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Abstract

:

Palmate-leaved morning glory (Ipomoea cairica (L.) Sweet) is a fast-growing perennial herbaceous twining vine that was recently discovered to invade mangrove wetlands in China. To understand the mechanism of its successful invasion, the salt tolerance of a coastal ecotype from Zhuhai and a terrestrial ecotype from Guangzhou were compared under salt stress. The morphological, physiological, and biochemical parameters related to growth, ion homeostasis, photosynthetic pigments, chlorophyll fluorescence parameters, oxidative stress, and apoptosis were measured in both ecotypes. Monitoring apoptosis showed that the protoplasts of the coastal ecotype underwent apoptosis and were later compared with those of the terrestrial ecotype. The coastal ecotype was also found to have higher regenerated stems; less water loss, sodium (Na+) uptake, and membrane damage; higher salt gland density and area; and better photosynthetic performance than the terrestrial ecotype. The coastal ecotype probably prevented salt-related damage by reducing its water loss and secreting excess Na+ through its lower stomatal density and higher density and area of salt glands. The coastal ecotype also maintained a better balance of Na+, potassium ions, nitrogen, and phosphorus under salt stress. Moreover, the coastal ecotype had higher activities of antioxidant enzymes, including superoxide dismutase, peroxidase, and catalase, and a higher content of non-enzymatic antioxidants, including proline and anthocyanins, which indicate a stronger antioxidant ability. Our results suggest that the coastal ecotype adapts to a higher salt tolerance than the terrestrial ecotype by enhancing its exclusion of salt, adjusting its osmolytes, and through photosynthetic efficiency, which could explain its successful invasion in the mangrove wetland ecosystem.
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1. Introduction


A rapidly growing number of alien invasive species is causing increasing damage to Chinese agriculture, forestry, and livestock industries [1], with annual economic losses that exceed USD 100 billion [2]. In the hotspots of the introduced species, such as coastal zones, biological invasions are becoming a major driver of the decline in biodiversity and loss of ecological services in communities, such as coastal forests [3,4]. Mangroves are unique higher plant communities that are widely distributed in the intertidal zones of tropical and subtropical regions. They are unique wetland forest ecosystems in the coastal zone. Owing to their high productivity and biodiversity, the abundance of biological resources and species in the mangrove wetland ecosystem is among the highest in the natural environment [5,6]. However, the mangrove wetland ecosystem has been severely degraded, and one of the reasons for the degradation is the invasion of alien species, including smooth cordgrass (Spartina alterniflora) and bitter vine (Mikania micrantha) [7,8]. Palmate-leaved morning glory (Ipomoea cairica) is a typical invasive plant in south China, which has caused severe damage to ecosystems and local economies [9]. This plant has been listed as one of the worst invasive alien species in China [10]. In some previous studies, I. cairica was reported to invade mangroves along the southeastern coast of China [9,11]. The vine that invades mangrove wetlands in Zhuhai is a potential salt-tolerant plant. Compared with other habitats, the soil of mangroves is more saline [12]. Therefore, salt tolerance is a limiting factor for invasive plants to invade mangroves.



The most extensive and profound effect of an external salt environment on plants is its inhibition of plant growth and development [13]. For example, salt alters many functional and biochemical processes in plants, which can lead to reduced growth, productivity, and even death. Tissue dehydration, ion-specific toxicity, nutrient shortages, and hormonal/enzymatic imbalances are the primary mechanisms that are affected by salt stress [13,14]. As a result, salt stress leads to a variety of physiological and molecular changes and impedes the growth of plants by impairing photosynthesis, which reduces the availability of resources and suppresses cell division and expansion [15]. Photosynthesis is the primary driver for plant growth and development and is one of the physiological processes of plants that are the most sensitive to stress [16]. Changes in photosynthesis are directly related to the chlorophyll fluorescence parameters of Photosystem II (PSII) [17]. Analyses of the chlorophyll fluorescence parameters can rapidly determine the photochemical efficiency of the plant PSII without damaging the plant, and it is an important method to diagnose whether PSII is functional and analyze the mechanism of the plant’s response to stress [18,19]. Therefore, monitoring different chlorophyll fluorescence parameters can provide important information on the changes in plant photosynthetic dynamics under a wide range of environmental stresses [19]. The osmotic potential is another important indicator that is related to salt stress [20]. When the osmotic potential in a plant exceeds that of the external environment, it is difficult for the plant to absorb enough water, which causes a physiological water shortage in the plant; this is also known as osmotic stress [21]. Salt tolerance in plants is implemented at both the organ and cellular levels. The stomata play key roles in the survival of plants in adverse environments. A reduction in the stomatal density may delay the accumulation of toxic ions and signaling molecules that inhibit growth in the leaves by reducing the transpiration flow under salt stress, thus facilitating the adaptation to salinity stress [22,23]. Salt glands actively secrete excessive amounts of ions from the plant cells to avoid toxicity [24].



Previous research on I. cairica has primarily focused on its invasion in terrestrial ecosystems. I. cairica has high rates of stem growth and photosynthesis, and it can reproduce asexually [9,25,26]. Compared with native companion species, I. cairica is more resistant to abiotic stressors, such as heat and drought, which enables it to rapidly invade tropical and subtropical terrestrial ecosystems [27,28]. The resistance of I. cairica to stress primarily originates from its high antioxidant capacity and the stability of its photosynthetic system. The levels of expression of IcSRO1 (SIMILAR TO RCD-One) and IcOr (ORANGE) in I. cairica under unfavorable conditions were higher than those in the non-invaded plants [11,28]. However, the mechanism of its invasion in coastal wetland ecosystems remains unknown. Therefore, understanding the responses of I. cairica to salt stress and its associated mechanisms of tolerance may help to explain its adaptation to mangrove wetlands.



