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Abstract

:

In this study, mangrove seedlings Kandelia obovata were firstly introduced to Zhoushan in Eastern China at 29° 93′ N from Xuwen in South China at 20° 34′ N in April 2016. In order to analyze ecophysiological differences of K. obovata seedlings domesticated in Zhoushan, the growth status and antioxidant system of K. obovata exposed to natural low temperature were studied through situ measurements. The results showed that K. obovata seedlings introduced artificially to Zhoushan grew slowly when subjected to natural cold stress. The chlorophyll contents exhibited a decreased tendency. In addition, 2-butanol and 2,3-butanediol were firstly found in K. obovata after being moved to Zhoushan, which are specific substances produced by K. obovata under low-temperature stress. Moreover, there was a synergistic competition mechanism in the antioxidant enzyme system in K. obovata, in which superoxide dismutase (SOD) would convert oxygen radicals to hydrogen peroxide, and then catalase (CAT) and peroxidase (POD) could work together to remove hydrogen peroxide. This study provides a foundation for better understanding of the response of mangroves to natural low temperature at high latitudes.
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1. Introduction


Mangrove forest is one of the four most productive natural marine ecosystems with natural wetlands along tropical and subtropical shores, and possesses substantial ecological and commercial value [1], such as protecting shorelines from erosion, preventing dispersion of anthropogenic pollution into aquatic ecosystems [2], offering habitats for different species, etc. [3,4,5]. Temperature is considered as an important environmental factor limiting the growth and distribution of mangrove plants [6,7,8]. It is well known that the latitudinal distribution of mangroves is mainly limited by temperature. Low temperature can influence water and nutrient intake [9], stimulate reactive oxygen species production [10], and disturb normal photosynthesis [11] and metabolism [12]. The low-temperature responses of higher plants have been widely studied and discussed in recent years [13,14,15]. However, there is little known about the mechanisms of low-temperature injury in mangrove plants at present.



K. obovata is one of the most widely distributed along the South China Coast, which has a higher cold resistance ability when exposed to low temperature [16]. In China, K. obovata is naturally distributed in the south of Fuding (27° 20′ N), Fujian Province, China, and the northernmost boundary of artificial domestication is in Yueqing (28° 25′ N), Zhejiang Province, China. As we know, mangroves are limited at their high-latitude areas by low temperature. However, climate change is facilitating range extensions of various mangrove species to higher latitude [17]. Thus, numerous attempts were made to transplant mangroves in higher latitude. Chen et al. investigated the adaptation of introduced mangrove species Sonneratia apetala from Bangladesh, and found that it had a competitive advantage over the native species [18]. Chimner et al. provided evidence that planting mangroves in non-native areas such as Hawaii could prove detrimental to existing vegetation as well as the natural functioning of the system [19].



Our research group successfully introduced K. obovata to Zhoushan (29° 93′ N), Zhejiang Province in 2016. To date, our understanding of species-specific mangrove responses to low temperature at high latitudes has been lacking, because low-temperature events are relatively uncommon and difficult to fully replicate via manipulative experiments [20,21,22]. Hence, there is a need for studies that use in situ measurements to improve our understanding of species-specific responses of mangroves to low temperature extremes at high latitudes.



The negative effects of natural low temperatures on the growth of mangrove plants are the inhibition of photosynthesis [8], the inhibition of the activities of superoxide dismutase (SOD) enzymes and other antioxidant enzymes, and increasing the content of MDA and electrolyte leakage [23]. It can be seen that the low temperature not only inhibits the growth of mangrove plants, but also has a great impact on the antioxidant system. Most studies of the antioxidant system of mangrove plants focused on the effects of salt, flooding, heavy metals, and other factors [24,25]. Furthermore, the above studies were conducted in tropical and subtropical regions, and there had been no relevant studies at higher latitudes.



This article investigated the effect of natural low-temperature stress on the growth status and antioxidant mechanism of K. obovata, and analyzed ecophysiological differences of K. obovata seedlings introduced into Zhoushan, compared with those in Zhanjiang, providing a scientific basis for the artificial introduction of K. obovata seedlings at high latitudes.




