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Although the low temperature is a critical growth constraint on plants, the physiological mechanism remains unclear, especially in mangrove plants. Hence, the morphological characteristics of five mangrove plants (Bruguiera gymnorrhiza, Rhizophora stylosa, Aegiceras corniculatum, Avicennia marina, and Kandelia obovata) were compared under chilling stress. The contents of hydrogen peroxide (H2O2), malondialdehyde (MDA), and proline were tested. Activities of reactive oxygen species (ROS)-scavenging enzyme [superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT)] were also measured after chilling stress. It was concluded that K. obovata can well tolerate chilling stress, and B. gymnorrhiza suffered the most severe chilling damage. Leaf-morphology observation exhibited that K. obovata and A. corniculatum can sustain chilling stress, while B. gymnorrhiza wilted and A. marina turned brown. The content of H2O2 increased at first and subsequently decreased in all plants. MDA increased instantaneously in B. gymnorrhiza and R. stylosa but changed slowly in K. obovata and A. corniculatum. The high content of proline accumulated in B. gymnorrhiza and K. obovata. The activities of the SOD, POD, and CAT increased at first and then decreased in all mangrove species. The antioxidants maintained high activity in K. obovata while decreasing earliest in A. marina exposed to the long-term chilling stress. Principal component analysis (PCA) indicated that high antioxidant enzyme activities play key roles in chilling tolerance for mangrove plants. The longer-term chilling tolerance of K. obovata may be related to the high antioxidant enzyme activities and proline accumulation. Lower H2O2 and MDA contents strengthen the anti-chilling ability of A. corniculatum. Further investigation on the molecular mechanisms will facilitate the understanding of the anti-chilling ability of mangrove plants.

Keywords: mangrove plants, chilling stress, oxidative injury, osmoregulation, ecophysiological responses


INTRODUCTION

Mangrove forest distributes in the intertidal coastal areas of the tropics and subtropics, which possesses four high characteristics, namely, high productivity, high return rate, high decomposition rate, and high resistance as one of the unique marine ecosystems (Wang, 2019), and plays a pivotal role in the global climate change due to its special ecological characteristics in the world (Wang and Gu, 2021). Global climate change has a strong impact on the stability of mangrove ecosystems (Alongi, 2015). Since 1950, it has been observed in a number of climate changes and extreme weather events associated with low or high temperatures (Pachauri et al., 2014). Temperature is one of the key abiotic factors, which can affect the growth and development of mangrove ecosystems (Hatfield and Prueger, 2015).

Climate warming leads to early phenol-logical development, making plants more susceptible to the subsequent low-temperature damage in the spring (Gu et al., 2008). Chilling stress (0–12°C) of plants results from low temperature (Allen and Ort, 2001). It has been observed that chilling stress can affect the leaf morphology of plants. Most studies that focused on maize, rice, and other plants confirmed that cold temperature exposure reduced leaf expansion and growth, resulting in browning, wilting, and chlorosis (Boese and Huner, 1990; Yoshida et al., 1996). Low temperature can result in sudden leaf loss, branch and stem reductions, and even mortality of various plants including mangrove plants (Peng et al., 2013, 2015; Fei et al., 2015; Lovelock et al., 2016).

Because of the great reactive oxygen species (ROS) produced by chilling-exposed plant tissues, from the perspective of plant physiology, oxidative stress is one of the earliest challenges facing the plant (Finkel and Holbrook, 2000; Mittler, 2002).