This study investigated coastal ecotypes in the mangrove wetland ecosystem and terrestrial ecotypes in the inland ecosystem and compared their responses to salt stress. The results provide evidence for how I. cairica maintains its ability to invade during the process of diffusing from non-salt to salty habitats.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


The terrestrial ecotype of I. cairica was collected from the Biological Park of South China Normal University, Tianhe District, Guangzhou City, China (23.13° N, 113.35° E). The coastal ecotype of I. cairica was collected from the Qi’ao Mangrove Wetland Park in the Gaoxin District, Zhuhai City, China (22.43° N, 113.62° E). Stems of I. cairica that were 10 cm long and had two nodes were selected for cultivation in one-half Hoagland nutrient solution (pH = 5.7) that contained 0.48 mmol/L, 50 mmol/L, and 100 mmol/L of Na+ [29]. NaCl was used to provide sodium (Na+) for both control and treatment groups. The solution was changed every 4 days(d). The root lengths were measured after 2 weeks of cultivation. Seedlings that had been cultivated in 0.48 mmol/L Na+ were transplanted into flowerpots that contained clean sand that had been filtered through a 10-mesh sieve. Solely during the root growth experiment, a medium that contained 0.48 mmol/L Na+ was used for the control, while media that contained 50 mmol/L and 100 mmol/L Na+ were used for the treatment. For the other experiments, one-half Hoagland nutrient solution (150 mmol/L Na+) was used for the salt treatments, while 0.48 mmol/L Na+ was used for the control.




2.2. Plant Harvest and Growth Parameters


Nondestructive growth parameters, including the root length, tendency of the main stem to grow, leaf number during the salt treatment, branch number, and number of flowers, were measured every 10 d for a total of 60 d. In addition, the growth of the main stem was measured with a tape measure (cm), and the root length was measured with a straight edge ruler (cm). The plant harvest and growth parameters were measured as described by Luo et al. [30] and Kumar et al. [31]. After the harvest, the roots were carefully rinsed with tap water; the stems and roots were separated with scissors; the surface water was wiped off with absorbent paper; and the fresh weights of the aboveground parts and roots were measured using an electronic balance. Moreover, two leaves in each replicate were selected and immediately weighed as the fresh weight (FW). The leaves were then immersed in distilled water for 24 h in the dark and weighed to obtain the turgid weight (TW) after the superficial moisture had been dried. The leaves were subsequently placed in a kraft bag, oven-dried at 70 °C for 48 h, and measured as the dry weight (DW). The leaf relative water content (%) was measured as described by Kumar et al. [31] using the following formula:


LRWC = [(FW − DW)/(TW − DW)] × 100











Furthermore, the root-to-shoot ratio was calculated using the root dry weight/shoot dry weight as previously described [30]. Each treatment had 12 replicates.




2.3. Salt Rejection and Ionic Balance


2.3.1. Determination of the Contents of Nitrogen, Phosphorus, Potassium, and Sodium in the Roots, Stems, and Leaves


After 60 d of cultivation, the plants were harvested and divided into three parts, including the roots, stems, and leaves. All of the materials were heated at 110 °C for 1.5 h and at 75 °C for 2 d until stable. The shoots and roots were crushed and passed through a 20-mesh sieve. After dehydration, carbonization, and oxidation by digestion with sulfuric acid·hydrogen peroxide (H2SO4·H2O2) as previously described [32], the organic matter in the sample was destroyed and transformed to inorganic salts. After dilution with acid, an atomic absorption spectrophotometer (AA-7000; Shimadzu, Kyoto, Japan) was used to measure the contents of nitrogen (N), phosphorus (P), potassium (K), and Na+ in each sample. Each treatment had 12 replicates.




2.3.2. Measurement of the Density and Area of the Salt Glands


In combination with a slight modification of a previous method [33], the back of the leaf blade was coated with clear nail polish. The dried nail polish layer was then peeled off with tweezers and placed on a glass slide. These blotches were then observed under a 5× objective light microscope, and the field of view was photographed numerous times. The number of all the salt glands in the field of view and the area of the salt glands were calculated using ImageJ (NIH, Bethesda, MD, USA), which were used to calculate the density of the salt glands (the total number of salt glands per unit leaf area in the field of view) and their area as previously described [34,35]. The density of salt glands was calculated as the total number of salt glands divided by the per unit leaf area of 10 replicate observations as described by Ding et al. [36] and Leng et al. [37]. There were 150 samples per treatment and line (three epidermal samples per leaf × five fields of view per sample ×10 biological replicates). The total area of at least 10 salt glands at different locations in the field of view was measured using ImageJ. Each treatment had 10 replicates, including three epidermal samples per replicate, five fields of view per sample, and at least 10 salt glands per field of view.





2.4. Determination of the Relative Electrical Conductivity (REC) and Content of Malondialdehyde (MDA)


2.4.1. Determination of the Relative Electrical Conductivity


The REC was measured using a DJS-1D conductivity meter (Leica, Shanghai, China). A total of 0.1 g of fresh leaf samples were cut into approximate squares, immersed in 10 mL of deionized water in a test tube, and soaked for 2 h at 25 °C to measure the electrical conductivity, R1. After this, the sample was boiled for 30 min, and once the temperature dropped to room temperature, the conductivity of R2 was measured. The REC was used to represent the cell membrane permeability. The content of REC was calculated using the following formula: R1/R2 × 100% [38]. Each treatment had 12 replicates.