2. Materials and Methods


2.1. Plant Materials and Processing


In April 2016, 20,000 propagules of K. obovata collected from Xuwen(20° 34′ N), Zhanjiang, Guangdong province were introduced to Lujiazhi (29° 93′ N), Zhoushan, Zhejiang province, and 70%–75% seedlings survived after two winters. In January 2018, 100 g normal and 100 g half-wilted leaves of K. obovata seedlings were collected form Zhejiang, and 100 g normal leaves from Guangdong were collected for comparison at the same time, labelled as ZN (Zhoushan, Zhejiang), GN (Zhanjiang, Guangdong), and ZH (Zhoushan, Zhejiang), respectively. The leaves of each group were obtained from 80–100 mangrove seedlings, which were washed with distilled water, quickly dried at low temperature, and stored at −80 °C. When testing, each group was repeated three times.




2.2. Chlorophyll and Phenol Determination


The contents of chlorophyll a and chlorophyll b were calculated as described by Daid et al. [26]. For this, 0.1 g of leaves were taken into a mortar, 5 mL of 80% acetone was added, alongside some calcium carbonate and quartz sands, and the mixture was ground into a homogenate. After centrifugation (4000 r/min, 5 min), the absorbance values were measured using a spectrophotometer (UV2600, Shimadzu, Japan) at 663, 645, and 652 nm, respectively.



For the phenol determination, 0.1 g leaves were added into 2.5 mL 95% ethanol, and extracted by ultrasonic wave (300 W, 60 °C, 30 min). After centrifugation (12000 r/min, 10 min), the supernatant was collected; 50 µL supernatant and 250 µL 20 % Na2CO3 were set into a 1 mL volumetric flask with double-distilled water. The absorbances were measured with a spectrophotometer (UV2600, Shimadzu, Japan) at 760 nm [27].




2.3. Volatile Oils Detection


For the volatile oil detection, 50 g leaves were washed, dried, put in a steam distiller with 60 mL distilled water, and then extracted for 3 h. The obtained oil–water mixture was saturated with sodium chloride and extracted with diethyl ether, and a pale-yellow extract was presented. The upper layer of the extract was taken, anhydrous magnesium sulfate was added, and the mixture was allowed to remain overnight to remove water. Finally, magnesium sulfate was separated and removed, and the ether was evaporated to obtain a pale-yellow oily liquid. The volatile components of the extraction’s oily liquid were measured by gas chromatograph–mass spectrometer (GC-MS, 2010, Shimadzu, Japan).



The GC-MS was equipped with a DB-5MS capillary column (30 m × 0.25 μm × 25 mm). The initial temperature was maintained at 50 °C for 1 min, and then raised to 250 °C at a rate of 10 °C/min. All samples were injected in split mode at 250 °C. The mass spectrometer was operated in EI mode (positive ion, 70 eV), and the quadrupole was 200 °C. Mass spectra were acquired in full scan mode with repetitive scanning from 20 m/z to 500 m/z for 1 s.




2.4. Enzyme Activity Detection


The enzymatic activities in the supernatant were determined using assay kits purchased from Nanjing Jiancheng Bioengineering Institute, China.



First, 0.1 g of leaves were taken into a mortar, and 1 mL of 50 mmol L−1 ice-cold sodium phosphate buffer solution (pH 7.0) mixed with 1.0 mmol/L ethylenediaminetetraacetic acid (EDTA) and 2% polyvinylpyrrolidone (PVP) was added in an ice bath. The homogenate was centrifuged at 10.0× g, 4 °C for 10 min, and the supernatant was collected for measurements of protein contents and antioxidant enzyme activities. Protein content was measured according to Bradford (1976) with bovine serum albumin as the standard [28].



SOD activity was determined by the method of the photoreduction of nitroblue tetrazolium (NBT) [29]. A 3-mL mixture containing 0.1 mmol/L EDTA, 2 mmol/L riboflavin, 50 mmol/L phosphate buffer (pH 7.8), 13 mmol/L methionine, 75 µmol/L nitroblue tetrazolium, and 0.5 mL of protein extract was reacted under a light intensity of approximately 120 µmol m−2 s−1 for 20 min. The absorbance was measured using a spectrophotometer (UV2600, Shimadzu, Japan) at 560 nm. One unit of SOD activity induced approximately 50% inhibition of the auto-oxidation of adrenaline.



Catalase (CAT) activity was measured according the method of Beer and Sizer (1952) [30], with minor modifications. The reaction mixture (1.5 mL) consisted of 100 mmol/L phosphate buffer (pH 7.0), 0.1 mmol/L EDTA, 20 mmol/L H2O2, and 50 µL enzyme extract. The reaction was started by addition of the extract. The decrease of H2O2 was monitored at 240 nm and quantified by its molar extinction coefficient (36 mol/L cm) and the result expressed as CAT units per min and mg of protein.