The imbalance between ROS production and removal could induce oxidative stress (Finkel and Holbrook, 2000). Chilling as the abiotic stress would break the balance of ROS in plants such as maize and winter wheat (Okuda et al., 1991; Prasad et al., 1994). Accumulation of a certain quantity of ROS would activate the antioxidase system to alleviate the damage from overoxidation (Mittler, 2002; Foyer and Noctor, 2005). For example, the activity of ascorbate peroxidase (APX) increases the hydrogen peroxide (H2O2) in spinach chloroplasts, and ROS also enhances the enzyme activity [superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT)] in mangrove plants (Peng et al., 2015). The accumulation of low-molecular-weight osmotic adjustment substances (e.g., proline, betaine, soluble sugars) is considered to enhance cold tolerance and had been confirmed in citrus and two coffee species (Kushad and Yelenosky, 1987; Jouve et al., 1993). Chilling exposure induces the movements of the membrane (Örvar et al., 2000) and the change in malondialdehyde (MDA) contents (Campos et al., 2003). Low temperature affects the balance between metabolic reactions, the fluidity of cell membranes, and the activity of antioxidant enzymes; it also leads to cell oxidation, photosynthesis impairment, DNA strand disruption, and protein instability (Ruelland et al., 2009). Mangrove plants are sensitive to low temperatures and can hardly survive the long-term chilling stress, but they still show different tolerance to low temperatures (Lovelock et al., 2016).

In this study, the response mechanisms of five mangrove species (Rhizophora Stylosa, Bruguiera Gymnorrhiza, Aegiceras Corniculatum, Avicennia Marina, and Kandelia obovata) exposed to a long-term chilling treatment are elaborated, the ability of cold tolerance is analyzed, and the understanding of ecophysiological effects on mangrove plants is mentioned under global climate change.



MATERIALS AND METHODS


Test Materials and Experimental Design

Mangrove seedlings of B. gymnorrhiza, R. stylosa, A. corniculatum, A. marina, and K. obovata were collected from Zhanjiang City, Guangdong Province, China, and the seedlings were grown indoors at 5°C during the experiment (Mcwilliam et al., 1982; Kishitani et al., 1994; Trunova et al., 2003). The test soil was collected from the locally grown seedlings, rinsed with tap water, and dried before potting experiments to ensure that the experimental materials lived in the same soil type. After the embryonic axis germinated, it was transferred to artificial climate boxes for cultivation and fertilized with half Hoagland regularly. The parameters were as follows: 25°C, 14/10 h light/dark cycle, 20,000 light density daytime, and 70% humidity.

The five mangrove plants with basically the same level of growth were selected as experimental stress materials in artificial climate boxes to simulate low temperature, in which at least five pairs of mature leaves have grown. The temperature was controlled under 5°C, and the other parameters remained the same. Regular watering with half Hoagland to supplement the nutrients was needed for the growth of mangrove plants. During the experiment, the growth status of each mangrove seedling was observed. Leaf samples were taken at 0, 3, 5, 7, 10, 13, 15, and 20 days under 5°C chilling stress. The conductivity was measured immediately, and other samples were quick-frozen with liquid nitrogen and stored at −80°C for measuring related physiological parameters. After 20 days, the experimental materials were relieved of chilling stress and rewarmed to 25°C to observe growth.



Experimental Method


Hydrogen Peroxide Determination

The amount of hydrogen peroxide can be detected by measuring the reaction product of H2O2 and molybdic acid (Zhang et al., 2008). The H2O2 in the sample was assayed using a commercial kit (Nanjing Jiancheng Bioengineering Institute), and the absorbance was measured at 405 nm.



Malondialdehyde Determination

Lipid peroxidation was reflected by the contents of MDA. MDA concentration was measured by using the thiobarbituric acid chromogenic method (Heath and Packer, 1968). It is a product of unsaturated fatty acid peroxidation. Samples (0.5 g) were ground in trichloroacetic acid (4.5 ml, 5%), ground, and centrifuged. The reaction mixture contained the supernatant and 2 ml of 0.67% of thiobarbituric acid, which was boiled for 20 min and centrifuged. The absorbance was measured at 450, 532, and 600 nm. The MDA content was calculated based on the following formula: C (μmol L–1) = 6.452 × (A532 − A600) − 0.559 × A450.