2.4.2. Determination of the Relative Content of Malondialdehyde (MDA)


The content of MDA was measured as described by Hodges et al. [39] with slight modifications. Briefly, 0.1 g of fresh leaves was ground in 2 mL of 5% (w/v) trichloroacetic acid (TCA) on ice. The extract was transferred to an Eppendorf centrifuge tube and then centrifuged at 8000 rpm for 15 min at 4 °C. A volume of 1 mL of supernatant was mixed with 1 mL of 0.6% (w/v) thiobarbituric acid (TBA) and heated in boiling water for 30 min. After cooling, the mixture was centrifuged at 6000 rpm for 10 min. The supernatant was extracted, and the values of absorbance were measured at three different wavelengths, 600, 532, and 450 nm, using a DU730 UV/Vis Spectrophotometer (Beckman Coulter, Inc., Brea, CA, USA). The concentration of MDA in the mixture (μmol/L) = 6.45 × (A532 − A600) − (0.56 × A450). Each treatment had 12 replicates.





2.5. Detection of Apoptosis and the Integrity of Root Cell Membranes


Four-week-old leaves of I. cairica were obtained and cut into strips of 0.74–1.25 mm, immersed in an enzymolysis solution, and digested for 5–6 h. The digestive solution that was obtained was passed through a 50 μm sieve, transferred to a 10 mL centrifuge tube, and centrifuged at 100 rpm for 5 min at 4 °C. After the supernatant was removed, the precipitate was washed with 0.5 M mannitol, purified by resuspension in 15% (w/(v) sucrose, and centrifuged at 178 rpm for 3 min at 4 °C to obtain the protoplasts. The enzyme solution contained the following compounds and enzymes: 2.0% (w/(v) cellulase R-10 (Yakult Honsha Co., Ltd., Tokyo, Japan), 0.1% (w/(v) macerozyme R-10 (Yakult Honsha Co., Ltd.), 0.5 M mannitol, 20 mM KCl, and 5 mM CaCl2. The pH was adjusted to 5.5 with KOH. The protoplasts were then resuspended in modified KM8P liquid media [40]. The apoptosis of cells was detected using Annexin V-FITC/PI (Sangon Biotech [Shanghai] Co., Ltd., Shanghai, China) double-staining flow cytometry [41]. Each treatment had 12 replicates.



The membrane integrity in the I. cairica root cells was detected using a slight modification of a method described by Lequeux et al. [42]. The roots of both I. cairica lines in Guangzhou and Zhuhai were treated with 100 mmol/L NaCl for 12 h, stained with 0.25% Evans blue for 15 min, and then washed three times with ultrapure water before they were photographed. The surfaces of these roots were observed under a microscope (DM3000; Leica, Wetzlar, Germany) after they had been stained with Evans blue. The roots were immersed in 3 mL of pure N,N-dimethylformamide (N,N-dimethylformamide, DMF, analytical grade) (Sigma-Aldrich, St. Louis, MO, USA) for 30 min, and the extract was obtained by filtering the roots. The absorbance of the extract at 600 nm was measured by spectroscopy on a DU730 UV/Vis spectrophotometer (Beckman Coulter, Inc.). Each treatment had 12 replicates.




2.6. Determination of the Anthocyanin Content and Antioxidant Enzyme Activities


2.6.1. Assays of the Antioxidant Enzymes


The antioxidant enzymes were extracted as described by Khalid et al. [43], with brief modifications. The main veins of the fresh leaves were removed, and 0.1 g of the sample was weighed and placed in a cold mortar. A volume of 1 mL of grinding buffer (50 mM PBS [pH = 7.8], 0.1 M EDTA-2Na, 0.1% [v/v] Triton X-100, and 2% [w/v] polyvinylpyrrolidone [PVP]) and a small amount of quartz sand were added to the mortar, and the samples were ground to a homogenous paste. The homogenate was then transferred to a centrifuge tube, and the mortar was washed with 1 mL of grinding buffer. The homogenate was centrifuged for 15 min (12,000× g, 4 °C), and the supernatant was used for the subsequent enzyme assays. Each treatment had 12 replicates.



The activity of superoxide dismutase (SOD) was assayed as described by Liu et al. [44] and Khalid et al. [43], with minor modifications. A volume of 0.1 mL of the extract was pipetted into a 4 mL centrifuge tube that contained 2.6 mL of the mixture (0.3 mL of 130 mM Met, 1.7 mL of 50 mM PBS [pH = 7.8], 0.3 mL of 750 µmol L−1 nitroblue tetrazolium [NBT], and 0.3 mL of 100 µmol L−1 EDTA-2Na). Finally, 0.3 mL of 20 µM riboflavin was added. Two negative controls and one positive control were prepared. In the negative control, the enzyme extract was replaced with 50 mm of PBS (pH = 7.8), and the tube was placed in the dark. The positive control entailed the exposure of 50 mm of PBS (pH = 7.8), and the sample tubes were exposed to a 4000 lux fluorescent lamp for 20 min, followed by incubation in the dark. The absorbance of the reaction mixture at 560 nm was measured by spectrophotometry and set to zero by the negative control. A unit of SOD was defined as 50% inhibition of the blue-light chemical reduction in tetrazole min−1 g−1 of the leaf. Each treatment had 12 replicates.