Peroxidase (POD) activity was measured according to Ryu and Dordick (1992) [31]. Protein extract (50 µL) was added to a mixture containing 50 mmol/L phosphate buffer (pH 7.0), 20 mmol/L guaiacol, and 10 mmol/L H2O2. The formation of tetraguaiacol was determined at 470 nm for 3 min. One unit of peroxidase activity was defined as the amount of the enzyme that causes an increase of 0.01 absorbance unit at 470 nm per min per mg protein.




2.5. MDA Detection


For the MDA detection, 0.5 g of leaves were placed in 3 mL 5% tri-chloroacetic acid, which was centrifuged at 1500× g for 10 min at 10 °C. The supernatant was mixed with 2 mL 0.67% thiobarbituric acid, which was heated at 100 °C for 30 min, then centrifuged at 1500× g for 10 min at 25 °C, and the absorbances of the supernatant at 450, 532, and 600 nm were recorded [32]. The MDA content was calculated based on the following formula: C (µmol L−1) = 6.452 × (A532 - A600) - 0.559 × A450.




2.6. Statistical Analysis


In all experiments, three replicates were performed for each sample, and each treatment was examined on two parallel samples. Data presented are the means ± SD. One-way analysis of variance (ANOVA) was followed by Student–Newman–Keuls. Each value represents the mean of six replicates ± SD. Means were compared using ANOVA. Data followed by different letters in a row are significantly different at P < 0.05.





3. Results


3.1. Chlorophyll Content


Chlorophyll is an essential component of photosynthesis for plants, and its content represents the strength of photosynthesis. As shown in Figure 1 Total chlorophyll, chlorophyll a, and chlorophyll b contents in the normal leaves in Zhanjiang, Guangdong (GN) were the highest, followed by the normal leaves from Zhoushan, Zhejiang (ZN), and the half-wilted leaves from Zhoushan, Zhejiang (ZH) had the lowest content. The chl. a/chl. b ratio in ZN was 5.76, the chl. a/chl. b in GN was 6.67, and the chl. a/chl. b in ZH was 4.32. In biology, the ratio of chlorophyll a to chlorophyll b reflects the utilization efficiency of the light energy of plants, and the higher the ratio, the higher the utilization efficiency. Hence, mangroves in GN had a higher utilization efficiency of light energy, and a higher rate of photosynthesis.




3.2. Total Phenol Content


Phenols are a group of substances formed by secondary metabolism in plants and belong to exogenous antioxidants. Most of them are plant growth hormones. As shown in Figure 2, the total phenol content of GN was the highest, that of ZN was not very different from that of ZH. The total phenol content of GN was three times that of ZN. It had been found that tree age and leaf fractions had little effect on phenol content, while light time had a significant relationship with phenol content [33]. With the decrease of latitude, sunlight is more abundant and sunshine duration is longer; therefore, the total phenol content of GN was the highest.




3.3. Volatile Oil Components


A total of 48 chemical constituents from the volatile oil of ZN leaves were identified, including alkane, alkene, acid, alcohol, ketone, benzene, etc. Among the identified compounds, 2-butanol, 2,3-butanediol, oxacycloheptadec-8-en-2-one, and tetradecanoic acid were predominant components, among which the 2,3-butanediol content was the highest in the volatile oil of ZN leaves, accounting for 3.42%, and 2-butanol and 2,3-butanediol were found for the first time in mangrove leaves.



A total of 44 chemical constituents from ZH leaves were identified, including ester, alcohol, phenol, ketone, acid, aldehyde, alkane, etc. Ethyl ester formic acid, tridecanoic acid, 2-butanol and 2,3-butanediol were predominant components, among which 2,3-butanediol content was the highest in the volatile oil of ZN leaves, accounting for 5.25%. It can be seen that 2-butanol and 2,3-butanediol were also present in ZH leaves.



A total of 36 chemical constituents from GN leaves were identified, including alkene, alkane, phenol, ketone, etc. Germacrene-D and 2,6-bis(1,1-dimethylethyl)-4-methyl phenol were predominant components, accounting for 14.87% and 35.2%, respectively.




3.4. Enzymatic Antioxidants


As shown in Figure 3, the SOD activity of ZH was significantly greater than that of the other two groups—up to 14 times greater than that of ZN and 8 times that of GN. The variation trend of CAT activity in the three samples was the same as SOD, and that of POD activity in the three samples was opposite to the trend of SOD. These results indicate that the specific activity of CAT and SOD enzymes is positively correlated. In addition, it is surprising that the POD activity was significantly different independent of the SOD activity or CAT activity. The POD activity of ZN was almost the same as that of GN, and it was nearly 10 times that of ZH.




