid rain for 7 days under normal- and high-temperature conditions. (a–c) The seedlings under normal-temperature conditions. (d–f) The seedlings under high-temperature conditions. (a,d) Rice seedlings exposed to acid rain treatments under different temperature conditions. pH 2, 3, 4, 5, and 7 in Panel a and d indicate treatment with acid rain of pH 2, 3, 4, 5, and deionized water, respectively. (b,e) Seedlings after pH 7 treatment. (c,f) Seedlings after pH-2 treatment. The numbers in the panel (b,c,e,f) indicate complete expanded leaves of seedlings. 
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Figure 3. Effect of 7-day simulated acid rain exposure on the chlorophyll content of rice leaves. The same letter followed by the data in the same parameter indicates an insignificant difference among different treatments (p < 0.05). The p values of two-way ANOVA for rain pH (R), temperature (T) and their interaction (R × T) are shown: **, p ≤ 0.01; *, p ≤ 0.01; NS, p > 0.05. 
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Figure 4. Effect of simulated acid rain and ambient temperature on the activities of antioxidant enzymes and concentrations of reactive oxygen species (ROS) in rice leaves after a 7-day treatment. (a) Superoxide anion (O2−) concentration. (b) Hydrogen peroxide (H2O2) concentration. (c) Superoxide dismutate (SOD) activity. (d) Catalase (CAT) activity. (e) Peroxidase (POD) activity. The columns with the same letter in each panel indicate an insignificant difference among different treatments (p < 0.05). The p values of two-way ANOVA for rain pH (R), temperature (T) and their interaction (R × T) are shown: **, p ≤ 0.01; *, p ≤ 0.05; NS, p > 0.05. 
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Figure 5. Leaves of rice seedlings exposed to different pH acid rain for 7 days under normal- and high-temperature conditions. (a–e) The leaves subjected to normal temperature treatment. (f–j) The leaves subjected to high temperature treatment. (a,f) The leaves with the control (pH 7) treatment. (b,g) The leaves with pH 5 acid rain treatment. (c,h) The leaves with pH 4 acid rain treatment. (d,i) The leaves with pH 3 acid rain treatment. (e,j) The leaves with pH 2 acid rain treatment. 
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Figure 6. Longitudinal sections of rice leaves treated with different pH acid rain for 7 days under normal– and high–temperature conditions. (a–e) The leaves subjected to normal temperature treatment. (f–j) The leaves subjected to high temperature treatment. (a,f) The leaves with the control (pH 7) treatment. (b,g) The leaves with pH 5 acid rain treatment. (c,h) The leaves with pH 4 acid rain treatment. (d,i) The leaves with pH 3 acid rain treatment. (e,j) The leaves with pH 2 acid rain treatment. Labels in microscopic image: 1, major longitudinal vein; 2, upper epidermis; 3, lower epidermis; 4, minor longitudinal vein; 5, injury spots. 
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Figure 7. Effect of alginate oligosaccharides (AOS) in chlorophyll a and b contents of leaves subjected to low pH stress at different temperatures for 7 days. (a) Chlorophyll a. (b). Chlorophyll b. The same letter followed by the data in the same parameter indicates an insignificant difference among different treatments (p < 0.05). The p values of three-way ANOVA for rain pH (R), temperature (T), AOS (A) and their interaction (R × T, R × A, T × A,R × T × A) are shown: **, p ≤ 0.01; *, p ≤ 0.05; NS, p > 0.05. 
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Figure 8. Effect of AOS in antioxidant enzyme activities and concentrations of reactive oxygen species and of leaves subjected to 7-day high temperature-low pH compound stress. (a) Superoxide anion (O2−·) concentration. (b) Hydrogen peroxide (H2O2) concentration. (c) Activity of superoxide dismutate (SOD). (d) Activity of peroxidase (POD). The columns with the same letter in each panel indicate an insignificant difference among different treatments (p < 0.05).The p values of two-way ANOVA for rain pH (R), AOS (A) and their interaction (R × A) are shown: **, p ≤ 0.01; *, p ≤ 0.05; NS, p > 0.05. 
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Figure 9. Leaves of rice seedlings exposed to different pH acid rain with and without foliar applying AOS for 7 days. (a–e) The leaves subjected to normal temperature treatment. (f–j) The leaves subjected to high temperature treatment. (a,f) The leaves with the control (pH 7) treatment. (b,g) The leaves with pH 5 acid rain treatment. (c,h) The leaves with pH 4 acid rain treatment. (d,i) The leaves with pH 3 acid rain treatment. (e,j) The leaves with pH 2 acid rain treatment. 
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Figure 10. Longitudinal sections of rice leaves treated with different pH acid rain with and without foliar applying AOS for 7 days. Injury spots in the leaf blade were indicated by arrows. (a–e) The leaves subjected to normal temperature treatment. (f–j) The leaves subjected to high temperature treatment. (a,f) The leaves with the control (pH 7) treatment. (b,g) The leaves with pH 5 acid rain treatment. (c,h) The leaves with pH 4 acid rain treatment. (d,i) The leaves with pH 3 acid rain treatment. (e,j) The leaves with pH 2 acid rain treatment. 
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Table 1. Effect of alginate oligosaccharides (AOS) fertilizer on plant biomass for 7-day high temperature-low pH compound stress on leaf.
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Treatment

	
Biomass (g Plant−1)




	
Without AOS

	
With AOS






	
pH 2

	
1.20 ± 0.02 g *

	
1.31 ± 0.02 f




	
pH 3

	
1.31 ± 0.03 f

	
1.44 ± 0.02 e




	
pH 4

	
1.56 ± 0.01 d

	
1.59 ± 0.01 d




	
pH 5

	
1.65 ± 0.06 d

	
1.80 ± 0.06 c




	
pH 7

	
2.09 ± 0.04 b

	
2.29 ± 0.02 a








* The same letter followed by the data in the same column indicates an insignificant difference among different treatments (p < 0.05).
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