The activity of peroxidase (POD) was assayed using the guaiacol method [45]. Briefly, 0.1 mL of enzyme and 2.9 mL of reaction mixture (1.875 mL of 50 mM PBS [pH = 7.0], 1 mL of 30 mM H2O2, and 0.025 mL of guaiacol) were pipetted into a cuvette, and 50 mM PBS (pH = 7.0) was used as the blank control. Measurements were taken 15 s after the reaction and then every 20 s for a total of nine measurements. Each treatment had 12 replicates.



The catalase (CAT) was assayed as described by Ghalati et al. [46]. The reaction mixture (3 mL) contained 2.9 mL of 30 mM H2O2 (Guangzhou Chemical Reagent Factory, Guangzhou, China) and 0.1 mL of enzyme extract. The decrease in absorbance was recorded at 240 nm. One unit of enzyme activity was defined as 1 nmol H2O2 dissociated·min−1. Each treatment had 12 replicates.




2.6.2. Determination of the Anthocyanin Content


The anthocyanin content was determined by washing fresh leaves of I. cairica with ultrapure water and blotting them with filter paper. A total of 0.1 g of leaves were extracted in 10 mL tubes that contained 4 mL of 1% HCl-methanol at 4 °C for 24 h. The supernatant was then centrifuged at 4500 rpm for 5 min and collected for testing. The absorbance of the supernatant at 530 nm was measured using a DU730 UV/Vis Spectrophotometer (Beckman Coulter, Inc.). The content of anthocyanin was calculated using a standard curve of cornflower-3-O-glucoside [47]. Each treatment had 12 replicates.





2.7. Determination of the Osmotic Adjustment Indicators


2.7.1. Determination of the Content of Proline


The content of Pro was measured as described by Shi et al. [48]. A total of 0.1 g of sample was added to 3 mL of 3% sulfosalicylic acid, incubated for 10 min in a boiling water bath, and then cooled and centrifuged at 6000× g for 10 min. A volume of 1 mL of the supernatant was then collected and mixed with 4 mL of extraction buffer (distilled water/glacial acetic acid/acidic ninhydrin = 1:1:2). The mixture was boiled for 1 h and cooled at room temperature. After that, 2 mL of toluene was added, and the phases were left to separate for 2 h. After full extraction, the red toluene phase was subjected to a colorimetric analysis at 520 nm. The content of Pro was calculated from a standard curve. Each treatment had 12 replicates.




2.7.2. Measurement of Stomatal Density


The stomatal density was determined as described by Tao et al. [33]. Clear nail varnish was applied to the abaxial surface of the leaves. The dried layer of the nail varnish was then peeled off using tweezers and placed on a glass slide. The imprints were subsequently observed under an optical microscope with a 10× objective. A certain number of pictures of the field of view were taken, and the number of all the stomata in the field of view was counted using ImageJ. This program was used to calculate the stomatal density (the number of stomata per unit of leaf area in the field of view) with the number of stomata/the area of the field of view. The sample size for each treatment and line was 150 (three epidermal samples per leaf × five fields of view per sample × ten biological replicates). Each treatment had 10 replicates.





2.8. Measurement of the Content of Chlorophyll and Parameters of Chlorophyll Fluorescence


The contents of chlorophyll a (Chl a), chlorophyll b (Chl b), and total chlorophyll were determined as described by Wang and Huang [49]. Approximately 0.1 g of fresh leaves were placed in a 2 mL centrifuge tube and crushed into powder with a small amount of liquid nitrogen. A volume of 2 mL of 80% acetone was then added to the centrifuge tube and extracted for 24 h at 4 °C in the dark. The absorbance of the extracts was measured at 663 nm, 645 nm, and 470 nm using a DU730 UV/Vis spectrophotometer, Beckman Coulter, Inc.), and the concentration and content of each pigment were calculated as described by Wang and Huang [49]. Each treatment had 12 replicates.



After 30 d of treatment, the chlorophyll fluorescence parameters were measured using a portable modulating chlorophyll fluorescence instrument, a PAM-2500 fluorometer (Heinz Walz GmbH, Effeltrich, Germany), as described by Chen et al. [28]. The third and fourth pairs of leaves in the upper part of the plant were acclimated in the dark for at least 20 min before the chlorophyll fluorescence was assessed. The initial fluorescence (F0) was measured in the dark (light intensity < 0.1 μmol m−2 s−1). Under saturating light intensity (200 μmol m−2 s−1), the stable fluorescence (Fs) and maximum fluorescence (Fm) were measured. The parameters included the maximum efficiency of PSII photochemistry (Fv/Fm), effective quantum yield of PSII (Y[II]), photochemical quenching coefficient (qL), electron transport rate (ETR), and non-photochemical chlorophyll fluorescence quenching (NPQ), which were calculated and processed as described by Baker and Rosenqvis [19]. Each treatment had 12 replicates.




2.9. Statistical Analysis


The data were analyzed using a one-way analysis of variance (ANOVA) or two-way ANOVA. The subsequent multiple comparisons were examined based on the least significant difference (LSD) test, p < 0.05 was considered the level of significance. The data were analyzed using SPSS 21.0 (IBM, Inc., Armonk, NY, USA), and all the values were expressed as the mean ± standard error (SE). The figures were prepared using Origin 2019 (OriginLab, Northampton, MA, USA).