3.5. Non-Enzymatic Antioxidants


MDA is the final decomposition product of lipid peroxidation, and is used as an index for the status of lipid peroxidation due to increasing membrane damage. As shown in Figure 4, MDA contents in ZH were the lowest among the three samples, and the differences between ZN and GN were not obvious. When mangroves were introduced to Zhoushan, the MDA contents of leaves in ZN maintained a normal level, but those in ZH presented a remarkable decline.





4. Discussion


The growth rate of K. obovata seedlings in high latitudes is less than those in low latitudes under natural low-temperature stress. The natural distribution of K. obovata is that the higher the latitude, the lower the plant height after planting [34]. K. obovata from Jiulong River (24° 23′ N) could grow to 7.9 m, and those from Minami-Izu, Japan (34° 38′ N) could be up to 3–4 m [35]. One of the most important factors limiting mangrove growth is the low-temperature environment, which inhibits the synthesis of chlorophyll [36]. The synthesis of chl. a is sensitive to low temperatures, which could affect photosynthesis and may destroy chloroplast structure and inhibit enzyme activity [37]. Hence, the chlorophyll contents of K. obovata had a generally decreased tendency after being moved to Zhoushan.



Phenols are very important plant constituents which have radical scavenging ability due to their hydroxyl groups [38]. The phenolic content of K. obovata decreased significantly after being introduced into Zhoushan. The natural low temperature has no significant effect on the phenolic content, however, the length of light exposure has a great relationship with the phenol content [33]. Thus, the mangroves introduced to high-latitude areas lacked sufficient sunlight, and thus the phenol contents of ZN and ZH were inferior to that of GN.



Based on the GC-MS analysis, as can be seen from volatile oil components of three samples, K. obovata introduced to Zhoushan (ZN and ZH) contained more volatile oil substances than the GN sample. Besides, it is surprising that 2-butanol and 2,3-butanediol were only determined in mangroves from Zhoushan (ZN and ZH), and 2,6-bis(1,1-dimethylethyl)-4-methyl phenol (BHT) was only determined in mangroves from GN. Therefore, it is concluded that K. obovata generates different volatile oil components to adapt to low temperature. To our best knowledge, these results represent the first time that 2-butanol and 2,3-butanediol have been found in mangrove plants. Alcohols have been proved to lower freezing point [39], the possible mechanisms of which include: (i) a viscosity increase, retarding the diffusion of water during freezing and creating smaller crystals; (ii) “binding” of water, reducing the total amount of ice formed; and (iii) reduction in crystal growth rate, permitting the nucleation of additional crystals with an ultimate smaller size [40]. So, the results suggest that 2-butanol and 2,3-butanediol are specific substances produced by mangrove under low-temperature stress. The specific roles of alcohols in mangrove plants under cold stress still need to be studied.



Interestingly, 2,6-bis(1,1-dimethylethyl)-4-methyl phenol (BHT), also named butylated hydroxytoluene, a synthetic antioxidant, was detected in mangroves from GN, accounting for 35.2%, which is consistent with the previous studies [41,42,43] demonstrating that BHT is the highest volatile oil component of mangroves from South China. Thus, these mangroves from South China have the potential to be used as an alternative commercial source for BHT production. Besides, there has been a report of the occurrence of BHT in freshwater algae, which found that the quantity of BHT produced was related to the irradiation intensity of the growth conditions, exhibiting a positive correlation with the degree of antioxidative activity [44]. These results demonstrate that mangroves can produce BHT only in high-latitude areas, where there is abundant sunlight. However, when mangroves were introduced to lower-latitude areas, more alcohols emerged instead of BHT. Thus, it is suggested that BHT in mangroves is converted into 2-butanol and 2,3-butanediol in order to adapt to the low-latitude environment. Further studies focusing on these volatile oil components will enable better understanding of the cold-resistance mechanism in mangrove plants.



It is widely recognized that the low-temperature-induced damage of plant cells is mainly due to the excess ROS generated in plant cells, such as O2, H2O2, and OH-, which can cause lipid peroxidation, membrane damage, enzyme disorders, and even cell death [45]. The enzyme defense system is in a synergistic relationship in the antioxidant system. SODs constitute the first line of plant defense against ROS, which can dismutate O2- to H2O2 and O2 [46]. The SOD activity of ZH increased, obviously due to excess low-temperature stress (Figure 3c), which indicates that ZH may have been challenged by higher oxidative stresses. However, when exposed to natural low temperature, the SOD activity of ZN was not changed obviously, which implies that ZN was not damaged by oxidative stress. SOD activity increasing under low temperature stress could accelerate the removal of excess O2-, but it could also accelerate the production of H2O2. The accumulation of H2O2 would cause the damage of anti-oxidative enzymes, which in turn would aggravate the release of ROS and result in serious cell damage [47]. Thus, the scavengers of H2O2 play a critical role in plant chilling-resistant processes.