Proline Content Determination

Free proline was estimated from the product derivatized with acid ninhydrin and proline. The reaction mixture consisted of acid ninhydrin (2 ml), glacial acetic acid (2 ml), and supernatant, which was extracted from leaf (0.5 g) using aqueous sulfosalicyclic acid (5 ml, 3%), boiled for 45 min, and extracted by toluene. Absorbance was measured at 520 nm, and the concentration of proline was calculated according to the standardized proline curve (Bates et al., 1973).



Antioxidant Enzyme Activity Determination

Samples (0.5 g) were homogenized at 4.5 ml of phosphate buffer solution at 4°C. The homogenate was centrifuged at 12,000 g for 20 min to obtain a crude enzyme extract, which was to assay the SOD, activities POD, and CAT.

Superoxide dismutase activity was determined according to the method of the photoreduction of nitroblue tetrazolium (Beauchamp and Fridovich, 1971). The reaction mixture contained 0.5 ml of leaf extract, 50 mM of phosphate buffer (pH 7.8), 2 mM of riboflavin, 75 μM of nitroblue tetrazolium, and 13 mM of methionine, and reacted with 120 μmol m–2 s–1 light intensity for 20 min, and the absorbance was measured at 560 nm.

The POD was exposed to organic solvents and assayed by using the peroxidase guaiacol method (Ryu and Dordick, 1992). Leaf extract (50 μl) was mixed with 20 mM of guaiacol and 10 mM of H2O2. One unit of POD activity was defined as catalytic production of 0.01 absorbance unit with the amount of the enzyme at 470 nm min–1 g–1 tissue sample.

The CAT was measured by using the UV absorption method (Beers and Sizer, 1952). Leaf extract was added in mixed liquor of 50 mM of phosphate buffer (pH: 7.0), 0.1 mM of ethylenediaminetetraacetic acid, and 10 mM of H2O2. One unit of CAT activity was defined as catalytic production of 0.01 absorbance unit with the amount of the enzyme at 240 nm min–1 mg–1 protein.




Data Processing and Analysis

The experimental data were expressed using mean ± SEs, and Excel 2010 (Microsoft Company, Washington, DC, United States) and Origin 2021 (Origin Lab Company, MA, United States) were used for routine calculation and graph processing of the data. The Shapiro-Wilk test for normality of data was used, conforming to the normal distribution. One-way ANOVA statistical analysis and Pearson correlation coefficient were carried out by using the SPSS version 22.0 (IBM Company, Armonk, NY, United States). Principal component analysis (PCA) was conducted using the origin 2021 to reveal the response differences between parameters in the five mangrove plants. In the results, asterisks presented the levels of significance: ∗P < 0.05 and ∗∗P < 0.01.




RESULTS


Morphological Features

It has been observed that the leaf morphology of the five mangrove species had changed significantly after exposure to low temperatures (Figure 1). Under short-term stress (7th day), the shape and color of the leaves for the five mangrove plants remained normal. However, there were obvious differences in the late stage of low-temperature stress. In A. marina and R. stylosa, the color of the leaves had turned brown from part of the leaf veins and gradually developed to the entire leaf, and the browning area was larger than 50% on the 15th day. The browning trend of A. marina was heavier than R. stylosa. Besides, leaves of B. gymnorrhiza obviously turned yellow, curled, and wilted. The changes were distinct on the 13th day and more obvious with elongated treated time. Some leaves of A. corniculatum curled, while most of the leaves were in good condition.
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FIGURE 1. Morphological changes under 5°C treatment of five mangrove plants, Bruguiera gymnorhiza (A), Rhizophora stylosa (B), Aegiceras corniculatum (C), Avicennia marina (D), and Kandelia obovata (E).