3. Results


3.1. Growth of Both Lines under Salt Stress


With the increase in the concentration of salt, the lengths of the roots of the terrestrial ecotype decreased significantly (Figure 1A,B). To track the growth of both ecotypes under salt stress, the seedlings were treated with salt after transplantation, and the stem length, number of leaves, number of branches, and number of flowers of each plant were measured (Figure 1C–F). After 10 d, the stems of the coastal ecotype under the salt treatment were significantly shorter than those in the control. In the control, the stems of the terrestrial ecotype gradually grew longer. At 50 d, the main stem length from longest to shortest was the terrestrial ecotype of the control, the coastal ecotype of the control, the coastal ecotype under the NaCl treatment, and the terrestrial ecotype under the NaCl treatment. Among them, there was a significant difference between the terrestrial ecotype and the coastal ecotype in the control (Figure 1C). After 20 d, there were significantly more leaves in the control than in the salt treatment, but there was no significant difference between the terrestrial ecotype and the coastal ecotype in both the control and salt treatments (Figure 1D). At 20 d, the coastal ecotype in the control flowered first. At the end of the experiment, there were significantly more flowers in the control of the coastal ecotypes than in the salt treatment. In contrast, there was no difference in the number of flowers between the control and salt treatment in the terrestrial ecotype (Figure 1F). There were significantly more branches in the terrestrial ecotype under the salt treatment than in the coastal ecotype. However, there was no significant difference between these two ecotypes in the control (Figure 1E). The results of this analysis indicated that the coastal ecotype and terrestrial ecotype may have adapted to their respective habitats. The terrestrial ecotype is more adapted to the non-salt environment, while the coastal ecotype is more adapted to the saline environment.



The elevated concentration of NaCl significantly inhibited the growth of the terrestrial ecotype and coastal ecotype (Figure 2A–D). The coastal ecotype grew better than the terrestrial ecotype in both the control and treatment groups. Compared with the control, the root FW was significantly reduced in both ecotypes under the salt treatment (Figure 2E). In addition, the elevated concentration of NaCl had a more substantial impact on the aboveground biomass and total biomass of the terrestrial ecotype, with rates of inhibition of 43% and 45%, respectively. In contrast, the rates of inhibition of the aboveground biomass and total biomass of the coastal ecotype due to the elevated concentration of NaCl were 31% and 37%, respectively (Figure 2F,G). The coastal ecotype had a significantly higher root/shoot ratio than the terrestrial ecotype after exposure to salt stress. In contrast, there were no detectable differences in the control groups (Figure 2H).




3.2. Cell Damage of Both Ecotypes under Salt Stress


Apoptosis of the leaf protoplasts was induced under salt stress in both ecotypes. The terrestrial ecotype entered the apoptosis stage earlier than the coastal ecotype (Figure 3A,B). Evans blue staining was used to explore the effect of salt stress on the membrane integrity of the root cells. After 12 h of treatment, the terrestrial ecotype displayed a darker blue stain on the root tip than the coastal ecotype, which suggested that there was more severe cell damage. The values of absorbance of the decolorizing solution at 600 nm indicated that the terrestrial ecotype suffered greater damage to the cell membrane than the coastal ecotype under salt stress (Figure 3C,D). The contents of MDA and REC of the terrestrial ecotype were higher than those of the coastal ecotype under both the control and salt treatments. Furthermore, the contents of MDA and REC of the terrestrial ecotype were significantly higher than those of the coastal ecotype in the salt treatment (Figure 3E,F). The leaf relative water content was significantly lower in both ecotypes after the salt treatment compared with that of the control (Figure 3G).




3.3. Antioxidant Capacity of I. cairica in Response to Salt Stress


Under the control treatment, the coastal ecotype appeared to accumulate significantly more anthocyanins than the terrestrial ecotype. The coastal ecotype had a concentration of anthocyanins that was approximately twice as high. However, there was no significant difference between the two ecotypes under the salt treatment since the anthocyanin content of the terrestrial ecotype increased significantly compared with its control (Figure 4A). The SOD activity of the coastal ecotype under both the control and salt treatment was significantly higher than that of the terrestrial ecotype. However, the activity of both ecotypes increased under the salt treatment (Figure 4B). The POD activity of the coastal ecotype in the control group was significantly higher than that of the terrestrial ecotype, and the activity in the salt treatment group increased in both ecotypes (Figure 4C). The CAT activity increased in the salt treatment. The activity of the coastal ecotype was higher in the control and salt treatments than in the terrestrial ecotype, but the difference was not significant (Figure 4D).




3.4. Salt Rejection and Transport


The appearance of the salt glands of the two ecotypes was examined in detail, and their associated metrics were determined (Figure 5A–D). There was no significant difference in the area of the salt glands between the two ecotypes in either the control or treatments. However, the areas of the salt glands in both ecotypes increased under the salt treatments and were approximately 1.13- and 1.14-fold that of the control, respectively (Figure 5E). The number and density of the salt glands increased in both ecotypes compared with the control. There was a significant difference in these values between the two ecotypes under the salt treatment, with the coastal ecotype being approximately 1.36- and 1.4-fold higher than that of the terrestrial ecotype, respectively. Furthermore, in the control, there was no significant difference in the number and density of salt glands between the two ecotypes, but the values of the coastal ecotype were higher than those of the terrestrial ecotype (Figure 5F,G).