CAT has a high protein turnover rate in plant cells, and is found in peroxisomes, cytosol, and mitochondria [48]. As an enzymatic antioxidant, CAT can convert H2O2 into H2O and O2 [49]. In the present work, CAT activity increased significantly in ZH leaves (Figure 3a), which had the same trend as the SOD activity of ZH. POD is another important H2O2 scavenger. However, in the present work, ZH showed much lower POD activity than the other samples (Figure 3b). It is speculated that POD and CAT have a competitive relationship to scavenge H2O2.



As the peroxidation product of membrane lipids, MDA is a reliable indicator of membrane injury caused by ROS [50]. In the present work, a significant decrease in the content of MDA was observed in ZH, which indicated that ZH controlled the ROS generation when exposed to natural low temperature. The reduced MDA content in ZH may be due to an increased antioxidant defense system that scavenges ROS during or after low-temperature stress [51].



Our enzymatic antioxidant results show that excessive oxygen free radicals can be stimulated due to the effects of cold stress, which trigger the plant’s initiation of the enzyme defense system. Firstly, the SOD acts to convert oxygen radicals to hydrogen peroxide, and then CAT and POD work together to remove hydrogen peroxide. Moreover, it is speculated that POD and CAT show a competitive relationship under the accumulation of oxygen free radicals that can be tolerated by seedlings under low-temperature stress, which explains that the specific activity of the POD enzyme was at a low level, while the specific activity of the other two enzymes was at a higher level.




5. Conclusions


This study demonstrated that mangrove (K. obovata) could survive at near 30° N. K. obovata seedlings grew slowly after being introduced into Zhoushan, and the contents of chlorophyll showed a remarkable decline. Surprisingly, for the first time, 2-butanol and 2, 3-butanediol were found in mangrove plants after being moved to Zhoushan, and BHT was only present in mangrove seedlings from Guangdong. Thus, it is speculated that BHT may be broken down to small molecular alcohol substances when introduced into high-latitude areas. In addition, there was a synergistic competition mechanism in the antioxidant enzyme system in K. obovata, which could help mangroves to adapt to natural low temperature; we propose that SOD acts to convert oxygen radicals to hydrogen peroxide, and then CAT and POD work together to remove hydrogen peroxide. Further research is needed to reveal the detailed regulatory mechanisms and functions of these specific volatile oil components. This will enable a better understanding of the cold-resistance mechanism of mangroves after being introduced into high-latitude areas.
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Figure 1. Total chlorophyll, chl. a, and chl. b contents of Kandelia obovata seedlings. FW stands for sample fresh weight. Different letters indicate significant difference among origin at the same sampling time according to one-way ANOVA at P < 0.05. GN: normal leaves from Zhanjiang, Guangdong; ZH: the half-wilted leaves from Zhoushan, Zhejiang; ZN: the normal leaves from Zhoushan, Zhejiang. 
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Figure 2. Total phenol contents of K. obovata seedlings. Different letters indicate significant difference among sources at the same sampling time according to one-way ANOVA at P < 0.05. GN: normal leaves from Zhanjiang, Guangdong; ZH: the half-wilted leaves from Zhoushan, Zhejiang; ZN: the normal leaves from Zhoushan, Zhejiang. 
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Figure 3. (a) Catalase (CAT), (b) peroxidase (POD), and (c) superoxide dismutase (SOD) enzyme activities of K. obovata seedlings. Different letters indicate significant difference among sources at the same sampling time according to one-way ANOVA at P < 0.05. GN: normal leaves from Zhanjiang, Guangdong; ZH: the half-wilted leaves from Zhoushan, Zhejiang; ZN: the normal leaves from Zhoushan, Zhejiang. 
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Figure 4. MDA contents of K. obovata seedlings. FW stands for sample fresh weight. Different letters indicate significant difference among sources at the same sampling time according to one-way ANOVA at P < 0.05. GN: normal leaves from Zhanjiang, Guangdong; ZH: the half-wilted leaves from Zhoushan, Zhejiang; ZN: the normal leaves from Zhoushan, Zhejiang. 
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