Oxidative Damage Characterization


Content of Hydrogen Peroxide

The content of H2O2 can reflect the accumulation of ROS in the plants (Mittler, 2002). Generally, there was a trend of increased H2O2 content and subsequently decreased in all mangrove plants exposed to chilling stress (Figure 2A). In B. gymnorrhiza, A. marina, and K. obovata, the accumulation of H2O2 reached the maximum on the 3rd day, with 3.37-fold, 3.48-fold, and 3.68-fold increase, respectively. In R. stylosa and A. corniculatum, the content of H2O2 peaked on the 7th day with 2.45-fold and 3.51-fold increase each. After 15 days of treatment at 5°C, H2O2 decreased near the control level.
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FIGURE 2. Oxidative damage characterization in H2O2 (A) and MDA (B) of five mangrove leaves after 5°C treatment. The sample sizes per mangrove species were 27. The ∗presents the difference is statistically significant (P < 0.05).




Content of Malondialdehyde

The fluctuation of MDA in five mangrove plants is mapped in Figure 2B. In B. gymnorrhiza, MDA suddenly peaked (5.1 times the control) on the 15th day and quickly fell back to the control value on the 20th day. In A. marina and K. obovata, MDA exhibited a similar trend but different timing of early and late stages. In R. stylosa, it was high on the 3rd and 10th days. In A. corniculatum, the accumulation of MDA roughly increased over time.




Antioxidant Protection Regulation


Content of Proline

The content of proline in mangrove plants was different under the chilling stresses (Figure 3A). It was observed that the amount of free proline increased in all mangrove species. In B. gymnorrhiza, the free proline rose with stress time. However, the fluctuation of proline appeared in R. stylosa, A. corniculatum, and A. marina. In K. obovata, the value was high on the 15th day, which was 4.3-fold as high as the control group.
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FIGURE 3. Antioxidant parameters change in proline (A), SOD (B), POD (C), and CAT (D) of five mangrove leaves after 5°C treatment. The sample sizes per mangrove species were 27. The ∗presents the difference is statistically significant (P < 0.05).




Superoxide Dismutase Activity

The data (Figure 3B) indicated that the initial SOD activity of A. marina was higher than other species, whereas B. gymnorrhiza had the largest change, followed by R. stylosa, and increased by 1,327.1% (5th day) and 1,013.4% (5th day) in comparison with the control group, respectively. On the 1st and 3rd days of cold exposure, the differences between R. stylosa and A. corniculatum were insignificant, but the SOD activity was drastically higher than the control group on the 3rd day of stress in B. gymnorrhiza, A. marina, and K. obovata. All five mangrove plants showed an initial increase and subsequent decrease. When the chilling stress was applied for 7 days, the SOD activity of A. marina had decreased, while other mangrove plants maintained a high level up to the 10th day under cold treatments.



Peroxidase Activity

An increase in the activity of POD (Figure 3C) was presented after the 3rd day of cold treatment in A. marina and K. obovata. The highest increase was presented in A. corniculatum on the 5th day, which has increased by 4,097.2%. It is evident that the initial POD activities of A. marina and K. obovata were higher than the other three species. Although the activity of POD was increased in B. gymnorrhiza with the increase in stress time, it obviously lagged behind (13th day) other species. In R. stylosa, it was lower than A. marina and K. obovata, but higher than B. gymnorrhiza and A. corniculatum whether the initial activity or change throughout the low temperature. Nevertheless, the trend of reduction in the POD activity was displayed in all mangrove plants on the 13th day.



Catalase Activity

The results of CAT activity under low temperature are shown in Figure 3D. Although the activity of CAT significantly fluctuated during various periods, the overall trend of change was initially increasing and subsequently decreasing as the stress time extended. The response time of CAT activity varied under low-temperature stress, and R. stylosa increased instantaneously from 0.91 to 13.91 U mg–1 protein on the 5th day. The peak activity usually appeared from the 3rd to 7th days, whereas the CAT activity was the highest on the 20th day in A. marina.