Under non-saline conditions, significantly less Na+ accumulated in the roots, stems, and leaves of the coastal ecotype compared with the terrestrial ecotype. When plants were exposed to salinity, excess Na+ was taken up by the roots and transported upwards to the stems and leaves, which significantly increased the concentration of Na+ in the roots, stems, and leaves in both ecotypes. Compared to the control, the K+ contents in the roots, stems, and leaves were significantly reduced in both ecotypes, and the trend was the opposite for Na+. In the control, the K+ contents in the leaves and the K+: Na+ ratio in the roots, stems, and leaves of the coastal ecotype were significantly higher than those of the terrestrial ecotype. The K+: Na+ ratios of the roots, stems, and leaves of the two ecotypes decreased significantly after the salt treatment, but those of the stems and leaves of the coastal ecotype were marginally higher than those of the terrestrial ecotype. Under salt stress, there was a slightly higher content of K+ in the leaves of the coastal ecotype, while there were lower contents of Na+ in the stems and leaves (Figure 6A–C).



Salt stress also enhanced the accumulation of N and P in I. cairica. Compared with the control, the concentrations of N in the roots and leaves were significantly increased in both ecotypes under the salt treatment. There were significantly higher concentrations of N in the leaves of the coastal ecotype than in the terrestrial ecotype when exposed to salt. The concentrations of P in the stems and leaves were significantly increased in both ecotypes under the salt treatment when compared with the control. And the concentrations of P in the stems and leaves of the coastal ecotype were significantly higher than those of the terrestrial ecotype, respectively. After the salt treatment, the N: P ratio in the stems and leaves of both ecotypes decreased slightly, while that in the roots increased significantly (Figure 6D–F).




3.5. Osmotic Regulation


The appearance of the stomata of the two ecotypes was studied in detail, and their relevant indices were determined (Figure 7A–D). In both the control and salt treatments, the number of stomata and stomatal density were higher in the terrestrial ecotype than in the coastal ecotype, and a significant difference was observed in the salt treatment group (Figure 7E,F). The content of Pro in the coastal ecotype was higher than that of the terrestrial ecotype under both the control and salt treatments, while the content in the coastal ecotype was significantly higher than that of the terrestrial ecotype in the salt treatment (Figure 7G).




3.6. Photosynthetic Performance


Compared with the control, the content of total Chl decreased by 31% in the terrestrial ecotype and by 27% in the coastal ecotype; the content of Chl a decreased by 33% in the terrestrial ecotype and by 26% in the coastal ecotype, and that of Chl b decreased by 27% in the terrestrial ecotype and by 29% in the coastal ecotype under the salt treatment, respectively (Figure 8A–C). The Chl a/Chl b ratios of both ecotypes were not significantly different under either the control treatment or salt treatment (Figure 8D). As shown in Figure 8E,G, the Fv/Fm and qL of both ecotypes remained stable under the two treatments. Compared with the control, the Y[II] of the terrestrial ecotype and the coastal ecotype decreased by 35.54% and 29.03%, respectively, and the ETR decreased by 35.31% and 28.97%, respectively, under the salt treatment (Figure 8F,I). Compared to the control, the NPQ of both ecotypes increased under the salt treatment (Figure 8H).





4. Discussion


In most cases, alien species tend to invade and colonize habitats that resemble their native environments [50]. Interestingly, as a species that is generally considered to be a terrestrial ecotype, I. cairica was found to invade the saline environment. In this study, by comparing the responses of the coastal ecotype and the terrestrial ecotype of I. cairica to salt stress, the coastal ecotype of I. cairica was shown to have obtained salt tolerance. To our knowledge, this is the first observation of salt tolerance in this species.



4.1. Morphological Changes in the Two Lines under Salt Stress


Salt tolerance in plants is related to various aspects of plant physiology, biochemistry, morphology, and molecular mechanisms, which are all related to osmosis, photosynthesis, and nutrient imbalances that limit plant growth through salt stress and reduce the biomass of all parts of the plant [51,52]. These results indicate that the coastal ecotype is more effective at growing in saline habitats compared with the terrestrial ecotype. The stems of the coastal ecotype appeared to regenerate more strongly, which suggested that they were more effective at reproducing asexually; this may play a key role in its invasion in saline habitats [53]. The decrease in the number of branches and the advance of the flowering period indicate that the coastal ecotype allocates more energy to stem growth and sexual reproduction for both escape and adaptation [54,55]. Under the salt treatment, the biomass of the terrestrial ecotype was reduced more than that of the coastal ecotype, which indicated that the coastal ecotype was better adapted to salt stress. This result was supported by previous similar studies on different plants [56,57].




4.2. Osmotic Adjustment Responses to Salt Stress


The accumulation of proline is an important adaptive strategy under salt stress that contributes to the increase in salt tolerance [58]. Sweet potato (Ipomoea batatas (L.) Lam) plants that accumulated more Pro significantly improved their degree of salt tolerance [59]. An increase in the accumulation of Pro has been associated with the enhancement of salt tolerance in Arabidopsis [60]. In this study, the coastal ecotype had significantly higher contents of Pro under salt stress. The accumulation of more Pro in the coastal ecotype treated with salt may have maintained the osmotic balance between the intracellular and extracellular environments and protected the membrane integrity, which enhanced the degree of salt tolerance. There have also been reports of similar results in several other studies [59,61]. Both the coastal ecotype and terrestrial ecotype improved their water use efficiency by reducing the number and density of stomata under salt stress [33]. The coastal ecotype reduced the density of stomata, decreased their number, reduced water loss, and maintained a higher leaf water content, thereby increasing their tolerance to salt and preserving the water potential and water status in the cells under osmotic stress conditions [62,63]. This is also supported by findings in wheat (Triticum aestivum L.) [33] and cogon grass (Imperata cylindrica (L.) Raeuschel) [64]. These observations emphasize the importance of reducing the stomatal density as a strategy to minimize the stress of saline conditions. Therefore, it is hypothesized that the coastal ecotype, through the reduction in the stomatal density and the accumulation of more proline, may maintain the osmotic balance between the intracellular and extracellular environments, thereby increasing its tolerance to salt.