Correlation Analysis Between Parameters

The results of six physiological parameters in five mangrove plants are documented in Figure 4A (Pearson correlation coefficient) and Figure 4B (PCA), respectively. Pearson correlation analysis revealed a significant positive correlation between H2O2 and SOD, POD, and CAT (P < 0.01). The correlation among enzyme activities (POD, SOD, and CAT) was significant (P < 0.01). A significant positive correlation between MDA and SOD was observed (P < 0.05). MDA showed a negative correlation with CAT (insignificant), and proline showed a negative correlation with SOD, POD, CAT, and H2O2 (insignificant).
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FIGURE 4. Pearson correlation coefficient (A) and principal component analysis (B) of physiological and biochemical parameters in five mangrove leaves after 5°C treatment.


Two principal components were obtained through dimensionality reduction using PCA, which explained 67.3% of the variables. First, principal component one (PC1) explained 46.7% of the variables, which was positively correlated with the MDA and H2O2 contents and antioxidant enzyme activities (SOD, POD, and CAT), and negatively correlated with the content of proline. Second, principal component two (PC2) explained 20.6% of the variables, which was positively correlated with the H2O2 and MDA contents and SOD activity, and negatively correlated with the activities of POD and CAT. These physiological and biochemical parameters can be divided into two parts as follows: one part was composed of antioxidant enzymes (SOD, POD, and CAT) and ROS (H2O2), and the other part was composed of characteristic membrane levels (MDA and proline).




DISCUSSION

Plants are subjected to temperature fluctuations and have evolved mechanisms to minimize the negative effects at temperature extremes (Chinnusamy et al., 2003). Generally, different species of plants exposed to low temperatures enable to induce different metabolic patterns (Farooq et al., 2009). This study suggested that chilling stress affected leaf morphology, antioxidant enzymes, lipid peroxidation, hydrogen peroxide, and proline content, and the tested mangrove plants responded in different ways.

This study was carried out for the morphological recording of the five mangrove plants under low-temperature stress. Leaves are sensitive to low temperature, and the morphological changes would be more obvious when the low-temperature stress is enhanced (Boese and Huner, 1990). According to the morphological characteristics of the plants under chilling stress, the cold tolerance of different mangrove species was revealed. In this work, the leaf morphology of K. obovata was the best and A. corniculatum was the second, while the damage to B. gymnorrhiza and A. marina was more serious, and it was irreversible damage. Previous studies also compared the leaf morphology of three mangrove species (K. obovata, A. corniculatum, and A. marina), but the difference in leaf morphology was not obvious in short-term chilling exposure (Peng et al., 2015). Nevertheless, the impaired symptom caused by low temperature was different, the leaves of A. marina were browned, and the leaves of B. gymnorrhiza were curled and wilted. During the 20-day chilling exposure, five mangrove plants were damaged to a certain extent.

In addition to leaf morphology, physiological and biochemical indicators of five mangrove species were studied. It was found that cold exposure affected H2O2, MDA, proline, SOD, POD, and CAT activities. Chilling has been proven to induce the accumulation of ROS and impair the normal functioning of the plants at the cellular level (Apel and Hirt, 2004; Ruelland et al., 2009). The H2O2 is a ROS and leads to oxidative injuries due to chilling stress (Prasad et al., 1994). The high H2O2 accumulation in the leaves indicates that cells are beginning to be damaged by chilling stress and is also an antioxidant signal (Penfield, 2008). In the experiment, an increase in H2O2 was shown in all mangrove plants, but more evident in A. marina. Although K. obovata had also high H2O2 contents, it showed slight damage due to its same high antioxidant enzyme activity.

Furthermore, the chilling application causes greater membrane injury as assessed by lipid peroxidation due to ROS production (Apel and Hirt, 2004). MDA is the product of lipid peroxidation and is used to evaluate the stability of the cell membrane (Bonnes-Taourel et al., 1992). It is also considered a cold sensitivity marker (Campos et al., 2003). H2O2 accumulation and consequently lipid peroxidation occurred. The obtained results indicated that lower values of the H2O2 and MDA contents in A. corniculatum reflected higher antioxidative capability in comparison to A. marina and R. stylosa. It seemed likely that the double cumulative pressure of H2O2 and MDA induced more severe chilling injury in A. marina. The response in cold-tolerant plants was more pronounced than in cold-sensitive plants, consistent with the results reported in previous studies. These studies also reflected strong membrane damage in cold-sensitive plants (Campos et al., 2003). The contents of proline in A. marina and R. stylosa were higher than in A. corniculatum and K. obovata. Drastic MDA changes on the 15th day in B. gymnorrhiza were probably a sign that the injury has exceeded the reasonable tolerance.

In contrast, ROS is thought to act as a signal and to be regulated by antioxidants that could scavenge the reactive oxygen to alleviate the injury (Mittler, 2002). The accumulation of H2O2 increased earlier than the change in enzyme activity, which may also explain the signal function of ROS. Previous studies have reported that the first defensive line for ROS is constituted by the SOD, removing O2– radical and producing H2O2 within cells (Alscher et al., 2002). The elimination of H2O2 is inseparable from the participation of POD and CAT. In mangrove plants subjected to chilling stress, SOD, POD, and CAT activities were stimulated. In this study, the continuously increased POD activity cooperated with CAT to scavenge the H2O2. Comparing the POD and CAT activities, CAT was the most effective enzyme in cell protection against H2O2 exposed to chilling stress. However, other enzymes may cooperate or replace CAT activity in longer chilling stress. It may be deduced that higher CAT activity was the effective way against chilling stress in R. stylosa. Although the enzyme activity of A. marina was high in the early stage, the decline time was earlier than other species. This may be the reason why A. marina had better cold tolerance in the early stage, and the damage was serious in the later stage. B. gymnorrhiza was sensitive and accumulated active oxygen to low-temperature stress, and its antioxidant enzyme activity was negative, thus, the excessive active oxygen could not be cleared in time. K. obovata had a higher antioxidative capability, reflecting a higher tolerance to cold stress, which was associated with the high activities of POD and CAT when chilling stress was applied.

In addition to antioxidant enzymes, it has been noted that proline accumulation is higher in plants exposed to abiotic stresses (Jouve et al., 1993). The accumulation of proline is effective to scavenge hydroxyl radicals, protect and stabilize ROS scavenging enzymes and has regulatory functions as a signal molecule (Szabados and Savoure, 2010). In previous studies, the accumulation of proline could influence chilling tolerance in A. corniculatum (Peng et al., 2015). In this study, B. gymnorrhiza intended to accumulate more proline, which might be the main method to regulate oxidative injury. Higher proline content and CAT activity seemed to play a key role in the detoxification of oxidative stress in K. obovata.

In the five mangrove species, the significant correlation between antioxidant enzymes (SOD, POD, and CAT) and H2O2 also revealed its inherent correlation mechanism encountered due to chilling stress. POD and CAT are important enzymes for removing H2O2 and alleviating the damage caused by ROS such as H2O2 to cells. Proline also plays an important role in regulating the redox state of cells. The level of cold tolerance is a complex process of multifactor coordination.



CONCLUSION

The five mangrove species differed in their morphological, physiological, and biochemical characteristics under chilling treatment. Lower H2O2 and MDA contents were the chilling tolerance performance of A. corniculatum. The results indicate that the chilling tolerance mechanisms of five mangrove plants are the increasing activity of antioxidant enzymes and the content of proline. Moreover, proline may play a more important role in alleviating the effect of chilling stress in B. gymnorrhiza and K. obovata. The stronger active oxygen scavenging mechanism explained the ability of R. stylosa, A. marina, and K. obovata to resist low-temperature stress, and meanwhile, it shows that the level of active oxygen and the activity of antioxidant enzymes are important physiological parameters for the evaluation of chilling tolerance. There is a synergistic competition mechanism in the antioxidant system, which is more conducive to enhancing the ability of mangrove plants to withstand low temperatures. Compared with other mangrove species, K. obovata has better performance exposed to chilling stress and is an alternative plant for planting in the higher latitude region or preparing for the impact of chilling stress for climate change.
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