4.3. Salt Exclusion and Nutrient Management


Salt glands play a pivotal role in the secretion of salt in recretohalophytes that secrete excess Na+ to prevent damage from salt [65]. The coastal ecotype appeared to have more salt glands, a higher density, and a larger area of these glands, which enabled the coastal ecotype to secrete excess salt through its salt glands to adapt to saline environments [34,35,66].



Salt stress disturbs the ionic balance of cells and activates the ion channels in the cell membranes, which causes an efflux of K+ [67]. Therefore, maintaining high levels of K+ and ensuring that the Na+ in the cytoplasm remains low is a common strategy to facilitate the proper function of enzymes and metabolic activities [68]. The coastal ecotype line exhibits its advantages in terms of a balance of the elements by maintaining a high K+: Na+ ratio, which is necessary to maintain enzymatic activity, and is even more important than maintaining low levels of Na+ [69,70]. With a higher K+: Na+ ratio than the terrestrial ecotype, the coastal ecotype obtained a more balanced content of ions and more stable growth [71,72]. Moreover, the coastal ecotype transports large amounts of salt ions into its stems and leaves, thereby reducing the negative impacts of excessive ions on the root system [73]. These findings have led to suggestions to improve salt tolerance by removing Na+ from the stems and leaves, providing K+ to the stems, and retaining K+ in the leaf tissues to maintain an optimal K+: Na+ ratio in the stems and leaves.



The accumulation of N, P, and K+ in the leaves promotes the growth and development of plants [74], while the maintenance of the K+: Na+ ratio and N: P ratio in the leaves, the selective transport of K+, N, and P from the roots to the leaves, and the accumulation of Pro in the leaves helps to reduce the toxic effects of Na+ and the damage caused by osmotic stress [75,76]. After acclimating to the salt environment, the coastal ecotype allocated more nutrient resources to the leaves for morphogenesis and, ultimately, the enhancement of photosynthesis [77]. P is also related to the structural composition and protein activity of plants [78]. The accumulation of P may improve the integrity of the leaf cells in the coastal ecotype, thereby accelerating the biosynthesis of photosynthetic products.




4.4. Salt Stress Response to the Cell Damage and Antioxidant Capacity


The antioxidant system, which has developed during the evolution of plants, contributes to the homeostasis of reactive oxygen species (ROS) metabolism, which directly reflects the salt tolerance of plants [79]. Under the salt treatment, the lower degree of cell damage of the coastal ecotype was associated with a higher antioxidant capacity. Anthocyanins are natural pigments that protect antioxidant enzymes, scavenge free radicals, regulate cellular osmotic pressure, and stabilize the photosynthetic structure, thus limiting the inhibition of plant growth [80,81]. Antioxidant enzymes are other tools that plants can use to scavenge reactive oxygen species and resist oxidative damage, and they include SOD, POD, and CAT [82]. Increased antioxidant defenses have been positively correlated with a reduction in the oxidative damage in plants under abiotic stress [83]. In this study, both the coastal and terrestrial ecotypes enhanced their antioxidant capacities by increasing their contents of anthocyanin and activities of POD, SOD, and CAT under salt stress. In addition, salt-tolerant plants showed a significant increase in the molecular regulation of the POD and SOD activities under the salt treatment to maintain the balance of reactive oxygen metabolism, which may be related to the high level of expression of IcSRO1 [11]. In addition, the coastal ecotype had a higher content of anthocyanin and activities of POD, SOD, and CAT under the salt treatment, enhanced ROS scavenging and osmoregulation [84], and a reduction in the levels of REC and MDA, which thereby reduced the contents of MDA and oxidative stress; this led to lipid peroxidation and cellular damage [80]. Consequently, cells of the coastal ecotype entered the apoptotic stage later than those of the terrestrial ecotype, which indicates that the coastal ecotype is better at maintaining photosynthesis and cell homeostasis in a saline environment [85,86].




4.5. Effects of Salt Stress on the Chlorophyll Content and Fluorescence Properties


Chlorophyll fluorescence parameters are often used to examine the relationship between the photosynthesis of plants and the environment in which they live and are important indicators that reflect the physiology of photosynthesis [87]. The Fv/Fm indicates the level of photoinhibition [88]. In this study, the Fv/Fm remained stable across both ecotypes under the two treatments, which indicated that there was little photoinhibition; this suggests that both ecotypes can adapt photosynthetically to salt stress [89,90]. A more substantial increase in NPQ in the terrestrial ecotype was observed under the salt treatment, which protected the photosynthetic apparatus from damage by dissipating excess light energy in the form of heat through non-photochemical processes [90]. Salt stress may disrupt the biochemistry of photosynthesis, which decreases the efficiency of Photosystem I (PSI) and PSII owing to disturbances in the integrity of chloroplasts [91]. Therefore, it can be suggested that the coastal ecotype is more tolerant to salinity stress owing to its ability to maintain the contents of chlorophyll and its fluorescence parameters.





5. Conclusions


This study investigated the growth and physiological and biochemical responses of two lines against salt stress. The results indicated that salt stress is reflected in the obvious impairment of photosynthetic performance and the inhibition of Y(II), NPQ, ETR, and chlorophyll biosynthesis. An increase in the concentration of MDA and REC highlighted the lipid peroxidation and oxidative damage caused to the cell membranes, respectively. However, the adverse effects of salt stress could be mitigated by various internal mechanisms in the cell, such as the accumulation of antioxidant enzymes (SOD, POD, and CAT) and osmolytes (Pro and anthocyanins) (Figure 9). The coastal ecotype of I. cairica in Zhuhai and the terrestrial ecotype in Guangzhou appeared to have different physiological responses to salt stress. The coastal ecotype was considerably less inhibited, which demonstrates that it rapidly adjusted to increase its adaptability to salt and enhance its invasiveness in mangrove wetland ecosystems. In addition, this adaptability might be heritable, and it will be investigated further in our subsequent research study.
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Figure 1. The growth of different ecotypes of Ipomoea cairica under salt stress that shows the phenotypic adaptability of the coastal ecotype to salt stress. (A,B) Root growth after 2 weeks of hydroponics, including (A) the morphology of the root (Bar = 1 cm) and (B) root length. (C–F) The growth trend of the two ecotypes within 60 d after transplantation, including (C) the main stem length. (D) Leaf number during the salt treatment. (E) Branch number. (F) Flower number. All the data represent the mean ± SE. The different letters in the bar graphs indicate significant differences at p < 0.05. SE, standard error. 
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Figure 2. Effect of 150 mmol/L NaCl on the growth of terrestrial ecotype and coastal ecotype of Ipomoea cairica (A–D) after 60 d. (E) Fresh weight of the roots. (F) Fresh weight of the aboveground biomass. (G) Fresh weight of the total biomass. (H) Root/shoot ratio. All the data represent the mean ± SE. Different letters indicate a significant difference at p < 0.05. SE, standard error. 
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Figure 3. The terrestrial ecotype suffered more severe cellular damage under salt stress than the coastal ecotype. (A,B) Apoptosis of the protoplasts under the salt treatment detected by Annexin V-FITC/PI double staining flow cytometry. (A) Flow cytometric estimation of apoptosis. (B) Representative flow cytometry histograms of the apoptosis. (C,D) Root cell membrane integrity detected by Evans blue staining. A darker stain, lower integrity. (C) Dead cells that were stained blue. (D) The degree of damage to the cell membrane. (E) Malondialdehyde (MDA). (F) Relative electrical conductivity (REC). (G) Leaf relative water content. Bar = 1 μm. All the data represent the mean ± SE. The different letters in the bar graphs indicate significant differences at p < 0.05. SE, standard error. 
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Figure 4. Physiological changes induced by salt in Ipomoea cairica leaves. (A) Anthocyanin content. (B) Superoxide dismutase (SOD). (C) Peroxidase (POD). (D) Catalase (CAT). All the data represent the mean ± SE. The different letters in the bar graphs indicate significant differences at p < 0.05. SE, standard error. 
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Figure 5. Effect of NaCl concentrations on the salt glands of the two ecotypes after 60 d. (A–D) Salt glands, red arrows. (E) Salt gland area. (F) Number of salt glands. (G) Salt gland density. All the data represent the mean ± SE. The different letters in the bar graphs indicate significant differences at p < 0.05. SE, standard error. 
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Figure 6. The contents of elements and their allocations in the roots, stems, and leaves of the coastal ecotype were more balanced and conducive to growth than those of the terrestrial ecotype under salt stress. (A) Content of sodium ion (Na+). (B) Content of potassium ion (K+). (C) K+: Na+ ratio. (D) Content of nitrogen (N). (E) Content of phosphorus (P). (F) N: P ratio. All the data represent the mean ± SE. The different letters in the bar graphs indicate significant differences at p < 0.05. SE, standard error. 
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Figure 7. Effect of NaCl concentrations on the stomata and proline content of the two ecotypes after 60 d. (A–D) Stomata. (E) Number of stomata. (F) Stomatal density. (G) Proline. All the data represent the mean ± SE. The different letters in the bar graphs indicate significant differences at p < 0.05. SE, standard error. 
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Figure 8. The chlorophyll content and chlorophyll fluorescence parameters of the two ecotypes under salt stress. (A) Total chlorophyll (chl a + b). (B) Chlorophyll a. (C) Chlorophyll b. (D) Chlorophyll a/b. (E) Maximal efficiency of PSII photochemistry. (F) Actual quantum yield of PSII. (G) Photochemical quenching coefficient. (H) Non-photochemical quenching coefficient. (I) Electron transport rate. PSII, photosystem II. All the data represent the mean ± SE. The different letters in the bar graphs indicate significant differences at p < 0.05. SE, standard error. 
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Figure 9. Schematic representation of the inhibition of growth induced by salinity. LRWC, leaf relative water content; PFW, plant fresh weight; RFW, fresh weight of roots; RL, root length; MSL, main stem length; BN, branch number; FN, flower number; LN, leaf number; Chl a, chlorophyll a content; Chl b, chlorophyll b content; TChl, total chlorophyll content; Chl a/b, chlorophyll a/b; Fv/Fm, maximal efficiency of PSII photochemistry; qL, photochemical quenching coefficient; Y(ll), actual quantum yield of PSII; NPQ, non-photochemical quenching coefficient; ETR, electron transport rate; MDA, malondialdehyde; REC, relative electrical conductivity; Pro, proline; SOD, superoxide dismutase; POD, peroxidase. PSII, Photosystem II; Na+, sodium ion; K+, potassium ion; K+/Na+ sodium and potassium ion ratio; N, nitrogen; P, phosphorus; N/P, nitrogen and phosphorus ratio. 
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